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ABSTRACT
In the present paper the production of Aerospace – grade bars from Titanium alloys by TiFast
is presented with particular focus on the Skull Melting + VARemelting production cycle. The
SM technology, initially developed in the USSR, was applied by Tifast to a West-standardized
fabrication route. The SM technology is a form of cold-hearth remelting, suitable for the
recovery of scrap of virtually any composition, shape and size. Sponge and master alloys can
be added as well. The ingot produced by a SM furnace can be remelted, i.e. used as a
consumable electrode, via another type of furnace; TiFast chose the classic Vacuum Arc
Remelting furnace (VAR) for its production. Via the SM+VAR (or SM+VAR+VAR) process,
TiFast produced sound Titanium ingots from alloys like: CP Titanium, Modified Titanium, Ti6Al-4V, Ti-6Al-4V ELI, Ti-6Al-7Nb, Ti-3Al-2.5V. These ingots were sold as such or
transformed by TiFast into bars and billets. The bars and other products produced via the
SM+VAR process have characteristics that make them undistinguishable from those obtained
via other processes. Therefore the SM+VAR process presents itself as a technically and
economically viable production route to high – standard Titanium items, to be used in
chemical, medical, automotive and aerospace industry.
Keywords: Titanium; Skull Melting; VAR; bar
1. INTRODUCTION
The remelting of scrap has always been a thorny problem in Titanium industry [1]. Titanium
virgin material (Titanium sponge), has always been expensive, sometimes in short supply and
difficult to purchase, but Titanium scrap was not sensibly used till the ‘70s or so. Titanium, at
high temperature, violently reacts with everything but inert (noble) gases in their
commercially purest form, hence it can be melted only under vacuum or hyper-pure inert gas.
Any element which is willingly or unwillingly added to the melt, except Hydrogen, is
immediately absorbed by Titanium and cannot be extracted anymore, including elements
frequently found in scrap: Oxygen, Carbon, Nitrogen, Hydrogen, all potential embrittlement
agents. In addition scrap is prone to be mixed with foreign elements, metallic and nonmetallic, including foreign alloys, fragments of Tungsten and other refractory metals,
carbides, oxides, nitrides and other un-meltable compounds.
The first and, even today, front machine for Titanium ingot making is the Vacuum Arc
Remelting (VAR) furnace: this is a form of electric arc remelting machine, working under
vacuum and using a consumable Titanium electrode. The latter is usually made (mainly) from
Titanium sponge, compressed to form a cylindrical or quasi-cylindrical feedstock. Only small
amounts of scrap can be remelted via VAR. In addition, it was experimentally proved that
VAR alone cannot dissolve hard high-melting-point particles if their size is just over a little
fraction of a millimeter, even in case of multiple VARemelting [2].
4

Different approaches were chosen to the problem of Titanium scrap recycling: in America the
EBCHR (Electron Beam with Cold Hearth Refining crucible furnace) and the PACHR
(Plasma Arc with Cold Hearth Refining crucible furnace) were devised and developed.
2. THE SKULL MELTING TECHNOLOGY
In the USSR, thanks to the genius of M.I.Mussatov et alt. [3], [4], [5], the chosen solution to
the problem of Titanium scrap remelting was the development of the Skull Melting (SM)
furnace for ingot making. The SM furnace is an electric arc machine, working under vacuum
and using a consumable Titanium electrode. At each operational cycle, the SM furnace for
ingot making produces an ingot and the consumable electrode for the next cycle. This is
accomplished by means of a shaped oblong crucible, made from water-cooled copper panels
bolted together. At the beginning of each cycle, scrap of any type and size is deployed in this
crucible, if necessary, with additions of Titanium sponge, metallic and non-metallic additives
and master alloys. Over the crucible, a Titanium consumable electrode is vertically hung from
a ram which can be moved up and down. The crucible has a spout on one of its short sides
and an empty steel mold is placed directly below it. Then the furnace is closed and evacuated
and a DC electric arc is discharged between the lower tip of the electrode and the scrap in the
crucible, causing melting of both. Liquid Titanium from the remelted electrode and scrap
accumulates inside the crucible, until the electrode is (almost) completely consumed. At this
point the arc is switched off, what remains of the electrode is quickly moved up by the ram,
and the crucible can be tilted and the melt poured into the mold. After a reasonable cooling
time, under vacuum or inert gas, the furnace is unloaded, a new ingot is stripped from the
mold, and a thick crust of solid Titanium, the skull, is stripped from the crucible. This skull is
the consumable electrode for the next cycle. The greatest user of this technique is VSMPOAVISMA, Verkhnyaya Salda, Russia, that possesses at least 4 large Skull Melting furnaces
and declared that others are planned [6][7]. The largest Skull Melting furnace at VSMPO
should have a casting capacity of 7 tons of Titanium about. In the former – USSR countries,
this cycle is approved for any application [8].
Our company, TiFast, Italy, installed two SM units in 2007, one with a pouring capacity of
about 1500 kg of Titanium (SM1.5, Figure 1) and one with a capacity of about 2500 kg of
Titanium (SM2.5). At present (February 2019) the tally of produced ingots is about 2000
heats produced by each furnace (see Figure 2). In most cases these ingots were used to
fabricate billets, bars and blooms by TiFast itself, or remelted to produce Skull Melted and
VARemelted ingots (read further).
  

3. PROS AND CONS OF THE SKULL MELTING CYCLE
The advantages of the SM technique are many and important; the most evident are:
• virtually any type of scrap can be used (see Figure 3, [9]). TiFast remelted pieces of
plates, sheets, bars, billets, tubes, forgings, castings, chips and turnings, flashes from
stamping, scrapped items of any type and more. Titanium sponge and master alloys were
mixed to the scrap in percentages ranging from 0% to 40%;
• scrap is obviously made from material at least once already remelted, hence, evaporation
of volatile elements, residual from the (Kroll) winning process, was already done before;
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•

virtually any alloy can be produced: TiFast produced Commercially Pure Titanium,
Modified Titanium ASTM Gr 12 (small additions of Nickel and Molibdenum), Ti-6Al4V alloy, Ti-6Al-4V Extra Low Interstitial (ELI) alloy, Ti-3Al-2.5V alloy (ASTM Gr 9),
Ti-6Al-7Nb. VSMPO [8] declared that their Skull Melting furnaces produced more than
15000 tons of alloys like VT3-1, VT9, VT8, VT25u, VT18u, SP700, VST 5553, 10-2-3,
Ti-6246 between 2001 and 2009;
• because all the melt is collected in the crucible just before casting the ingot, the
convective, turbulent and magneto-dynamic forces in the liquid metal guarantee an
effective stirring of the pool. Casting of the melt in a highly turbulent flow provides
further remixing. Over-heating of the melt is almost zero, hence the solidification of the
ingot is very fast, therefore minimizing micro- and macro-liquation phenomena [10];
• the long residence of the melt in the crucible (more than 1 hour in TiFast furnaces) leads
to remelting and dissolution of the particles present with a high melting point [6], [11];
• the tilting of the crucible has a maximum reachable angle, therefore a small part of the
melt remains in the crucible: this last molten / mushy layer works as a trap for all
surviving brittle and un-meltable inclusions. The latter remain trapped in the skull and are
dissolved during the following cycle;
• the ingot mold can have virtually any shape: TiFast produces round-section ingots at the
moment, but rectangular-section ingots were produced, too;
• the Skull Melting system is self – regulating (self – stabilizing) regarding the chemical
composition of the ingots. In fact, see Appendix, it can be mathematically proved that if
the charge material has always the same chemical composition, the chemical composition
will always tend to the composition of the bottom charge in a few cycles.
The disadvantages of the SM technique are a few:
• loading of the crucible is hand labor – intensive;
• The start of the cycle requires a skull, i.e. immobilized capital that must be mortgaged on
all the children heats from that skull (negligible if the children ingots are many);
• SMelted ingots are nothing else than big castings, therefore they have a porous surface
and shrinkage cavities. For direct use these parts must be cut or machined off;
• SMelted ingots are single-melt ingots that are not qualified under some production
standard (typically aerospace industry standards).
4. VAR  REMELTING  
Both the last two drawbacks listed at the previous Chapter can be overrun by remelting the
SM ingot in a VAR furnace (in case multiple times, see Figure 4).
The ingots produced by the SM furnace can be used as consumable electrodes in a VAR
furnace with a modicum of prior – melt preparation, basically the milling of their top and
bottom parts to get flat surfaces. Products made from SM+VARemelted ingots have chemical
and physical properties similar or identical to those made from ingots produced via other
furnaces. TiFast customers used ingots, billets and bars from SMelted + VARemelted ingots
to produce a variety of items like small and big forgings and articles produced via turning,
machining, drilling and so on.
	
  

	
  
6

. ME
ANI AL   R ERTIE   
MELTING     VAR  REMELTING  

   T E  

AR   

R

E    VIA  

LL  

Generally speaking, the mechanical properties of an item from a given Titanium-based alloy
depend on three (main) parameters, which are not independent one from another:
• the chemical composition (all elements, not only the nominal ones for that alloy);
• the type of microstructure and the size of the grains (of one or more phases);
• the heat treatment (or the heat treatments).
From [12], the dependency of the mechanical properties from chemical composition is
assessed by means of the Equivalent Aluminum [Al]eq and the Equivalent Molibdenum
[Mo]eq content. Here Aluminum is intended as the archetypal alpha – stabilizing element,
while Molibdenum is intended as the archetypal beta – stabilizing element (similar formulae
for equivalent Al and Mo can be found in [13] and [14]).
[Al]eq and [Mo]eq are actually the result of the linear combination of the (weight) percentage
content of the relevant alloying elements. For α+β and β Titanium alloys:
[Al]eq = %Al + (1/3) · %Sn + (1/6) · %Zr + 10·[%O +%C + 2· (%N)] [wt%]

(1)

[Mo]eq = %Mo + (1/4) · %Ta + (1/3.3) · %Nb + (1/2) · %W + (1/1,4) · %V + (1/0.6) · %Cr +
+ (1/0.6) · %Mn + (1/0.4) · %Fe + (1/0.8) · %Ni [wt%]

(2)

At TiFast, till the present date, almost 300 lots of Ti-6Al-4V round section bars were
produced with aerospace qualification, from SM+VAR ingots. All these lots were tested by
Nadcap – certified laboratories: Dickson Testing in the USA, RTM Breda in Italy, and TiFast
laboratory. All these bar lots were annealed at 705°C for 1 hour. They were certified
according to AMS 4928 and AMS 6931 (Table 1, Table 2). The nominal diameter of these
bars was from 7 to 60 mm. In addition, about one half of these lots were also certified,
according to AMS 4967, a standard that requires a heat treatment response test, i.e. a test
made on a specimen submitted to a given Solubilization and Ageing treatment (STA, defined
in the quoted standard).
We suppose here that it is possible, for the heat treatment(s) described above, to find an
empirical linear correlation between:
Ø
the mechanical properties of the bars and the chemical composition schematized via
[Al]eq + [Mo]eq;
Ø
the mechanical properties of the bars and the (nominal) diameter of the bar, taken as
indicative of the microstructure of the bar. The smaller the diameter, the finer the
microstructure, supposed as α+β with fully and finely globularized α – phase and finely
scattered β – phase.
We assume here that such a correlation is of the type:
Mech. properties = α ×{[Al]eq + [Mo]eq} + β × d + γ [adequate units]

(3)

In (3), “d” is the (nominal) diameter of the bar expressed in mm and α, β, γ are three
empirical parameters.
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Table 1 - Bar lots used for the present study. Lots tested according AMS 4928. Total number of lots:
277. With gray background the cases where at least 15 lots were available for analysis.
TEST	
  AS	
  PER	
  AMS	
  4928	
  /	
  AMS	
  6931
Nominal	
   Number	
   Nominal	
   Number	
   Nominal	
   Number	
  
diameter	
   of	
  l ots	
   diameter	
   of	
  l ots	
   diameter	
   of	
  l ots	
  
[mm] analyzed [mm] analyzed [mm] analyzed
7
1
20
21
40
35
8
9
22
2
45
19
10
10
22.5
3
50
19
12
5
25
18
50.8
10
12.7
3
25.4
5
55
14
14
5
30
21
57.15
5
16
18
31.75
2
60
24
18
2
32
7
19.3
6
35
13
  

Table 2 - Bar lots used for the present study. Lots tested according AMS 4967. Total number of lots:
124. With gray background the cases where at least 10 lots were available for analysis.
TEST	
  AS	
  PER	
  AMS	
  4967
Nominal	
   Number	
   Nominal	
   Number	
   Nominal	
   Number	
  
diameter	
   of	
  l ots	
   diameter	
   of	
  l ots	
   diameter	
   of	
  l ots	
  
[mm] analyzed [mm] analyzed [mm] analyzed
7
1
18
1
30
10
8
9
19.3
6
32
6
10
9
20
14
35
6
12
4
22
1
40
21
12.7
1
22.5
3
14
5
25
12
16
14
25.4
1
  

From the bilinear regression of the data available to TiFast, equation (3) becomes, for
annealed material (YS0.2% is the Yield Strength at 0.2% plastic deformation, TS is the Tensile
Strength):
YS0.2% = 48.467×{[Al]eq + [Mo]eq}-1.753 × d + 455.892 [MPa] (R =0.674)

(4)

TS = 42.470×{[Al]eq + [Mo]eq}-1.975 × d + 610.252 [MPa] (R =0.650)

(5)

An attempt to get a similar formula for Fracture Elongation FE4D and Reduction of Area RA
failed because of the high scattering of data. The cases of bars with a numerosity of the
sample of at least fifteen cases for a given diameter are provided in Figure 5 and Figure 6.
For the material in STA conditions we got:
YS0.2% = 34.284×{[Al]eq + [Mo]eq}-3.562 × d + 737.186 [MPa] (R =0.617)

(6)

TS = 32.549×{[Al]eq + [Mo]eq}-4.179 × d + 861.012 [MPa] (R =0.693)

(7)
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Note that the data used for this study are from industrial production materials, not from
experiments, and that the numerosity of the sample is not very high (note the low value of R
for material in STA conditions, due most likely to the low number of cases included). Also for
STA material, an attempt to get a formula for FE4D and RA failed for the same reasons said
before. The cases of bars with a numerosity of the sample of at least ten cases for a given
diameter are provided in Figure 7 and Figure 8.
Note that all the bars considered had a very good microstructure: in fact it was found that all
bars, but two isolated cases, had a microstructure rating of A1 to A4 as per ETTC Pub. 2 Ed.
2, i.e. a fully globularized α+β structure with small α globules and finely dispersed β phase in
intergranular position.
6. CONCLUSIONS
The SM technique is its simple, rugged and reliable (hence safe): all components of the
furnace are based upon well-established technologies.
SM furnace can remelt practically any conceivable form of scrap, with a modicum of or no
prior melting preparation. The presence of a cold hearth crucible eliminates any problem due
to the un-homogeneity of the furnace charge and the consumable electrode, and the possibility
of survival of hard inclusions. At the same time the chemical composition of the charge can
be adjusted by an easy blending with sponge, master alloys, pure metals etc.
Remelting via VAR allows the production of bigger ingots, and allows the usage of the parts
of the Skull Melted ingots affected by shrinkage cavities and surface porosity. SM+VAR or
SM+VAR+VAR ingots are applicable to orders where standards (aerospace standards) require
multiple melted ingots. TiFast used and uses the ingots remelted via SM+VAR (or
SM+VAR+VAR) for its production of bars and other products. As certified by Nadcap –
accredited laboratories, these bars have a chemical composition, a microstructure and
mechanical properties absolutely comparable with those of bars produced with ingots
obtained with a different remelting route. These bars are used in a variety of applications,
including chemical, medical, automotive and aerospace industry.
  

7. APPENDIX – CALCULATION OF CONCENTRATION TRENDS IN SKULL
MELTING
Suppose that the bottom charge for the k-th heat of a Skull Melting furnace is composed by n
components, each one with a concentration %ik of a given element and a fraction α ik in the
total weight of the bottom charge. The concentration of that element in the bottom charge is:
%𝒄𝒄𝒉𝒉𝒌𝒌 = 𝒏𝒏𝒊𝒊!𝟏𝟏 𝜶𝜶𝒊𝒊𝒌𝒌 ⋅ %𝒊𝒊𝒌𝒌 with 𝒏𝒏𝒊𝒊!𝟏𝟏 𝜶𝜶𝒊𝒊𝒌𝒌 = 𝟏𝟏 𝒌𝒌 = 𝟏𝟏, 𝟐𝟐, 𝟑𝟑, . . . ..
(8)
We can reasonably suppose that only and all the k-th bottom charge and only and all the k-th
consumable electrode, i.e. the skull of the previous heat, with a concentration in that given
element % skk , contribute to the concentration of the same element in the k-th heat. The
concentration of that element in the k-th heat, which is partly poured into the mould to form
the ingot and partly remains as skull in the crucible is:
%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅ %𝒄𝒄𝒉𝒉𝒌𝒌 + 𝜷𝜷𝒔𝒔𝒌𝒌𝒌𝒌 ⋅ %𝒔𝒔𝒌𝒌𝒌𝒌
(9)
where 𝛽𝛽!�! and 𝛽𝛽!!! are the weight fractions of the k-th bottom charge and the k-th
consumable electrode (the skull) in the k-th heat. By definition we have:
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𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 + 𝜷𝜷𝒔𝒔𝒌𝒌𝒌𝒌 = 𝟏𝟏

(10)

hence we can write (9) as follows:
%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅ %𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏 − 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅ %𝒔𝒔𝒌𝒌𝒌𝒌
(11)
We assume that the concentration of that given element in the k-th skull is identical to the
concentration of the same element in the (k-1)-th heat, hence we obtain the following
recursive formula:
%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅ %𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏 − 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅ %𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏
(12)
which allows the calculation of the concentration of that element in the k-th heat if all the
elements on the right side of equation (12) are known.
Suppose, for the sake of simplicity, that 𝛽𝛽!�! and 𝛽𝛽!!! , the weight fractions of the k-th bottom
charge and the k-th consumable electrode (the skull) in the k-th heat, are the same in all heats.
In this case equation (12) becomes:
%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏
(13)
Suppose, for the sake of simplicity, that the bottom charge has always the same composition
%!�! = %!� , ∀𝑘𝑘. In this case equation (12) becomes:
%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 + 𝟏𝟏 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏
(14)
For example let us assume:
%!!! = %!! = 1032 concentration of Oxygen in ppm
𝛽𝛽!! = 0.42 ⇒ 𝛽𝛽!" = 0.58
Using the recursive formula (14), we can calculate the concentration of Oxygen in the k-th
heat assuming the initial value for the electrode, i.e. %!!! . We see that whatever is the value
of %!!! , after a relatively small number of iterations, i.e. of heats, the value of %�!! tends
asymptotically to %!� , i.e. with the above-mentioned assumptions:
𝒍𝒍𝒍𝒍𝒍𝒍%𝒉𝒉𝒉𝒉 = %𝒄𝒄𝒄𝒄
(15)
𝒌𝒌→!

This is not a surprise because, for an increment in the index 𝑘𝑘:
𝚫𝚫𝒌𝒌 = 𝟏𝟏
(16)
we have a corresponding increment (or decrement) in the value of %�!! given by:
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = %𝒉𝒉𝒆𝒆𝒌𝒌 − %𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏
(17)
Substituting (17) in (14) we get:
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏
(18)
Substituting the value of % hek −1 with the average value between the latter and %�!! we get:
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅ %𝒉𝒉𝒆𝒆𝒌𝒌 + 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅
or [remember (16)]:
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌
𝚫𝚫𝒌𝒌

where:

𝜷𝜷

𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌
𝟐𝟐

𝒄𝒄𝒄𝒄
= 𝟏𝟏!𝟎𝟎.𝟓𝟓⋅𝜷𝜷
⋅ %𝒄𝒄𝒄𝒄 − %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 − %𝒉𝒉𝒆𝒆𝒌𝒌
𝒄𝒄𝒄𝒄

𝜷𝜷

𝒄𝒄𝒄𝒄
𝜸𝜸𝒄𝒄𝒄𝒄 = 𝟏𝟏!𝟎𝟎.𝟓𝟓⋅𝜷𝜷

𝒄𝒄𝒄𝒄

(19)
(20)
(21)

Substituting the discontinuous quantities 𝑘𝑘, %�!! with the continuous function %�! 𝑘𝑘 of the
continuous variable 𝑘𝑘 we can rewrite (20) as follows:
𝒅𝒅%𝒉𝒉𝒉𝒉
𝒅𝒅𝒅𝒅

= 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 − %𝒉𝒉𝒉𝒉
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(22)

Differential equation (22) can be integrated immediately by separation of variables
(integration variables are hyphenated to avoid confusion with the integration limits):
%𝒉𝒉𝒉𝒉
𝒅𝒅%!𝒉𝒉𝒉𝒉
%𝒉𝒉𝒆𝒆𝟏𝟏 %𝒄𝒄𝒄𝒄 !%!𝒉𝒉𝒉𝒉

𝒌𝒌
𝒅𝒅𝒌𝒌!
𝟏𝟏

= 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅

(23)

The solution of integral (23) is:
%𝒉𝒉𝒉𝒉 = %𝒄𝒄𝒄𝒄 − %𝒄𝒄𝒄𝒄 − %𝒉𝒉𝒆𝒆𝟏𝟏 ⋅ 𝒆𝒆!𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ 𝒌𝒌!𝟏𝟏
(24)
Note that function %�! is monotonic and that (𝛽𝛽!� < 1 ⇒ 𝛾𝛾!� > 0); in the initial heat:
%𝒉𝒉𝒉𝒉 𝒌𝒌!𝟏𝟏 = %𝒉𝒉𝒆𝒆𝟏𝟏
(25)
After an infinite number of heats:
%𝒉𝒉𝒉𝒉 𝒌𝒌→! = %𝒄𝒄𝒄𝒄
(26)
which proves (15). Note that, the larger 𝛽𝛽!� is, the faster %�! tends to %!� .
8. REFERENCES
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Figure 1 - The 1.5 ton (Titanium casting capacity) unit of the SM furnace at TiFast. The furnace is
shown here closed and ready for melting (on the left), and open after extracting the ingot and the skull
(on the right).

Figure 2 - Titanium Skull Melted ingots just stripped from the mould. In the foreground is a nominal
1.5 ton Grade 5 (Ti-6Al-4V) ingot, heat number B20079. The charge material for this ingot in
particular was composed of: 20.6 wt% ingot crops, 4.1 wt% billet crops, 12.2 wt% scrap from plates,
6.4 wt% plate trimmings, 5.8 wt% shortcuts from plates, 8.7 wt% forging flashes, 15.3 wt% bar crops,
0.9 wt% lightweight scrap, 1.7 wt% chips, 21.8 wt% sponge, 0.9 wt% pure Aluminum and 1.7 wt% Al
– V master alloy. In the background is a nominal 2.5 ton Grade 2 (CP Titanium) ingot, heat number
A10006.
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Figure 3 – Some examples of the extreme variability of the scrap remeltable via the SM furnace.
Clockwise from the top left corner: solids from the production of ingots, billets, plates, slabs; small
solids from the production of castings and small forgings; scrapped bars; scrapped big aero-engine
turbine discs. All this scrap was remelted as pictured.

Figure 4 – Top left: SM ingots ready to be VARemelted as consumable electrodes. Top right: TiFast
VAR furnace. Bottom left to right: the first SM+VAR CP Titanium ingot at TiFast, weight about 1.5
ton; the first SM+VAR Ti-6Al-4V ingot at TiFast, weight about 1.5 ton; the first SM+VAR Ti-6Al-4V
ingot at TiFast, weight about 2.5 ton.

1 	
  
	
  
13

1200

1200

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150
Experimental dia 16 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq
1050

1000

950

Content of 12 wt% Aleq + Moeq
1050

1000

950

900

900

850

850

800
11,00

1200

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

Theoretical dia 20 mm

1100

Minimum for AMS 4928

Yield Strength YS0.2% [MPa]

Yield Strength YS0.2% [MPa]

Experimental dia 20 mm

Theoretical dia 16 mm

1100

800
11,00

13,00

1200

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

13,00

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150
Experimental dia 25 mm
Theoretical dia 25 mm

1100

Mimimum for AMS 4928
Content of 12 wt% Aleq + Moeq

1050

1000

950

Yield Strength YS0.2% [MPa]

Yield Strength YS0.2% [MPa]

1100

1050

1000
Experimental dia 30 mm

950

Theoretical dia 30 mm
Minimum for AMS 4928

900

900

850

850

800
11,00

1200

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

800
11,00

13,00

1200

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150

Content of 12 wt% Aleq + Moeq

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

1150

Content of 12 wt% Aleq + Moeq
1050

1000

950

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq
1050

1000

950

900

900

850

850

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

Theoretical dia 45 mm

1100

Minimum for AMS 4928

Yield Strength YS0.2% [MPa]

Yield Strength YS0.2% [MPa]

Experimental dia 45 mm

Theoretical dia 40 mm

1100

1200

800
11,00

13,00

1200

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

1150

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

13,00

1150

1100

Experimental dia 60 mm
Theoretical dia 60 mm

1100

Theoretical dia 50 mm
Content of 12 wt% Aleq + Moeq

1050

1000

950

Yield Strength YS0.2% [MPa]

Minimum for AMS 4928

Yield Strength YS0.2% [MPa]

12,80

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 50 mm

Minimum for AMS 4928

1050

1000

950

900

900

850

850

800
11,00

13,00

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 40 mm

800
11,00

12,80

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

800
11,00

13,00

11,20

11,40

11,60

11,80 12,00 12,20
Aleq + Moeq [wt%]

12,40

12,60

12,80

13,00

Figure 5 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V annealed
bars (diameter 16, 20, 25, 30, 40, 45, 50, 60 mm) produced by TiFast with ingots fabricated via
SM+VAR: Yield Strength at 0.2% plastic deformation. All tests by Nadcap - accredited laboratories.
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Figure 6 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V annealed
bars (diameter 16, 20, 25, 30, 40, 45, 50, 60 mm) produced by TiFast with ingots fabricated via
SM+VAR: Tensile Strength. All tests by Nadcap - accredited laboratories. Continues at the next page.
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Figure 7 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V solution
treated and aged bars (diameter 16, 20, 25, 30, 40 mm) produced by TiFast with ingots fabricated via
SM+VAR: Yield Strength at 0.2% plastic deformation. All tests by Nadcap - accredited laboratories.
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Figure 8 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V solution
treated and aged bars (diameter 16, 20, 25, 30, 40 mm) produced by TiFast with ingots fabricated via
SM+VAR: Tensile Strength. All tests by Nadcap - accredited laboratories.
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ABSTRACT
Traditional methods of measuring Sound Transmission Loss (STL) of acoustic materials and
treatments are time-consuming and expensive. To overcome this limitation, normal incidence
Transmission Loss measurement technique using an impedance tube has been developed. This
paper presents an effort made to design and build a cost-effective impedance tube as per the
ASTM E2611 - 09. Standardized measurement uses a plane wave tube instrumented with four
microphones and a termination consisting of an adaptable acoustic load. The mathematical
formulation is based on the Transfer Matrix representation (TM method). In order to validate
the proposed model design, a numerical, experimental and theoretical correlation is
presented. The numerical model is obtained using the Finite Element Method (FEM).
Therefore, the test facility operation has proved reliable.
Keywords: Sound Transmission Loss, 4-microphones impedance tube, Transfer Matrix method, finite element
method.

1

INTRODUCTION

The development of sustainable materials with improved acoustic performances has
progressively gained interest in recent years. This claims both for accurate and fast
measurement methods of material characterization. In a laboratory, STL measurement is
usually performed using two reverberation rooms with the pressure method or one
reverberation room and anechoic chamber employing the sound intensity method. In this
article, a measurement procedure for evaluating the normal incidence Transmission Loss (TL)
of noise control materials, in a less expensive and less time-consuming approach than latter
methods, has been considered. There are even several commercially available devices to
measure STL of acoustic materials. However, they are expensive. To overcome these
limitations, normal incidence TL measurement technique has been considered and a costeffective impedance tube has been designed and built. The impedance tube method is a
standard test method (ASTM E2611 – 09). There are many experimental ways to obtain the
sound transmission loss (STL). This paper focuses on applying the two–load method, based
on the Transfer Matrix (TM) representation. The TL tube tests are conducted with two
different tube termination (or loading) conditions: open and rigid terminations. In order to
validate the proposed model design, the results have been compared with theoretical results.
In addition, a numerical study to obtain the STL has been studied. The numerical analyses
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were performed using Finite Element Method (FEM). The aim of this wor is to provide the
test facility operation reliable. Good agreement between numerical, theoretical and
experimental evaluations of STL has led to the proposed ob ective. The paper is organized in
the following way: in Section 2, the STL basic concepts of the theory underlying the two-load
method and the transfer matrix approach are described. In Section , the impedance tube
design is described. In Section 4, the experimental results and the theoretical correlation are
shown, followed by a description of the experimental implementation of the procedure. FEM
model, numerical and experimental correlation are presented in Section 5. Matlab scripts for
semi-automatic generation of tube FEM model are developed. Finally, the paper conclusions
are summarized.

Figure 1: Schematic view of four-microphone impedance tube.

2

THEORY OF THE TRANSFER MATRIX METHOD

The impedance tube is a set of two tubes that can be connected to either end of a test sample
holder, see Figure 1. Impedance tubes are used below their lowest cut-off frequency to
produce plane waves. In this case, it is assumed that the sound field in the up and downstream
segments of the standing wave tube can be well approximated by superposition of positive
and negative directed plane waves. Thus, complex sound pressures at the four microphone
locations in the tube can be expressed as
𝑃𝑃1 = 𝐴𝐴𝑒𝑒 −𝑗𝑗𝑗𝑗𝑥𝑥1 + 𝐵𝐵𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥1
𝑃𝑃2 = 𝐴𝐴𝑒𝑒 −𝑗𝑗𝑗𝑗𝑥𝑥2 + 𝐵𝐵𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥2
𝑃𝑃3 = 𝐶𝐶𝑒𝑒 −𝑗𝑗𝑗𝑗𝑥𝑥3 + 𝐷𝐷𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥3
−𝑗𝑗𝑗𝑗𝑥𝑥4
+ 𝐷𝐷𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥4
{ 𝑃𝑃4 = 𝐶𝐶𝑒𝑒

(1)

here k represents the wave number in the ambient fluid, A to D are, respectively, the
amplitudes of the plane waves travelling forward and bac ward. The TM method is used to
determine the TL of samples. Equations (1) yield four equations for the coefficients A to D in
terms of the four measured sound pressures:
𝐴𝐴 =
𝐵𝐵 =
𝐶𝐶 =

𝐷𝐷 =

𝑗𝑗 (𝑃𝑃1 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥2 − 𝑃𝑃2 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥1 )

(2)

2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥1 − 𝑥𝑥2 ))
𝑗𝑗 (𝑃𝑃2 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥1 − 𝑃𝑃1 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥2 )
2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥1 − 𝑥𝑥2 ))

( )

𝑗𝑗 (𝑃𝑃3 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥4 − 𝑃𝑃4 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥3 )

(4)

2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥3 − 𝑥𝑥4 ))
𝑗𝑗 (𝑃𝑃4 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥3 − 𝑃𝑃3 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥4 )
2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥3 − 𝑥𝑥4 ))
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here 𝑃𝑃 denotes the acoustic pressure at coordinate 𝑥𝑥 . The complex coefficients A to D can
be used to calculate the sound pressures and particle velocities on the two faces of a sample
extending from 𝑥𝑥 = to 𝑥𝑥 = . The latter quantities can then be related to each other by a
two-by-two transfer matrix, namely
𝑃𝑃

=
𝑥𝑥

11

12

21

22

𝑃𝑃

(6)

𝑥𝑥

P is the exterior sound pressure and
is exterior, normal acoustic particle velocity. The
pressures and particle velocities at the two surfaces of the sample layer may easily be
expressed in terms of the positive and negative going plane wave component amplitudes
.
It is then of interest to determine the elements of the transfer matrix 11 , 12 , 21 and 22 .
However, there are two equations in four un nowns. Thus, two additional equations are
required in order to be able to solve for the TM elements. The tube must be configured with
two different terminations: anechoic or otherwise minimally reflecting termination a bloc ed
or open termination, reflecting a portion of incident wave. This approach is the basis of the
so-called two-load method. Four linear equations are obtained in order to solve for the four
un nown matrix elements. The normal transmission coefficient, , can be expressed in terms
of the coefficients of the transfer matrix as,
2𝑒𝑒 𝑗𝑗𝑗𝑗

=
11

here

+

12

+

+

( )
22

is the characteristic impedance of the air in the tube. The TL factor is written as
=

3

21

(8)

2

TUBE DESIGN

This paper deals with design of the TL tube according to ASTM E2611 – 09. The tube is
designed for a frequency range 200 Hz – 1600 Hz.

Figure 2: iew of the designed four-microphone impedance tube.

The TL tube is composed of three sections, each being of the different length (See Figure 3).
The left section is called upstream and at its beginning a loudspea er driver is placed. The
right section, named downstream, is longer and it has a removable cap to apply the two
termination conditions. The middle section, named holder, serves as a cartridge for the testing
sample and it has the smallest length. Dimensions of the TL tube can be calculated based on
several parameters that are correlated with the desired frequency range of the measurements.
The wor ing frequency range depends on the diameter of the tube, the microphone spacing
and the speed of sound 5 5 . It is recommended that the microphone spacing, s, exceeds 5
of the wavelength corresponding to the lower frequency of interest and it could not exceed
45 of the wavelength corresponding to the upper frequency
𝑠𝑠

𝑠𝑠
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where c is the sound speed. The upper frequency limit and the corresponding wavelength
depends also on the diameter of the tube and upon the speed of sound, it is calculated as
=

𝑘𝑘

(10)
where is a constant and d is diameter of the tube in meters. The distance between the
microphones of 5 cm is chosen.

Figure : CAD Model of the tube (upstream, downstream and holder sections).

The tube should be sufficiently long as plane waves are fully developed before reaching the
microphones and test specimen. A minimum of three tube diameters must be allowed between
sound source and the nearest microphone. For these measurements an anechoic and a
reflecting tube ending are used. To ensure anechoic termination, downstream tube is set to be
longer, so enough of absorption material can be stuffed inside (15 cm of acoustic glass wool).
The tube construction must be sufficiently massive and for this purpose the tube material is 10
cm Aluminium, and it is mounted on a heavy frame to minimize vibration transmission. The
inner diameter is 10 cm. In order to have an eased microphone mounting solution, special
microphone casings are made. The elements are inserted into these casings to ensure perfect
fit. Four 1 4
free-field microphones are used to measure the pressure. For data
acquisition and signal processing a four-channel
type 560-C signal analyser platform
and a personal computer are used. Custom-made routines have been developed in Matlab
(implementing the two measurement methods outlined in Section 2) and it has been used to
carry out post-processing of the signals. Actual photographs of the complete tube and various
sections can be seen in Figure Figure 1.
4

EXPERIMENTAL SETUP VALIDATION

The determination of the TM requires a measurement of the complex sound pressure
(amplitude and relative phase) at four locations, two on either side of the specimen. This is
between a reference and the
accomplished in practice by measuring the transfer function
four locations. The transfer function could be calculated directly from the complex ratio of the
Fourier transform of the acoustic pressures and also by ta ing the ratio of the cross power

4
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spectrum to the reference autospectrum. The microphone nearest the sound source (first
microphone) is used as the reference. A loudspea er at one end of the tube was used to
generate a broadband random signal over the frequency range 0 to 1600 Hz, and the
frequency response functions between the input signal to the loudspea er and the complex
sound pressures at each of the four measurement positions were measured simultaneously.
The coefficients A, , C and D from the previous equations in Section 2 can be expressed in
the frequency domain. This is done using the following equations
(11)
𝑗𝑗 ( 1 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥2 − 2 𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥1 )
𝐴𝐴 =

(

)

𝐵𝐵 =

(

)

𝐶𝐶 =

(

)

𝐷𝐷 =

(

)

2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥1 − 𝑥𝑥2 ))
𝑗𝑗 (

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥2 )
2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥1 − 𝑥𝑥2 ))

𝑗𝑗 (

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥3 )
2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥3 − 𝑥𝑥4 ))

𝑗𝑗 (

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥4 )
2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘(𝑥𝑥3 − 𝑥𝑥4 ))

2

3

4

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥1 −

1

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥4 −

4

𝑒𝑒 𝑗𝑗𝑗𝑗𝑥𝑥3 −

3

(12)
(1 )
(14)

is the frequency response function between the complex sound pressures, 𝑃𝑃 , and
where
the complex reference signal, r, provided for the loudspea er and
is the autospectrum of
reference signal. Any mismatch in the amplitude or phase responses of the four microphone
systems will affect the accuracy of the transfer function measurement. A correction procedure
for the measured transfer data in both measurement channels is needed 5 5 . The following
two transfer functions have to be measured using the same computational algorithms for both
microphone pair. The microphones have to be placed in the standard configuration and
measured as follows
=

𝑒𝑒 𝑗𝑗

=

(15)

+ 𝑗𝑗

Then the microphone locations have to be interchanged to assume the
configuration and measured as follows
𝑒𝑒 𝑗𝑗

=

=

switched
(16)

+ 𝑗𝑗

and , has
The calibration factor , representing the amplitude and phase mismatches
to be computed using the following equation (valid for the case where the digital frequency
analysis system always uses channel one as the reference channel)
1

=(

(1 )

𝑒𝑒 𝑗𝑗

)2 =

For subsequent tests, the microphones have to be placed in the standard configuration. Each
measured transfer function has to be corrected by dividing it by appropriate correction transfer
function. For each microphone (position), measurements are performed, and results are
averaged. Therefore, the effects of differences in measurement channels including
microphone sensitivities are eliminated. To determine the test facility yields reliable results it
is tested with a simple Aluminium 2024 - T3 sheet of 1 mm thic ness. The TL of this
aluminium sheet is calculated for the case of a simply supported disc 1 and Equation (18)
shows the TL assuming the system to act as a simple damped harmonic oscillator 2 .
)2

(2

= −
(

2

5

22

)2

(

)2

1−

2 2

(18)
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with
=2
22
, M mass of disc per unit surface area, h thic ness of disc,
2
longitudinal sound velocity of material and is the loss factor ( 0.065). In mass-controlled
region, the response is dictated by the mass of the panel and the curve follows a 6d octave
slope . In this region, the normal incidence TL can be approximated by
2

= −

+

(19)
Figure 4 shows the measured TL of the investigated Aluminium disc including the theoretical
TL and mass law theory. As can be seen the curves coincide nicely which proves the setup to
be sufficiently reliable.
2

Figure 4: Measurement of TL of an aluminium sheet compared to the Theoretical TL curve and mass-law.

5

NUMERICAL CORRELATION

The second step for validating the measurements in the impedance tube consists of a FEM
model. The aim of this section is to present a numerical method based on FE analysis to
obtain the prediction of TL tube results. It is possible to solve acoustic problems using
structural code which already exists in FEM. The technique is based on a structural-acoustic
analogy which relates structural displacement to acoustic pressure 4 . A complete description
of the FSI problem, in terms of FE models of the structure and the enclosed acoustic volume,
is given by the following coupled equation of motion
−𝐴𝐴

+

𝐷𝐷
𝐷𝐷

+

𝐴𝐴

=

(2 )

where the matrix, A , ensures the proper coupling between structural and acoustic models. In
order to establish the interaction between fluid and structure, two conditions are required at
= 𝐴𝐴
and
=
the boundaries. This conditions are fixed by the coupling terms
− 𝐴𝐴
is a function of the fluid pressure and
is a function of the structural
displacement. All other vectors on the right-hand side of the structural and acoustic equations
are true load vectors.
is the structural displacement vector and p is the vector of
pressure values at the grid points. M ,
and D are mass matrix, stiffness matrix and
damping matrix, respectively.

6
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Numerical Model

Matlab scripts for semi-automatic generation of structural and the acoustic meshes and
production of Nastran cards are developed. In the present study the test model is the
impedance tube with a test sample. The test sample is a disc and it is modelled through
quadrilateral plate element with a thic ness of 1.0 mm. Aluminium 2024-T is considered for
simulation and the geometry with simply supported constraints at the edge are input, too. A
Matlab program also generates the FE model of the fluid body. This program generates the
Nastran cards for an acoustic cylinder volume. Firstly, a 2D unstructured triangular mesh is
generated based on a piecewise-linear geometry input 6 6 . Accordingly, the basic
assumption is the correspondence one to one between acoustic and structural meshes. The
fluid volume is modelled by a five-sided solid element with six grid point. For fluid elements
are used the material properties of air. In order to chec the quality of FE model the
wavelength of waves in acoustic volume is calculated by applying Nyquist–Shannon
. Sampling
sampling theorem. The maximum frequency of this study is
𝑥𝑥 =
frequency is therefore
= 2
and the shortest wavelength is =
. At least 4
elements are required per wavelength, which means the minimum length for each acoustic
element edge should be about 2 mm. The size elements in this study is less than or equal to
10 mm, the quality of the acoustic mesh is therefore acceptable. Thus to chec the quality of
structural FE model, the wavelength of bending waves in plate is calculated and compared it
with the element size. Applying Nyquist–Shannon theorem, the wavelength is 55 mm. At
least 4 elements are required per wavelength, which means the maximal length for each edge
should be about 14 mm and all elements in this model satisfy this requirement. In Figure 5 is
shown a FE model of the designed tube. The tube must be configured with two different
terminations that are anechoic termination and bloc ed termination. First termination is
simulated using the absorbing boundary conditions to eliminate the reflections 6 . Second
termination is simulated as a rigid boundary.

Figure 5: FEM ibroacoustic Model of the impedance tube, pre-processor Patran software.

5.2

Numerical Results

In this section a direct frequency response analysis is performed to compute dynamic response
to steady-state oscillatory excitation, which is explicitly defined in the frequency domain.
Excitation is in the form of a unit load at the tube s beginning to simulate the loudspea er and
the broadband random signal over the frequency range 0 to 1600 Hz. After the calculation is
done, Nastran Software will output the results to a .pch file, from which it can be read directly
by Matlab. The results, obtained with the two-load method, are presented. The measuring
points are at the microphone locations. There is a problem for pic ing these points because
the fluid model is not specially meshed for the microphone positions, it is impossible to locate
the desired place precisely. To solve this problem, a short Matlab program is applied to search
for the nearest node from the FE model. The main ob ective is to correlate the numerical
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model to the experimental test model, so to chec the designed test facility. Figure 6 shows
that the numerical TL is in good agreement with experimental TL.

Figure 6: Measurement of TL of an aluminium sheet compared to the Numerical TL curve and mass-law.

6

CONCLUSIONS

This paper presents an effort made to design and build a cost-effective impedance tube as per
the ASTM E2611 - 09. ased on two-load method and transfer matrix representation the TL
is determined. Two-load method is used to eliminate the requirement of a perfect anechoic
termination. Measurements are conducted for a simple Aluminium plate. Firstly, experimental
results are compared with predictions using theoretical analysis and the correlation is
reasonably good. Secondly, the results are obtained with a FE model. The principal theoretical
steps are presented and comparisons between the numerical predictions and experimental
results have shown the test facility s reliability. It is worth noting that the presented Matlab
program can be applied for a generic test sample and it, generating the Nastran cards, ma es
vibroacoustic modelling easier.
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ABSTRACT
In the context of Space Medicine, the aim of SERiSM (Role of the Endocannabinoid System
in Reprogramming human pluripotent Stem cells under Microgravity) pro ect, selected by the
Italian Space Agency, was to study the involvement of the Endocannabinoid System (ECS) in
the osteogenic differentiation under real microgravity. An innovative and easily accessible stem
cell model derived from human blood (human lood-derived Stem Cells, h DSCs) was used
to this purpose. This model is autologous and possesses a remar able proliferative and
differentiative capacity under ground gravity conditions, with high therapeutic potential for
bone degenerative diseases. ECS is a fine networ of proteins that interact to regulate the
endogenous levels of lipid mediators, collectively termed endocannabinoids (eC s), which in
turn are involved in cell communication and in the mechanisms governing the switch between
cell life and death. In the frame of the ITA mission, led by European Space Agency (ESA)
astronaut Paolo Nespoli, we analyzed the differentiation process also under microgravity
condition, and evaluated the expression of ECS proteins through immunoassay methods. ur
results demonstrate that some elements of the ECS are modulated during the differentiation
process and in microgravity, supporting the idea that increased levels of anandamide are indeed
need to stimulate type-1 cannabinoid receptor. In conclusion, microgravity could drive
endocannabinoid signalling in the former stages of h DSCs differentiation.

Keywords: Endocannabinoid system human lood-derived Stem Cells Microgravity
mission.
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1 THE SERiSM CONCEPT
Spaceflight is nown to induce loss of bone mass, alteration in bone physiology and possibly
osteoporosis, thus representing one of the ma or health ris s for astronauts. Endocannabinoids
(eC s) are bioactive lipids that mediate several aspects of human pathophysiology and, because
of their ubiquitous activities, they have emerged as promising targets for the development of
selective drugs able to modulate their signaling in distinct organs 1 . Among these, eC s
signaling seems to be involved also in the proliferation and differentiation of bone cells, as well
as in bone remodeling 2, . Indeed, eC s metabolic enzymes and their binding targets (i.e.,
cannabinoid and vanilloid receptors) are expressed in bone cells. In particular, type-2
cannabinoid receptors (C 2) signaling stimulates proliferation of osteoblast progenitors and
favors the bone mineralization process, whereas stimulation of type-1 cannabinoid receptors
(C 1) and of transient receptor potential cation channel subfamily member (TRP 1) exerts
osteoclastogenic effects, restraining bone growth 4 . Accordingly, it has been reported that the
lac of C 2 stimulates bone remodeling but with a net loss of bone mass, and that cb2-/- mice,
with a normal phenotype at birth, display over time a phenotype similar to human osteoporosis
5 . n the other hand, genetic inactivation of C 1 receptor results in higher bone mass in young
mice 6 and C 1 ligand may be used to enhance bone mass and prevent age-related
osteoporosis. Altogether, these findings suggest that the combined inhibition of C 1 and C 2
may be beneficial in preventing age-related bone loss , highlighting the therapeutic potential
of cannabinoid receptors to re-establish bone homeostasis.
ur previous study, performed in the frame of PromISSe mission organized by the European
Space Agency (ESA) in 2011, disclosed an unprecedented engagement of endocannabinoid
signaling in lymphocyte apoptosis and immunodepression under real microgravity conditions
8 . ased on these findings and additional literature data 9, 10 , we proposed the SERiSM
(Role of the Endocannabinoid System in Reprogramming human pluripotent Stem cells under
Microgravity) pro ect aimed at investigating whether endocannabinoid signaling might regulate
bone loss during space travel to this aim, we used a human stem cell model derived from
peripheral blood (h DSCs). These cells are autologous and pluripotent, differentiate into an
osteogenic lineage by using rapamycin in the presence of suitable scaffolds 11 , and could
have a remar able therapeutic potential for the treatment of bone-related disorders.
SERiSM pro ect was part of the ITA mission organized by the Italian Space Agency (ASI) in
201 . It was launched on August 14th, 201 , from historic Pad 9A at NASA s ennedy Space
Center ( SC) in Cape Canaveral, Florida (USA) on board the Falcon 9 roc et it remained
onboard the International Space Station (ISS) until September 16th, when it returned bac to
Earth onboard the Space Dragon capsule. Here, we present the mission pro le of SERiSM
(Figure 1) and the experimental data showing the effects of microgravity on cannabinoid
receptors expression in the osteogenic process aboard the ISS.
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Figure 1. The timetable of SERiSM pro ect: from ground-based experiments to ISS.

2 SERiSM SYSTEM CONFIGURATION
The SERiSM hardware was developed on purpose by ayser Italia S.r.l and the flight set
included 4 Experiment Containers (EC). Each EC contained 2 Experiment Units (EU) that, in
turn, was composed of three main components: Cell odies (consisting of two identical units),
Release System and Electronic oard. Each EU is a bric of biologically compatible plastic
(PEE ) and accommodates four identical CC, and each CC is connected with two reservoirs:
one for the activator (rapamycin, Sigma-Aldrich, St. Louis, M , USA) and the other one for
the fixative (RNAlater, Sigma-Aldrich, St. Louis, M , USA).
The movement of the chemicals and biological samples among the fluid chambers was
allowed by eight cylinders machined automatically by the internal microcontroller (Figure 2).

Figure 2. Pre-flight standby configuration of SERiSM Experiment Unit.
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2.1 Pre-flight activities
Pre-flight activities started on August 9th and were carried out in the laboratories of Space
Station Processing Facilities of ennedy Space Center.
lood was drawn from the antecubital vein of one healthy donor, who gave informed
consent to the study human DSCs were isolated by ammonium chloride incubation (dilution
1: in NH4Cl 1 M), centrifuged at 102 g for 20 minutes and washed several times with
phosphate-buffered saline (P S), pH .2 ( xoid, Hampshire, England), to remove the ma ority
of erythrocytes. Cells were then resuspended in 5 ml P S and incubated for 2 h at
C in the
presence of 50nM macrophage colony-stimulating factor (Sigma-Aldrich, St. Louis, M ,
USA), and 5 M gentamicin sulphate ( io est, Nuaill , France). n august 12th, DSCs were
resuspended in DMEM F12 medium (Invitrogen, Carlsbad, CA, USA) containing L-glutamine
( 00 g ml), 1 penicillin-streptomycin and 10 fetal bovine serum, all purchased from
Sigma-Aldrich (St. Louis, M , USA), and io- ss scaffold (Geistlich, Switzerland).Then, they
were loaded into the CC, for a total of 16 chambers divided into 4 EUs. The SERiSM EU
assembled with control electronics was integrated inside the IC-SL containers ( ayser Italia
Containers- Single Level), and then placed inside the io it, a passive temperature controlled
experiment container, for the upload onboard launcher.
2.2 In-flight activities
n August 16th, samples were transferred from the Dragon capsule to ISS and were loaded into
the ubi facility, already set up at
C, in a static position. Human DSCs were activated
for different times (0, 48, and 2 hrs) by automatic in ection of 10 nM solution rapamycin in
each CC. At the end of each incubation time, cell suspensions were fixed with RNAlater (900
l culture chamber), and were immediately moved by the astronaut into the minus 80 C
laboratory freezer for ISS (MELFI) facility.
Then, samples were removed from MELFI and wrapped into the double cold bags for
return to Earth. n September 16th, Space s CRS-12 Dragon unberthed from the ISS ahead
of a return to a Pacific cean splashdown.
2.3 Post-Flight activities
After recovery, samples were shipped still frozen to Livorno and then delivered from ayser
Italia team to the University of Rome for post-flight analysis. The scientific team was
responsible for the samples collection from EUs. A flow-chart representing the main activities
of mission, as well as the facilities on ISS, is shown in Figure .
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Figure . Experimental procedure of SERiSM pro ect during pre-flight, on orbit and post-flight
operations.

Each sample was centrifuged at 14000g for 5 min for fixative removal and was frozen
for the planned biochemical analysis. Protein expression of cannabinoid receptors was analyzed
through immunoblotting by using the rabbit polyclonal antibodies specific for C 1 (1:200
dilution) or C 2 (1:200 dilution) receptors (both from Cayman Chemicals, Ann Arbor, MI,
USA).
ur results showed that, after 2hrs on the ISS, C 1 and C 2 proteins were expressed
with an opposite trend: C 1 increased, whereas C 2 decreased (Figure 4).

Figure 4. Relative expression of C Rs after 2hrs on ISS vs t0 p 0.05.
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CONCLUSIONS
In conclusion, the SERiSM pro ect has highlighted the modulation of cannabinoid receptors in
a model of osteogenic differentiation of DSCs induced by rapamycin, as schematically
depicted in Figure 5.

Figure 5. Graphical abstract of the SERiSM mission profile.

In this context, we have recently published the proteomic changes and epigenetic modifications
occurring during stem cell differentiation in the microgravity environment 12 . Further studies
are needed to better understand the relationship between these two events in order to ascertain
the potential of endocannabinoid signaling in bone remodeling.
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ABSTRACT
Recognizing that the General Aviation will play a growing role in the development of
transportation of people in the coming decades, the GRADE project aims at demonstrating
that the exploitation of the GNSS technology could allow GA aircraft to perform advanced
precision approach procedures thus facilitating their integration with commercial aviation
and improving current airport operations. In particular, based on SBAS and GBAS
technologies, affordable avionics equipment are tested in the GRADE project to support the
execution of approach paths to runways that use radius-to-fix and continuous descent
procedures. The project plans to achieve its aim by carrying out real-time simulations with
human (pilots and air traffic controllers) and hardware in the loop, and by carrying out flight
trials using a suitable equipped experimental aircraft. The paper will discuss the results
achieved in the already performed real-time simulations, together with details about the
performed procedures, the technological solutions and the real-time test facility used for the
tests carried out so far. The preliminarily analysis confirms that the proposed solutions for
GA will positively impact airport capacity and environmental friendliness of air transport in
Europe, without negatively affecting safety and human performance.
Keywords: general aviation, GNSS-based Navigation, TMA operations, Human-in-the-Loop
simulation
1

INTRODUCTION

General Aviation (GA) aircraft will play a growing role for the coming decades in the
transportation of people and goods across Europe (private and business travels, commercial
on demand transport) and in other wide range of uses (leisure, sport, training, law
enforcement, fire-fighting, medical services, agriculture, parcel service, aerial wor and
others). The integration of these aircraft into airspace used by Commercial Aviation is a tough
challenge and is one of the topics recognized in the SESAR research initiatives 1 , especially
for what concerns the operations close to the airports in the terminal phase of the flight. In
fact, GA aircraft usually have a basic on board equipment and often fly according to visual
flight rules, performing non-precision approaches (NPA) that ta e long runway occupancy
times and require large spacing between arriving aircraft affecting significantly the operations
of the other airspace users. The exploitation during the approach phase of navigation solutions
based on the Global Navigation Satellite System (GNSS) technology could allow GA aircraft
to overcome the above listed limitations and, consequently, it could facilitate the integration
of such aircraft in an efficient and non-discriminatory manner with the faster and betterequipped commercial aircraft into the terminal manoeuvring area (TMA). Indeed, GNSS
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based navigation enables GA aircraft to perform Localizer Performance with ertical
guidance (LP ), Radius to Fix (RF) curved legs and continuous descent approach procedures.
These procedures are characterized by:
geometrical vertical guidance, more accurate positioning of the aircraft and increased
predictability of its behaviour, thus improving safety and reducing arrival aircraft spacing
reduced approach minima with respect to conventional NPA procedures, that improve
airport accessibility and enable successful approaches also in bad weather conditions that
may otherwise cause a disruption event, such as delay, diversion or cancellation
flexibility in procedure design, allowing shorter approach paths that result in fuel savings,
and may be also used for avoiding environmentally sensitive areas (e.g. populated areas
with noise restrictions).
The above considerations led to the definition of SESAR Solutions 51 2 , 55
(which
exploit S AS GNSS technologies for the initial and intermediate approach segments and the
final approach segment, respectively) and Solution 10 4 (which enables precision
approach Category II III procedures relying on G AS GNSS signals). These SESAR
Solutions were developed and validated on commercial aircraft. Their validation for GA
aircraft, equipped with affordable instrumentations, are yet to be performed as well as proving
the deriving benefits. As a matter of fact, the GRADE pro ect 5 , a SESAR 2020 ery Large
Scale Demonstration pro ect, aims at addressing this topic and this paper will present some of
its preliminary results.
Specifically, this paper will present the results of test campaigns aimed at demonstrating the
applicability of S AS G AS GNSS technologies for the initial and intermediate approach
segments and final approach segment to General Aviation aircraft, performed through realtime simulations (RTS) with human (professional pilots and air traffic controllers) and
hardware in the loop. The results presented in the paper include the evaluation of several ey
performance indicators extracted from the real-time simulation data for capacity, punctuality
and pilot and controller acceptability of tested procedures and HMIs. The performed
procedures, the technological solutions and the real-time test facility used for the tests carried
out are also described in detail in the paper, in order to provide proof of soundness of the
results achieved. This preliminarily analysis confirms that the implementation of GNSS based
solutions to GA will contribute to positively impact airport capacity and environmental
friendliness of air transport in Europe, without negatively affecting safety and human
performance, thus contributing to the achievement of the European Flightpath2050 goals.
2

OPERATIONAL SCENARIOS AND PERFORMANCE METRICS

To fully analyse the feasibility of the proposed solutions, specific perational Scenarios have
been defined for the tests. These scenarios reflect as much as possible the general
characteristics of operations, as discussed and depicted in Section 1. In our study, a total of
different scenarios have been built and simulated, as resulting from the various combination
of a number of relevant factors and parameters characterizing the scenarios themselves. The
airport considered for the RTS and for the in-flight tests to come, is the Capua airport, (ICA
code LIAU) with four possible RNA approach procedures (R
08N R
08S and
R
26N R
26S). These approach procedures have been used for the simulated IFR
traffic. n the contrary four specific GNSS curved and continuous descent procedures
(GNSS08Nb, GNSS08Nc, GNSS26Na, GNSS26Nb) have been defined for the GA aircraft
equipped for precise approach operations. In Figure 1, one of such procedures is reported, as
an example, identified as GNSS08Nc procedure.

2
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Figure 1: Horizontal and ertical profile of GNSS R

08Nc approach procedure for LIAU.

Furthermore, a number of conditions, which significantly affect the procedures execution,
have been changed to differentiate operational scenarios.
Table 1 reports all the parameters considered and the values they could assume in defining the
diverse simulation settings.
GA Pilot Mode a) automatic (with throttle manually controlled)
b) manual with Flight Director
c) manual with Tunnel in the S y

IFR Traffic Density in TMA a) medium

b) medium-high

Wind a) absent,

b) wind speed 10 ts, wind direction 0 deg

Visibility a) visibility extent to

b) visibility extent to 200 ft

GNSS Failure Mode a) nominal condition

b) Satellite Fail mode
c) Iono Fail mode
d) Navigation lost mode

Table 1: Possible Mission Settings for the real-time simulations.

Feasibility of the proposed solutions within these operational scenarios are then measured in
terms of technical, operational and human performance. Real-time simulation exercises (and
future flight trials) allow the analysis and evaluation of a number of performance indicators
that can be mapped to several ey Performance Areas of the SESAR2020 Performance
Framewor 6
. Specifically, it was estimated that the impacted PAs for these inds of
operations are those reported in Table 2. uantification of the expected performance progress
in all of these PAs is carried out through the introduction of quantitative metrics that ma e
use of data collected (or inferred) from the observation of the real-time simulation exercises.
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Safety Impact on this PA is assessed by demonstrating that LP in terminal
operations and G AS-based precision approach allow improving the navigation
accuracy of GA. The performance metric used to quantify the impact on this
area is the measurement of the Total System Error (TSE).
Capacity This PA is assessed through the evaluation of airport arrival throughput.
Cost- Impact on this area can be assessed considering the number of aircraft managed
efficiency by the ATC in a considered time period. Since in the RTS only one controller
managed the arriving aircraft for each exercise session, the arrival throughput is
considered as an indirect performance metric for cost-efficiency.
Environment Impact on this PA is assessed by evaluating noise reduction and average fuel
consumption for both the RNA approach and the GNSS approach.
Equity This PA can be seen as the capability of giving equal treatment to all airspace
users. This is evaluated by verifying that the proposed solution gives access to
GA without penalizing the nominal access of the commercial traffic.
Human This PA is evaluated through the assessment of the acceptability of the tested
Performance procedures and HMIs from the point of view of both pilots and controllers.

Table 2: Impacted PAs and related performance metrics.
3

REAL-TIME SIMULATION

The operational scenarios discussed in the previous section were accurately modelled and
implemented in a detailed and realistic simulated environment that allowed the execution of
the tests and the collection of quantitative data.
3.1

Simulation Facility

Real-time simulations have been carried out ta ing advantage of the Integrated Simulation
Facility (ISF), an experimental simulation infrastructure developed at the Italian Aerospace
Research Centre (CIRA) 8 . The ISF interconnects several simulation modules and allows to
carry out research activities in a variety of realistic operational scenarios. The simulation
facility allows the development and validation of prototypical hardware and or software in
support of the full integration of RPAS and General Aviation in the future ATM system.
All of the simulation modules are connected through the ISF networ protocol, a flexible data
exchange protocol that was developed by CIRA that allows all simulation agents to
communicate in real time during all of the simulation phases (configuration, initialization and
runtime phases). As a matter of fact the ISF facility is scalable, reconfigurable and
customizable, allowing adding and or removing simulation emulation agents. If necessary, the
facility also allows the connection to simulators physically located in places other than the
CIRA laboratory.
For the purposes of the proposed test, the ISF architecture is made of 4 main modules:
General Aviation oc pit Simulator: a simulator of a coc pit of a twin-engine GA aircraft
(inclusive of out of window virtual view) used by the test pilot co-pilot to fly the approach
procedures under test. It includes a GNSS receiver emulator covering S AS, GAST-C
and GAST-D types of service in both nominal and off-nominal conditions 9 10 . This
aircraft also integrates a Navigator System connected to the AP that is able of steering
automatically the aircraft along the selected approach procedure, leaving in any case to the
pilot the full authority on the throttle command. The overall system supports the pilot in
flying the selected approach procedures in either fully Manual or Automatic mode.

4
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Scenario Simulator: this is a H S environment for the management of the ISF facility
scenario data, which includes an air traffic simulator, GPS constellation simulator,
weather conditions simulator inclusive of atmospheric hazards, no-fly zone simulator,
ground navigation system s (TIS- ) simulator.
Air Traffic seudo- ilot
I: a wor station that implements a complete set of functions
to command the air traffic generated by the Scenario Simulator. It is used by the pseudopilot(s) to steer the traffic according to the controllers indications.
ontroller or ing osition (
): this is an emulator of an air traffic controller
wor ing position, which includes a customized HMI prototype. It is used by the
controllers to monitor and manage the incoming traffic in the terminal area.
Additionally, some utility modules are also connected to the facility for the collection of data
useful to analyse the overall behaviour and performance of the system under test (i.e.
engineering data logging, voice communication system, audio-video recording).
Figure 2 presents the functional architecture of the ISF facility. Figure shows some of the
simulation modules.

Not required
for this test

Not
required
for this
test

Figure 2: Functional architecture of the ISF.

3.2

Simulation Approach

Two RTS sessions, each lasting one wee , have been carried out, for a total 5 GNSS
precision approach procedures completed. Several professionals have been involved for a
sound significance of the tests, namely:
2 experimental pilots, alternating in flying the virtual GA simulator
4 Air Traffic Controllers, alternating at the C P during the simulation sessions
1 ATC Supervisor
2 human factors experts, observing the pilot and the controllers behaviour and interaction
with the HMIs
2 pseudo-pilots, managing the virtual IFR traffic in the scenario according to the
controllers commands
6 engineers.
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Figure : (a) GA Coc pit Simulator (b) Controller

or ing Position (c) Pseudo-Pilot HMI.

4

PERFORMANCE ANALYSIS AND TEST CAMPIAGN RESULTS

4.1

Collected Data

The outputs of each real time simulation test are of four inds and are briefly discussed below.
Engineering data: The state information for all the aircraft involved in the simulation are
recorded on different ISF components. Table specifies the data logged for each entity.
Name
Description
TIME
Simulation time
UTC Time
UTC time in which have been registered the data
T A
ADS- message time of applicability
ENTIT
Symbolic name of the simulated aircraft
LAT
GPS latitude of the aircraft
L N
GPS longitude of the aircraft
AR ALT
Measured barometric altitude of the aircraft
GE ALT
Measured Geometric altitude of the aircraft
TRAC
Measured trac angle of the aircraft
GR UNDSPEED
Measured ground speed of the aircraft
ERTICALSPEED
Measured vertical speed of the aircraft
Table : Engineering data collected from all the aircraft involved in the RTS.

Audio- ideo Recording: both voice communication and C P and GA coc pit HMIs are
stored using a dedicated video acquisition system.
Briefing Debriefing Notes: efore and after each simulation run, a briefing session involving
pilots, controllers and engineers too place to asses test conditions and ob ectives. riefing
notes were then written by the Facility Test Manager reporting the main events and comments
made by the actors that too part to the simulation. Debriefing sessions focussed on
comprehensive discussion and explanation of feedbac provided by ATC s and Pilot, in
order to gather inputs on requirements for procedures and technical systems.
uestionnaires: The involved pilots and controllers filled post-mission questionnaires after
each simulation test and post-session questionnaires at the end of each RTS session.
These questionnaires together with the observations of the human factor experts allowed the
collection of several human factors related measures aimed at assessing:
pilot and controller wor load during the execution of tested procedures
acceptability of such procedures by pilot and controller
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situational awareness and shared situational awareness for ATC s and Pilot
usability of the pilot HMI to support the execution of the approach procedures with a
sufficient level of confidence and precision.
4.2

Data Analysis and Results

As reported in Section 2, performance metrics have been defined for the 6 impacted PAs.
Some preliminary results obtained using these performance metrics are discussed below.
Safety: The overall TSE in all of the executed approaches, was always lower than 0. NM
guaranteeing sufficient navigation performance for procedure adherence and safe
execution.
apacity: Preliminary results, still not statistically significant but nonetheless relevant to
identify qualitative trends, highlighted that the presence of the GA approaching the airport
immersed in a commercial traffic, does not change the airport throughput significantly,
especially when executing GNSS approach procedures. This is evident in both medium
and medium-high density scenarios (see Table 4 and Table 5).
Time between two consecutive landings
Mean [minutes] Standard Deviation [minutes]
2.
1.4
Only traffic
2.9
1.0
Traffic + GA using RNAV procedure
2.
0.6
Traffic + GA using GNSS procedure
Table 4: Mean time between two consecutive landings for medium density traffic.
Medium Density Traffic

Time between two consecutive landings
Mean [minutes] Standard Deviation [minutes]
1.9
0.4
Only traffic
2.5
1.5
Traffic + GA using RNAV procedure
2.
1.1
Traffic + GA using GNSS procedure
Table 5: Mean time between two consecutive landings for medium-high density traffic.
Medium-High Density Traffic

ost-Efficiency: As stated in Table 2, the PI used to assess capacity is also an indirect
measurement of the number of aircraft managed by the ATC in the considered period.
Therefore, the same considerations discussed above also apply to the cost efficiency PA.
Environment: RTS data analysis has shown that the GNSS procedures allow a reduction
of the fuel consumption than s to continuous descent (even if there is no significant range
reduction with respect to the RNA procedure). In addition, the GNSS procedure is also
beneficial for noise reduction. As a matter of fact the feasibility of the GNSS curved
procedure offers more flexibility to the design of approach procedures, thus allowing the
avoidance of noise-sensitive areas in a more efficient way.
Equity: During the RTS, ATC s observed that the inclusion of the GA following a GNSS
approach procedure did not penalize the remaining commercial traffic.
uman erformance: Exercise results demonstrate that the tested procedures do not have
negative impacts on ATC s and Pilots in normal and abnormal operating conditions and,
due to simulation technical constraints, more significant benefits can be expected in the
reality. or load and situational awareness levels were considered satisfactory and also
overall cooperation between pilot and ATC was good with no negative impact on overall
traffic management even in case of simulated technical failures. Pilot experience with the
tested HMI provided valuable design suggestions to improve the suitability of HMI in a
wider range of use cases and potential users, especially for what concerns alarms display
and cartography.
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CONCLUSIONS

This paper presents some preliminary results of the GRADE Pro ect, as emerging from the
real-time simulation campaign, addressing the feasibility of applying to General Aviation
aircraft, equipped with affordable instrumentations, some of the GNSS based approach
procedures, already developed in the SESAR program for large commercial aircraft. The realtime simulations too advantage of the Integrated Simulation Facility (developed by CIRA)
which includes several simulation modules (including a GA virtual coc pit, an air traffic
C P, and a traffic scenario simulator) that allow to recreate a variety of realistic operational
scenarios to test and analyse the potential benefits of the proposed solutions.
Although the results collected so far are mainly qualitative, nevertheless it is possible to draw
some significant conclusions. The performance analysis on the six impacted ey Performance
Areas has shown that in real-time simulations the execution of the GNSS procedures by a GA
aircraft is feasible and acceptable by both pilots and controllers. Curved and continuous
descent approach reduces the overall environmental impact on noise and emissions. The
integration of the GA in a medium to medium-high density commercial traffic does not
degrade the arrival throughput. These results will finally be confirmed in the next phase of the
pro ect, which will include an actual flight test campaign.
6
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ABSTRACT
New Space activities are stressing the current system of international space law to the limit,
questioning its suitability to produce effective regulation. Accordingly, States are considering
to unilaterally regulate New Space activities within their own domestic laws. This paper
assesses the consequences of this approach and, in light of the outcome, attempts to propose a
different way forward.
Accordingly, the paper finds that while the use of domestic law certainly presents some
advantages, unilateral regulation may also seriously threaten the future of outer space as a
peaceful and shared domain. Thus, the paper presents an alternative multi-sta eholder model,
whereby all actors are part of a dynamic approach based on adaptive governance.
Inter alia, the paper shows how this model could be structured to achieve effective regulation
of New Space activities via horizontal (between public and private actors) and vertical (between
national and international levels) integration tools, while also remaining consistent with
international space law.
From the above, the paper concludes that it is possible to effectively regulate New Space
applications through a reasoned interaction between public and private actors as well as among
different governance levels, while still preserving the foundational value of the space treaties.

TABLE OF CONTENTS
Abstract..................................................................................................................................p. I
Table of Contents...................................................................................................................p. I
Introduction. The New Space Challenge..............................................................................p. 2
Chapter One: Domestic Solutions to Global Problems?...................................................p. 4
Chapter Two: A Way Forward..............................................................................................p. 6
Conclusion. Future Perspectives...........................................................................................p. 9
References............................................................................................................................p. 10

Introduction. The New Space Challenge

41

Few contests that the space industry is a special one. Developing and completing space
programs requires enormous resources, while also entailing a high ris of potentially
catastrophic damages. Accordingly, the leading role in the field was soon ta en by States, as it
was impossible to set up a business case for private actors.
Further, due to space s ability to immediately capture people s imaginary, space programmes
were soon integrated into the political machine, leaving no room for purely commercial
applications. It is in this context that the rules of international space law have been written
during the late Sixties, through the fruitful diplomatic negotiations between the estern and the
Soviet bloc s in the United Nations Committee for the Peaceful Uses of uter Space
(UNC PU S).1
In this respect, it is important to remember that despite ending up in competing with each other,
the United States (US) and the Soviet Union (USSR) drafted the main rules of the so called
orpus Iuris Spatialis having peace and cooperation in mind.2 This means that the negotiations
were focused on preventing predator behaviours that could have easily escalated tensions
between the two countries, with potentially apocalyptical scenarios.
ac then, the simple idea of private entities operating in outer space on their own was
considered unrealistic. Nevertheless, the US insisted on eeping the door opened to commercial
actors, ust to be sure that they could also benefit from the freedom to explore and use outer
space.4 n the other hand, the USSR was rather sceptical about it, mostly because companies
do not offer the same guarantee of States in term of responsibility and liability. 5
As is well- nown, a compromise has been found in allowing private entities to explore and use
outer space under authorization and continuous supervision from the appropriate State, which
shall also bear international responsibility for such activities.6 Accordingly, Article I of the
uter Space Treaty ( ST) came into existence and that was the first step in the path of the
commercialization of outer space. Still, for the following three decades, space applications
remained deeply connected with political programs or, at the most, scientific missions.
However, the status quo has changed. Globalization, together with an astonishingly fast
technological development, has had a tremendous impact over the dynamics of the space
industry. All of a sudden, space was no longer needed for political purposes, while new business
application started to come up. Ultimately, the most powerful spacefaring nation in the world
officially terminated its human spaceflight programme, the Space Shuttle, in 2011. 8 Meanwhile,
venture capitalists all around the world started to literally pour money over new actors emerging
in the field, irreversibly changing the industry and shaping a new mar et.9
This phenomenon too the name of New Space , a term that encompasses a globally emerging,
private spaceflight industry based on a purely commercial mind-set and aiming to develop
faster, better and cheaper access to space. 10 Notably, the new in New Space entails first an
innovative approach, when compared to the traditional way of doing business in space, i.e. the
ld Space carried out by governments and their prime contractors. Further to that, new
also stands for recently established, in the sense that most of the New Space operators entered
the mar et at the beginning of the 21 st century.
Two examples might help better clarifying the nature of New Space. ne is represented by
Mega-Constellations, composed by thousands of satellites that are 2 or orders of magnitude
smaller and cheaper than before. A second example is embodied by Space , the roc et
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company founded by Elon Mus , which has radically changed the business introducing the
concept of reusable roc ets. Space wor s incredibly fast (moving from zero to reusable
roc ets in ust 15 years) and aims to establish permanent human settlements on Mars by the
year 20 0.11
ecause of its special features, the New Space phenomenon does not exactly get along with the
current system of international space law. n the contrary, the emerging of New Space
applications is testing the orpus Iuris Spatialis to the limit, showing its wea nesses and
lacuna. Accordingly, the industry is increasingly pushing for reconsidering the main rules of
international space law, such as the non-appropriation principle.12
In this respect, it is important to note that we managed to eep space as a peaceful and
cooperative environment because of the rules laid down in the space treaties and most notably
in the ST. Thus, questioning their relevance for regulating New Space applications may
seriously threaten the future of outer space as a shared and peaceful domain to be used for the
benefit of human ind.1 Accordingly, while ac nowledging the need for a refreshment, we
should also bear in mind the importance of preserving the foundations of international space
law.
Unfortunately, time is not on our side anymore. All ma or analysts predict that New Space
business will continuously increase its relevance within the overall space business until it will
represent the ma ority of it. 14 In August 2018, NASA launched a new commercial spaceflight
programme that has been in truth the start of a new era, with US astronauts that will reach the
International Space Station (ISS) on commercial spacecraft.15
Nearly one year later, in une 2019 NASA also opened its segments of the ISS to the use of
private entities, in what could be a game changer for the future of space tourism.16 As both
business and technology are moving way faster than the law, we must accelerate our efforts,
before something irreparable happens.
Accordingly, the purpose of this paper is to propose a way forward that can both deliver
effective regulation without having to dismantle the fundaments of international space law. To
this end, Chapter ne will show that there is an increasing tendency to adopt a unilateral
approach for the regulation of New Space activities, briefly addressing its consequences.
Then, to avoid the negative impacts coming from purely domestic regulation, the paper will
suggest a possible alternative. In this repsect, Chapter Two will argue that New Space activities
should be regulated through a multi-sta eholder model, whereby all actors are part of a dynamic
approach based on adaptive governance.
Inter alia, the chapter will show how this model could be structured to achieve effective
regulation of New Space activities via horizontal (between public and private actors) and
vertical (between national and international levels) integration tools, while also remaining
consistent with international space law.
From the above, the paper will conclude that a multi-sta eholder approach based on adaptive
governance could help solving the current regulatory impasse on New Space activities,
producing effective regulation while also ensuring compliance with existing international space
law.

Chapter One: Domestic Solutions to Global Problems?
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Space activities are carried out in a three dimensional, transparent and continuous medium.
Thus, they are by their very nature international, global and extra-terrestrial activities,1
meaning that no actor can perform them in isolation, regardless of how powerful or
technologically advanced it may be. The international community grasped this reality from the
very beginning, which is why Article I ST declares that the exploration and use of outer
space ... shall the province of Man ind .18
Notably, already in 1959, almost ten years before this solemn declaration, States agreed also on
the fact that the regulation of space activities should have always been concerted at the
international level and thus established UNC PU S as the appropriate mean to such end. 19
Since then, diplomacy has shaped the main rules for the exploration and use of outer space,
producing five international agreements and many other UNGA resolutions.20
This status quo has been maintained until the year 2015, when the US passed a piece of
legislation unilaterally declaring that their citizens could lawfully extract and sell space
resources.21 Remar ably, this was the first time in the history of space law that one country has
attempted to unilaterally establish a rule related to the exploration and use of outer space. 22
It is not easy to explain why the US decided to not discuss their position with the rest of the
international community in UNC PU S. ne possible reason may be that UNC PU S has
now grown to 92 members, 2 but its decision-ma ing rule still remains consensus. Accordingly,
States have started to question its ability to ta e effective decisions in a given time, thus moving
the international discussion on space regulation to other international forums. 24 However, the
fact remains that the US did not bring the matter for discussion to any international forum.
hatever the reason may be, the US approach made proselytes and indeed two years later
Luxembourg enacted its own law on the exploration and use of space resources. 25 Currently,
there are at least other four countries ( apan, the United Arab Emirates, the U and now also
Germany) considering to follow the same path, 26 and this number is of course li ely to increase.
It is important to note that the real novelty of the 2015 US Space Act lies in its approach, rather
than in its content. Content-wise, the 2015 US Space Act is ust one of the possible
interpretations of the freedom to explore and use outer space granted by Article I ST, 2 as
many scholars have already argued in the past.28 Further, it even pays due respect to the
international obligations of the United States, in order to reduce the potential conflict with
international space law.29
Accordingly, the issue here comes from the fact that the US bypassed the role of the
international community and unilaterally addressed space resources activities in its domestic
law. 0
n this point, one may argue that this is not the first time that lacunas in international space
law are addressed by domestic law. Let s ta e the example of the delimitation of outer space.
As is well- nown, such issue has been debated by UNC PU S for more than 40 years now,
without any sign of consensus on the matter. 1 At the same time, some States, li e Australia or
Denmar , have defined outer space as the area above an altitude of 100 m in their domestic
laws. 2 Nevertheless, despite the apparent similarities, there are two important differences that
one should bear in mind when comparing these laws to the 2015 US Space Act.
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The first one comes from the fact that there has been a debate in UNC PU S for decades
before such States too initiative. Second, the rationale for adopting such definition has been
to simply limit the scope of their national space legislation in respect to aviation law. Thus, the
fact that some States have delimited outer space did not have any impact on the formation of
international space law, because the effects of such definitions are confined within the domestic
realm.
n the contrary, before the 2015 US Space Act there has been no international debate among
States on the legality of space resources activities, not in UNC PU S nor anywhere else.
Further, despite addressing only US citizens and companies, the 2015 US Space Act has
dramatically impacted the system of international space law, because for the first time it
confronted other States with the ris of their inaction.
efore the 2015 US Space Act, the rule was that if consensus had not been reached than action
would have not been ta en. n the contrary, in this case the US will ta e action unless
consensus is reached against this fact. It is a change of perspective that is li ely to undermine
the legitimacy of the whole system.
As showed, the case of space resources activities has mar ed a change of approach in the history
of space law and it does not seem that it will remain isolated. 4 Rather, it is very li ely that other
States may wish to settle further uncertainties currently affecting international space law in the
same way. Indeed, what prevents any of them to further declare that small pieces of asteroids
do not fall within the definition of celestial bodies and thus can be lawfully appropriated, or
that active debris removal (ADR) is illegal because it violates Article I and III ST
If we fully embrace the idea that States can unilaterally approach the issues brought by New
Space applications, ust because it is faster or easier than addressing them internationally, then
we may be ma ing a big mista e. 5 In truth, space has remained a peaceful and flourishing
domain mostly because no actor has ever challenged the foundational value of its international
regulation. Should this basic premise change, then the whole system may collapse with it. 6
This is not to say that domestic regulation of space is dangerous in itself. n the contrary, it is
mandated by Article I ST, which requires States to ensure authorization and continuous
supervision of private activities in outer space. However, there is a fine line between
implementing Article I ST and using it to circumvent the need for international agreement.
Accordingly, we need to carefully frame the terms under which States can rely on their domestic
laws to address issues that are still global in nature. 8 In the lac of coordinating mechanisms,
serious tensions are ust behind the corner. 9 For example, what will happen when a company
is hired to perform on-orbit servicing on the space ob ect of another nationality
r if two
companies of different nationalities apply to their relevant State to perform space resources
activities on the very same piece of celestial body 40
Thus, while domestic regulation of New Space activities is needed to provide answers to an
incredibly fast industry, it cannot suffice on its own without the ris to undermine the peaceful
and sustainable uses of outer space.
Accordingly, the next chapter will propose a new model whereby domestic regulation is
incorporated as part of a broader approach connecting different actors and governance levels.
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Chapter Two: A Way Forward
e have seen in Chapter ne that because of the global nature of space activities, States have
always settled their regulation in international forums li e UNC PU S. However, we have
also seen that this approach has recently been challenged and that serious consequences may
follow from this paradigmatic shift.
The truth is that we are facing an impasse. n the one hand, it is undeniable that the current
system of international space law has been stressed to its very limit. n the other hand, the
proposals advanced so far to replace it are li ely to bring more problems than solutions.
Accordingly, this chapter attempts to suggest a possible way forward, which is based on two
main assumptions and built around two related pillars.
The first assumption is that not only space, but the whole world has changed. Globalization has
shaped a new order whereby traditional governance mechanisms no longer suffice to properly
tac le the problems of the globalized society. 41 Nowadays, different actors have to interact at
different levels, thus transcending the territorial and hierarchical dimensions that used to govern
decision-ma ing processes.42 In other words, the nation-State is not anymore the gravity centre
around which all other actors orbit. 4
Let s face it: countries are not suited to solve the ma or problems of our world. 44 Climate
change, food scarcity, migration movements, they all escape the grasp of governments, even
when coordinating together at the international level. Rather, they can only be solved with the
contributions of all involved actors, including private entities.45
Li ewise, States cannot deal on their own with the enormous challenges brought by the
evolution of space applications, which is why traditional international forums are becoming
outdated. In UNC PU S, only States have the right to vote and be actively engaged in the
discussion everyone else is ust an observer. Unfortunately, this model does not ma e any
sense for regulating New Space applications simply because many States do not even now
how to define New Space.
Accordingly, international discussions on how to govern New Space activities li e space
mining or active debris removal have to be done together with private actors. In political
science, this phenomenon ta es the name of multi-sta eholderism, a term encompassing a new
governance model based on the open dialogue among all ma or sta eholders to reach effective
but also equitable solutions. 46
Thus, the first pillar of the proposed model is its multi-sta eholder nature.
The second assumption is that global problems, including New Space problems, have a high
degree of complexity and most importantly a rather unforeseeable evolution. 4 Thus, traditional
all-encompassing regulation is not fit to solve them because there will always be something
that we did not thin of. Further, this type of regulation requires a lot of time and political
investment, exactly because it aims to address most possible issues beforehand.
Rather, global problems could be more easily addressed with a step-by-step approach that
prioritizes issues in terms of foreseeability and essentiality. 48 Consequently, regulation will
only deal with those problems that must be solved in order to ma e ust one step forward. It is
only after having made this step forward that the discussion on what is needed for the next one
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will start, and so on. This regulatory model is called adaptive governance and is successfully
spreading around the world as an optimal tool to address global problems. 49
Thus, the second pillar of the proposed model is its adaptive governance approach.
Combining the two pillars together, this chapter attempts to present a multi-sta eholder model
based on adaptive governance, that can achieve effective regulation of New Space activities
while also remaining consistent with international space law.
Drawing from the experience of multi-sta eholderism, 50 the regulation of New Space
applications should valorize the role of the space industry in the decision-ma ing process.51
Since New Space activities are mostly uncharted territory, traditional space regulators (i.e.
ministries or space agencies) have little understanding of what should and what should not be
regulated to ensure their flourishing development.
n the contrary, most companies have a clear perception of what it needs to be ensured from
the regulatory side. ftentimes, it is the very basics: recognizing the legality of the activity,
providing a fast procedure with clear conditions for obtaining a license and ensuring protection
from unlawful interferences. n these points, there is enough shared ground for the industry to
develop common standards to whom the involved companies are happy to abide.52
In particular, these standards could be developed through an open dialogue among industries
associations and administrative regulators, together with further actors representing other
interests from the civil society (such as consumer and environmental protection), to be held
within a global forum5 , li e (for instance) the International Chamber of Commerce.
Then, once an agreement has been reached on the essential elements, the outcome should be
incorporated by relevant administrative regulators within their licensing conditions. 54 Notably,
this procedure will ensure four main benefits: a remar able degree of flexibility, an optimal
level of enforcement, a potential high level of uniformity and compatibility with existing
international space law.
As to the first benefit, implementation within licensing conditions ensures the flexibility that
the enactment of a law would inevitably compromise. 55 As is well- nown, changing a law is a
very complex and time-consuming procedure, while usually regulatory authorities can update
their licensing requirements through a simple administrative decree. Accordingly, this ensures
that adaptive governance can be followed to its greatest extent.
As to the second benefit, the involvement of regulatory authorities will also bring their
enforcement powers, which will avoid the ris coming from voluntarily compliance that is
associated with many multi-sta eholder models.
For what concerns the third benefit, i.e. uniformity, it should naturally follow from the fact that
the implemented standards are the result of an international and extended dialogue, which
represents a strong incentive in support of their reception.
Lastly, this process would not undermine the existing framewor of international space law,
which will continue to be the foundation on which everyone will continue to wor . Treaties li e
the ST do not provide comprehensive answers exactly because they are meant to provide a
foundational starting point for rules to be further specified in more dynamic and lighter legal
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instruments.56 For instance, the obligation to authorize and supervise national space activities
does not require the mandatory enactment of a law, because it leaves the choice as to the more
appropriate legal instrument to the relevant State. 5
Nevertheless, one may still ob ect that this model is basically eopardizing the role of
UNC PU S as the leading institution for the regulation of space activities. However, the truth
is that the role of UNC PU S is already being challenged now, and may be eventually
eopardized regardless the adoption of this model. 58 Rather, UNC PU S is more at ris in a
context whereby each State goes with its national regulation,59 rather than in a model whereby
its intervention is simply postponed to a further point in time.
Following the adaptive governance principle, UNC PU S should be involved only when the
need for internationally binding agreement or harmonization will arise, which can only happen
if some form of regulation has already been tested at a lower level. Further, UNC PU S may
be the perfect place for States to share their best practices and coordinate their experiences in
regulating New Space activities.
Another ob ection may come from the consideration that peace and sustainability of space
activities are not guaranteed by the mere fact of developing the regulation through a multista eholder platform. In this respect, it is true that some form of international coordination
among States is needed to avoid the ris of tensions.
A possible tool to reduce this ris is mutual recognition. As is well- nown, mutual recognition
is a powerful instrument to ensure uniformity and compatibility among different systems
without the need for a political structure. 60 ecause it is based on reciprocal trust, mutual
recognition may even foster international cooperation in outer space, insofar it removes any
political discrimination and ensures the same treatment to everyone.
Further, when combined with the multi-sta eholder decision-ma ing process, mutual
recognition becomes even more effective. 61 This is because in the proposed model the rules to
be mutually recognized will be the result of an open and international dialogue among all the
ma or sta eholders, thus reducing the ris of a race to the bottom. 62
hat is more, because mutual recognition is based on reciprocity and equivalence, 6 rules that
are openly in contrast with the result of such international dialogue will not have to be
recognized, thus enhancing participation in the multi-sta eholder platform.
Following, once a set of rules has consolidated, mutual recognition can be further stabilized by
means of international harmonization or even by establishing an international system to directly
govern the matter. Thus, also the adoption of mutual recognition leaves untouched the role of
UNC PU S, i.e. providing international regulation at the State level.
To recap, the model proposed in this paper aims to offer an alternative answer to the need to
update the way in which international space law is developed. In particular, it is meant to
discourage purely domestic approaches that can undermine the peaceful and sustainable uses
of outer space.
Ta ing into account the new shape of the global society, the proposed model foresees a multista eholder approach based on adaptive governance. In particular, it suggests that the regulation
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of New Space activities should come from an open dialogue among the industry, the regulators
and the civil society, aimed to map the most urgent problems and develop pragmatic solutions.
Following, the result of such dialogue should be implemented within the licensing conditions
of New Space activities, in order to ensure both legal protection and effective enforcement.
Further, States should accept to mutually recognize foreign licenses that have also been based
on the results of the previously described multi-sta eholder dialogue.
Lastly, this model is without pre udice to the applicability of existing international space law,
that will continue to represent the foundations on which all actors wor . Notably, it foresees a
role also for UNC PU S, that will continue to be relevant first as a platform whereby States
can share their best practices and coordinate their regulation of New Space activities, and
second as the only legitimate forum to eventually develop international harmonization or
agreements, if and when such need will materialize.

Conclusion. Future perspectives
New Space applications hold a great promise for the future of human ind. 64 The benefits
coming from space resources activities, active debris removal and on-orbit servicing ( ust to
mention the most relevant cases) have the potential to ma e Earth a better place, 65 provided that
we do not fight because of their regulation. Accordingly, we need to stand for shared solutions.
Unfortunately, the type of mechanisms that have brought us here are no longer suitable to such
end. The world has changed and we need to proactively change with it. Still, change can come
in many forms. So far, some States are spreading the idea that in the absence of international
agreement each country should address these issues on its own, instead of waiting for shared
solutions to emerge.
This approach has good merits, but also serious drawbac s. hile it can provide the industry
with fast and cheap answers, it also ris s to foster tensions and conflicts at the global level.
Ultimately, it may contradict the entire foundational playground on which international space
law has been built.
From the above, this paper attempted to propose a different way forward that has its main
premise in the need to broaden the international dialogue. In particular, we need to accept that
global problems cannot be effectively resolved without accepting inputs from all the involved
actors, and especially those that are investing their resources on the front-line.
Accordingly, this paper has proposed to regulate New Space activities through a multista eholder model based on adaptive governance. Inter alia, this entails an open dialogue
among the industry, the regulators and the rest of the civil society within an international forum
with the mandate to tac le the more urgent issues and come up with effective but also equitable
standards and practices to deal with them.
Such standards and practices should then be implemented by administrative authorities within
their licensing conditions, thus offering legal protection and effective enforcement. To avoid
the ris of ex post discriminations that could undermine the wor done in the multi-sta eholder
forum, States should also provide for the mutual recognition of foreign licenses that have been
developed from the abovementioned standards and practices.
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Lastly, this model stands without pre udice to the applicability of existing international space
law and also foresees a role for UNC PU S, first as a platform to share best practices and
second as a forum to harmonize them, eventually in view of their future transposition in
international agreements.
Needless to say, this model represents a simple proposal that can serve as a starting point for
further discussions on the matter. In this respect, it mostly aims to draw the attention of the
international community on the need to find new ways to continue on the path of international
regulation, rather than simply declaring the existing ones outdated.
New Space activities have the potential to bring the dimension of space activities to an
unprecedented level, for the benefit and in the interest of all countries and human ind. At the
same time, they also have the potential to divide the world in an equally unprecedented way.
It is (also) our responsibility to ensure that only one of these possibilities will become a reality.
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ABSTRACT
The massive Ariane 5 return of experience and the recent technology evolutions offered the
possibility of new design and layouts and lean production process application for space
launchers. Focalizing on the main differences between Ariane 5 and Ariane 6 solid stages, the
paper presents the major evolutions in terms of design and manufacturing.
Keywords: horizontal integration, opto-pyro, means, design.
Acronyms:
AIT
BACO
BIP
CEX
COCO
DDA
DHCS
DOP
DR_SR
EAP
ECPU
EFF
EFWS
EMA
ERES

Assembly, Integration and Tests
BAse COver
Bâtiment d’Integration Propulseur
Commutateur d’EXecution (Execution Switch)
ESR COmposite COne
Design Definition Authority
Data Handling and Communication System
Detonator Opto-Pyro
Distancing Rockets in the ESR
Etage Accélérateur à Poudre
Electronic Control and Power Unit
ESR Final Facilities
ESR Forward Skirt
Electro-Mechanical Actuator
ESR Rear Skirt
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ESR
FA
FOC
FTP
HPS
EDD
PM
OWA
PS
MAPS
OCA
OSB
PFU

E uipped Solid Rocket
Final Assembly ine
Full Operational Capability
Flexible Thermal Protection
High Power Supply
PM Electric Disconnection Device
ower i uid Propulsion Module
ESR ower Attachment
ightning Protection System
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Solid Rocket Motor
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Thrust ector Control
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ESR UPPer Attachment
ulcain Aft Bay
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INTRODUCTION

Ariane 6 design development is based on four main principles, which are respected by all
ArianeGroup partners:
1. Design for exploitation: an end-to-end optimization with a right-first-time production and
an optimized lead time.
2. Standardization at launcher level for design, manufacturing methods and tools.
3. Industrial policy excellence clusters: a maximized use of industrial assets and a stabilized
configuration.
4. Extended enterprise: joint convergence of system specifications, products design and
manufacturing process.

Figure 1: ArianeGroup ESR partners

According to the mission configuration, two or four (A62 or A64 configuration) Equipped
Solid Rockets (ESR) are used. Each ESR will be initiated on ground and jettisoned after its
functioning. The solid rocket thrust transmission is mainly done through the UPPA which is
located between the ESR Upper Part and the LLPM Inter Tank Structure (ITS). Each ESR is
also linked to the LLPM via the LOWA which is located between the ESR Rear Part and the
LLPM Vulcain Aft Bay (VUAB). In term of metrics, one A6 ESR is about 20m high, 159T
heavy and delivers about 350T thrust at lift-off corresponding to a scale factor of 60% of
Ariane 5 booster in term of thrust.

2
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The main differences between the A5
MPS and the A6 P120C consist of a
composite case and a monolithic block
of propellant (largest monolithic solid
rocket motor ever produced and in
commonality with VEGA launcher).
The absence of segmentation of the
propellant block and of intersegment
thermal protection and, at the same
time, the presence of a mixte
composite/metallic ESR upper part,
allow the launcher system to respect the
payload
comfort
against
thrust
oscillations, coming from the motor,
without any decoupling system as on
Ariane 5.
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Figure 2: ESR general view

The design layout of the A6 ESR is based on the four main principles enounced at the
beginning of the paragraph; this means that a design compatible of the manufacturing process
and the maximization of the industrial assets has been retained. Following this logic, the paper
presents first the industrialization aspects and then the design and layout chosen for the
different components.
2

AIT (ASSEMBLY INTEGRATION AND TESTS)

The integration of the full solid propulsion stage of Ariane 6 requires activities both in Europe
and in French Guyana. Some components as the raceways and the ERES are equipped in
France at Issac facility in the Bordeaux region and then shipped to French Guyana; some
others, like the Distancing Rockets, are shipped to French Guyana from the AGS partners, or
produced in French Guyana, as for the SRM motor. A cadence of 32 ESR per year (35 SRM)
is to be assured, and the manufacturing and integration time is crucial to maintain it.
Most of the integration process is performed in horizontal position, with a very new concept
of the ground means, in order to avoid time consuming in tilting operations of motor/stage.
They have been designed in such a way to limit all the possible impacts on the structural
integrity and performance of the component-parts. At the same time the design of each ESR
flight part takes into account the impact of the horizontal integration (for instance: possible
ovalization, possible loss of screw torquing, etc).
To perform the horizontal integration a new
mean called SKIDDER is being developed. It
is a support stand with arms, like a cradle. A
new transport mean, called AIT400, is also
necessary to displace and tilt both the stage.
(b)
(a)
Figure 3: (a) SKIDDER; (b) SKIDDER+AIT400

The equipped ERES and the equipped raceways are integrated in France, the BACO is also
partially integrated in France, at Issac. The Upper Part, is pre-integrated in ASE facility and
then shipped to Kourou, as the Distancing Rockets which are produced in Norway and
shipped to Kourou. The SRM is finalised in Kourou, being casted in place. The TVAS is
integrated and tested at Issac facility, avoiding performing the tests in Kourou, as it is done

3
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today for Ariane 5. This is possible due to the fact that the retained TVC acceptance tests are
in unanchored configuration at equipped rear skirt level.

Figure 4: ESR manufacturing process

2.1

Products whose AIT starts at Issac

2.1.1 Raceways
The main AIT activities at Issac, concern the raceways, the ERES and TVAS piloting tests
and the partial integration of the BACO, LOWA and UPPA.
Regarding the raceways, the manufacturing flow hereafter, shows that:
• The covers and the harness, produced by the different partners are shipped to Issac;
• ArianeGroup protects the covers with a dedicated thermal protection and once preassembled the raceway covers and routed inside the electrical harness, ships them to
Kourou.
The raceways integration continues in Kourou, with the end RCW covers. In Kourou, in a
first step the RCW will be horizontally integrated on SRM in the CIH at Europropulsion
facility (BIP), then they will be finalized, with the end RCW covers in vertical position at
EFF.
2.1.2 ERES
Once received at Issac, the rear skirt bare structure from MT-Aerospace and the TVAS from
Sabca and all the neutralisation chain components, the AIT activities start and are all carried
out in anti-flight position: bracket mounting, mechanical equipment integration, harness
installation, TVC tests and final inspection and shipment to Kourou.
In Kourou the ERES is lifted from its container
and positioned on the MGSE. The MGSE can
rotate and handle it in order to position the
ERES at the SRM interface. Once well
positioned at the interface it guides the correct
pin integration. All the process is partially
automatic and performed in the CIH at BIP.
(a)
(b)
Figure 5: (a) ERES handling on MGSE; (b) ERES mounted on SRM trough MGSE

4
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2.1.3 Base Cover
Once the thermally protected rigid parts and the flexible thermal protection are available at
Issac the pre-assembly of the BACO starts in the pre-FAL.
In Kourou, after the actuators have been anchored to the SRM nozzle, the BACO is integrated
on the ESR and the last sectors are finalized.
2.1.4 LOWA and UPPA
For the LOWA and the UPPA the integration of the pyro equipment is done at Issac before
shipping to Kourou, while the very final integration is performed in ZL.
2.2

Products whose AIT activities are only in French Guyana

2.2.1 Finalization of Upper part and integration of Distancing Rockets
Once the Upper Part, is available in Kourou and
ready to be integrated, it is lifted from its
container and positioned on the MGSE. In
Kourou, the Distancing Rockets are integrated
inside the UP during the preparation phase at BIP,
as well as the finalization of harness.
The Upper Part MGSE allows handling, transport
and assembly it on the SRM in the CIH at
Europropulsion facility. As for the rear skirt the
process
is
partly
automatic.
3

Figure 6: Upper Part MGSE

UPPER PART

The ESR Upper Part is the upper link between the SRM and the LLPM. The ESR thrust is
mainly transmitted to the launcher by this structure. Therefore, the expected functions of this
component are:
1. To transmit the thrust loads, from the P120C SRM to the main core;
2. To protect the SRM igniter and the avionic equipment from the external environment.
3. To contribute to support on ground the central core on the launch pad.
Its particular shape is due to the launcher global aeroshape and it has been realized through a
co-engineering process with MT-Aerospace, APCO, Airbus Defence and Space (ASE) and
ArianeGroup. It consists of three main components; all of them are cone inclined of a
particular angle such as only one generatrix is vertical and integral with the P120C SRM:
1. A metallic forward skirt (EFSW): designed and manufactured by MT-A. The lower
interface is mounted on the SRM, while the upper realizes the junction with the COCO.
2. A composite cone (COCO): Designed and manufactured by ASE, the Composite Cone is a
monolithic non-symmetrical filament-winding structure with two flanges at each edge of
the composite which are the interfaces for the Forward Skirt and Nose Cap.
3. A metallic nose cap (NOCA): Designed by ArianeGroup and manufactured by APCO, it
allows the supporting of the ESR LEDD and the Upper Attachment (UPPA), where the
SRM thrust is mainly transmitted to the LLPM. The interface with the LLPM is ensured by
a bracket, while the NOCA is mounted on the COCO through a flange.

5

57

New ArianeGroup applications for Ariane 6 ESR layout

Colaianni*, Lassourd, Cosson

(a)

(b)

Figure 7: (a) UP layout; (b) UP MGSE at ASE

The maturity of the final generic design (main junctions, layout, supports, brackets and
fixations), the qualification logic and test, as well as the justification of its robustness and the
justification of its compliance with the specifications is under ArianeGroup responsibility.
The consistency of the process with the products to integrate, in end-to-end industrial
perspective, through the overall AIT and the maturity of the process verification plan and the
justification of the final qualification of the process and the production means, is under Airbus
Defence and Space Spain (ASE) responsibility. The upper part component integration is done
in horizontal position at Airbus Defence and Space facility in Spain. Two distancing rockets
(DR_SR) are mounted in the EFSW in Kourou, in similarity with Ariane 5. The difference
between A5 and A6, is not only in the numbers of distancing rockets (4 for A5 and 2 for A6),
but in the inclination wrt. the launcher longitudinal axis. The inclination of the DR_SR thrust
axis is designed in order to decrease the ESR acceleration once separated while distancing
from the rest of the launcher.
4

LOWA

The ESR Lower Attachment is constituted of two rods and a MAPS system, which replaces
the function of the third shorter rod, present on Ariane 5.
It is the lower link between ESR and LLPM. The main functions are:
1. To transmit the mechanical loads between ERES (ESR) and VUAB (LLPM);
2. To accommodate the equipment, harnesses and supports necessary to its functioning;
3. To separate and distance from LLPM the ESR at the end of its ;
The main last function is obtained, upon reception of the separation order from DOP Optopyro initiator, by cutting the ESR rear attachment rods. To be underlined that the ejection
system selected is directly integrated inside the rods.
4.1

Equipped rods

The ESR equipped rods are based on a complete new concept wrt. Ariane 5 one: in fact no
pyro-lines run all long them. The ESR rods are mainly constituted of:
1. A pyrotechnical ring (very similar to Ariane 5 one);
2. A distancing equipment acting as a piston;
3. The safety harness and the DOP.

(b)

(a)

Figure 8: (a) Equipped ERES; (b) LOWA Equipped rod

6

58

New ArianeGroup applications for Ariane 6 ESR layout

4.2

Colaianni*, Lassourd, Cosson

MAPS

The main purpose of the MAPS is to provide an ortho-radial adjustment between ESR and
VUAB at coupling phase, a mechanical loads transmission with a relative displacement
between ERES and VUAB during ground and flight phases, and a passive separation in flight.
The MAPS is composed of the following elements:
1. ESR Sub Assembly (ESRSA);
2. VUAB Sub Assembly (VUABSA).

(a)

(b)

(c)

Figure 9: LOWA MAPS. (a): MAPS Global view ; (b) MAPS on ESR side ; (c) Displacement of rods
and MAPS

The MAPS concept is made up of sliding pads (connected to the VUAB), moving along two
vertical tracks belonging to the MAPS bracket (connected to the ERES), as shown on the
picture above.
5

BASE COVER

The BACO is made of 3 main parts :
• The BACO upper cover: a monolithic protected metallic
structure fixed to the rear skirt. It is integrated to the FTP in
Pre-FAL, to constitute a part of the “equipped FTP”.
• The BACO lower panels: a sandwich panel (aluminium
honeycomb + aluminium skins) covered with thermal
protection and fixed to the activation ring of the P120C.
Various “L square” parts are fixed to the panel to constitute a
ring located at one of its edges.
Figure 10: BACO on P120C
nozzle and ERES
• The BACO FTP: a textile component fixed at one end to the
upper cover and at the other end to the lower panels.
For the FTP design and manufacturing a new patent has been registered. As many other
product of the same type it is composed of different panels of Nextel on the hot face, Kevlar
on the cold face, with some felt in the middle, but because of the specific panel preparation,
seaming and assembly procedures it’s a complete new product.
6

TVAS

The Thrust Vector Actuation Sub-system (TVAS) is a
subsystem included within the launcher avionics
enabling the operation of the Thrust Vector Control
(TVC) function, as depicted in the figure 11. The
transfer between the actuator linear achieved
elongation and its set-point is ensured by the TVAS,
whilst the transformation between the achieved thrust
deflection and the commanded one is performed by
the TVC function.

7
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The ESR TVAS is an electromechanical-based TVAS with the hardware architecture baseline
depicted in Figure 12. It is developed by SABCA. It is composed of:
1. Two direct-drive Electro-Mechanical Actuators (EMA)
developed by SABCA,
2. One Electronic Control and Power Unit (ECPU) developed by
TAS-B,
3. One set of High Power Supply (HPS), composed of 2
modules developed by ASB,
4. One set of harness (data, power and high power) developed
by SABCA
Figure 12: TVAS
All the equipment items of the TVAS are accommodated in the
ESR rear skirt (ERES).
The main improvement of the electrical actuators wrt. the hydraulic actuators used on A5, is
in the reduced time of launcher chronology.
7

PYROTHECNICS

Two types of pyrotechnical technology are used on A6 launcher, called OPTO and ELEC:
1. OPTO refers to pyro-commands using opto-pyrotechnic technology where the igniter is a
Laser-Induced Device (LID) or a “Détonateur Opto-Pyro” (DOP) and the activating pulse
is an optical pulse delivered by a laser diode included in the PFU.
2. ELEC refers to pyro-commands using electro-pyrotechnics: the igniter is based on electropyro technology and the activating pulse is an electrical current delivered by the PFU.
On ESR, the OPTO technology is used for the neutralisation chain and the P120C and DR_SR
ignition, as well as for the pyro-rings of UPPA and LOWA which assure the separation and
distancing of ESR from LLPM at the end of its mission. The pyro-rings of the ESR upper and
lower attachment are made of REACH compliant components, produced with the same
manufacturing process, in order to optimise the manufacturing and the costs. The benefits of
opto-pyro technologies rely on a shorter integration campaign at mobile gantry, being all the
whole chains integrated and tested before transfer to it. Many safeguard operations have been
declassified in safety level allowing multiple operation in parallel.

Figure 13: Optical line

8

CONCLUSIONS

The architecture of the ESR associated to the new horizontal integration concept, allow
reducing the lead time target of a factor 3 for SRM+ESR, with respect to Ariane 5 MPS+EAP.
This solution satisfies to the 4 mains principle of Ariane 6 rules.

8
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ABSTRACT
The dynamic behaviour of structures can be investigated by using the concepts of complete
(exact) and incomplete (distorted) similitudes. The incompleteness is much more of interest
since the complete similitudes are difficult to be achieved and the experiments are often
executed by using distorted models as test articles.
In this wor , beams in similitude have been investigated by using achine earning ( ) to
establish degrees of correlation between similar systems, without invo ing governing equations
and or solution schemes.
is based on algorithms that derive models from sample inputs
providing data-driven prediction. The absence of an explicit algorithm, being the process
totally data-driven, confers to the approach a high versatility which allows its application even
in the vibroacoustic research fields and problems.
In view to validate the
predictions, numerical investigations of beams in similitude have
been performed. The good predictions obtained with
highlights the potentialities of these
algorithms and open the way to analyses with more complex structures.
Keywords: similitude, machine learning, artificial neural networ s
1

INTRODUCTION

A fundamental step in the design of a product is experimental testing. The predictions of
analytical and numerical tests must be validated by extensive sets of experiments before
producing the first prototypes, in order to achieve the desired reliability, performance and
safety.
Experimental tests may be expensive, in both financial and temporal terms the impact
on these aspects may be increased by damaged test article, the repetition of an experiment and
a specimen with too much large or tiny dimensions. For these reasons, it is useful to test a scaled
(up or down) version, called model, of the full-scale structure, called prototype, so that many
of the above-mentioned problems can be faced. In fact, a model would allow an easier setup of
the experimental test. However, even if perfectly scaled, it is a system having a response
different from the prototype therefore, a tool that allows to reconstruct the prototype response
from the model is needed.
Such a tool is provided by similitude theory. The methods based on this theory derive
sets of conditions that, if satisfied, allows to find a collection of univocal scaling laws lin ing
the system response to the input parameters (geometrical, material, excitation, etc.). hen this
happens, a replica is obtained and the prototype response is perfectly predicted. If, at least, one
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of the conditions is no more satisfied, then an avatar is obtained and the response is not anymore
perfectly reconstruct since avatars lac univocal scaling.
Many similitude methods can be found in literature. The first and most used method is
dimensional analysis 1 and it is based on the derivation of dimensionless groups by means of
uc ingham s Theorem. Simitses and Rezaeepazhand 2 use STAGE (Similitude Theory
Applied to Governing Equations), a method which introduces the scale factors directly into the
governing equations of the system, to analyse laminated plates under different loading
conditions. De Rosa and Franco
investigate the possibility to reduce the computational costs
by means of similitude with ASMA (Asymptotical Scaled Modal Analysis), that reduces the
extension of the parameters not involved into energy transfer. Successively, they propose a new
method, SAMSARA (Similitude and Asymptotic Models for Structural-Acoustic Research
Applications), based on the generalization of modal approach, which allows to involve the
modal parameters into the scaling process 4 . ther relevant methods are: the energetic method
based on the conservation of energy due to asivitamnuay and Singhatanadgid 5 , ESM
(Empirical Similarity Method) proposed by Cho and ood for rapid prototyping 6 , sensitivity
analysis by Adams et al. , that allows to derive sensitivity-based laws, to be used instead of
similitude-based laws. A comprehensive review is available in Casaburo et al. 8 .
This wor is the first step towards the application of machine learning in predicting the
response and scaling characteristics of systems in similitude. Machine learning methods allow
to find pattern and regularities in order to perform predictions in an automatic way. These
methods are based on algorithms that derive models from sample inputs providing data-driven
predictions and decisions. Data is provided through a training set each element of this set,
called training example, represents an observation of the event under exam and is characterized
by several features and corresponding outputs.
The main purpose of machine learning is to find an approximation of the function,
underlying the data, able to generalize, i.e. to return a correct output when an input that does
not belong to the training set is provided. hen this does not happen, the method is said to
overfit. Therefore, the process is totally data-driven and an explicit algorithm that directly
solves the problem is not needed: this characteristic confers to the approach a high versatility
which ma es machine learning application feasible in several research fields and inds of
problems.
As a proof of such a versatility, the literature on machine learning utilization is quite
wide. Structural Health Monitoring (SHM) is one of the fields with the higher number of
employments. For example, Alves et al. 9 assess the structural modifications due to damage
or any foreign event (such as reinforcement procedures, different types of traffic loads etc.) of
a simply supported beam and a box girder bridge. Machinery maintenance is the focus of the
wor due to rishna umar et al. 10 . Meruane and Mahu 11 aim to damage assessment by
employing an Artificial Neural Networ (ANN), trained with the changes in antiresonance
frequencies.
Human response to and reduction of noise is another field with many applications. Sharp
et al. 12 aim to classify un nown vibration signals in order to derive exposure-human response
relationships
ang et al. 1 combine Finite Element Method (FEM) and ANNs to predict
the behaviour of human auditory system uznar et al. 14 aim to reduce the noise in cars for
passengers comfort.
The article is organized as follows: Section 2 provides the fundamentals of SAMSARA
and ANNs, the similitude and machine learning method, respectively, that are used in this wor .
In Section the ANN predictions of natural frequencies and length scale factor of a 1D
structure, that is, a simply supported aluminium beam, are shown. Section 4 draws the
conclusions and suggests possible future wor s on the topic.
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METHODOLOGIES

In this Section the methods adopted are briefly introduced. In the first subsection, SAMSARA
is applied to a simply supported beam in order to derive the scaling laws. The second subsection,
first, presents ANNs, then lists and motivates the training characteristics chosen for the problem
under exam.
2.1

Similitude method

SAMSARA is applied to determine the similitude conditions and scaling laws of a
simply supported beam. The prototype, i.e., the full-scale structure, has length
m and a
square cross-section with side a 0.025 m. The material is aluminium with oung s modulus
Pa, mass density
g m and Poisson s ratio
. .
E
x
Denoting with subscript p the prototype, the natural frequencies of a simply supported
beam are given by 15 :

𝑓𝑓𝑛𝑛𝑝𝑝 =

𝑛𝑛2 𝜋𝜋 𝐸𝐸𝑝𝑝 𝐼𝐼𝑝𝑝
, 𝑛𝑛 = 1, 2, 3, …
√
2𝐿𝐿2𝑝𝑝 𝑚𝑚𝑝𝑝

(1)

where n is the number of half waves, m is the mass per unit area (being A the cross-sectional
area, then m
A) and I is the inertia moment that, for a squared section, is I a
.
Eq. (1) can be analogously written for any model as

𝑓𝑓𝑛𝑛𝑚𝑚 =

𝑛𝑛2 𝜋𝜋 𝐸𝐸𝑚𝑚 𝐼𝐼𝑚𝑚
√
, 𝑛𝑛 = 1, 2, 3, …
2𝐿𝐿2𝑚𝑚 𝑚𝑚𝑚𝑚

(2)

A generic model parameter, gm, is related with that of the prototype, gp, by means of the
scale factor
𝑟𝑟𝑔𝑔 =

𝑔𝑔𝑚𝑚
𝑔𝑔𝑝𝑝

( )

thus, expliciting the scale factors, Eq. (2) becomes

𝑓𝑓𝑛𝑛𝑚𝑚

𝑛𝑛2 𝜋𝜋 𝑟𝑟𝐸𝐸 𝐸𝐸𝑝𝑝 𝑟𝑟𝐼𝐼 𝐼𝐼𝑝𝑝
=
, 𝑛𝑛 = 1, 2, 3, …
√
𝑟𝑟𝑚𝑚 𝑚𝑚𝑝𝑝
2𝑟𝑟𝐿𝐿2 𝐿𝐿2𝑝𝑝

(4)

and the natural frequencies of the prototype can be recovered from those of the model as
𝑓𝑓𝑛𝑛𝑚𝑚 =

1 𝑟𝑟𝐸𝐸 𝑟𝑟𝐼𝐼
𝑓𝑓
√
𝑟𝑟𝐿𝐿2 𝑟𝑟𝑚𝑚 𝑛𝑛𝑝𝑝

where
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1 𝑟𝑟𝐸𝐸 𝑟𝑟𝐼𝐼
= 𝑟𝑟
√
𝑟𝑟𝐿𝐿2 𝑟𝑟𝑚𝑚

(6)

that is, the natural frequencies scale factor.
The form of the equation of natural frequencies allows to derive ust one scaling law,
lin ing the scale factor of a response parameter (the natural frequencies, in this case) to those
of geometrical and material parameters. Therefore, there are no similitude conditions to fulfil
in order to assure a complete similitude: a simply supported beam has not partial similitudes
(equivalently, a simply supported beam has not avatars) and, ust by nowing the right material
and geometrical scale factors, it is always possible to reconstruct the natural frequencies of the
prototype.
Material and cross-sectional dimensions are assumed not to change, thus rE rI rm
and the natural frequencies scale factor simplifies to
𝑟𝑟 =

( )

1
𝑟𝑟𝐿𝐿2

asically, Eq. ( ) is the general law, underlying the training set provided to the machine
learning method, that must be induced by the learning algorithm.
2.2

Machine learning method

In this wor , the prediction capabilities of ANNs are investigated. Artificial Neural Networ s
are machine learning methods, loosely inspired to the human brain. ANNs perform pattern
recognition tas s on functions with strong nonlinearity by modulating a set of ad ustable
parameters, w, called weights, during the learning phase by means of a training algorithm.
ANNs are constituted by several layers, each one with several computational units,
called nodes or neurons. Three types of layers can be identified: input layers, output layers and
hidden layers. Input layers gather the inputs from the training set and passes them to the
successive layer, that is, typically, a hidden layer in case of more than one hidden layer, the
output of the layer i is passed as input to the layer i , otherwise it is passed to the output layer.
A representation of a three-layers networ is given in Fig. 1.

Figure 1 – Three-layers networ

4
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The number of neurons of both input and output layers are automatically defined by their
numbers in the training set. The number of neurons into a hidden layer and the number of hidden
layers themselves (that constitute the architecture of the neural networ ) are strongly problemdependent and there is no rule that helps to evaluate them a priori, even roughly.
Each input, p, may it be provided by the input layer or the hidden layer, is transformed
in an output, a, as
= 𝑓𝑓

(8)

= 𝑓𝑓

where n is called net input, W is the design matrix containing all the weights, and the bias b is
another set of ad ustable parameters. The function f( ) is a transfer function that assigns the
nonlinear characteristics in the hidden layers.
The transfer function chosen for the case under exam is the hyperbolic tangent sigmoid
=

𝑛𝑛

𝑛𝑛

𝑛𝑛

𝑛𝑛

(9)

preferred to the logistic sigmoid because it speeds up the learning process. MSE (Mean Squared
Error) is used as index to measure the performance of the networ . In particular, the training
MSE is used as reference to ad ust weights and bias, while the test MSE is used to chec the
generalization. The Levenberg-Marquardt algorithm is chosen to train the networ . It is a
bac propagation algorithm, which means that, after a forward pass of the networ that evaluates
the outputs a starting from the inputs p, there is a second step consisting in a bac wards cross
of the networ , in which the error derivatives with respect to the ad ustable parameters are
evaluated. Parameters updating is given by 1
(10)

=

where J is the Hessian matrix, regulates the step amplitude and v is the error between the real
output (provided by the training set) and the output estimated by the networ . The algorithm is
then coupled with ayesian regularization in order to improve the generalization capabilities
and avoid overfitting.
3

RESULTS

The first step for wor ing with ANNs is to create a training set. For the case under analysis, the
data set has been created analytically. The prototype described in Section 2 is identified by a
length scale factor r
a data set made of 1 models has been generated, characterized in
terms of length scale factor ranging from 0.50 to 2.00 at steps with amplitude of 0.05. For each
model, the first ten natural frequencies have been evaluated, then ust the frequencies have been
polluted with a Gaussian distribution of random noise with zero mean and 5 of standard
deviation, in order to replicate the experimental error and demonstrate the robustness of ANNs
in presence of noise.
To determine the neural networ architecture, different combinations of hidden layers,
neurons and training examples have been analysed, performing a sensitivity analysis. The best
configurations are summarized in Table 1, for two applications. In the first one (Case 1), the
aim is to investigate the ANNs prediction capabilities when the input is the scale factor and the
outputs are the first ten natural frequencies. In the second application (Case 2), the natural
frequencies are the inputs and the length scale factor must be predicted.
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Case 1 exhibits high values of training and test MSE and an architecture more complex
than that used for Case 2. These outcomes were expected, because there are ten outputs (the
natural frequencies) to predict and the training examples are polluted by noise (that increases
the mean error between the real output and the estimated one). Fig. 2 shows the results of the
ANN predictions for four different models, not contained in the training set, having length scale
factor equal to . , . , . , . . n both axes, the natural frequencies are reported. The
blue line is the reference (natural frequencies evaluated analytically) and it is the bisector
indicating the locus of points having the same values of frequency on both axes. The red dots
represent the predictions of the neural networ the figures show the red dots very close to the
reference, which means that the predictions of the neural networ are very good.

(a)

(b)

(c)

(d)

Figure 2 – Natural frequencies predictions for four models with length scale factor equal to a) r
. (b) r
. , (c) r
. , and (d) r
. .

Case 2 exhibits a less complex architecture and smaller training and test MSE. Fig.
shows the predictions for five models it can be read in the same way of Fig. 2, considering that,
this time, the scale factor is predicted. Although, in this case, the input is polluted with noise,
the predictions are very good, returning errors smaller than 0.05, that is the sampling step used
to create the training set.
For both Case 1 and Case 2, the training set is made of 20 examples, which means that
20 observation (out of 1) have been randomly sampled and used for training.

6
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No. of
examples
20
20

Epochs

MSEtraining

MSEtest

1000
156

90
4.4 x10-15

8. 4x104
4.4 x10-4

Table 1: Training characteristics for Case 1 (from length scale factor to natural frequencies) and Case
2 (from natural frequencies to length scale factor).

Figure

4

– Prediction of length scale factor for five models.

CONCLUSIONS AND FURTHER RESEARCH

This wor presents the prediction capabilities of artificial neural networ s for systems in
similitude. The results are very good, showing that ANNs return predictions with high accuracy
even if the training set is polluted by numerical noise.
The robustness to noise may be helpful when experimental data are used as training
examples. Thus, a possible future step would be to use directly the results of experiments,
although the creation of a satisfactory experimental training set may result unfeasible from a
financial, temporal and human-wor point of view. For this reason, experimental data may
result useful not for training but to validate the results of learning on a suitably generated data
dataset.
The possibility to classify complete and partial similitudes should be deepened for this
tas , other features may be used, such as the FRFs (Frequency Response Functions) or the
succession of the mode shapes, and other machine learning methods may help to reduce the
amount of data to manage.
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ABSTRACT
The crew time is one of the most important ISS’ resource. Time for maintenance,
housekeeping and ordinary activities, including stowage tasks, has to be optimized so to have
more time for science and experimentation.
The Agencies and industries, involved in ISS operations, continuously study and apply new
methodologies, processes and technologies in order to improve and effectively and efficiently
perform these activities, minimizing the possibility of crew error, increasing their autonomy
and reducing the execution times.
In business contexts, the technology of Augmented Reality is spreading with increasing speed
and flexibility, which allows to "enhance" human sensory perception by adding layers of
information.
The aim of ARAMIS, developed as an iOS application for the ISS iPad Air 2, is to
demonstrate that AR technology can be adopted to reduce the crew time while improving
efficiency, and in parallel that having all the information available on a single portable
device can improve the overall operations efficiency.
Currently, crew is using procedures, messages, logs, in paper copy or via laptops to support
operations, continuously changing their point of view between the working area and the
information sources, with a loss of focus and waste of time, and with limitation in the amount
of information available in the same time.
The paper describes the ARAMIS experience starting from the concept, the development and
the operational phase splitted into two different scenarios (maintenance in Node 2 and
stowage into PMM) that were performed by the Italian Astronaut Paolo Nespoli during his
VITA missions.
ASI (Agenzia Spaziale Italiana) has granted access to the ISS utilization resources thanks to
the Memorandum of Understanding (MoU) with NASA.

69

ARAMIS - AUGMENTED REALITY APPLICATION FOR MAINTENANCE, INVENTORY
AND STOWAGE
Lentini, Afelli
For the VITA Mission, ASI availed itself of the industrial support services for the payload
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1

INTRODUCTION

The International Space Station (ISS) is a very ambitious sustained environment. Sustaining
of ISS is one of the major task of the entire ISS community, both from agencies’ and
industrial’s side, beyond the science itself.
This is all done in order to allow the “life” on ISS and to pursue the main goal to be a
challenging and very fruitful scientific laboratory.
A lot of activities are executed daily by ground personnel in order to keep the ISS functional
but, above all, a lot is done by the crew living and working on-orbit.
Two main activities can be defined as the tasks that the crew is called to perform in order to
“sustain” their temporary house: maintenance, important to preserve the entire ISS system
from failures and obsolescence, and stowage and inventory, important to operate in an
organized environment, in order to optimize space and to respond to eventual issues in a very
fast way.
Quick reactions and quality are the two main parameters that describe the life on ISS in the
frame of logistics activities; this can be traduced in one single word: efficiency. The unit of
measurement of efficiency is the crew time, one of the most important resources in human
space mission.
Based on the USOS estimation of crew time allocation, maintenance activities (both
preventive and corrective) could consume about the 20% of the available time for USOS crew
time. The stowage activities could consume about the 10% considering vehicle stowage/cargo
operations and routine stowage operations; this is an high time-consuming respect to the
percentage of utilization that is about the 40% of the available crew time.
Logistics community is, so, focused in improving systems design, operations and processes in
order to reduce the crew time. ARAMIS is designed to provide an option to respond to this
need in two possible scenarios; it is, infact, a technology demonstrator that provides to the
crew all the necessary information to perform a given task in a smart way, being also
connected to existing data bases and visualizing such information without losing the focus on
the working area, with the goal to increase crew’s autonomy and efficiency.
2

AUGMENTED REALITY (AR)

ARAMIS is fundamentally an iPad application based on the concept of Augmented Reality.
The definition of AR on the Merriam-Webster Dictionary is: an enhanced version of reality
created by the use of technology to overlay digital information on an image of something
being viewed through a device (such as a smartphone camera).
One of the older example of such technology is the head up display introduced in airplane
cockpit and later on adopted in automotive. Recently, amusement application for mobile
devices are able to provide geographical information.
Whatever the implementation is in term of device and/or software used, the concept behind is
always the capability to provide the user with a set of information that are added to his/her
reality, becomes part of his/her reality.
The usage of the Augmented Reality (AR) technology is expected to provide some increase of
accuracy and efficiency in the execution of tasks hence a reduction of crew time required for
such tasks.
The Augmented Reality technology needs a specific target for triggering the programmed
response; these specific targets, generally called markers, can have different shapes and
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colours. This is an important aspect in ARAMIS protocol that is described forwarder in this
paper.
3

ARAMIS SCENARIOS

The Augmented Reality Application for Maintenance, Inventory and Stowage (ARAMIS)
protocol has been designed and developed to demonstrate the Augmented Reality (AR)
technology can be used on board ISS, providing multiple positive effects in tasks execution
and crew time reduction.
The chosen device was the ISS deployed iPad Air 2, that became of standard use by the
crewmembers, typically as document reader and/or for personal application.
The technology demonstration consisted in two runs of the application one related to
maintenance task in Node 2 module and one for stowage related activity (stowage
management and/or hardware search) in the Permanent Multipurpose Module (PMM).

Figure 1: ISS Node 2 cabin

Figure 2: ISS PMM cabin

The on-orbit experimentation was conducted by Italian astronaut Paolo Nespoli, that, after
each session, filled a questionnaire in order to provide his impression on the technology and
how this its activities have been improved by using ARAMIS .
The allocated time for each session was 100 minutes, resulting in 20 minutes of net time for
running the application.
Two real activities were selected in order to ease the comparison with the current method of
task execution for final evaluation of the experimentation.
4.3.1 Maintenance Demonstration Scenario
The inspection and cleaning of the filters and smoke detectors in Node 2 was the selected
activity for building ARAMIS maintenance demonstration scenario. The duration of this task
well fits ARAMIS demonstration constraints in term of overall execution time, the unique
layout in this area can offer the opportunity to provide a wide variety of information
demonstrating certain capabilities of the AR technology.
Moreover, the task does not have any safety related issues requiring hazard controls.
In order to trigger the AR application in this scenario three “fiducial markers” markers were
used, created ad hoc for ARAMIS and installed on the astronaut’s working area in precise
position selected by the ARAMIS development team.
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Figure 3: ARAMIS fiducial markers

4.3.2 Stowage Demonstration Scenario
The second planned demonstration’s goal for the ARAMIS application software was to
validate the AR technology during stowage management activities in PMM.

Figure 4: Example of identification

Figure 5: PMM rack labels

The scenarios, described below, are representative of the routines stowage operations usually
performed on the Station, namely:
1. Stowage Consolidation, to verify the actual stowage configuration, w.r.t. Inventory
Management System (IMS) status.
2. Identification of items, to identify lost items and its planned stowage location by
providing graphical representation of the object plus IMS data.
3. Search and Found, to ease the collection of items needed for a given task.
4. Stowage Volume Optimization, in support of the Cargo Transfer Bags (CTBs)
choreography reconfiguration.
The selected scenario for ARAMIS demonstration resulted in being a mix of all the above
mentioned activities.
For the stowage demonstration scenario the utilization of existing labels as markers to trigger
the AR application software response was possible; as it will be described later, several
technologies were used to create this demonstration scenario.
3.1.1 ARAMIS Application
The previous scenarios were traduced into AR environment. In the case of maintenance
scenario the existing procedure was used in AR language with a considerable usage of
pictures and CAD models throughout the entire scenario. The AR was triggered by fiducial
marker while the stowage scenario was built by creating an activity flow that grouped
together an Inventory Audit and Items Search and Relocation type of activities with the use of
standard stowage notes managed by AR technology. Both the scenarios are performed using
all the standard operational products (e.g. stowage notes, on orbit procedures (ODF), labels)
traduced into ARAMIS.

4
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Figure 6: Technologies used in ARAMIS Application

ARAMIS Augmented Reality application software operated on an iPad Air 2 (Model #A1566
- this is one of the crewmembers’ personal devices) and it has been uploaded by the NASA
Group that manages the ISS data server. The application exchanged information via the ISS
wireless LAN, by accessing the Open IMS using Open IMS API.
4

TEST CAMPAIGN

ARAMIS experimentation foresaw the execution in Node 2 and PMM; being these two
modules on orbit since 2007 and 2010 respectively, ARAMIS team had to properly define the
test environment to verify and validate the whole application.
Two main environment were selected:
1. A Virtual Environment for the maintenance scenario in Node 2
2. The Sustaining Engineering Model (SEM - a 1:1 scale model) for PMM
4.1

Node 2 in Virtual Reality

Tests for the verification and validation of the ARAMIS Maintenance scenario has been
conducted in the Virtual Reality Laboratory of the Collaborative System Engineering Centre
in Thales Alenia Space in Italy, Torino.

Figure 7: Node 2 cabin in VR LAB

The VR-Lab is a multiwall stereoscopic system provided with a pool of VR software
applications developed in TAS. All the applications are based on the Virtual Environment
Virtual Environment Research in TAS (VERITAS) and allow VR immersive visualization
and interaction.
The test conductor, by holding in his hands the iPad Air 2 with the ARAMIS application
software, version under testing) was able to run through the scenario.
When requested by the application he was able to point the fiducial markers for triggering AR
response.

5
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A VR Lab operator was changing the scenario environment by adjusting/adding/removing
specific CAD models to reproduce the correct situation in Node 2 virtual cabin.
During the development phase a first DEMO of the ARAMIS software has been tested in
NASA at Johnson Space Center (JSC) in Houston, by making use of the Node 2 high fidelity
mock up used for crewmembers training and for anomaly resolution.
In this way not only the development team could test the application within a “physical
environment” but could validate the testing one by comparing the results

Figure 8: ARAMIS DEMO test in NASA Node 2 Mock up

4.1.1 PMM Sustaining Engineering Model
As far as the validation and verification of the stowage demonstration scenario is concerned,
ARAMIS team used the PMM Sustaining Engineering Model located in ALTEC S.p.A.,
Torino.
It is a 1:1 scale model of the PMM, with simplified mechanical and avionics features respect
to the flight model module. Its main goal is to verify on-ground the functional anomalies that
could happen on-orbit in a realistic environment. It is a very representative module for
dimensions and stowage volumes, hence the proper environment to test ARAMIS
functionality and the stowage scenario.
In order to recreate the same environment of ARAMIS operations some activities have been
completed before the date of the test: labelling of module, set up of Connection to IMS server
at JSC and set up of Wi-Fi Connection to simulate the ISS JSL Wi-Fi connection.

Figure 9: PMM SEM interior

Figure 10: ARAMIS Test Environment set up
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4.1.2 Wi-Fi/OpenIMS connection
An important capability of the ARAMIS application software is the connection to the ISS on
board Local Area Network (LAN).
This capability was exploited mainly to access the on board Inventory Management System
(IMS) database to retrieve items data and stowage relevant information, for further
processing.
During the development phase as well as the test campaign it became important to set up the
proper environment to finalize the software coding and later on perform a test.
For the first time the Open IMS API was going to be utilized in a context where an iPad try to
access the IMS database through an AR application software; the test environment became a
fundamental asset to complete the software coding by implementing the necessary “read only
request API calls” to the database.
On a network level ARAMIS team exploited the ASINET Network connection, an
infrastructure already available in ALTEC S.p.A. and at NASA Johnson Space Center (JSC),
see Figure 10; in addition to this, a reduced replica of the ISS Inventory Management System
(IMS) database was created and linked.
Once ARAMIS application software development and test have been completed, it has been
transferred to NASA for final testing.
Testing was successful and ARAMIS application software was accepted for uploading on
board ISS.
5

ON ORBIT ACTIVITIES

The Augmented Reality Application for Maintenance, Inventory and Stowage (ARAMIS)
experimentation protocol has been executed on board ISS on November 13th and 14th, by
running the maintenance and the stowage demonstration scenario respectively, as part of the
Italian Space Agency (ASI) VITA mission.

Figure 11: Paolo and ARAMIS in Node 2

Figure 12:Paolo and ARAMIS in PMM

ARAMIS Team personnel supporting the on orbit experimentation was located in Torino, at
the Mission Support Center (MSC) in ALTEC S.p.A, connected to NASA POIC and ASI
USOC) located in Livorno at Kaiser Italia S.r.l., responsible for the overall operational
coordination of the ARAMIS activities with NASA POIC controllers.
ARAMIS Team personnel was granted the possibility to answer directly any question coming
from Paolo Nespoli during his experimentation runs.

7
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Figure 13: Control Centers set up

6

RESULTS

Paolo Nespoli was able to complete both ARAMIS protocol experimentation runs; in both the
activities some deviations from the planned flow of execution occurs.
It has to be mentioned that crewmembers in general are very familiar with the activity
selected to be the maintenance demonstration scenario, being this activity part of the regular
housekeeping activities they normally execute on board.
It is also true though that they don’t run this activity as it was originally foreseen, they takes
shortcuts in a couple of cases.
During the stowage demonstration scenario ARAMIS application software was used without
any issues on Wi-Fi connection, providing evidence that there is 100% coverage along the
entire PMM module length, despite the fact a LAN router is not installed in the module.
All ARAMIS functionalities and technologies embedded in the software were tested, Paolo
Nespoli provided positive feedbacks on AR application on ISS and important feedbacks
useful to improve ARAMIS concept.
We can consider the ARAMIS experimentation goals met.
7

CONCLUSION

ARAMIS has been the first Italian technology demonstrator flown on ISS in order to
demonstrate that Augmented Reality is good way to improve maintenance and logistics
activities of the crew.
Important improvement can be done in the exploitation of this technology from the usable
device point of view but for sure, ARAMIS proved how new technologies can be
accommodated in an environment designed with a very different concept.
8
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ABSTRACT
The dual bell nozzle represents an option of great interest to improve launcher first stage performance. The internal flow of this nozzle adapts to the external pressure by separating at the
wall inflection at sea level and at low altitude (first operating mode) and by full flowing at high
altitude (second operating mode). The dual bell nozzle operates therefore with a separated flow
in the initial portion of the flight trajectory. This characteristic is of important concern since
the launcher base flow is neither steady nor axisymmetric. The coupling of this base flow with
the internal flow separation can cause lateral forces, which are extremely dangerous for the
engine structures. This wor presents the results of a time accurate numerical analysis of the
effect of an unsteady external-pressure forcing on the shoc system inside sub-scale dual bell
nozzles, considering different second bell geometries and flow conditions (cold and hot gases).
As a main results it has been found that the geometry of the second bell has the major impact
on the amplification of the response of the shoc system to the external forcing.
Keywords: Advanced nozzles, flow separation, shoc waves
1.

INTRODUCTION

The dual bell nozzle concept first appeared in a study of Foster and Cowles in 1949 1 and it
represents one of the possible solutions to improve performance of large liquid roc et engines
for launcher first stages, li e the main engine of parallel staged launchers (e.g. the European
Ariane 5). In fact, in such stage, the nozzle has to operate over a wide range of altitudes, from
sea-level up to almost vacuum conditions. In order to avoid the ris of flow separation under
the high ambient pressure at sea-level, when the nozzle is overexpanded, the area ratio of conventional nozzles is limited. Therefore also the thrust coefficient is limited, since there is a
single adaptation (optimum) point along the tra ectory. Flow separation is undesirable since it
is characterized by a high degree of unsteadiness which generates off-axis forces. These side
loads are so severe that can endanger the operation of the engine. The basic idea of the dual bell
concept is to have a nozzle capable of operating at adapted conditions at two different altitudes,
without any moving part that could increase the costs and reduce the reliability. This adaptation
capability is obtained by means of a geometric discontinuity (inflection point) in the nozzle
profile. At sea level and at low altitude, the flow is separated at this inflection and the engine
wor s with the first bell, as shown in Figure 1 (upper part). This picture shows the numerical
Mach number flowfield and the separation shoc anchored at the inflection point is well visible.
At a selected high altitude, the flow reattaches completely and the engine wor s with a larger
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area ratio, so increasing the performance (figure 1, lower part). The wall inflection should force
a symmetric separation during the first operating mode, thus avoiding the dangerous onset of
the side loads.

Figura 1: Comparison of the Mach number fields for the two operating modes.

All the various investigations that can be found in literature seem to agree on the main critical
issues that must be faced in order to prove the dual bell feasibility: the transition between the
two operating mode, the unsteadiness of the flow separation in the first operating mode and hot
flow tests.
The most critical aspect of the dual bell nozzle is the transition between the two operating
modes. A non-symmetric flow reattachment indeed could be catastrophic, since very high side
loads could be generated. Horn and Fisher 2 verified experimentally that this transition can
be very rapid, approximately 0 ms. Since this wor , several investigators dedicated their
efforts to this aspect. First transient numerical simulations of the dual-bell operation mode
transition in the case of cold-gas sub-scale flow were conducted by ong et al.
and Nasuti
et al. 4 . Furthermore, it has been shown by Nasuti et al. 4 that the extension nozzle can be
divided into two regions: the inflection region, characterized by a negative wall pressure
gradient (originated by the viscosity, which smooths the inflection point) and the remaining
part of the extension, characterized by a constant or increasing wall pressure. It was argued that
the transition of the separation point through the inflection region could generate side loads as
in conventional bell nozzles and this was demonstrated numerically by Martelli et al. 5 using
the criterion developed by Schmuc er 6 . From the experimental side, the wor s conducted at
the German Aerospace Research Center (DLR) , 8 investigated the effect of the different
geometrical parameters on the transition characteristics, while the side loads occurring in this
phase were evaluated by Genin et al. 9 .
The external flow around the launcher is characterized by unsteadiness: previous wor s 10,
11 have shown that the base region of a typical launcher is sub ect to pressure oscillations of
about 10 around the mean value, in the initial phase of the flight tra ectory. In this flow
condition, the movement of the separation shoc is under the influence of the ambient pressure
variation. An amplification of the pressure fluctuation in the region downstream of the
separation shoc with respect to the pressure fluctuation in the ambient has been reported
experimentally 12 , numerically 10 and theoretically 1 in conventional nozzles. The
excursion of the separation shoc movement, which depends on this amplification factor, has a
great influence on the onset of side loads, with the possible occurrence of structural fatigue
10 . The interest in the behavior of the dual bell nozzle in the presence of external pressure
fluctuations is reported in few papers in literature 10, 11, 14 . It has been experimentally
demonstrated that, when the separation line resides in the inflection region, the dual bell can
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suffer the same level of unsteadiness and lateral forces li e conventional nozzles with an
internal flow separation 14 .
As far as hot flows is concerned, one of the first experimental study is the one by Genin et al.
15 using inert hot air flow. They focused on thermal loads due to the contour inflection during
the transition. In particular, they found that in sea level mode and during the first part of the
transition, the flow separation causes an enhancement of the wall thermal loads. Ta ahashi et
al. 16 investigated sub-scale hot-flow dual bell nozzles operated with L
CH4 propellant
combination. They found that a sensible effect of the mixture ratio on the transition nozzle
pressure ratio is present when the inflection angle is not high.
The main ob ect of this research wor is the analysis of the flow separation response to an
external periodic forcing in dual bell nozzles in the first operating mode, considering both cold
and hot flow conditions and different geometries for the second bell. The principal aim is to
verify if the movement of the separation point is amplified or dumped in the dynamic case with
respect to the stationary case.
2.

NUMERICAL AND MODELING ASPECTS

The numerical tool adopted to carry out the numerical simulations discussed hereafter is an inhouse (developed at Sapienza University of Rome) finite volume (Godunov approach) solver
of the compressible perfect gas RANS equations. It is second order accurate in space and third
order accurate in time. The adopted turbulence model is the one-equation model of SpalartAllmaras 1 which has been widely proven to be able to capture nozzle flow characteristic
features with reasonable accuracy 18 .
3.

EXPERIMENTAL TEST CASE AND VALIDATION RESULTS

The cold-gas sub-scale dual bell nozzle D 1 9 has been selected. The second bell is characterized by a constant wall pressure profile (C P). The main geometric characteristics are reported in Table 1.

Table 1: Geometric and operating conditions of the dual bell nozzle.

Available experimental data comprise the wall pressure profile at different nozzle pressure
ratios (NPR). It is possible therefore to individuate the range of nozzle pressure ratios during
which the separation line is in the inflection region and the transition NPR.
The computational domain and the boundary conditions are shown in Figure 2 (left panel). The
nozzle is characterized by a subsonic inflow boundary condition (a total temperature of 00
and a total pressure of 4.8 MPa are enforced together with the flow direction), an axis of
symmetry and an adiabatic wall. The external domain is characterized by a subsonic inflow
boundary condition (a static temperature of 29
and a static pressure of 0.1 MPa are enforced
together with the flow direction) on the left side, an assigned constant bac pressure is imposed
on the top boundary (whose radius is equal to 55 nozzle throat radii), and a non reflecting
boundary condition is imposed on the right side (whose distance from the nozzle throat is equal
to more than 100 nozzle throat radii). The nozzle is discretized using 8400 volumes, while the
external ambient consists of 18400 volumes. The independence of the separation point position
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with respect to the grid density and to the dimension of the external domain has already been
verified 19 in a very similar geometry. The experimental wall pressure data of Genin et al. 9
are ta en at nozzle pressure ratios equal to 0, 48 and 51. The validation results are reported in
Figure 2 (right panel). At NPR
0, the separation point is located at the end of the first bell.
At NPR 48, the separation point is in the middle of the inflection region, while at NPR 51
the transition occurs. The numerical results at NPR
0 and 48 well reproduces the positions
of the separation point, the wall pressure level in the separated region and the shape of the
inflection region. The numerical transition nozzle pressure ratio is slightly higher, since we
have the full flowing condition at NPR 56. Nevertheless, the focus point of this investigation
regards the behavior of the separation point in the inflection region, therefore the numerical
tool can be considered validated.

Figure 2: Left) Numerical domain and boundary conditions enforced right) wall pressure profiles at
different NPR s: experimental data 9 and numerical results.

4.

RESULTS OF THE PERIODIC FORCING

4.1.

Cold-gas test case

In the time dependent simulations of the sinusoidal forcing, the total pressure of the external
subsonic inflow is varied sinusoidally with frequencies of 200, 400, 600 and 800 Hz and a
perturbation amplitude of 5 . The tra ectories of the separation point, which has been trac ed
by evaluating the zero-value of the wall shear stress, are reported in Figure (left panel). The
dashed blac lines represent the extreme positions of the separation points during the steady
perturbations xsep,ss, while the red dashed lines represent the beginning and the end of the
inflection region. It can be seen that for the perturbation at 200 Hz, the tra ectory of the separation point shows a reduction in the excursion with respect to the steady-state case. Then there
is an important increase in the excursion length at 400 Hz and 600 Hz. Finally, at 800 Hz there
is again a decrease in the oscillation amplitude. It can also be seen that in all the cases the
separation remains located inside the inflection region. In order to quantify the increase of the
response to the dynamic perturbation with respect to the steady perturbation, we evaluate an
amplification factor defined as the ratio xsep xsep,ss, where xsep is the excursion of the separation point in the dynamic case. Figure (right) shows that the maximum value is equal to .
and it is reached at 400 Hz. At 200 Hz it is less than 1, indicating a sort of damping phenomenon.

4
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Figure : Left) comparison of the tra ectories of the separation point right) amplification factor
xsep xsep,ss of the response to periodic forcing.

Table 2: Geometric and operating conditions of the hot-gas sub-scale dual bell nozzle.

4.2.

Hot-gas, adiabatic

The geometry and the operating conditions for the hot-flow test cases are inspired from the
wor of Ta ahashi et al. 16 . The dual bell main geometric characteristics are reported in Table
2. The second bell is characterized by a linearly increasing wall pressure profile (LIP). The
computational domain is equal to the cold-gas test case. The nozzle is characterized by a
subsonic inflow boundary condition (a total temperature of 484.5 and a total pressure of 2.5
MPa are enforced together with the flow direction), an axis of symmetry and an adiabatic wall.
The values of the total conditions of the combustion chamber have been evaluated considering
a chemical equilibrium assumption. Then the flow is considered frozen for all the nozzle
domain.
In the time dependent simulations of the sinusoidal forcing, the total pressure of the external
subsonic inflow is varied sinusoidally with frequencies of 200, 400, 600 and 800 Hz and a
perturbation amplitude of 2 . Figure 4 (left) shows all together the tra ectories at the different
frequencies. Also in this picture the dashed blac lines represent the extreme positions of the
separation points during the steady perturbations xsep,ss, while the red dashed lines represent
the beginning and the end of the inflection region. Contrary to the cold-gas C P geometry, we
do not see any important amplification factor and the tra ectories of the separation point remains
almost inside the boundaries of the steady-state variation. It can be seen that only for the
perturbation at 200 Hz the tra ectory of the separation point shows an important reduction in
the excursion with respect to the steady-state case, as in the cold-gas test case. Figure (right)
shows that the maximum value of the amplification factor is equal to 1.0 and it is reached at
600 Hz.
The important difference in the amplification factor between the cold-C P case and the hotLIP case should be attributed to the different ind of second bell, rather than to the different
flow condition. Figure 5 shows the wall pressure and the wall pressure gradient behavior for
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the C P and LIP test cases. First of all, it can be seen that the C P is characterized by an
inflection region which is approximately two times larger. In addition, for (x - xinfl) rt 0.4
(with xinfl abscissa of the inflection point), the magnitude of the wall pressure gradient in the
C P profile is lower than the one in the LIP profile. As a consequence, in the C P case there
is a larger and less stiff zone which allows the separation point to oscillate with a greater
amplitude. The global results of all these differences can be summarized in Figure 5 (right),
which shows the maximum amplification factor for the two test cases simulated in wor and
for a previous wor 20 , where a cold-gas LIP dual bell has been perturbed in a similar manner.
It is evident that the LIP geometry shows a small amplification factor for both cold and hot
gases with respect to the amplification factor of the C P geometry.

Figure 4: Left) comparison of the tra ectories of the separation point right) amplification factor
xsep xsep,ss of the response to periodic forcing.

Figure 5: Left) wall pressure and wall pressure gradient for the cold and hot test cases Right)
amplification factors for different geometries and operating conditions.

5.

DISCUSSION AND CONCLUSION

The numerical simulations seem to indicate that the dynamical system shoc flow-separation
behaves li e a band-pass filter, when perturbed with a periodic forcing at several frequencies.
A comparison could be made with the experimental findings of erma et al. 14 on the stability
of the separation shoc in a sub-scale cold-gas C P dual bell nozzle, with geometrical
parameters and operative conditions similar to the present case. In their wor , the shoc system
is not forced, but the intrinsic instability of the turbulent flow induces a self- sustained
oscillation. The nozzle wall pressure spectra are reported during the transition of the separation
point in the inflection region. hen the separation point is very close to the inflection point,
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the wall pressure spectra near the separation point is characterized by a pea at 800 Hz. Then,
when the separation point moves in the inflection region, there is a pea around 600 Hz. Finally,
ust before transition occurs, the pressure pea decreases to 200 Hz. Therefore, in the
experimental test, according to the NPR and the consequent position of the separation point
inside the inflection region, the dynamical system is characterized by a determined frequency.
In our numerical forced test cases, we have found that the dynamical system is characterized
by an amplification of the response at 400 Hz (cold-C P) and 600 Hz (hot-LIP), values well in
the range of the experimental ones. ne of the critical factors in the onset of dangerous side
loads is the extension of the region where the separation flow can oscillate and the local value
of the wall pressure gradient 4 . In this wor we have two inds of second bell: the C P (coldgas) and the LIP (hot-gas) profiles. These two geometries are characterized by different
behavior of the wall pressure gradient, in particular the C P profile displays a very long
inflection region, compared to the other case. As a consequence of its inflection region
characteristics, the C P geometry is the one with the greatest amplification factor. Instead, the
LIP geometry is characterized by a small amplification factor (less than 10 of the steady-state
value) both in the cold-gas and hot-gas conditions. Therefore, the choice of the second bell
should consider both the propulsive performance and the dynamic behavior of the shoc
system.
6.
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ABSTRACT
The planned exploration of Mars will require, among others, sustainable methods for local food
production to sustain the crew needs. The International Space Station (ISS) and some of its
facilities can be used as bench work laboratory to start addressing the basic scientific and
technological questions to pave the way for reliable food production. In this context, we aim at
performing experimentations on-board ISS by exploiting the ESA KUBIK incubator and by
developing dedicated bioreactors to address the needs of food production in space, in particular
vegetables of nutritional value that can be grown inside cultivation modules, food of
nutraceutical values such as yoghurt or other fermented product, and also synthetic meat
production. The basic idea utilizes our expertize on the development of life science
experimentation hardware of food production, especially food that relies on the activity of
microorganisms (i.e. the product of biotechnological reactions), vegetable productions in small
greenhouses, or muscle cells and reagents to even produce cultured meat for future application
in the food production area in view of manned Mars missions and colonization.

Keywords: food, plants, bioreactor, KUBIK incubator
1

INTRODUCTION

The proposed plans for the human Space exploration of the Moon and Mars pose the necessity
of assuring to the crew quality food to sustain their activities for years-long periods far away
from Earth. The quality of the food in terms of microorganisms contamination, microorganisms
valuable for human health, nutritional values, and taste could be hampered if prepared food is
eaten many years after preparation. Moreover bringing from the Earth enough food to sustain
the crew will impose a great effort in terms of transport capacity and amount of space spent for
the storage of the prepared food. Ongoing solutions to some of these problems could be
addressed by performing the production of fresh foods directly during space missions. As of
today, several investigations related to food production can be perform by using the
International Space Station (ISS) as bench work laboratory to start addressing the basic
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scientific and technological questions to pave the way for reliable food production. Therefore,
the development of tailored experimental hardware allowing the study of the effects of the space
environment on biological systems involved in food production (either vegetables,
microrganisms or cell cultures) is therefore of paramount importance, since research in
microgravity relies on state of the art experiment hardware proven to be successful in space
operations and scientific results.
Since many years Kayser Italia (www.kayser.it) develops space hardware systems and provides
mission support for investigations on biological systems in space. In particular, several types
of bioreactors, containers and facilities have been developed in order to support life science
investigations. The space bioreactors reduce a laboratory into a hand-sized device dedicated to
life science research experiments on space platforms, such ISS. They allow the autonomous or
semi-autonomous execution of a scientific protocol, being designed to contain the cell culture
and all the chemicals (culture medium, wash buﬀers, etc.) required by the experiment. To
maintain a desired temperature during the experiment execution a facility, such as the KUBIK
incubator (ESA) [1], is employed. To date, model organism in the scientific investigations
supported by Kayser Italia ranged from small plants and seeds, microorganisms such as
bacteria, yeasts and algae, rodents and human cell lines and small organisms such as rotifers,
tardigrades, nematodes, and bigger organisms such as amphibians larvae and scorpions.
In this paper we propose the use of the KUBIK incubator and dedicated bioreactors basically
to address the needs of food production in space, in particular vegetables of nutritional value
that can be grown inside cultivation modules, food of nutraceutical values such as yoghurt or
other fermented product, and also synthetic meat production. The basic idea utilizes our
expertize on the development of life science experimentation hardware of food production,
especially food that relies on the activity of microorganisms (i.e. the product of biotechnological
reactions), vegetable productions in small greenhouses, or muscle cell lines and reagents to
even produce cultured meat. Preparatory experiments for future Mars missions can therefore be
planned and executed inside ISS.
2

RESULTS AND DISCUSSION

The proposed experiment hardware is meant to be installed in the KUBIK incubator of ESA,
permanently present on-board ISS in the Columbus Module. These experiments and experiment
hardware shall be consider as test and preparatory experiments for the future Mars missions in
the area of food production. In this context, the ISS is the bench work laboratory to start
addressing the basic scientific and technological questions to pave the way for reliable food
production.
The KUBIK incubator, a cube of about 40 cm, has been operating aboard the International
Space Station since more than 10 years. It has a thermal chamber capacity of 9,36 litres and a
settable increment of temperature of 0,1°C in the range of +6°C to +38°C. In general, selfcontained automatic experiments (inserts or bioreactors) can be performed using the power
provided by the facility. Alternatively, it is possible to use manually operated experiment
hardware, which the crew removes from the incubator for operations. Depending on the
scientific requirements for the experiments, the proposed KUBIK inserts can be modified (i.e.
in order to fit inside the KUBIK centrifuge to perform experiments in Lunar or Mars-like
gravity).

2

86

Food production for Mars

2.1

Balsamo, Donati, et al

Plant KUBIK

Plant KUBIK is an insert allowing to perform experimentation on a variety of vegetable models,
of nutraceutical interest. Small vegetables or micro-plants can be grown inside the Plant
KUBIK. This experiment hardware can also be used to study several aspects of plant biology
such as seeds germinations, seeds selection, plants and roots growth, and so forth.
The experiment hardware, shown in
Figure 1 (upper panel), allows to conduct up to four independent experiments. It consists of: 1)
the insert for KUBIK with up to four slots, each one dedicated to a specific experiment; 2) four
experiment units; 3) mechanical supports and holders for the experiment units; 4) electronics
for power and data transmission; 5) a CPU for control and data storage; and 6) a divider shield
in order to separate the light conditions for each experiment (if necessary). This set up can be
modified given the scientific requirements for the experiment(s). The experiment unit (
Figure 1 lower panel) consists in a transparent container with a transpiring window for gas

exchange. The transpiring window consists of a semipermeable membrane allowing for gas
exchange but impeding liquids’ leakage. The transparency of the container allows for time-laps
monitoring of the plant growth. The root growth can be also time-lapsed if a transparent growth
substrate, such as agarose, is used. Several micro sensors can be installed, such as temperature,
humidity, CO2 and light sensors. LEDs with different wavelength can be adopted on different
experiment units to study the influence of light colour on the plant growth and development. Its
internal volume available for plant growth is about 80 mm height and has a diameter of about
72 mm. All the data acquired during the experiments running are stored locally, and then
transferred to Earth. The device can also be used as a test bench to model soil preparations and
amendments by using Mars soil analogues as soil for the growth and selection of different
model plant genotypes more prone to grow under Martian environment and soil.

Figure 1: Plant Grow Insert: (upper) Experiment Hardware complete of the Insert for the KUBIK;
(lower) single Experiment Unit of the Experiment Hardware

3
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Food Production & Storage Insert

The KUBIK incubator can be exploited also for the production of foods derived from
biotechnological applications such as yogurt, kefir, or other fermented goods.
An example of experimental hardware for food production and storage in space by exploiting the
KUBIK platform is reported in
Figure 2. This hardware consists of the insert for KUBIK, a holder for the YOGURTH cartridges
and up to nine YOGURTH cartridges. YOGURTH cartridges will be prepared on ground, before
launch, whereas the insert for KUBIK and the holder for the YOGURTH cartridges will make part
of the KUBIK platform and thus will be stored on the ISS. In this way, mass and volume of the
payload to be launched for each experiment is reduced to a minimum.
The YOGURTH cartridges are independent one from each other and allow for the control of yogurt
maturation. The system will assure the oxygenation necessary for the yoghurt maturation, and
allow the mixing of the ingredients. The temperature profile necessary for the yogurt maturation
is provided by the KUBIK platform.

Figure 2: YOGURTH Insert with Cartridges.

2.3

Cultured meat

Another possibility of exploitation for the KUBIK incubator is for the production of cultured
(artificial or in-vitro) meat. Cultured meat is a lab-grown meat produced using various tissue
engineering techniques in a culture medium. Beyond the current terrestrial argumentations on
the pursuing in producing cultured meat (reducing animal sacrifices, reducing in land, water
and energy usage, reducing environmental pollution due to the farm processes necessary for the
production of meat), [2] the technology and processes developed to produce culture meat on
Earth could be translated in the Space setting.
The cultured meat insert for KUBIK shall be capable of growing a batch of satellite muscle
stem cells on a scaffold, in order to produce an artificial culture of muscular cell resembling
muscular tissue. The insert shall deliver nutrients and allow oxygen and carbon dioxide
exchange from the culture. Test run experiments in microgravity can be therefore proposed to
investigate the quality, amounts, and the nutritional characteristics of the cultured meat
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produced in space, under microgravity or under Martian gravity conditions. A schematic of the
cultured meat bioreactor is depicted in Figure 3.

Figure 3: Schematic of the cultured cells bioreactor.

3

CONCLUDING REMARKS

Sustainable food production in Space and for future Mars missions, together with
Bioregenerative Life Support Systems technologies is certainly an important topic for further
technological and scientific developments. By exploiting the potential of the ISS and its related
facilities, together with the development of dedicated experimental hardware, the scientific
community has an opportunity to perform dedicated experiments in order to test and develop
experiments in the various fields of food production in view of Mars missions.
The new commercial service Bioreactor Express (www.bioreactorexpress.space) offered by
Kayser Italia allows a direct access to all the resources needed to design, develop and perform
an experiment on ISS exploiting the KUBIK incubator. This service comes up beside the
institutional access to experiments in space offered by the space agencies, avoiding the scientist
to pass the usual selection process of public calls and shortening the overall experiment
implementation timeframe.
4
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ABSTRACT
In the last years, the damping properties of the SMA alloys have attracted increasing interest
in the development of particular devices principally in civil applications. Moreover, the
aerospace expressed new challenges to solve damping problems. In this work, we studied in
deep the possibility to modulate the damping performance of shape memory NiTi and NiTiCu
alloys. Particularly we investigated the influence of different microstructures on damping
frequencies and internal friction coefficient values. Beside the microstructural investigation
using thermal analysis, we used dynamic thermal analysis in tensile and flexion test
configuration, and the dynamic tests have been carried out in low frequencies range until to
50 Hz.
Design parameters for the development of non-traditional semi-finished products were
obtained and used to propose some proof of concept for application in damping of diffuse
vibrations or micro-vibrations and control of device structure...
Keywords: Shape Memory Alloys, Damping, Internal Friction measurements, NiTi-based
alloys
1

INTRODUCTION

In aeronautic and aerospace field, there are several situations where it is necessary to deal
with different ind of vibration problems. Particularly interesting issues related to this field
are the reduction of noise for precise measuring devices or optics supports 1 , the control of
diffused vibrations in the floor and shoc absorption in ta e-off or landing phases 2, .
Moreover, for some applications, it would be interesting to develop novel particular semifinished products, with different ind of size and geometry 4,5 .
Among the different solutions presented in the literature, metallic devices are the most
suitable ones for this field of application, and in particular Shape Memory Alloys provide
interesting and useful damping properties. This ind of properties has been investigated only
in some respects: only pseudo-elastic damping is widely studied and flexion configuration
measurements are primarily carried out. Furthermore, only a limited amount of alloys
microstructures are currently investigated (solubilised or straight annealed NiTi).
e are interested in giving support for the development of new devices and prototypes, with
the principal aim of giving innovative suggestions to the industrial field. For these reasons, we
focus our interest on commercial NiTi and NiTi-based alloys, in order to dispose of a
complete industrial production of these materials available in a wide variety of shapes and
sizes. ur role is to increase and improve the damping competences about these alloys in
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order to provide the inspiration for new applications in the aerospace field. e focus our
investigation on the study of the Internal Friction (IF) coefficient obtained by dynamic
thermo-mechanical measurements. Starting from the typical spectrum of IF versus
temperature shown by NiTi (Figure 1) 6, , we are interested both in intrinsic damping
properties of the martensitic phase and in the contribution related to the transition pea ,
specifically associated to small strain and low frequencies.

Figure 1: Example of IF curve for NiTi solubilised (thermal treatment at 800 C for 0 ), and
indications of the origin of the different IF contributions visible in the spectrum

Moreover, for NiTi and NiTi-based alloys, we investigated also the possibility of exploiting
the relaxation pea for damping purposes.
In our opinion, starting from these basic properties, it is possible to extend the investigation to
large strain conditions for other inds of purposes, i.e. shoc absorption applications.
Therefore, a deep understanding of the material properties and their modulation, starting with
the tuning of the microstructure, are presented in our wor .
2

EXPERIMENTAL

Superelastic NiTi (NiTi S) and High Temperature NiTi (NiTi HT) wires with diameters of 1
and 0.2 mm were used in the present study. The two alloys are characterized respectively by
Af -20 C and Af 80 C. The samples were thermally treated at 4 temperatures (400 C, 500
C, 600 C and 800 C) for 0 followed by water quench. e chose NiTiCu alloys as former
promising NiTi-based alloys for our purposes and, in particular, we considered NiTiCu10
(at ) and NiTiCu (at ), thermally treated at 450 C, 5 5 C, 850 C for 0 followed by
water quench. The microstructures obtained after heat treatments were examined by means of
calorimetric analysis by Thermal Analysis DSC 100 in the -150 C 150 C range with
cooling and heating rate equal to 10 C min. The dynamic thermal analysis were carried out
by a Thermal Analysis DMA 800 in flexion and tensile configuration with respect to
temperature variation in -120 C 150 C range, at four frequencies of solicitation (0.5, 1, 10
and 50 Hz) and fixed strain in the 0.02 0.05 range.
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3
RESULTS AND DISCUSSION
3.1

DSC analysis

As reported in Figure 2, the registered thermograms are related to the different
microstructures: for NiTi S it is possible to observe the intermediate rhombohedral phase
obtained after thermal treatment at medium low temperature (400 C and 500 C). For the
sample thermally treated at 600 C, it is possible to notice the broad single pea due to
precipitation phenomenon of the Ni-rich NiTi alloys during this intermediate annealing.
Finally, the thermogram registered for the sample thermally treated at the highest temperature
(800 C) shows only one pea related to the homogeneity of the alloy and the absence of
defects and precipitates.

Figure 2: DSC analysis of NiTi S, NiTi HT and NiTiCu.

For the NiTi HT samples, the thermograms refer to similar microstructure, with residual cold
wor and presence of precipitates in samples obtained after 400 and 500 C treatment, and the
regular microstructure for the sample annealed at 800 C. The sample obtained at 600 C
doesn t show a broad pea li e the NiTi S sample, due to the lower content of Ni in NiTi HT
alloy. In this case, we obtain a microstructure in a preliminary condition of solubilisation,
characterized by homogeneity and by an almost complete absence of defects: indeed, the
transition pea is found at slightly lower temperatures with respect to the pea of the sample
treated at the highest temperature, for which the solubilisation of the microstructure is almost
completed.
Considering the NiTiCu samples, the results obtained are similar for NiTiCu10 and NiTiCu .
For the samples thermally treated at 850 C it is visible the intermediate orthorhombic phase
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transition between cubic and monoclinic phase. To tell the truth the transition is well visible
only in the NiTiCu10 sample, but in the following Figure , we report the DMA comparison
between NiTiCu and NiTiCu10 where the double transition is more clear 8 .

Figure : DMA curves registered for NiTiCu and NITiCu10 TT at 850 C 0

n the other hand, for samples thermally treated at lower temperatures (450 C and 5 5 C),
the pea related to the monoclinic transformation is less pronounced, hence it is less visible
for both alloys maybe due to the fact that the transformation is only partial due to the low
extent of solubilisation and presence of defects.
3.2

Dynamic thermal analysis

oth tensile and flexion configurations were adopted for dynamic thermal tests (DMA) and a
good correspondence was found between the results obtained. An example is shown in Figure
4, where tensile and flexion tandelta signals are in good accordance both in cooling and
heating stage although tensile test signal is less stable and linear due to the higher instability
of the tensile configuration which involves a higher extent of deformation of the sample and it
may have some resonance effect with the sample holder system.

Figure 4: Comparison between tensile and flexion dynamic test configuration.

The most significant range of temperature for the aforementioned application was considered
between 0 and 50 C, and Figure 5 reports the behaviour of the internal friction (tandelta) vs
temperature for the samples which showed the highest values. It is possible to exploit both the
phase transition contribution to the internal friction, in correspondence to the pea s of the
curves, and the contribution intrinsic to the martensitic phase which, in some cases (i.e.
NiTiCu TT850 C sample), is stable in the considered temperature range.

4
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Figure 5 :Internal Friction curves for thermally treated NiTi and NiTiCu alloys in the T range 0-50 C.

Among NiTi alloys, the highest pea s of internal friction are given by NiTi S and HT
TT600 C and TT800 C and it is possible to notice a double pea in NiTiHT TT500 C curve
due to the presence of the intermediate rhombohedral phase. Tandelta values obtained for
NiTiCu alloys are comparable to the NiTi ones, around 0.05 and 0.06, with the exception of
NiTiCu10 TT850 C which reaches higher tandelta values: the solubilisation treatment of that
sample allows the manifestation of both the intermediate martensitic transformation from
cubic parent structure to orthorhombic martensite ( 2
19) and the monoclinic
transformation ( 19
19 ). Notice that for the NiTiCu samples with the lowest content of
Cu the orthorhombic and monoclinic transition are quite overlapped. Therefore it is possible
to exploit the tandelta intrinsic contribution due to the martensite phase that is stable in the
considered range of temperature: in this case the sample shows a constant stable IF value
(0.45).
It is a nown fact that the phase transtion IF pea is generally the most important pea in the
IF curve which can be widely modulated in temperature, but this pea has the most important
contribution due to transient term, therefore in isothermal condition or at increased frequency
reduces sensively. Therefore the second part of our investigation is devoted to test the
possibility to maintain at high value this transient contribution in phase transition damping
pea .
Cyclic DMA analysis were conducted on all the samples in order to monitor the behaviour of
different alloys under a cyclic T solicitation between Mf and Af temperature, hence a cyclic
structural transformation between austenite and martensite phase. In this way, the transient
term of internal friction is investigated. Figure 6 shows the typical oscillation of tandelta
signal in this test configuration.
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Figure 6: tandelta and temperature trend during cyclic DMA test for sample NiTiCu TT850 C

Figure shows all the results of the cyclic DMA tests of NiTiCu samples and it is important
to notice the general stability of the response of the internal friction during time. The other
samples present a very similar behaviour.

Figure 6: trend of tandelta vs time during cyclic DMA tests for NiTiCu samples

Figure 8 resumes a complete comparison among the average value of tandelta provided by
cyclic transformations and the values of tandelta pea s of the DMA cooling heating curves at
highest data corrensponding to the 1Hz frequency of sollicitation. It is possible to observe that
in some cases (indicated by gray circles), tandelta values obtained with this ind of cyclic
tests are comparable to the ones related to the transformation. Starting from the assumption
that this cycling effect can be reached by current in ection in the material, which is a
technological procedure well developed and defined for SMA, it is possible to control the
damping properties of the material in the time. n this basis, these results could allow further
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investigation for the design of novel modulated in time damping devices activated by means
of a tunable current input.

Figure :Comparison between tandelta values obtained from cyclic DMA and heating cooling DMA
for NiTi S, NiTi HT and NiTiCu

4

CONCLUDING REMARKS

In our wor we investigated the effect of modulation of microstructure by suitable thermal
treatments on internal friction properties of NiTi and NiTiCu alloys. e considered different
ind of test configurations in order to have useful information for the design and pro ect of
damping devices in non traditional products li e meshes, entangled wires or nets. The results
obtained give precise indication of some microstructure as more interesting and suitable for
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the temprature range around room temperature, with a medium IF coefficient of about
0.05 0.08.
Morevoer, a preliminary investigation aimed at obtaining a precise tuning in time of the
damping properties has been shown and demonstrated.
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ABSTRACT
The shimmy vibration of the aircraft nose landing gear (N G) is among the causes of
increasing fatigue stress that can lead to wearing and damages of N G components.
The present wor investigates an active shimmy suppression system that is based on the
odified Simple Adaptive ontrol ( SA ) technique.
The only condition to be fulfilled for the application of the simple adaptive controller is the
almost strictly passivity (AS ) of the plant. Since this condition is usually not met by real
systems, a parallel feedforward compensator (
) is synthesized and added in parallel to
the actual plant in such a way that the augmented system meets the AS condition.
The nonlinear governing equations that model the shimmy vibration behaviour of an aircraft
N G are presented and linearized in order to synthesize the adaptive controller. The openloop system response is first studied, then the simple adaptive shimmy suppression system is
designed.
Keywords: Nose Landing Gear, Shimmy ibration, Simple Adaptive Control
1

INTRODUCTION

The shimmy vibration is a self-sustained and nonlinear oscillatory motion of the for -wheel
assembly about the steering axis. It gets energy from the aircraft during taxiing and it is
caused by the friction tire-road interaction 1 . The necessity of damping the shimmy
vibration is crucial since the amplitude of the for -wheel rotation can increase quic ly and
causes wearing phenomena to the mechanical components of the landing gear that can last
result in lowering the fatigue life of such components.
Passive shimmy dampers are usually installed to sin the shimmy vibration energy out of the
system and thus to reduce both the amplitude and duration of the for -wheel oscillations.
However, both semi-active and active shimmy suppression systems are currently investigated
by researchers in order to provide better damping performance 2 . In fact, the shimmy
suppression capability of passive dampers is optimized for the design case but, because of
parameters variation, such the tire-road interaction condition, it can decrease a lot. This is the
reason that has moved researchers to investigate other solutions. Among others, Chen et al.
have studied the characteristics of magneto rheological damper to suppress landing gear
shimmy obtaining superior performance with respect to hydraulic shimmy damper during
taxiing. Chongxuan et al. 4 have realized a deep neural networ to control a semiactive
shimmy damper and have tested it experimentally. Among active solutions, the tensor product
model transformation has been used in con unction with sliding mode control for damping
shimmy vibration ta ing into account taxiing speed variation in 5 . Pouly et al. 6 have
developed and compared direct and indirect fuzzy adaptive controller and have studied the
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controller sensitivity to the variation of some selected parameters. A filtered PID controller
with anti-windup scheme has been tuned by using swarm intelligence in 2 and the stochastic
robustness of the active shimmy damper has been verified ta ing into account nonlinearities
and parameter uncertainties. urbano et al.
have proposed minimal control synthesis and
zero average dynamics state feedbac adaptive and quasi sliding control schemes to damp the
shimmy oscillation.
Among the adaptive control strategies 8 , the simple adaptive control SAC has received
increasingly interest in the last decades 9 . The SAC is a simplification of Model Reference
Adaptive Control but it doesn t as for full state feedbac and it doesn t need online
parameters identifications. The plant is led by the controller in such a way to trac a reference
signal that is the output of a fictitious reference model chosen by the controller design. Such
reference model can be of higher or lower order with respect to the plant since it is only used
to generate the reference signal. Thus, the SAC only demands for an output feedbac control
signal added to a feedforward control signal realized by using the reference model input and
state 11 .
Recently the SAC has been further simplified by ta ing into account that only the output
feedbac is strictly requested to be implemented since the asymptotic convergence of the
trac ing output error implies the asymptotic convergence of the state error 10, 11 . Such
novel scheme is referred to as Modified Simple Adaptive Controller MSAC and it has the
further advantages that the number of invariant weight coefficients to be set a priori is reduced
12, 1 .
In order to implement a stable adaptive control, the condition to be met is that the plant should
be Almost Strictly Passive ASP but most part of the actual systems are not ASP. Such
problem is overcome by augmenting the system with a proper Parallel Feedforward
Compensator PFC. The MSAC is then applied to augmented system 11 . Different
approaches have been proposed in the literature to synthesize the PFC. Among others,
ar ana 10 and eiss et al. 14 have designed the PFC as the inverse of a stabilizing
controller. Iwai et al. 15 proposed a method to construct the PFC transfer function using an
approximation of plant model and the nowledge of a desired Almost Strictly Positive Real
ASPR transfer function. The method of Ladder networ is also used to realize the PFC
transfer function to be added in parallel to the system 16, 1 . A Population Decline Swarm
ptimizer is used in 18 with the aim of finding the optimal PFC realization that renders the
augmented plant ASP by reducing at most its influence on the controlled output variable.
In this wor , an adaptive shimmy suppression system based on the MSAC is proposed. The
nose landing gear equations that govern the shimmy phenomenon are first recalled. Then the
modified simple adaptive controller is introduced along with the approaches followed to
design the PFC and to tune the MSAC invariant coefficients. Results are last presented and
commented comparing them with available literature solutions.
2

NLG GOVERNING EQUATIONS

The simplified mechanical model of a NLG is depicted in Figure 1 where constituting
components are also indicated. Two inematical variables are used to write the model
governing equations. These are the shimmy rotation variable i.e. the angle between the axis
of symmetry of the for -wheel assembly and the aircraft vertical plane of symmetry (where
the advance direction given by the forward velocity is assumed to lay), and the sideslip
angle that allows to describe the tire-road interaction through the stretched string theory
19 , a simplification is represented in Figure 1 by the red line where a is the tire half contact
length while is called relaxation length.
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Figure 1: Nose landing gear shimmy model

The NLG system is sub ected to the damping and elastic torques 𝑀𝑀𝐷𝐷 = −𝐾𝐾𝐷𝐷 𝜓𝜓̇ and 𝑀𝑀𝑆𝑆 =
−𝐾𝐾𝐸𝐸 𝜓𝜓, respectively, that are introduced by the torque lin and the sliding tube rotation.
Moreover, the plant undergoes a vertical force z, it is disturbed by an external torque d and
is controlled by the moment c. In addition, the tire introduces the self-aligning moment
,
𝜅𝜅
the lateral force , defined as in 2 , and the tire damping action 𝑀𝑀𝑇𝑇𝐷𝐷 = because of the
𝑉𝑉
interaction with the ground.
The equilibrium about the vertical axis and the stretched string model are the problem
governing equations that are written using the state space representation as
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being e the caster length, c and c the self-aligning moment and lateral force coefficients.
In Eqs. (1-2), 𝐝𝐝𝐱𝐱 (𝐱𝐱, 𝑡𝑡) accounts for the nonlinear actions introduced by the tire-road
interaction and it is treated as a disturbance. It is to be underlined that, in order to apply the
MSAC approach, the nowledge of the disturbance inputs is not required, provided that they
are bounded, while the output and input vectors must have the same dimension 4 . Thus, the
problem can be considered as a SIS linear system governed by transfer function that lin s
the controlling moment to the for -wheel rotation angle as
G s

cT sI A

1

bc
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where bi and cj are properly defined by means of the model parameters
3

MSAC SCHEME

The simple adaptive controller scheme is similar to the Model Reference Adaptive Control –
, , 𝑇𝑇 to be followed
MRAC since it requests for the definition of a reference model
by the plant. However, it does not request for full state error feedbac but only for an output
trac ing error e(t) y(t) - ym(t) feedbac term that allows to build the input control signal in
con unction with the model reference input and the model reference state vector 11 . Another
difference with respect to MRAC is that the order of the reference model can differ from that
of the plant provided that it generates the desired tra ectory. Moreover, it has been proved that
only the output trac ing error feedbac is strictly needed to ensure the stability of the closed
loop system and the asymptotic convergence of the state error 11 . This has led to the
definition of the modified simple adaptive control MSAC that is characterized by a control
input signal defined as

u t

I

e t
I

I

e t

2

(4)
I

e t

2

where
and I are the adaptive control gains,
and I are invariant parameters of the
control scheme to be set a-priori as well as the coefficient that is introduced to ensure the
stability of the controlled system in presence of bounded disturbance.
The condition that should be met in order to avoid instability introduced by the adaptive
control gains variation is the so called almost strictly passivity that, for a SIS linear system,
specifies in the Almost Strictly Positive Realness ASPR of the system transfer function. The
ASPR condition is met when i) the relative degree of G(s) is 1 ii) the numerator highest
degree coefficient is positive iii) all zeros of G(s) are in the LHP 1 . However, since almost
all real systems do not satisfy the ASPR requirements, the problem is solved by adding a
feed-forward compensator in parallel to the plant. The PFC should be designed in such a way
that the augmented system meets the ASPR conditions. In particular, following 10, 14 , the
PFC is designed as the inverse of a controller (s) that stabilizes the closed loop system
( )= ( ) (
( ) ( )) and the augmented ASPR plant model reads as
( )=
( )
( ) . The conditions to be met are: i) (s) has high gain (s) relative degree is 0
or -1 all zeros of (s) are negative.
A bloc diagram of the plant augmented by the PFC and controlled by the MSAC is given in
Figure 2.

Figure 2: loc diagram representation of the controlled plant
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OPEN LOOP RESULTS

The parameter given in Table 1 are considered to study the NLG system open loop response.
Moment of Inertia
1 g m2
Damping Constant
D 10 Nsm rad
Half contact length a 0.1 m
Cornering Stiffness c 20 rad-1
F Limiting angle
5 deg

Stiffness Constant
E 100 Nm rad
Caster length
e
0.1 m
Constant of tire moment
-2 0 Nm rad
Self-aligning Stiffness c
-2 rad-1
M Limiting angle
10 deg
Table 1: NLG parameters.

The NLG undergoes a vertical force z 9000 N. An external torque, representatives of a tyre
damage (TD study case), disturbs the system at t 0.2 s. The disturbance amplitude is
d 1000 Nm and it ends at t 0. s. Different values of taxiing velocities are considered to
study its influence on the system poles. In particular it is found that for advancing speed
greater than S 20 m s the real part of some poles becomes positive, thus the system starts to
show instabilities and the for -wheel rotation angle increases. In detail, the shimmy
oscillation of the linearized system tends to increase indefinitely while the nonlinear model
shows limit cycle oscillations. Figure shows the system response to the torque disturbance
when the taxiing speed is lower (a) and higher (b) than the shimmy velocity.

(a)

(b)

Figure : pen loop response. (a)

10 m s (b)

0 m s.

The external disturbing torque causes a maximum rotation of about 1 deg of the for -wheel
assembly. Then the system autonomously dumps out shimmy energy and the wheel rotation
about the steering axis reduces fast. A perfect match of the linear and nonlinear systems
results can be observed when the taxiing velocity is below the shimmy one. Thus the
nonlinear term is not influencing the system behaviour in this case. n the other hand, as the
taxiing velocity becomes greater than 20 m s the for -wheel rotation angle increases fast after
the disturbing action and the effects of nonlinearities are not negligible anymore. bserving
the nonlinear model time history in Figure (b) it can be seen that the system rapidly reaches
a limit cycle oscillation having an amplitude of about 20 deg. However, it is worth noting that
the linear and nonlinear systems responses match well inside the time interval 0.2 s t . s,
see the zoom window in Figure (b). f course, the discrepancy between the linear and
nonlinear models becomes greater with the taxiing velocity. For instance, when the NLG is
moving at
80 m s the difference between the linear response, in term of for wheel
rotation, is greater of about deg at t 0.4 s with respect to the nonlinear one. This means that
the use of the linear system to design the controller is conservative since the control of the
linearized plant is more demanding of the actual one. Moreover, the time interval chosen to
investigate shimmy vibration amplitude is close to the disturbing moment and one can assume
that the controller should be designed in such a way to damp out the shimmy oscillation
before t 0.4 s when the taxiing velocity is 80 m s.
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5

CONTROLLER DESIGN RESULTS

5.1

Parallel Feed-forward Compensator Design

The PFC is designed by ta ing into account the requirements described at the end of Section
. The controller that stabilizes the plant is searched in the form of an ideal proportional). The proportional gain
should be
derivative regulator of the form ( ) = 𝐾𝐾 (
( ) ( ))
selected in such a way that all poles of the closed loop system ( ) = ( ) (
are real and negative.

Figure 4: G (s) poles variation analysis for the design of (s).

Figure 4 shows the real part of the poles of Gc(s). To meet the high gain condition the
proportional gain is set to
160. The obtained augmented transfer function has all zeros in
the LHP, = −
,−
,−
, and now meets ASPR conditions, see Eq. 5

Ga s

s

1
10s 4

b2 s 2 b1s b0
c s c2 s 2 c1s c0

(5)

being bi and c j properly defined by means of the parameters given in Table 1.
5.2

Modified Simple Adaptive Control Design

In order to select the invariant parameters of the MASC scheme, some design requirements
are to be ta en into account: the for -wheel rotation should not exceed the limiting angle of
1.5 deg the shimmy oscillation should vanishes in a time interval that is less than 0.2 s the
response overshoot should be reduced at most the control torque should be lower than the
maximum limit value of 2 Nm 6 . The TD study case is considered for design purposes. The
advancing velocity is set to
80 m s, while the output error to be zeroed is e(t) ya(t). The
MSAC proportional law gain varies among
=
, with i 5, 6, , while
increases
4
8
from 10 to 10 . Results are reported in Figure 5 in terms of maximum yaw rotation max,
settling time Ts, percentage overshoot P and maximum control torque Mc,max.

Figure 5: Effects of MSAC invariant gains on design parameters.
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bserving the results plotted in Figure 5, it can be observed that the maximum rotation angle
never exceeds the limiting value of 1.5 deg and the minimum for -wheel rotation is obtained
for p 10 . bserving the settling time results, it is seen that per I 2 10 Ts is almost
constant and worth about 0.055 s. The best result in terms of P is obtained for p 106,
however, from the trends of the maximum control torque it appears that the minimum value is
attained per p 10 and I 108. These values are selected as the MSAC invariant gains and
the system transient response is computed in terms of for -wheel rotation angle and applied
control torque ta ing also into account the nonlinear disturbance dx, see Eq. 1-2. Results are
shown in Figure 6 in comparison with literature data. It is obtained that, for the analysed tire
damage study case, the present shimmy suppression system based on the modified simple
adaptive control performs better than the filtered PID approach proposed in 2 and better than
the direct (DFAC) and indirect (IFAC) fuzzy adaptive controllers proposed in 6 . In fact, it is
found that the designed MSAC reduces at most the bias yawing angle during the torque
disturbance application avoiding any overrun. Moreover, the system response does not present
oscillations. Last, it is noted that the maximum value of the applied control torque is
comparable with literature results but, using the proposed approach, the control moment
reduces faster.

Figure 6: Transient response.

6

CONCLUDING REMARKS

An adaptive shimmy suppression system capable of damping out the nose landing gear
shimmy vibration has been presented in this wor . The control scheme is based on the
Modified Simple Adaptive Control which allows to adaptively control the NLG shimmy
dynamics by using only an output feedbac . A Parallel Feedforward Compensator has been
designed as the inverse of an ideal proportional-derivative regulator in order to allow the
augmented system to meet the almost strictly passivity conditions. ith the aim of selecting
the MSAC invariant gains, the system is sub ected to a disturbance square pulse torque and
the system response is investigated loo ing for those invariant parameters that allow to reduce
the maximum shimmy rotation angle as well as the settling time, the percentage overshoot
and the control moment needed to damp out the shimmy oscillation. Comparison with
literature results has shown the soundness of the proposed simple adaptive vibration system.
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ABSTRACT
A reliable suborbital spaceflight initiative enables access to space to a broader range of users,
since it provides opportunities to carry out space tourism, microgravity scientific and
technological experimentation, training of astronauts and pilots. The long standing
experience of Italy in aerospace, the increased interest of the Country in the exploitation of
the new space economy, as well as the strong encouragement from the Italian Space Agency
triggered to commence activities aimed at evaluating to establish a suborbital spaceflight
capability in the Italian Country with the Virgin Galactic Space Ship Two and White Knight
Two. This paper describes the different aspects that have to be taken in consideration for
such purpose, as well as the associated major challenges. Special emphasys is given to the
Spaceport and its pivotal role as a catalyst to the economy, to the proper assets and
infrastructures needed to properly support the ground and flight operations of the suborbital
system. Future evolutions are also outlined, stemming from the initial steps associated with
the suborbital initiative early stage and evolving to future generation antipodal
transportation and high altitude platforms, small satellites air launch, test bed for
technologies development.
Keywords: Suborbital, Spaceport, Microgravity, Economy
1

INTRODUCTION

In the recent years the commercial exploitation of space is significantly emerging through a
multiple initiatives aimed at considering the space as significant proving ground for a variety
of applications 1 li e testing new technologies, carrying out microgravity experimentation,
providing flight opportunities to space tourists, thus offering flexible access to space through
different platforms. In the New Space Economy scenario, the interest in Space activities and in
the exploitation of space has significantly grown resulting in increased international strategic
importance of the Space activities enabling access to space to always more users, unveils the
possibility of opening new frontiers and opportunities, in particular in research, technology
development, innovation, safety and business. The global space sector is gaining increasing
importance than s to increased awareness and to the possibility of exploiting the space for
purposes that are closely related to life on Earth and in Space, such as climate changes,
telecommunications, security. Space is considered instrumental to underta ing new challenges
and to providing necessary services to react to different needs emerging both at the Institutional
and Commercial levels. asing upon the wide experience gathered by ALTEC in wide
Institutional Programs such as the International Space Station, I
and the current Company
involvement as a ey player in Exomars and Space Rider, more than 20 years long experience
in supporting customers payloads experiments accessing to space, ALTEC strongly believes
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and is a ey player in the implementation of the Italian New Space Economy initiative to get
the most out of the opportunities offered by these new mar ets. The basic strategic vision of the
Company is to implement a turn- ey service concept to offer Customers access to a wide range
of platforms and to end-to-end services for their P L experiments (Spacegate). Suborbital
spaceflight is highly regarded as very promising initiative in the New Space Economy scenario.
2

THE NEW SPACE ECONOMY

In the post Space Shuttle era, the privatization of space transportation expecially in the United
States unveiled new unexpected opportunities to consider access to space not a privilege of a
few but rather opened to a wider range of users. The awareness of the International Space
Station as a test bench for various inds of experiments, the emerging commercial companies
who started to mar et commercial services are stirring more and more interest in the space
economy even beyond the already nown traditional areas of telecommunication or Earth
observation. Two main sectors can be identified among the space activities 2 :
The upstream sector, which is strictly related to the aerospace research and
development, li e roc ets, rovers, satellites.
The downstrem sector, which is strictly related on services deriving from space
infrastructures.
The space industry therefore plays a significant role in all the different applications than s also
to the very active involvement of universities and research centres and a large supply chain of
specialized small and medium-sized enterprises. Important examples are related to the design,
development and construction of Space Launch and Transportation Systems, ISS and Inhabited
Space Infrastructures (Pressurized Modules) in general, Apparatus, Antennas, Components and
Equipment, electronic and mechanical both on board and on land, Satellites for applications in
Telecommunications domains, the bservation of the Earth and Navigation, Study of biological
and technological sciences in orbit: for example, investigation of the effects of gravity on the
astronauts muscles and eyes, and the growth of roots for a plant in microgravity. In addition,
solutions for life in space are being considered, such as devices (water ac et) to protect the
human body from cosmic radiations and conceived for the future long term missions to Mars
and the Moon. Therefore, it is evident that Space is not only a specialized sector, with a
prevailing technical-scientific focus, but is aimed at supplying a variety of applications and
services of different nature. In fact, space programs, using available satellite data and scientific
and technological techniques, ta e on greater significance in regards to the growing possibilities
of developing applications and providing useful services to individuals, businesses and Public
Administrations, in response to a constantly growing public and private demand. It is significant
to understand the transition from ld to New Space Economy our society has witnessed since
the last 20 years. hile ld Space Economy was the product of large public investments, few
and big companies, limited competition and limited growth, the New Space Economy is a mix
between institutional and commercial budgets, several competing companies and a potentially
fast growth. This is what happened in the USA, where tens of billions of dollars of public
investment were the driving force to grow new space entrepreneurs in the shadow of NASA.
These people typically have already been successful in other sectors such as eff ezos
(Amazon), Elon Mus (PayPal) or Richard ranson ( irgin). Today these entrepreneurs are the
example that it is possible to have a return on investment with space startups. For the time
being, the debate on the New Space Economy is mainly supported by public bodies that
currently still deal with space. Currently, main actors of the New Space Economy are
Institutional entities involved in Space activities, while the new initiatives of the New Space
Economy remain limited and nested within a restricted number of space entrepreneurs.
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However, it is expected that more private parties will reach the mar et with innovative
initiatives. To have an idea of how companies and institutions can cooperate we report the case
of NASA s Commercial Space Transportation Service Program (C TS) which enabled
successful partnership with Space and rbital. Morgan Stanley
estimates that the global
space industry could generate revenue of 1.1 trillion or more in 2040, up from 50 billion,
currently.
3

THE SUBORBITAL SPACEFLIGHT SYSTEM

3.1

General

A suborbital spaceflight system allows quic access to space by reaching an altitude around
100 m ( arman Line) and returning bac to Earth after a few minutes of microgravity
depending on the specific system and tra ectory, hence with ta eoff and landing occurring at
the same site 4 . There are many initiatives worldwide based both on horizontal and vertical
ta eoff approach, but the most mature technologies have been developed by irgin Galactic
and lue rigin.
3.2

The Virgin Galactic Spaceflight System

The irgin Galactic Spaceflight system is based on horizontal ta eoff and landing air launch.
Air launch offers different advantages with respect to conventional launch, such as improved
flexibility, non dependancy on heavy infrastructures on ground and on meteo conditions. The
irgin Galactic spaceflight system is based on the SpaceShipTwo reusable spaceplane, which
is air launched by the hite nightTwo carrier aircraft ta eoff and landing occurr at the same
Spaceport. A compendium of specific air launched systems is described in 5 . The following
operational main phased can be identified :
Mated Horizontal Ta e ff from Spaceport and 60-90 minutes mated flight until
SpaceShipTwo release
SpaceShipTwo release at 15.000 m and hybrid roc et motor ignition, at
m
downrange from Spaceport
60 seconds of motor boost coast up to apogee (100 m)
-4 minutes of high quality microgravity
Total independent flight time:
Approximately 0 minutes.
Reentry ( 0 seconds) and glide to Spaceport (15 minutes)
Figure 1 shows a pictorial view of the irgin Galactic suborbital flight tra ectory.

Figure 1: irgin Galactic flight tra ectory
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irgin Galactic is conducting their flight tests from the Spaceport of Mo ave, and is currently
migrating part of their wor force to the Spaceport America which is going to be their
operational base in the USA. Commercial operations with passengers are expected to start end
of 2019, even though they have already flown NASA payloads under the NASA flight
opportunity program.An overview and strategic plan of Spaceport America is described in 6 .
3.3

The Blue Origin Spaceflight System

The main competitor of irgin Galactic in suborbital flight is as of today the lue rigin
system, with its capability of reaching the maximum altitude slightly above the arman Line.
lue rigin, LLC is an American-owned, privately funded aerospace development and
manufacturing company. The company is currently developing technologies to enable
commercial spaceflight with lower costs and increased reliability. lue rigin s est Texas
high-altitude roc et flight facility is located near the town of an Horn, Texas. The New
Shepard roc et ta es off vertically from the lue rigin launch facility in est Texas, lifting
the crew capsule in the s y. nce the roc et reaches the designated maximum altitude, the
capsule saparates from the roc et. hile the roc et begins its descent toward the Earth, the
capsule continues to hover until maximum altitude is reached and then falls bac to the ground
and lands supported by parachute system. Currently in Italy vertical ta eoff is not planned and
all on going activities are aimed at horizontal ta eoff and landing. The roc et ignites its engine
again to vertically land at the launch pad. Figure 2 shows the typical lue rigin mission
profile.

Figure 2: Typical lue rigin Mission Profile

3.4

Comparison between Virgin Galactic and Blue Origin Spaceflight Systems

oth irgin Galactic and lue rigin can be considered pioneers and leading operators in the
suborbital flight mar et. hile they both target space tourism and microgravity research as
main mar ets, they have some differences that it is wothwhile to analyse: irgin Galactic has
capability of flying six passengers plus two crew, is an air launched system with a throttable
roc et motor and starts its climb to space when released by the carrier vehicle at about 15 m
altitude from sea level the overal flight duration including the captive part is about 2.5 hours,
the microgravity phase lasts about 4 minutes, ta e off and landing occur horizontally. lue
rigin has 4 passenger capability with two crew, ta es off and lands vertically with an overal
flight duration of 11 minutes, minutes in microgravity. There are some differences in terms
of customer experience, such as the training phase that has a longer duration with irgin
Galactic (three days vs 1 day with lue rigin).
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THE ITALIAN SPACEPORT

A suborbital spaceflight iniziative has to be based on a Spaceport as operational base, which
features the proper infrastructures and capabilities to adequately support the operations of the
involved vehicles. The operational phases of a suborbital flight can be summarized as in Figure
.

Figure : Suborbital flight operation phases

Some of the operations phases are performed while the vehicles are sitting on ground and are
relevant to execution of maintenance and in general of the system turnaround to the next flight
some other phases are performed when the spaceflight system is on flight. However, each and
every phase require specific infrastructures and capabilities that pivot around the concept of
Spaceport. In particular, a Spaceport is considered the operational base not only for commercial
suborbital flights but even open to different evolutions and development and should:
Include the needed infrastructures and facilities to support the operations and their
evolution over time properly and efficiently support the evolving sector and
accommodate for a sustainable, future developments.
Provide all the requested functionalities to properly support the flight and ground
activities.
Provide an integrated environment for the development, research and experimentation
of aerospace technologies.
Provide opportunities for research and industrial development in the design and
manufacturing of new spaceflight vehicles and concepts.
In uly 2018 a Memorandum of Cooperation was signed between ALTEC S.p.A., irgin
Galactic LLC, Sitael S.p.A., to execute a irgin Galactic Spaceflight peration at the Taranto
Grottaglie Airport. ALTEC participates in the ENAC–led wor ing group to establish a
suborbital regulatory framewor in Italy and was involved in the Spaceport identification
process. The approach to the development of a regulatory framewor for the suborbital
operations in Italy is described in
. The initiative of establishing a support spaceflight
capability in Italy is stronlgy been encouraged by the Italian Space Agency (ASI) who gave
ALTEC the mandate to coordinate the activities to define and constitute a oint venture
Company to conduct spaceflight operations in the Country. Also, ALTEC will leverage on its
experience of previous ma or pro ects to manage the fleet ground segment and operations
support and specific Spaceport services once the initiative is in place.
Italy has a very favourable position, pretty much at the centre of the Mediterranean rim with in
general acceptable weather condition throughout the Country. Also, the touristic vocation of
5
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the Country may play a significant role in attracting potential tourists and to foster the suborbital
flight mar et. The establishment of a suborbital flight capability in the Italian territory may also
be a tremendous asset that provide easy access to mar ets relevant to space tourism,
microgravity experimentation, astronauts and pilots training 8 , and other experimental
aerospace activities, li e launch of satellites, thus in general enabling the Country as a Gateway
to provide access to Space. Many of the Italian candidate sites are located on the coast, which
is a big advantage in reducing the environmental ris and improving safety. The approach used
for the selection of a Spaceport in Italy was to evaluate existing sites and not building new
Spaceports from scratch. Considering the irgin Galactic operational requirements, several
civil and military airport sites were screened on the basis of the following main requirements
categories:
Airport area and surroundings (territory and population density)
Airport Configuration (runway length and altitude)
Climate and weather conditions (clouds, wind, rain)
Socio demographics: these are qualitative variables in nature but can be significant
to achieve final determinations. For instance the presence of aerospace districts, the
subsidiary activities, networ of suppliers, transport and communication,
international airports vicinity accessibility and tourist attraction availability.
The spaceport reference evaluation scenario was relevant to the operations of an air launched
suborbital spaceflight system li e irgin Galactic. The progressive exclusion funnel
methodology (Figure 4) was in particular applied to this case even though alternative methods
were proposed to ran different airport sites 9 .

Figure 4: Progressive funnel exclusion methodology

ne of the oldest in Italy, Taranto-Grottaglie Airport is located 4 m from the Grottaglie village
and 16 m from Taranto: In May 2018 the Airport of Grottaglie was officially designated by
the Italian Ministry of Infrastructures and Transportation as national spaceport for the
commercial suborbital flights the airport of Grottaglie is also considered National strategic
infrastructure. Among the main Spaceport infrastructure it is worth mentioning the Ground
Station and the Mission Control Center (Figure 5).
The Ground station consists of an antenna dish, a set of R F sources, an
positioner and
equipment necessary for receiving, transmitting and recording data (including a GPS receiver
for location and time synchronization of the station). The equipment will be integrated into
rac s and is completely controllable via station-supervising wor stations. The Ground Station
also features an peration Center to properly perform the relevant activities. The peration
Center includes all the equipment needed to perform the required mission operations, in
particular acquire and monitore the system and payload telemetry for the suborbital spacefligh
mission, and trac ing the tra ectory for integration with the Air Traffic Control systems.
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Figure 5: Ground Station and Trac ing antenna-Mission Control Center

5

FUTURE APPLICATIONS

A spaceport shall be regarded as an asset open to future technology evolutions in particular,
future generation transportation system 9 able to transport cargo and passengers between
different points on Earth at a much reduced transfer time is attracting more interest and is
triggering several studies. The evolution of the suborbital flight to a point to point requires
accurate studies focused of different aspects li e aerothermodynamics, thermal protection and
propulsion systems. Moreover in the future a single Spaceport may evolve into a networ of
Spaceports that act li e airports. According to U S extimations, the point to point mar et
prediction is around 20 ln by 202 0 competing with long distance airline flight. For sure
ey success factor for the development of point to point suborbital transportation is the
availability of a networ of properly featured Spaceports to allow the operations preparation
and execution, a proper harmonized regulatory framewor and of course cost competitiveness.
ther future application regards the satellites air launch, which consists of a carrier aircraft that
transports and releases at about 15.000 meters of altitude a totally expandeable multi stage small
launcher featuring the satellite to be placed on orbit. Depending of the specific system, the
launch can occurr in the spped range Mach 0.8-1.2. Italy is interested in developing a national
capability of satellite air launch and the Italian Air Force has commenced activities to lead a
pool of Italian Industries in performing a preliminary feasibility study which will be followed
by a proper implementation pro ect. The mar et forecast loo s promising, expecially in the field
of cubesats, but proper dedicated analyses will need to be carried of to build a suitable business
case. Even though the Spaceport requirements for suborbital flight still fit the satellite air launch
operations scenario, specific facilities have to be considered such as launcher and payload
assembly and integration and propellant loading provisions. The concept of a multi functional
spaceport has to include such functionalities.
6

CONCLUDING REMARKS

A suborbital Spaceflight Initiative in the Italian Territory is an unparalleled opportunity for the
Country to enter in the New Space Economy by ta ing advantage of the long standing
experience in aerospace and collaboration with Public and Private parties in advanced pro ects.
A suborbital Spaceflight initiative is centered around the concept of Spaceport as an aggregate
of infrastructures and services, flexible enough to support not only routine commercial
operations, but offering opportunities to develop new experimental initiatives for exploitation
of space. ALTEC wants to play a significant role acting as coordinator of suborbital spaceflight
operations with irgin Galactic, with support from its shareholders and in particular from the
Italian Space Agency. However, outfitting a suborbital spaceflight initiative requires facing
important challenges ranging from the setting up of a viable business case, to the identification
of the proper set of sta eholders and appropriate funding sources.
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ABSTRACT
The Mars Terrain Simulator (MTS) is an indoor analogue facility designed to reproduce the
Mars terrain characteristics at the ExoMars landing site and to support the daily ground
operations through rehearsal and troubleshooting on representative hardware and
instrumentation.
The MTS is part of a wider ground control facility known as the Rover Operations
Control Center (ROCC), where the operations of the ExoMars Rover will be monitored,
commanded and controlled.
The principal area is the Arena, a 20x16 meters zone covered with two soils that provide
different Rover wheels slippage conditions. The terrain can be adapted to create Mars soil
features, such as dunes, crevasses, ramps or hills. Slopes can be created using the Tilting
Platform, an 8x8 meters ramp tiltable up to 30 deg, while crevasses are generated using adhoc devices.
The drilling operations are executed on a defined zone, the Drilling Facility. The Rover
cameras optical tests are executed inside the Illumination Facility, a 4x4 meters area located
under the Drilling Facility.
The Rover operations are monitored using two sets of cameras mounted around the
Arena: 12 OptiTrack infrared cameras track the Rover motions, while 40 digital cameras
generate the MTS Digital Elevation Map (DEM).
Keywords: Exploration, Mars, Simulation, Rover.
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INTRODUCTION

ExoMars 2020 mission is a oint pro ect of the European Space Agency (ESA) and the Russian
Space Agency Roscosmos. This mission aims to deliver a European Rover and a Russian
surface platform to Mars, mar ing the beginning of an ambitious scientific exploration mission.
The Rover will arrive at the selected landing site and will start its surface mission after safe
landing and egress from the landing platform.
The Rover mission ob ectives are both technological demonstrations and scientific
investigations reference 1 , from . ago et al., recalls them in details, highlighting also the
scientific instrumentation available on board the Rover, the mission profile and the
characteristics of the proposed landing sites. To sum up, technological ob ectives span from
surface mobility demonstration up to samples acquisitions from sub-surface and their
preparation for scientific analyses. n the other hand, scientific ob ectives are mainly
addressing the search for signs of life, the so-called biosignatures , and the investigation of
the geochemical environment as a function of depth in the shallow subsurface.
1.1

Mission Summary Timeline

The ExoMars Rover will be accommodated in the Russian Lander. oth elements will be
integrated in a Spacecraft Composite (SCC) launched on a Proton roc et.
The one month launch window opens on the 25th uly 2020, with a direct in ection to a
Mars transfer tra ectory. The Spacecraft Composite landing on Mars is scheduled on the 19th
March 2021 early afternoon local time. n surface, the Rover will undergo some
commissioning activities and will egress from the Russian platform. After egress, Rover
operations are independent from the Lander ones. Surface operations will last 218 sols, with a
nominal end of Mission foreseen for the end of ctober 2021, before the beginning of the
Global Dust Storm Season.
1.2

ROCC role and functionalities

The Rover perations Control Centre (R CC), located in Turin at ALTEC premises, will be
the place where the Mars surface operations of the ExoMars Rover will be planned, commanded
and controlled. R CC operations will be designed and sized allowing a day-to-day
commanding of the Rover Module, in order to increase the scientific return of the mission and
to maximize the usage of the robotic platform during its nominal mission lifetime. Details about
the R CC tools, operations and their validation and simulation processes can be found in .
2

MARS TERRAIN SIMULATOR OVERVIEW

The Mars Terrain Simulator (MTS) is an indoor analogue facility located inside the R CC. It
is designed to represent, from a morphological and mineralogical point of view, some possible
terrain on Mars at the landing site and to support the daily ground operations through rehearsal
and troubleshooting on representative hardware and instrumentation.
The MTS facility is specially tailored to perform ExoMars Rover Ground Test Model
(GTM) functional testing and to give the adequate support to the Rover surface mission in case
of contingency.
The MTS has been properly implemented and equipped to simulate the following
Ground Segment, Engineering and AIT AI activities:
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Rover wheels deployment on the Landing Platform
Rover nominal and off-nominal egress from the Landing Platform
Rover positioning tests, path reconstruction and grid pattern
Remote mobility confidence End to End test
Drilling verification, sample collection and distribution to GTM payload(s)
Rover off-line nominal and non-nominal surface operations
Motion of the Rover and of its robotics parts
Rover climbing tests
Rover critical maneuvers simulation and validation.

(a)

(b)

Figure 1: (a) Mars Terrain Simulator – MTS, ExoTeR rover – ESA property (b) MTS layout

The MTS facility is composed of three areas, mar ed out in Figure 1 (b):
Arena: is the zone where the GTM functional tests will be performed
Equipment Area: is the zone dedicated to the support equipment disposition
MTS EGSE Area and Control Room.
3

MTS AREAS

The MTS Arena simulates the Mars surface physical characteristics and is the principal area
used to execute the Rover GTM functional tests. This large area is divided into two parts:
Main Arena, composed by the Sandy, Mobility 1, Mobility 2 and Landing Areas
Drilling one, hosting the Drilling Facility and the Illumination Facility
3.1

Main Arena

The Main Arena is a 20x16 meters zone covered with two types of soils in order to provide
different Rover wheels slippage conditions. The Main Arena is composed of a Sandy Area with
the Rheinquartz Phyllosilicates, a very fine sand, and a Landing Mobility zone filled with the
Pozzolana olcanic Tuff, a cloddy silty sand with gravel and roc s with size up to 0.5 meters.
The Sandy Area is a confined zone of about 5x6 meters, see Figure 2 (a). This area
represents the Martian unstable terrain where the slippage functional tests can be performed.
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(b)

(c)

Figure 2: (a) Sandy Area (b) Landing Mobility zone (c) Mobility 1 and 2 Areas, ExoTeR rover –
ESA property

The Landing Mobility zone comprises two Mobility Areas and a Landing Area with an
overall surface extendable up to 285 m2, shown in Figure 2 (b). In the Landing Area, it is
possible to simulate the Rover egress from the Lander moc -up. The Mobility 1 and Mobility
2 Areas have been designed to test the locomotion of the GTM. The sizes of these two zones
allow the Rover to travel up to a maximum distance of 25 meters in straight line.
The terrain in the Landing Mobility zone can be physically adapted as necessary to
properly simulate some Mars soil features so that it is possible to replicate the scenario that the
Rover will face on Mars.
The terrain is reconfigurable in terms of crevasses, sand, roc distribution, dunes, hills,
and ramps. The facility provides a set of instruments used by the MTS operators to accomplish
these tas s.
The MTS Facility is provided with a ridge Crane able to lift up to 10 tons and high 9.
meters from the floor. This device can support heavy activities inside the Arena and the
Equipment Area, such as lift the Rover GTM over the Drilling Facility and all around the Arena,
support all the activities related to the terrain reconfiguration and transfer all the equipment.
3.2

Drilling Zone

The Rover GTM drilling operations are simulated outside the MTS Main Arena on a defined
area, the Drilling one, whose sizes are 5.4x5.4 meters.
The Illumination Facility located under the Drilling Facility offers the possibility to
perform Rover cameras optical tests varying the illumination intensity and direction.

(a)

(b)

(c)

Figure : (a) Drilling zone (b) Slope of 10 deg in the Drilling Facility Sand ox (c) Drilling
tilt mechanism

ell and

The Drilling Facility is composed by a platform called Sand ox , located .5 meters
higher the Main Arena, and a cylinder, called Drilling ell, which is 2.1 meters long. The
Drilling ell is filled with different types of materials (e.g. Geyserite, Claystone, Gypsum, etc.)
disposed in layers in order to simulate Mars terrain stratigraphy. The Drilling ell can be
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maintained perpendicular to the soil surface by means of a removable tilt mechanism and a
graduated plate.
Scope of the MTS Illumination Facility (IF) is to simulate the illumination on Mars and
its effects on the GTM Rover optical elements. The sun light coming from different directions
on Mars surface is simulated with 28 dimmable LED lamps mounted on the ceiling and on each
corner column of the IF. The LED lamp provides a color temperature in the range 40004500 , a light intensity up to 8000 lx with full power (100 ) and a spectral daylight
distribution.
Two light intensity sensors are installed inside the IF. They can be moved to cover all
the IF internal volume: this allows to monitor the light intensity and color temperature
parameters in all the IF points.
The MTS is also provided with a moveable light system for the creation of shadowing
effects inside the Arena. This light system allows reproducing the sunrise and sunset conditions.

(a)

(b)

(c)

Figure 4: (a) Illumination Facility (b) Shadowing effects with the moveable light system (c) Sunset in
the MTS Arena, ExoTeR rover – ESA property

The Equipment Area is a specific zone where all the MTS mechanical and electrical
support equipment are stored. The support equipment are used to create crevasses or slopes
inside the Main Arena.
ne of the most important element available in the Equipment Area is the Tilting
Platform, an 8x8 meters platform designed to create quic ly large slope. The structure is tiltable
up to an inclination of 0 deg and it is covered with 20 cm of Pozzolana. This specific
equipment is used for the execution of the Rover GTM climbing test and egress procedure in
different inclination scenarios.

(a)

(b)

(c)

Figure 5: (a) Tilting Platform inclined at 0 deg (b) Crevasse of 15 cm depth created with the
crevasses generator (c) Slope of 10 deg created with the slope generator

The MTS facility is provided with an EGSE Area and a Control Room located close to
the Main Arena.
The EGSE area, size about 10 m2, hosts the GTM EGSE elements powered by the
available power supply. The EGSE will provide the commands to the GTM during all the test
activities through umbilical cables.
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The MTS Facility is able to receive (or retrieve) from the other R CC Control Rooms
all the data required for the setup of the MTS facility in support of the planned activity (e.g.
images, environmental conditions, terrain behaviour, etc.): this is possible than s to the
availability of the wor stations located inside the MTS Control Room. In these specific
machines are installed S and tools that allow controlling all the 56 cameras mounted around
the facility. These optical systems are called the MTS Arena Systems.
4

MTS ARENA SYSTEMS

The MTS Arena Systems are composed by:
Measurement Cameras System, to trac the motion of D ob ects inside the Arena
Modelling Cameras System, to generate the Digital Elevation Map (DEM) of the
Arena
Ambient Cameras System, to record and monitor the tests inside the Main Arena.
All these systems are characterized by a set of different hardware components and software
(C TS or developed from scratch) whose usage will be clearly presented in the next sections.
The Arena Systems devices are installed over the gantry, a four meters high metallic
modular structure composed by aluminium beams mounted all around the Main Arena.
4.1

Measurement Cameras System

The Measurement System is used to trac the motion of specific items located inside the MTS
Arena. This trac ing is done in real-time with an accuracy of 4 mm in position and 1 deg in
orientation. A set of 12 ptiTrac infrared cameras have been installed on the gantry around
the Arena in order to trac the ob ects motion in all the Main Arena areas.
The ptiTrac cameras wor s in the infrared band of the electromagnetic spectrum,
then this system is able to detect reflective mar ers. It is possible to group individual mar ers
into rigid bodies defined prior to trac ing, e.g. the Rover GTM: ob ects are usually made of
four to six mar ers and the system can improve the accuracy against noise by combining the
position of the multiple mar ers giving the position and orientation of the ob ect as a whole.
The main operations of the MTS ptiTrac Measurement System are the following:
calibration of the cameras
trac ing of specific elements in the Arena and definition of a rigid body
chec of distances and angles
setting of the axes origin in the MTS absolute reference system
alignment of rigid bodies to the MTS axes.
Ten ptiTrac Prime 1 cameras and two ptiTrac Prime 1
cameras have been
identified as the baseline for the MTS Facility. The Prime 1 cameras are those used for the
GTM trac ing inside the Main Arena (from 1 to 10) and they are all disposed over the four
meters gantry. Cameras 11 and 12, Prime 1 , are characterized by a wider field of view and
are dedicated entirely to trac the Rover GTM inside the Drilling Facility Sand ox. These two
cameras are located at a height of 6 meter on a structure that is not part of the Drilling Facility
itself in order to prevent vibrations caused by tests that are on-going or operators that are
wal ing over the structure.
The MTS Measurement System uses the C TS system Motive:Trac er from ptiTrac
to do the real-time trac ing of ob ects. This is also used for the calibration of the system.
The motion trac ing of the Measurement System can be directly controlled through the
interface of the Aberystwyth System for MTS (AS4MTS), a software system specifically
developed by DEL Aberystwyth University for the MTS purposes. The AS4MTS allows to
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start stop the trac ing of specific ob ects, to log and save the D pose in terms of xyz
coordinates and yaw, pitch, roll angles.

(a)

(b)

Figure 6: (a) ptiTrac cameras Field of iew (b) GTM moc -up trac ed with Motive:Trac er

The Measurement System outputs are used, as a ground truth, for a comparison with the
data available inside the rover telemetry to chec the trend of the errors introduced by the heel
dometry and isual dometry. Than s to these cameras, it is possible to reset the rover pose
replicating the mission operation processes called Rover Absolute and Relative Localisations.
4.2

DEM Cameras System

The use of many digital cameras couples whose images are processed as input by stereoalgorithms is the approach identified as the baseline for the MTS Modelling System.
The DEM generation process is done by creating points cloud from pairs of cameras
located at a certain distance from ground pointing the same area. The absolute position of the
cameras, computed after the completion of the calibration procedures, allows the positioning of
the points in the arena coordinate system. The MTS DEM is then computed using the aligned
point clouds. The accuracy of the calibration procedures and the resolution of the cameras affect
the quality of the DEM: the required accuracy is equal to 5 cm.
Twenty pairs of A G-125 1.2 Mpixel camera, with lenses giving approximately a field
of view of 0 deg horizontally, have been located on the gantry around the Arena to provide
the adequate terrain coverage and satisfy the accuracy requirement.

(a)

(b)

(c)

Figure : (a) MTS DEM generated by the Modelling System cameras (b) D visualization of Rover
GTM motion (c) Heat map viewer

The Modelling System allows to acquire, display and save the DEM of the MTS Main
Arena. It is also possible to load and display a DEM acquired by the PanCam ExoMars Rover
and, as consequence, compute the heatmap between the MTS local DEM and the PanCam
mission DEM in order to replicate in the MTS the scenario that the Rover is facing on Mars. A
D visualization tool enables to show, with a freeview camera, the Rover GTM position over
the MTS local DEM.
The DEM Cameras System gives the capability to reproduce, inside the MTS Facility,
the Mars DEM acquired by the PanCam so that troubleshooting can be performed in case of
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contingency. In this scenario, it is possible to reconfigure the MTS terrain combining the output
produced by the Modelling System and the Measurement System by means of a reshaping tool.
In particular, using a pointing wand, the MTS operators can receive a live feedbac about the
terrain height so that they now where it is necessary to add or remove the sand.
4.3

Ambient Cameras System

The Ambient Camera Systems consists of four HD cameras positioned on the four corners of
the MTS Arena gantry, one N R device and two S interfaces in the MTS indows machine.
The
ISI N C1080S20cameras are the selected baseline, with the following
PT capability: a pan range of 60 deg, a tilt range of about 90 deg and a 20x optical zoom.
5

CONCLUSION

This paper has provided an overview of the current MTS design and its associated operations,
processes and test activities.
The equipment designed and manufactured together with the developed software and
the selected technologies ma es the MTS Facility a unique indoor Mars-li e facility to perform
Rover functional test (e.g. locomotion, egress, climbing, drilling) and to support the surface
mission replicating the contingency terrain scenario faced on Mars.
The MTS facility is currently ta ing part in the R CC validation phase consisting of a
set of integrated and End-to-End tests. An extensive simulation campaign will also ensure the
correctness of processes and procedures, providing also the right level of confidence and
training to the team of R CC operators, ensuring a smooth Rover surface mission execution.
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ABSTRACT
This paper illustrates the architecture of Navex-1000, an Inertial Navigation System embedding
a GNSS receiver. The system is completely designed and developed in Italy and it is conceived
to be ITAR-free. Navex-1000 is a self-contained, all attitude, worldwide, strap-down navigation
system providing estimates of position, attitude, heading, angular rates, linear velocities and
accelerations. Three different navigation solutions are available: a solution purely based on
inertial data output of the embedded IMU sensor, a hybrid solution exploiting both inertial and
GPS data, and a pure GPS solution. Expected performance has been computed and validated
through extensive simulations.
Keywords: Inertial Navigation, INS/GPS, Kalman Filter, System Architecture
1

INTRODUCTION

This paper presents Navex-1000, a navigation system designed and developed by Northrop
Grumman Italia (NGI). Navex-1000 is a self-contained, all attitude, worldwide, strap-down
Inertial Navigation System (INS) embedding a navigation grade Inertial Measurement Unit
(IMU) and a TSO GNSS receiver. The IMU is based on Fiber Optic Gyroscopes (FOG) and
MEMS technology accelerometers. The system exploits GNSS signals from GPS, GLONASS,
Beidou and Galileo Open Service, including SPS and PRS solutions. In this configuration, the
system is ITAR-Free. If required, in case ITAR-restricted hardware could be used, the system
could be easily reconfigured to embed a SAASM GPS receiver. The design and development
process for Navex-1000 has been carried out focusing on the possibility to easily reconfigure
the system, in order to maximize customer satisfaction and extend system capabilities. As a
matter of fact, the system can host the Jeppesen database, which provides navigation charts,
and/or a Terrain Reference Augmentation System (TRAS), exploiting measurements coming
from a radar altimeter to deal with GPS-denied environments. Future developments also include
the introduction of an embedded air data computer.
Navex-1000 is designed to provide several estimates of the system state, including
position, attitude, heading, angular rates, linear velocities and accelerations. Three different
navigation solutions are provided and described in what follows.
Free-Inertial: a navigation solution based on the sole IMU sensor, certified according to
DO-178C Design Assurance Level (DAL) A.
Hybrid: a blended inertial/GNSS navigation solution, certified according to DO-178C,
using also GNSS data. DAL is upgradable, depending upon the certification level of
GNSS receiver.
pure GPS: navigation data of GNSS receiver certified according to DO-178C DAL C.
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The Free-Inertial solution exploits an Extended Kalman Filter (EKF) to obtain rough estimates
of biases and scale-factors of the IMU sensors during a full-performance on-ground alignment
(Gyro Compassing). The core of the Hybrid solution is a tightly-coupled EKF which combines
IMU and GPS measurements, estimating in-flight sensors biases, scale factors and
misalignment errors. This navigation solution is robust against external disturbances such as
GPS outages.
A certified Real Time Operating System (RTOS) guarantees the segregation of the
output solutions with different design assurance levels. In order to do so, the software is
organized into partitions to separate the INS DAL A solution from the EGI and GPS DAL C
solutions. Moreover, the hardware of the system is certified according to the DO-254 level A
standard to comply with the presence of complex hardware, such as FPGA. The system is
therefore designed to fulfill TSO certification requirements.
To guarantee suitable flexibility to comply with both civilian safety requirements and
tight military environmental requirements, the system is designed to satisfy both DO-160G e
MIL-STD-810 G standards.
NGI has also developed a simulation software that emulates system algorithms, in order
to perform an optimal off-line tuning of the Kalman filters, and a Hardware-In-The-Loop
(HWIL) facility. System performance will be tested through extensive simulations with
appropriate Monte Carlo runs.
2

SYSTEM ARCHITECTURE

Navex-1000 can be described from a high-level point of view by analysing two of its main
features: software partitioning, which takes into account the input-function-output behaviour
mostly, and hardware modularity, which considers the electronic modules and physical
interfaces involved.
2.1

System Configuration

The complete configuration of Navex-1000 system consists of the following distinct units.
Navex-1000 Inertial Navigation Unit (INU): the actual self-contained strap-down
inertial navigation system, with embedded GNSS receiver, all in the same chassis.
External SAASM GPS receiver (provision).
Configuration Module (CM): for installation-dependent configuration data storing.
2.2

Software Partitioning

From the software functional point of view, the system is structured as depicted in Figure 1.
Navex-1000 allows for the two GNSS receivers to be embedded or external. A common
configuration (solid line) is the one with an embedded TSO receiver, for civil application, and
external SAASM receiver, for military application, to preserve the ITAR-free feature of the
system.

2

123

A Navigation Grade ITAR-free INS/GPS System
Designed and Developed in Italy

Mattei, Scibona,
Lucchesini, Tonelli

Figure 1 : Software functional architecture of Navex-1000

Integration with GPS allows NAVEX-1000 to provide high accuracy hybrid INS/GPS
navigation solution based on an Extended Kalman Filter tightly coupled to GPS data. Use of a
tightly coupled EKF guarantees a high grade of accuracy almost in any condition of satellite
visibility, as data fusion becomes effective also if a GPS Position fix is not available (less than
4 satellites in view). Through such Kalman Filter it is also possible to improve in-flight
estimation of instrument calibration errors, providing navigation grade accuracy also during
long term GPS outages or disturbances. Navex-1000 software is composed of three distinct
platforms:
Free-Inertial platform, providing the pure inertial navigation solution (FI solution).
EGI platform, providing the Embedded-GPS Inertial solution (Hybrid solution).
GPS-only platform, providing the pure GPS solution.
The software modularity reflects the separation of the three navigation solutions. The
Free-Inertial platform has been designed to provide a navigation solution accuracy of 0.8Nm/hr
(CEP50), enough to fly in areas where GPS signal is not available. Such navigation accuracy is
suitable for integration with automatic flight control systems. The FI platform is qualified to
the highest level of design assurance (DAL A) both for hardware (DO-254) and software (DO178C). To maintain inertial data integrity, this platform is not using GPS data, as this will
degrade the design assurance level of outputs provided to flight control systems.
The EGI platform is fully integrated with external or internal GNSS. Provisions allow
integration of embedded SAASM and SPS GPS Receiver, or external SAASM and TSO
certified GPS Receiver. This platform, which provides the most accurate navigation solution,
is software-qualified to DO-178C level C.
The GPS-only platform inherits the software design assurance level of the GNSS
receiver used: level C for SAASM GPS (not qualified according to DO-178C) or level B for
TSO certified GPS.
The software relies on a Real Time Operating System (Integrity RTOS from Green
Hills), which is certified according to DO-178C level A, and ensures complete separation of
the software modules, thus guaranteeing that data integrity is preserved during software
execution.

3
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The software is partitioned in order to safely isolate level A platforms from level C data,
therefore avoiding, for instance, contamination of pure inertial data with GPS data. Software
partitioning guarantees also design flexibility and code re-usability.
The Input / Output management software, relying on ARINC-429, is also DO-178C level A
qualified. The configuration of output messages can be done according to customer
requirements by composing output data coming from the three navigation solutions.
Programmability of system output has been made easy by means of a dedicated Configuration
Module, which is described in detail in section 3.
The NAVEX-1000 is also hosting the database for the NOAA (National Oceanic and
Atmosphere Administration) World Magnetic Model, used to compute local magnetic variation
and magnetic heading, when external magnetic input is not available.
2.3

Hardware Modularity

The core of Navex-1000 system is the Inertial Navigation Unit (INU), which consists of the
following main modules:
Inertial Sensor Assembly (ISA, mounted on a rugged, vibration isolated sensor block),
Navigation CPU and I/O board (NAV&I/O),
Power Supply board (PS).
The structure of the hardware functional architecture is completed by the embedded
GNSS receiver, as depicted in Figure 2. The main advantage of this design is modularity:
changes at hardware level, i.e. GNSS receiver or IMUs, do not have relevant impact at software
level, thanks to suitable partitioning and shared memories management. This leads to desirable
flexibility at hardware integration level. Navex-1000 concept and exploded view is illustrated
in Figure 3.

Figure 2: Hardware functional architecture of Navex-1000 INU with embedded GNSS receiver.

4
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Figure 3: Exploded view of Navex-1000 INU.

The Configuration Module contains a non-volatile memory where all installation/configuration
data are stored. These configuration data, read at power-up, are stored with a redundant
approach, so to provide robust consistency check at start-up which prevents using wrong or
corrupted data. In case of INU failure, the presence of the CM avoids the repetition of INU
installation procedures, such as updating mounting configuration parameters, since the CM can
be transferred from the failed unit to the replacement one.
Data contained in the CM are:
INU to body frame boresight angles and lever arms
INU to GNSS antenna lever arm
World Magnetic Model coefficients
Output ICD Data (Labels and Filtering)
Additional data tailored to customer needs
The NAVEX-1000 is delivered by NGI with a factory programmed CM. To ease system
installation on the host vehicle, NGI provides a guided procedure that can be executed on-site
using a generic laptop. The CM is an integral part of NAVEX-1000. All qualification tests are
performed with the CM connected to the system.
3

SYSTEM PERFORMANCE

The NAVEX-1000 operating conditions and performance are specified below.
3.1

Flight Vehicle Operating Conditions

The NAVEX-1000 operates within the following vehicle operating conditions: temperature
from -40°C to +71°C, altitude from -1000ft to 65000ft. Worldwide coverage.

5
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Flight Environment

The NAVEX-1000 operates within the following operational flight envelope: speed up to 1200
m/s, load factors from -10g to +10g.
3.3

Dynamic Operating Range

The NAVEX-1000 operates within the following operating ranges: pitch ± 90 degrees max, roll
± 180 degrees max, yaw 0 to 360 degrees range. Angular rates: 7 rad/s. Linear accelerations: ±
10g.
3.4

Free Inertial Solution Accuracy

Free Inertial navigation solution accuracies (RMS whenever unspecified) are reported in Table
1.

Horizontal Position
Horizontal Velocities
Inertial Altitude
Inertial Vertical Speed
True Heading
Mag Heading
Attitude (Pitch, Roll)
Body Acceleration
Body Rates

0.8 Nm/hr (CEP50)
1 m/s
36 m
1 m/s (2)
0.2 deg
1.0 deg (1)
0.05 deg
2 mg
0.02°/s

Table 1: Free Inertial solution accuracy (RMS). (1) Excluding residual error after Magnetic Variation
compensation (WMM database is used to compute Magnetic Variation). (2) Inertial Vertical Speed
accuracy is intended with pressure altitude available.

3.5

Hybrid Solution Accuracy

Hybrid solution accuracies (RMS whenever unspecified) are reported in Table 2.
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0.05 deg
0.1 m/s
5m
10 m
0.1 m/s

Table 2 : Hybrid solution accuracy (RMS).

4

SIMULATIONS

In order to minimize aircraft flight test activities for Kalman Filter tuning, NGI developed an
Hardware-In-the-Loop (HWIL) laboratory setup to perform simulation of system performance
using real flight data (see Figure 4).
Simulated sensor is a navigation grade IMU with the following performance.
Gyroscopes range and accuracy (RMS): Range: ±400 deg/sec, Bias: 0.005 deg/hr,
Scale Factor: 20 ppm, Random Walk: 0.0008 deg/sqrt(hr).
Accelerometers range and accuracy (RMS): Range: ±20g,
Bias: 100 μg, Scale
Factor: 50 ppm, Random Walk: 5 μg /sqrt(Hz).
Low and medium dynamics trajectories have been simulated. Results in terms of radial
position error of the Free-Inertial solution are shown in Figure 5 and Figure 6. It is important
to stress that for high-dynamics trajectories simulations, not shown in this work, results have
been proved to be even better, since the EKF estimates of biases and scale-factors are helped
by the persistency of excitation principle.

Figure 4 : Navex-1000 Hardware-In-The-Loop setup

7

128

A Navigation Grade ITAR-free INS/GPS System
Designed and Developed in Italy

Mattei, Scibona,
Lucchesini, Tonelli

Figure 5: Low dynamics trajectory results.

Figure 6: Medium dynamics trajectory results.

5

CONCLUSIONS

A navigation grade ITAR-free INS/GPS system architecture designed and developed in Italy
has been presented. Navex-1000 design modularity yields suitable flexibility to meet different
customer needs and allows potential growth capabilities. Simulation results show the
performance effectiveness of the Free-Inertial navigation solution.
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ABSTRACT
Researchers and engineers design modern aircraft wings to reach high levels of efficiency
with the main outcome of weight saving and airplane lift-to-drag ratio increasing. Within the
framework of Clean Sky 2 (REG-IADP) European research project, a novel multifunctional
morphing flap technology was investigated to improve the aerodynamic performances of the
next generation Turboprop regional aircraft along its flight mission. The proposed true-scale
device (5 meters span with a mean chord of 0.6 meters) is conceived to replace and enhance
conventional Fowler flap with new functionalities. Three different functions were enabled:
overall airfoil camber morphing up to +28° (mode 1), ±10° (upwards/downwards) deflections
of the flap tip segment (mode 2), flap tip twist of ±5° along the outer flap span (mode 3). The
proposed structural concept consists of a multi-box arrangement activated by smart ribs with
embedded inner mechanisms to realize the transition from the baseline configuration to
different target aero-shapes while withstanding the aerodynamic loads. Lightweight and
compact actuating leverages driven by electromechanical motors were properly integrated to
comply with demanding requirements for real aircraft implementation: minimum actuating
torque, minimum number of motors, reduced weight, and available design space.
Keywords: airfoil camber morphing multi-functional flap tip adaptive twist
1

INTRODUCTION

Aircraft versatility is growingly becoming an added value for daily operations.
To date, airplanes are provided by numerous control systems which enable wing adaptation
for several flight conditions. In fact, lifting devices such as flaps, slats, aileron and spoilers,
are essential to increase wing chord, camber and therefore the lift distribution during the
entire mission envelope. However, several new sensors, control systems, and new actuators
have been developed over the last few years. These developments allow designers to
distribute actuation forces and power optimally and more efficiently.
The next technological challenge worth to be embraced is to switch to a more or all-electric
aircraft. The first step, to be tac led, is the replacement of the heavy conventional hydraulic
actuators with a distributed span-wise arrangement of smaller electromechanical actuators
(EMAs). This will bring several benefits at aircraft level. First of all, a full electrical system
reduces classical drawbac s of hydraulic systems and overall complexity, also providing
maintenance benefits. Lac of supply buses, improved torque control, enhanced efficiency,
removal of fluid losses and flammable fluids are only some of the benefits that can be
achieved with (EMA) actuators.
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n the other hand, a general limit of the electro-mechanic actuators is the possibility of
amming or failures that can lead to critical conditions, as well as the limited electromechanical power provided. ased on (EMA) actuators, a novel device capable of answering
at aircraft versatility demand providing several morphing modes can bring several benefits
along the flight mission profile 1 .
Nowadays, modern transport aircraft wings have reached near-pea levels of energyefficiency and further improvements seem extremely difficult to obtain. Indeed, aircraft wings
are still designed with a fixed geometry fully optimized in only a few design points, which
may not be so optimal for the entire flight mission. Therefore, whereas an aircraft operates in
off-design conditions, sub-optimal performances lead to an increase of fuel burnt with impacts
on air-pollution and aircraft operative costs. Morphing the shape of the aircraft wing during
flight represents a very promising strategy to achieve some benefits throughout the entire
aircraft mission 2 .
In the past decades, innovative strategies have been considered: for example, as well
documented in
, smart materials theoretically permit to accomplish smooth variations of
the geometry even in presence of large displacements distributed over a wider portion of the
wing. However, the design of smooth control-surface geometry variation by means of smart
materials or compliant structures must stri e a balance between enough structural stiffness to
withstand the external aerodynamic loads without appreciable deformations (or arising of
aeroelastic instability issues) and enough flexibility that would allow small actuators to
achieve sufficient camber changes for aerodynamic control. Compared to compliant
structures, rigid-body mechanisms offer a direct solution to the morphing paradox. Actuation
is usually carried out via a lever mechanism driven by load-bearing actuators combing load
carrying and actuating functions 4 . Fewer actuators are typically required to control the
morphing process whose overall benefit expected on the system level drives the additional
mass, volume force and power required by the actuation system, 5 6 .
ithin the framewor of the TI-Clean S y pro ect , Green Regional Aircraft Low Noise
Configuration domain (201 -2016), the design and technological demonstration of an
innovative architecture of the outer flap section for the next generation open rotor green
regional aircraft (EASA CS-25 category) was proposed 8 . This prototype represented a
promising structural architecture to be potentially implemented on large civil aircraft. This in
force of its high reliability from the structural, actuation and control standpoints. n the other
hand, weight and complexity of the finalized system could eopardize the aerodynamic
benefits obtained at aircraft level. For this reason, targeting to an even more mature product, a
new architecture was investigated within the Morphing Structures
P 2.1.2, Clean S y 2.
2

OBJECTIVES

According to the challenging goals to improve aircraft high lift performances (maximum
attainable lift coefficient and stall angle) and noise emitted by the high-lift system, the driving
idea was to replace a conventional double slotted flap with a single slotted morphing flap.
In the framewor of the AirGreen2 pro ect (Clean S y 2 REG-IADP), a novel multifunctional
morphing flap technology was investigated to improve the aerodynamic performances of the
next Turboprop regional aircraft (90 passengers) along its flight path. The main ob ective was
to prove the feasibility of a novel full-scale high-lift device with the main advantages,
compared to a conventional flap, to enable:
Multi-modal capabilities (i.e. several modes for different needs)
Multi-zone shape morphing (i.e. selective shape activation of specific zone).
The novel morphing flap system added new and more demanding functionalities.
Three different modes were considered (Figure 1):
Mode 1: overall airfoil camber morphing (up to 28 equivalent rigid deflection)

2
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Figure 1: Three Modal Morphing Flap ( MMF): wor ing principles.
Mode 2: 10
10 (downwards upwards) deflection of the flap tip segment (from
the 90 to 100 of the local chord)
Mode : Tip twist ( 5 along the outer flap span)
Morphing mode 1 (see Figure 1) is supposed to be activated when the flap is deployed during
ta e-off and landing only to enhance A C high-lift performances also allowing for steeper
initial climb and descent, noise-abatement tra ectories. Than s to this function, more airfoil
shapes are available at each flap setting and therefore a dramatic simplification of the flap s
deployment systems may be expected: actuation trac s could be hosted into wing airfoil shape
without external fairing needs. asically, very simple conventional trac systems (i.e. curved
beam) without external fairings are not able to comply with high-lift requirements in landing
and ta e- off configurations therefore, further increase in high-lift performance are obtained
using the overall airfoil camber morphing (mode 1) in the Fowler flap extended configuration.
Morphing modes 2 and (see Figure 1) are related to the last chord-wise segment of the flap
and are activated in climb, cruise, and off-design flight conditions when the flap is stowed in
the wing. Than s to these modes, load control (LC) functionalities may be implemented to
improve wing aerodynamic efficiency.
3

METHODOLOGY

Morphing systems are called to enable changes of the external shape of the structures while
preserving their capability to withstand the external loads. The three modal morphing flap
( MMF) system was characterised by three main features, optimally integrated:
Smart rib: The core of the MMF layout, morphing the entire flap structure as an inner
movable articulation.
Multi-box arrangement: the s eleton of the MMF layout with the main goal to
provide the overall load-bearing property and host the actuation systems.
Through Shafts Actuation System: the element of the MMF layout which guarantees
the mechanical power for transition from the baseline to target shapes.
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(a) Smart Rib

(b) Through shafts

(c) Multi-boxes arrangement
Figure 2: MMF final demonstrator: main features.
The research starts with the analysis of requirements, performance required, and industrial
needs for enabling proper characteristics of the Three-Modal Morphing Fowler Flap ( MMF).
Starting from the external aerodynamic shape, main design constraints were identified, and
the preliminary concept was proposed.
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After that, the preliminary structural layout was defined main effort was placed on the
assessment of the actuation system and the structural architecture at limit and ultimate
operative load conditions: limit aerodynamic loads were evaluated by means of high-fidelity
CFD for landing configurations, and DLM code for dive speed flight conditions. Ultimate
loads were obtained by applying a contingency factor of 1.5 to the limit ones.
The proposed structural concept consists of a multi-box arrangement activated by smart ribs
with embedded inner mechanisms to realize the transition from the baseline configuration to
different target aero- shapes while withstanding the aerodynamic loads. Lightweight and
compact actuating leverages driven by electromechanical motors were properly integrated to
comply with demanding requirements for real aircraft implementation: minimum actuating
torque, minimum number of motors, reduced weight, and available design space.
The methodology for the inematic design of the inner mechanisms is based on a building
bloc approach where the instant centres analysis tool (Figure ) is used to preliminary select
the locations of the hinges leverages. ecause actuation power and structural integrity are of
paramount importance for full-scale morphing systems, the design of the inner mechanisms
was driven by an energy efficient approach for mechanical advantage improvement (Figure 4)
as well as an element-based force analysis for structural assessment.
The finalized design of the smart rib was assessed by means of preliminary finite element
models to support the definition of the mechanical arrangement of the inner mechanisms and
the interface between the actuation system and the structural s eleton. Finally, the mechanical
arrangement of the through-shafts actuation system was defined with integration of properly
selected Commercial ff-the-Shelf (C TS) components (rotary hollow shaft brushless
motors, and HarmonicDrive gearboxes).
Finally, reliable Finite-Element models were developed to assess the structural integrity of the
complete device under the actions of aerodynamic limit loads as per part C of EASA
certification specifications, part 25. Actuating torques required for morphing operations were
estimated and compared with the ones evaluated in the preliminary design of the actuation
systems.

Figure : Evolution of instant centres along the Aronhold- ennedy lines.

5
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Figure 4: Mechanical Advantage evolution for inner mechanism IM2.
4

RESULTS

The final MMF layout resulted from the optimal integration of these components leading to
several improvements compared to the bi-modal flap prototype developed during the Clean
S y 1 (GRA-ITD, LNC) 8 :
weight reduction of 5 compared to the bi-modal flap
reduction of installed power than s to only six motors required (instead of 12 required
in case of a design solution proposed for the bi-modal flap)
more relevant camber morphing capabilities: full-camber morphing leading to 28
equivalent rotation of the entire flap (instead of the 14 obtained for the bi-modal
flap), 10 flap tip deflection (instead of 8 )
new morphing mode: 5 tip twist along the span-wise direction enabled by the
Adaptive Twist composite Tab (ATT) structural concept.
Following the final concept assessment, the novel device was able to provide 10 :
1.1 fuel reduction because of lower aerodynamic drag obtained by a rational
combination with a fairing-less deployment system
12 high-lift performance improvement in landing configuration
2 aerodynamic efficiency improvement in high-speed climb, and cruise conditions.

Figure 5: Adaptive Twist composite Tab (ATT) structural concept 10 .
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5

CONCLUSIONS

The design of a Three-Modal camber Morphing Flap ( MMF) was outlined in this paper.
Starting from the bi-modal flap architecture experimentally validated by means of Ground
Static Test (GST) during the Clean S y 1 (GRA-ITD, Low Noise Configuration domain)
research pro ect 8 9 , the novel MMF concept was conceived according to the design
challenges posed by real wing installation. The MMF investigation domain consisted in the
full-scale outboard flap region of a turboprop regional aircraft spanning 5.15m from the wing
in , with a root chord equal to 0.8 m and a taper ratio equal to 0. .
The minimum design space at the tip section of the outboard flap resulted
smaller than
the minimum room available at the tip section of the bi-modal flap (conceived for the next
generation GRA, 100-seats, pen Rotor configuration). This resulted in a more challenging
design effort for the new MMF concept. In addition, this new concept was required to further
develop and mature the integration of morphing technologies on next regional aircraft.
For this reason, a complete re-design of the architecture was required with the main outcome
to fulfil more demanding industrial requests:
integration of a fairing-less deployment system
reduction of the installed power than s to a lower number of actuators, minimization
of spare parts
enhancement of the overall system robustness, simplification of the overall flap
assembly.
A methodology, based on a three-steps loop process, was defined for the robust, reliable, and
fast structural design of the smart rib: the core of the adaptive system.
The proposed architecture implements several shape morphing modes, with the main
advantage of enabling also a multi-zone morphing: if the Fowler flap is stowed in the wing,
only the tip segment can be properly controlled. Indeed, the multi-zone capability of this
device is a ey-point that highlights the advantages of such device if compared to compliant
structures. Distributed actuators are adopted to activate the rigid-body motion of stiff lin ages
hosted within the smart rib. This strategy allows to reduce the penalties of compliant-based
structures: high actuation power, limited fatigue life, and (potentially detrimental) aeroelastic
impact at aircraft level.
The completely new and different ey-aspect is the high-level integration of the actuation
system within the structural s eleton. Each hollow-shaft rotary brushless motor provides the
control authority for a large span-wise extension (up to
) of the morphing system. A eypoint was the integration of a hollow-shaft Harmonic-Drive gearbox on each rib bloc plate.
The structural integrity of each actuation system (for instance, the inner mechanism with the
Harmonic-Drive gear box) was proved for the more demanding limit load conditions 12 .
The MMF concept used in combination with a fairing-less deployment system can provide
up to 1.1 fuel reduction, if compared with a conventional technology, and improve the
airplane aerodynamic efficiency up to 2 (because of chordwise extension of laminar flow)
when load control functionalities are activated on the tip segment 10 .
In addition to fuel savings, analyses by other researchers have shown that the multi-functional
tip segment could also enable adaptive maneuver load alleviation leading to at least 15
reduction of wing root bending moment 1 . Two main positive impacts can be then
expected to be brought by this novel technology:
• To retrofit outdated aircraft (ATR-42, ATR- 2) for improving fuel efficiency and for
extending fatigue life (than s to the root bending moment reduction) both aspects will
have significant benefits on direct operative costs (i.e. fuel, and maintenance
schedule)
• To support future clean sheet optimized wing design for maximum aerodynamic load
advantage.
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ABSTRACT
In this study the effects of gravitation on low lunar orbits are analysed.
The analysis has been done using AT AB and G AT software.
The evolution of the main eplerian parameters has been observed, as a function of time,
depending on the influence of gravitational perturbations and the surrounding bodies.
or the relative acceleration of the orbit has been used the
spherical harmonics from
the unar rospector mission, started in
.
Keywords: gravitation, perturbation, Moon, orbits
1

INTRODUCTION

In this study the behaviour of low lunar orbits is analysed.
Starting from the characteristics of this type of orbits, is remar able the negligibility of the lunar
atmosphere, the presence of the Earth, and the non-uniform crustal density. The first one is
helpful because permits the usage of orbits with a low altitude, because the atmospheric drag is
totally negligible. The second one implies the contribution of the Earth in the stability of the
orbit as will be seen further in this study, this effect is totally not negligible, in certain condition
it could help the orbital survivability. The latter, most important in this study, says that the
Moon s crust is not uniform.
The density of lunar surface changes as a function of position, and as represented in Figure 1
there are zones of high and low density. This has been caused by impacts on the surface of the
Moon.
After the geological analysis of the craters, it has been discovered that these hits caused an
isostatic flow of interior material, heavier than the external one, towards the surface. This
phenomenon caused the lac of homogeneity observable nowadays, and these concentrations
of mass are called mascons . It is also relevant that there is a correlation between the second
and the third characteristics. After its formation, the Moon developed a thic er surface on its
nearside, caused by the attraction effect of the Earth.
The aspects ust described above are the main cause of the evolution of lunar orbits.
Mascons and Earth presence cause a huge variation on eplerian parameters of the considered
orbits, causing deorbiting and possible crashes if not adequately compensated with station
eeping maneuvers. In order to analyse this problem, the construction of a model has been
necessary. arious space mission has interested the Moon, to analyse composition, magnetic
field and gravitational field. In this study the LP-165P model has been used.
This gravitational potential has been computed from the results brought by Lunar Prospector
mission, started in 199 . After the transfer orbit the spacecraft has been inserted in a 100 m
altitude orbit, for a first analysis. Successively the mission orbit has been modified a couple of
times, until the minimum altitude of 40 m has been reached.
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The low altitude, achievable by the absence of the atmospheric drag, permitted a higher ground
resolution and a better acquisition of magnetic and gravitational data. The mission ended in
1999 with the crash on the Moon s surface, in order to search the presence of water on Moon,
by the steam, raised by the impact.

Figure 1: Lunar prospector results

The results of this mission are reported in Figure 1 . Is observable the presence of spots with
a very high value of gravitational acceleration, in both nearside and farside also thic ness of
the crust is variable, as anticipated. The distribution is inhomogeneous and to describe
precisely this phenomenon is necessary a high tessellation ratio. The LP-165P model returns
the gravitational distribution with a maximum order of 165, obtained by the high resolution
achieved in the mission.
2

DYNAMICAL ASPECTS

Starting from the elementary system, considering only the spacecraft and the Moon, the
equation that bonds the acceleration of the two bodies is (1).
𝜇𝜇

𝑟𝑟̈ ̅ = 𝑟𝑟 𝑟𝑟̅ + 𝑝𝑝̅

(1)

This equation bounds the acceleration of the spacecraft, with the radius of the circular orbit and
an additional contribution of perturbation (p). If the perturbation trend is almost regular, is
obtainable a direct relation between the evolving parameter and the variables that ma es it
change. An example is the oblateness of the Earth: in this case, two principal elements of
perturbation are observable: the evolution of the right ascension of the ascending node (RAAN)
and the argument of perigee ( ). The equations that express their variations are (2) and ( ),
3
Ω̇ = − 2

√𝜇𝜇𝐽𝐽2 𝑅𝑅
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𝑠𝑠

]
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but, as seen from the results of LP-165P, with Moon s perturbation is not possible to obtain a
simple and precise relation between the cause and the effect of the gravitational perturbation.
Due to the high difference of distribution, is necessary a high order model to describe carefully
this situation.
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Figure 2: Acceleration difference from an ideal sphere with the mean radius of the Moon and the lunar
mass

As represented in Figure 2 the variation from an ideal sphere with the mean radius of the
Moon and the lunar mass goes from -200mGal to 500mGal circa. These distributions of
acceleration modify all the parameters of the orbit. Inclination, RAAN, mean altitude evolves
as a function of time. The deorbiting consequences are harmful for the mission.
3

RESOLUTIVE APPROACH

As anticipated, two principal software has been used for the analysis of the orbital evolution
over time.
The MATLA script uses the Runge- utta method, which solves the differential system of the
two-body problem with successive iterations, propagating for little time units. Spherical
harmonics has been used to simulate the behaviour of the Moon s gravitational field at low
altitudes, and a degree and order of 165 has been selected. The 165th order is the maximum
obtainable from the LP165P harmonics used, from the Lunar Prospector mission. It is observed
that, with this degree of analysis, the results are the most accurate obtainable with the
gravitational potential used. This script also ta es in account the rotation motion of the Moon,
because with the long periods analysed it can t be neglected.
The second software that has been used is the open source GMAT, which one has been ept as
reference for the results obtained.
oth methods used are based on selenocentric coordinates, a body fixed reference frame that
consider the rotation axis of the Moon as one of the three main axes of the system. The
maximum circle perpendicular to the rotation axis and passing through the centre of the Moon
is the Moon s equator, and the prime meridian is the one located in the closest position respect
to the Earth. Adopting this system, is easy to recognise the nearside of the moon (from 90
degrees East to 90 degrees est) and the farside (the remaining part of the surface, impossible
to be seen from Earth). The other eplerian parameter are defined li e in the ECI reference
frame, considering the intersection of the prime meridian with the equator with the same
importance as the Earth s gamma point. The usage of this reference frame permits to analyse
the orbits independently from other celestial bodies, and define orbital parameters univocally
fixing the starting date. Given the date and the propagation time, the position in a general frame,
li e Earth s 2000, is obtainable.
4

ORBITAL ANALYSIS

In this chapter are reported the results of the analysis conducted on various series of orbits,
beginning with the importance of the inclination, and then with the other principal parameters
as the starting altitude and the right ascension of the ascending node (RAAN). All the orbits of
the same group of analysis has been propagated with the same starting date and all the other
parameters fixed at the same value. As will be explained in the following chapters, a particular
attention has been observed for the 86 degrees inclination orbit, because of its really high
operative time.
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4.1 Inclination dépendance
Fixed RAAN to zero degrees, and altitude to 100 m a series of orbits has been analysed.
The inclinations observed are spaced by 5 degrees, to obtain a sufficient level of discretization
to let the trend be appreciable. After the orbital propagation the lifetime has been observed and
inserted in a graphic as a function of the relative inclination Figure a .

(a)

(b)

Figure : Graph representing orbital lifetime as a function of time (a) Ground trac of a i 86
RAAN 180 h 200 m (b)

From that image, it is observable how the global trend is not regular. There are inclinations with
really short operative period, in the order of wee s and other with really long operative life,
where or more years are expected. Some inclinations are particularly unfavourable because
of the passage over spots with high gravitational acceleration. An example is the 40 degrees
inclination orbit, which life is expected around one month. After that time the orbit will have
gained an elliptical shape, leading to an impact of the relative spacecraft on the Moon s surface.
n this type of orbits, station eeping maneuvers are so expensive and the selection of another
value for the inclination parameter is suggested.
Indeed, as anticipated, it is immediately visible the presence of four principal orbital
configuration with an expected lifetime of years. These tra ectories are so called frozen orbits ,
which value of the inclination parameter is 2 , 50, 6 and 86 degrees. Ideally these orbits could
last indefinitely obviously, the effect of gravitational effects perturbates also these orbits but
really slowly, becoming easier to compensate with station eeping maneuvers. These orbits are
the best for long mission, so that only little maneuvers are necessary to compensate the deorbiting effect. As is observable from Figure b frozen orbits eep only a little fraction of
their periods over critical spots, than s to the particular inclination. That peculiarity become
fundamental for these tra ectories because the gravitational effects are reduced to their
minimum.
Another important observation is that inclination fixes the maximum latitude reached by the
spacecraft. If unfavourable latitudes are selected, the critical spots will destabilize the circular
orbit bringing to its evolution.
It is also noticeable that the Moon s rotation period is of 2 days, really long if compared with
the period of low orbits. The consequence of this phenomenon is that the equatorial shift, the
amount of difference between the position of an ascending node and the successive one on the
ground trac , is very small. Equatorial shift can be expressed with the relation (4),
= −2

(4)

where is the period of the orbit and
is the period of the Moon s rotation. A higher orbital
period brings a higher equatorial shift. Said that, every orbit will let the spacecraft fly over all
the latitude slice of the Moon selected, without exception, the only difference is on the time

4
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spent over critical spots. As seen for the frozen orbits, if the inclination permits a little
perturbation time, the lifetime of the orbit increases.
A second way to improve the lifetime of the tra ectory is see ing the repetition of the ground
trac . This possibility can be considered with the formula (5),
𝑠𝑠

=

(5)

2

where n and m are two coefficients that express after which number of orbital rotations the
spacecraft will fly again over the selected spot, and
is the perturbation value of the ascending
node. Repetition of ground trac combined with the selection of a frozen orbit are the best
solution for long term missions, because this solution brings a really high orbital lifetime, which
implies a lower fuel consumption for station eeping maneuvers, if compared with the other
lunar orbital solutions.
5

EVOLUTION OF ORBITAL PARAMETERS OVER TIME

After the orbital propagation the trend of the parameter evolution has been analysed. In the
following chapter figures and description will always be related with a polar orbit of 200 m of
starting altitude.

(a)

(b)

(c)

Figure 4: Evolution of inclination (a) Evolution of Eccentricity (b) Evolution of periselene (c)

From Figure 4 it is observable firstly how the altitude of the orbit evolves over time. The
decreasing is not monotone, are observable a series of oscillations, this behaviour will
characterize the evolution on every parameter of the orbits. As the altitude also the eccentricity
parameter evolves in this way, from zero, the initial value of the circular polar orbit, it will
increase over time, until a maximum, where the process will reverse and it will decrease,
returning to a value near to zero, before starting to increase again. If for altitude and eccentricity
the period of oscillations is pretty the same, it s a bit different for the inclination parameter: it
evolves around the starting value oscillating with a higher period. In the 1500 days analysed for
the polar orbit, the inclination ma es only half of an oscillation.
bserving the trend of parameters evolution, two degrees of oscillation can be spotted. There
is a high frequency oscillation in parameter s value, this one is caused by the local intensity of
the gravitational vector. It brings little but cumulative variations over the parameter s value.
The low frequency oscillation is supposed to be caused by the shape assumed by the orbit over
his evolution. The shape becomes elliptical and, nowing the importance of distance for the
gravitational attraction, gives different importance of the local effects, depending on the true
anomaly in the orbit.
Not all the tra ectories evolve over time with exactly the same trend. scillations are always
present, but it could differ in amplitude or period, depending on peculiarities of the orbit
analysed and from the starting parameters. This aspect of evolution is really important to study
the orbital lifetime, and it will be specified in the following sub-chapter.
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Importance of altitude

The starting altitude is one of the fundamental parameters to increase the lifetime of an orbit.
As already observed, the evolution of orbital parameters is characterized by an oscillating trend.

(a)

(b)

(c)

Figure 5: Evolution of periselene (a), eccentricity (b) and inclination (c) as a function of time

According to Figure 5a , it is observable how the altitude decreases. For starting altitudes of
125 m and 150 m the orbit evolves quic ly, bringing the spacecraft to impact the surface in no
more than 400 days. If higher orbits are observed, it can be appreciated how the lifetime is
highly increased. For example, with a starting altitude of 1 5 m the lifetime becomes of over
1500 days, and higher the altitude is selected the longer the lifetime becomes. It is called
transition altitude the particular altitude which permit to increase the orbital lifetime of one
period (or more), if compared with the lower ones. If an altitude higher than the transition
altitude is considered, the lifetime increases of a value equal to the oscillation period plus the
remaining period of the following oscillation. The same trend is observable also for the
eccentricity, as it is represented in Figure 5b . In this case, the eccentricity eeps lower values
as the starting altitudes increases, bringing a different evolution of the orbital shape that will
remain more circular.
6

RAAN SUSCEPTIBILITY

Another important parameter to choose is the right ascension of the ascending node (RAAN).
The lifetime of the orbit depends on this parameter in a different way. A large series of orbits
has been analysed with fixed starting inclination, eccentricity and altitude. Have been selected
three particular inclinations for this analysis:
40 degrees, with low orbital lifetime (around 0 days)
60 degrees, with medium orbital lifetime (around 200 days)
86 degrees, in particular one of the four frozen orbits, previously analysed, with a very
high orbital lifetime and which allows an almost complete covering of lunar latitudes
and longitudes.

(a)

(b)

(c)

Figure 6: rbital lifetime with different starting RAAN, h 100 m, i 40 (a), i 60 (b) and i 86 (c)

6
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The results are exposed in Figure 6 where it is observable how the lifetime changes with a
different starting RAAN. For orbits with generally low lifetime, this contribution is marginal
and, as it is represented in Figure 6a , it doesn t give an important contribute. As the orbital
conditions becomes better, which phenomenon is associated with a generally longer lifetime,
the contribution becomes heavier. As it is observable from Figure 6b , the orbital duration
drops from around 1 0 to 110, a discontinuity of circa 20 days, but it is more important than
the first case analysed, where the ump was of the half, around 10 days. Analysing the last orbit,
it is emerged a maximum discontinuity of 1000 days from the average lifetime, with the
variation of the starting RAAN, as it is reported in Figure 6c .
The high lunar rotation period, as already discussed, implies a little equatorial shift that let the
spacecraft fly over particular spots multiple times. This effect is not important on low lifetime
orbits, li e the 40 degrees one, because in that case the gravitational effect already shortened
its life. n the other hand, it is really heavy on longer lifetime orbits, because gravitational
effect is lower than the one applied to the 40 degrees inclination orbit, resulting in a more visible
effect, shortening the lifetime by months. This effect is perfectly comparable with the one
observed for orbits previously analysed. Altitude and eccentricity are affected by the same
degree of oscillation and transition altitude is lowered.
7

EARTH AND SUN INFLUENCE

After the analysis of the influences of the parameters on the orbits, the surrounding celestial
bodies has been added to the model, to observe how they could influence the orbital stability.
The Earth and the Sun has been considered, because of the relatively little distance of our planet
and the mass of the star.

(a)

(b)

(c)

Figure : Earth and Sun contribution in evolution of periselene (a) and inclination (b) as a function of
time on a i 86 , h 100 m orbit difference between contribution of Earth and Earth plus Sun (c)

According to Figure , it is observable the relation of three propagations which expresses the
instantaneous value of the altitude and eccentricity as a function of time. In the images,
propagation with only moon, with only the Earth and also the with Sun are observable. The
difference between the Moon considered isolated and the other two models are not negligible.
The first one has a lifetime of 1250 days and the other two of highly over 1500 days. The
presence of those celestial bodies must be considered to have a more precise model of the orbital
evolution. n the other hand, must be highlighted that the contribution of the Earth and Sun are
really different. In Figure c it is observable the difference between these two effects: it is of
−2
.
the order of
The propagation that ta es into account also the presence of the Sun is slightly different than
the one with only the Earth, and this difference is enhanced by the magnitude of lunar
gravitational effects.
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The results obtained considering these gravitational effects have a reduced period and amplitude
of oscillation of the parameters. Consequently, the transition altitude is lowered and, with fixed
starting altitude, the orbital lifetime is increased (as observed for the orbits analysed).
8

CONCLUDING REMARKS

Gravitational effects have been analysed. Importance of the starting orbital parameters has been
observed, in particular for inclination, altitude and RAAN.
A particular trend in orbital evolution has been noticed, and it brought to the definition of the
transition altitude, important value to observe orbital lifetime.
Also, Earth and Sun have been added in the simulation model and has been discovered that
Earth gives the ma or contribution on orbital evolution.
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ABSTRACT
Operational Modal Analysis (OMA) methods are growing fast in the aerospace context. This
success is mainly due to the possibility to extract modal parameters from the structure under
test when excited by dynamic loading characterized frequency broadband content, as the
(almost) white noise excitation, available in straight and level, unaccelerated flight condition
on fixed wing aircraft. Thus, OMA could be applied in flutter testing, removing the need for a
controlled input to excite the aircraft structure, as required by current testing and analysis
methods. Nevertheless, OMA methods are less resilient to the effect of the limited number of
sensors commonly available in flutter testing setups. In this paper, time domain OMA
methods are investigated as applied on a simple but representative FEM simulation of an
AGARD 445.6 wing with known modal characteristics. In particular, the Stochastic Subspace
Identification (SSI) is applied for modal parameters estimation considering a random input
on the wing. The effects of sensors number and noise levels are investigated to quantify modal
parameters estimation errors.
Keywords: Operational Modal Analysis, Linear Aeroelasticity, Stochastic Subspace
Identification
1

INTRODUCTION

Traditional aeroelastic flight testing techniques are based on the Experimental Modal Analysis
(EMA) approach, for which modal parameters are extracted from aircraft structure responses
under controlled inputs. For this purpose, the greatest challenge has been the identification of
the best excitation setup, based on the expected aeroelastic response [1][2]. In most cases, this
resulted in further aircraft modifications such as vibrating vanes, bonkers etc., quite often
invasive. In the last two decades [3], improvements in time and frequency domain analysis led
to the possibility to extract modal parameters from systems output measurements only,
following exposure to the operational loading spectrum, in the assumption the system under
test is Linear Time Invariant (LTI) and the input stochastic, smooth, broadband and uniformly
distributed (which is almost the case of the aerodynamic force over an aircraft). This approach
is OMA. Being the input nondeterministic, there is neither the need to measure nor to control
it. Thus, OMA could be defined as an output-only method. This characteristic made OMA
particularly attractive for aeroelastic testing, in that the required flight test instrumentation is
less invasive when compared to classical EMA Flight Vibration Test (FVT) approach. OMA
techniques have the same mathematical base as EMA and could be classified based on
whether the modal parameters extraction is accomplished starting from time or frequency
domain data. Time domain algorithms [4] extracts modal parameters starting from correlation
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functions free decays. When compared to frequency domain OMA methods, time domain
OMA techniques are more effective with noisy data, avoiding frequency domain signal
processing errors, such as leakage. Some of the most common time domain algorithms are the
Natural Excitation Technique (NExT) [5], the Auto regressive Moving Average (ARMA) and
the Stochastic Subspace Identification (SSI) [6]. The purpose of this paper is to assess the
accuracy of the SSI- OMA technique, in its covariance form, for experimental modal
parameters estimation applied to aerospace structures. Random response data are generated
from a reference AGARD 445.6 [7] validated FEM model. The modal extraction process is
repeated for an increasing number of sensors providing acceleration data, whose position is
optimized with the effective independence approach [8]. The analysis is repeated with noise
insertion in the simulated output. The application of further time domain OMA methods,
along with the analysis of damping estimates accuracy, are currently under study.
Furthermore, dynamic response analysis with the inclusion of aerodynamics at increasing
airspeed for the AGARD 445.6 is currently under development to provide a realistic scenario
for OMA application in flutter flight test.
2

STOCHASTIC SUBSPACE IDENTIFICATION – COVARIANCE METHOD

Given a discrete LTI system, represented by a system of linear equations
𝒙𝒙𝒌𝒌!𝟏𝟏 = 𝑨𝑨𝒙𝒙𝒌𝒌 + 𝒘𝒘𝒌𝒌
𝒚𝒚𝒌𝒌 = 𝑪𝑪𝒙𝒙𝒌𝒌 + 𝒗𝒗𝒌𝒌

(1)

where 𝒚𝒚   is the response vector, 𝒙𝒙   is the state variables vector, 𝑨𝑨 the state transition matrix, 𝑪𝑪
the output matrix, 𝒘𝒘 and 𝒗𝒗 process and measurement noise vectors respectively. The output
𝒚𝒚   could be assembled in a Hankel matrix

𝒀𝒀 =

𝒀𝒀𝒑𝒑
𝒀𝒀𝒇𝒇

(2)

where 𝒀𝒀𝒑𝒑 and 𝒀𝒀𝒇𝒇 are the “past” and “future” subparts. In the covariance version of the SSI,
the covariance between these two partitions is expressed as
𝒚𝒚1 𝒚𝒚2 … 𝒚𝒚𝑚𝑚
𝒚𝒚2 𝒚𝒚3 …𝒚𝒚𝑚𝑚+1
𝑯𝑯 = 𝒀𝒀𝒇𝒇 𝒀𝒀𝑻𝑻𝒑𝒑 =
⋮ ⋮ ⋱ ⋮
𝒚𝒚𝑚𝑚 𝒚𝒚𝑚𝑚+1 … 𝒚𝒚2𝑚𝑚

(3)

The state transition matrix 𝑨𝑨, from which modal parameters could be estimated, could be
calculated as
(4)
𝑨𝑨 = 𝑯𝑯  𝑯𝑯!
!!!   
With 𝑯𝑯 the block shifted version of the Hankel matrix 𝑯𝑯, obtained by removing the first
block of 𝑯𝑯 , 𝑯𝑯!
!!!   beingthe pseudo-inverse of the first 𝑚𝑚 − 1 rows of 𝑯𝑯. Thus
𝑨𝑨 = 𝑼𝑼𝑼𝑼𝑼𝑼!𝟏𝟏   
with 𝜦𝜦 being the diagonal matrix of eigenvalues.
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3

AGARD 445.6 MODEL

For this study, the AGARD 445.6 weakened wing model #3 was the benchmark to evaluate
SSI-covariance effectiveness for modal parameters estimation. A Finite Element Model
(FEM) of the wing was created in MSC.NASTRAN with the parameters presented in [7]. The
model is constituted by 200 quadrilateral plate element (CQUAD4) on 231 nodes, for a total
of 1231 degrees of freedom. Translations and rotations are fixed at the root section. FEM
normal modes analysis was compared to the reference model [7]. A convergence analysis for
an increasing number of plate elements (table 2) confirmed the initial choice was adequate for
an accurate description of the problem with a still reasonable amount of computing power in
use. FEM mode shapes are presented in figure 1.
AGARD 445.6 wing model – Convergence analysis
AGARD
reference [7]

200 elements

Mode
#

𝑓𝑓!

𝑓𝑓!

1
2
3
4

Hz
9.60
38.17
48.35
91.54

Hz
9.46
39.70
49.45
95.10

800 elements
𝑓𝑓!

Error from
AGARD
%
-1.45
4.01
2.28
3.89

Hz
9.27
39.37
49.07
94.96

Error from
AGARD
%
-3.48
3.16
1.50
3.73

3200 elements
𝑓𝑓!
Hz
9.06
38.60
48.49
93.18

Error from
AGARD
%
-5.59
1.14
0.29
1.79

Table 2 – AGARD 445.6 weakened experimental model #3 – Convergence analysis

Following modal parameters identification, the Frequency Response Function 𝑯𝑯 𝜔𝜔 was
calculated as
!

𝑯𝑯 𝜔𝜔 =
!!!

𝒂𝒂! 𝒂𝒂!!
𝒂𝒂∗! 𝒂𝒂!
!
+
𝑗𝑗𝑗𝑗 − 𝜆𝜆! 𝑗𝑗𝑗𝑗 − 𝜆𝜆∗!

(6)

considering modal vectors 𝒂𝒂! to be properly scaled such that the scaling constant is unity, with
𝜆𝜆! the imaginary poles associated to each mode, with the assumption of a structural damping
ratio equal to 2% among all modes. A white gaussian noise input in the frequency domain
𝑋𝑋(𝜔𝜔) was then generated and applied to the structure. The output in the frequency domain
was calculated as
𝒀𝒀 𝜔𝜔 = 𝑯𝑯 𝜔𝜔 𝑿𝑿 𝜔𝜔

(7)

and then converted in the time domain by the Inverse Fourier Transform (IFT). Optimal
sensors positions were determined for up to 10 sensors with the effective independence
approach described by Friswell and Mottershead [8]. Identified sensors positions are
presented in figure 3. The output time domain data calculated at the measurement positions
were provided as input to the OMA algorithms for modal parameters estimation. The
simulated acquisition parameters were 𝑓𝑓! = 234  𝐻𝐻𝐻𝐻 and 𝑇𝑇 = 70  𝑠𝑠, with 𝑓𝑓! sampling
frequency and T acquisition time. In a flight test perspective, these parameters are realistic
and were used in previous flight test studies [9][10]. Noise was added to each time response
as a random 5% variability on the output signal root mean square value, providing a
consistent representation of measurement chain noise and accelerometers cross axis
sensitivity.

3
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Figure 1 - AGARD 445.6 weakened experimental model #3 – FEM modes : a) mode 1 – 9.46 Hz,
b) mode 2 – 39.70 Hz, c) mode 3 – 49.45 Hz, d) mode 4 – 95.10 Hz

Figure 2 - AGARD 445.6 weakened experimental model #3 – Sensors positions

4

ESTIMATION OF MODAL PARAMETERS

AGARD 445.6 FEM simulated wing structure responses to a space and time random forcing
input were collected at those positions selected with the effective independence approach.
Modal parameters extraction was accomplished by means of the SSI-covariance technique.
Natural frequencies and MAC trends are shown in figures 3 and 4 respectively, as a function
of the number of sensors considered for SSI application. The SSI model order ranged from 2
to 30, thus different block rows sets were used in equation (3). For each model order, a set of
poles was obtained. A pole was considered stable when, through subsequent model orders, its
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natural frequency varied within ±0.01Hz and the MAC between modes of contiguous model
orders remained within ±0.005. Figure 4 compares OMA results to FEM.

Figure 3 – SSI covariance natural frequencies: dependency on the number of sensors

Figure 4 – SSI-covariance MAC FEA vs. TEST: dependency on the number of sensors (abscissa:
OMA mode, ordinate: FEM mode)

A complete mode identification was possible starting from the three sensors configuration.
Figure 3 shows the estimated natural frequencies as a function of the number of sensors in
use. Variations in natural frequencies were within an acceptable tolerance margin (2Hz in the
worst case on the 3rd mode). Noise insertion effects are shown in figures 5 and 6. Overall,
comments made in absence of noise are still valid. A comparison between FEM and OMA
SSI-covariance estimated modal parameters is presented in tables 3 and 4. Natural frequencies
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estimates were averaged among different number of sensors in use. Mode shapes estimates
were evaluated in terms of average MAC values over a number of sensors ranging from 3 to
10. The SSI-covariance natural frequency estimates are characterised by a maximum average
error around 2%. The estimate degrades introducing noise in the output, although the
degradation is well within 1% of the natural frequency. MAC values are practically
unaffected by noise.

Figure 5 – SSI covariance natural frequencies (output with noise): dependency on the number of
sensors

Figure 6 – SSI-covariance MAC FEA vs. TEST (output with noise): dependency on the number of sensors
(abscissa: OMA mode, ordinate: FEM mode)
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Mode
#
1
2
3
4

SSI-covariance
(no noise)
Error
𝒇𝒇𝒏𝒏
Hz
%
9.65
1.96
40.34
1.62
49.20
-0.51
96.97
1.96

FEM
𝒇𝒇𝒏𝒏
Hz
9.46
39.70
49.45
95.10

SSI-covariance
(with noise)
Error
𝒇𝒇𝒏𝒏
Hz
%
9.67
2.20
40.35
1.64
49.20
-0.52
97.14
2.15

Table 3 – Natural frequency estimate errors
Mode
1
2
3
4

FEA vs SSI-cov
(no noise)
0.9999
0.9999
0.9999
0.9999

MAC
FEA vs SSI-cov (with
noise)
1.0000
0.9998
0.9999
0.9999

Table 4 – Modal Assurance Criterion (MAC) – FEA vs. OMA

5

CONCLUDING REMARKS

In this paper, time domain OMA SSI-covariance accuracy in modal parameters estimation
was evaluated on a typical aerospace structure. Effects of varying number of sensors in use
and output data quality were considered. The reference structure was an AGARD 445.6 wing
simulated with the Finite Element Method. Once validated, the wing model was excited with
a random input and output collected at points designated with the effective independence
approach, at a sampling rate and recording time typical in flutter flight testing. Overall, the
SSI-covariance technique provided good results starting from a very limited number of
sensors, highlighting the potential for a non-invasive aircraft modification without scarifying
modal parameters estimation accuracy. Further studies are currently in progress to include
additional techniques and analysis parameters, such as the measurement time interval.
Damping ratio will also be included for accuracy evaluation. In addition, the AGARD 445.6
random gust response will be considered as a reference for wing output data generation at
different airspeeds, effectively representing aeroelastic testing conditions.
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ABSTRACT
Attitude stabilization of any satellite is essential for maintaining healthy communication with
o
can be executed using
the ground station. or small satellites, a pointing accuracy of up to
passive control methods. They do not consume power and occupy lesser space when compared
to active control system components. ac of friction in space causes the satellite to oscillate
about the acquired mean position, signifying the necessity of a damping system. agnetic
dampers are widely used in the form of hysteresis rods in small satellites that squander the
energy associated with oscillations owing to the phenomenon of eddy current dissipation. In
this paper, passive attitude control of a
nanosatellite, R SAT- , has been explained that
uses an amalgamation of a Neodymium magnet and hysteresis dampers. As the damping
eﬃciency is dependent on the length to diameter ratio of the magnetic damper, the use of
hysteresis discs as an alternative to hysteresis rods is discussed and a comparative study is
done. The number of hysteresis rods and hysteretic discs is proposed, and optimum placement
has been calculated in terms of distance from the permanent magnet. AT AB simulation
results compare the performance and the best design solution is rendered for R SAT- .
Keywords: passive, actuation, hysteresis, elongation
1

INTRODUCTION

rientation maintenance is an indispensable tas in a satellite for two main reasons. The first
one being to stabilize it in the orbit, and the second one, to maintain a healthy communication
with the ground station. Acquisition of desired orientation can be achieved using active or
passive control methods, depending on the satellite specifications and payload requirements.
R SAT-1 is a 2.66 g standard 2U CubeSat (100mm x 100mm x 22 mm) with an
astrobiological payload aimed to analyse growth of a specific microbial family in microgravity
at an altitude of 580 m in the Lower Earth rbit across a duration of ninety days. That being
the secondary mission ob ective, the primary goal is to successfully deorbit itself at the end of
the mission. The secondary payload stated here does not require an exceptional pointing
accuracy while the primary payload requires stabilizing the satellite during tether deployment.
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It is ensured by the payload subsystem that the torque acting on the satellite during the
deployment mechanism are rendered negligible by quasi-static rate of deployment controlled
by a stepper motor running at very low RPM. Hence, spin stabilization with a coarse pointing
accuracy using passive control methods should be sufficient for communication and health
monitoring of R SAT-1.
For small satellites such as the aforementioned pro ect, weight and power consumption are the
roots that incline positively towards the use of passive methods of attitude control since these
components require zero electrical power and are lighter when compared to their active
counterparts. Low cost is an added advantage against the unnecessary better pointing accuracy
of active attitude controlling.
The passive magnetic attitude control system (PMACS) employed by R SAT-1 gives a
pointing accuracy of 10o. The permanent magnet provides the restoring magnetic torque and
is aligned along the structural longitudinal axis such that the satellite is spin stabilized about the
local magnetic field of the Earth. To dampen the oscillations about the local geomagnetic axis,
the damping torque is provided by the magnetic hysteresis rods, whose damping efficiency is
dependent on the proportion of length and diameter of the rod (along nown as elongation)
among other factors such as the total volume of the damping material used, arrangement of rods
– mutual and with respect to the permanent magnet, material properties of both – the permanent
magnet and the hysteretic dampers. This forms the basis of comparison of efficiency of discs
against rods in this research wor since disc is a special case of rod having the elongation less
than unity.
1.1

The phenomenon of Magnetic Hysteresis

Damping the oscillations about a desired orientation by magnetic means occurs due to loss in
the system energy because of a well- nown phenomenon of magnetic hysteresis. Soft
ferromagnetic materials, when sub ected to varying cyclic magnetic field, dissipate energy by
converting a part of rotational inetic energy into heat energy. It is assumed that one cycle of
magnetization is completed in one full rotation of the satellite. This leads to decrement in initial
angular velocity of the satellite due to the irreversible nature of the magnetization process of
ferromagnetic materials. The magnetic induction varies inside the hysteretic material because
of time varying geomagnetic field H as per the hysteresis loop base on the magnetic parameters
of the damping material. The amount of losses depends upon the area under the curve of
intensity of magnetization ( ) against the magnetic field intensity (H).
2

DESIGN OF PMACS

2.1

Permanent Magnet Selection

Permanent magnets behave li e a compass needle and align the satellite in the direction of
geomagnetic field vector. For stronger magnets, a high value of is required which in turn
demands for a lower value of demagnetization. Essential characteristics of a good permanent
magnet include high remanence, high coercivity and high permeability. ne should note that
the magnet should be as elongated as possible. ALNIC and Neodymium NdFe are the two
magnets considered here. Neodymium has a comparatively higher value of remanence and
much greater coercivity than ALNIC magnets. The operating range of Neodymium is 1 540 . Hence, Neodymium is pic ed as an optimum material for permanent magnet of R SAT1. The shape of the bar magnet is almost a truncated ellipsoid with uniform magnetization
throughout. This shape is better because its moment to weight ratio is 8-10 more than that of
a cylindrical magnet, giving it more mechanical stability against vibrations as well as improved
magnetic stability 5 .
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Properties

NdFe
(sintered)

Hc ( A m)

AlNiC
(sintered)
2 5

r

Table 1: Material properties of two different magnets

Finalization of the shape and volume of the bar magnet is done based on the pointing accuracy
required as well as the environmental torques acting on the body. The minimum required value
of the bar magnet s moment is given by 2
𝑚𝑚 =

10 ∗ 𝑇𝑇𝑇𝑇
𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 ∗ sin(∝)

(1)

Te is the root mean squared value of environmental torques calculated as 5x10- N-m. It
constitutes of Aerodynamic torque, Gravity-gradient torque, Solar torque and Magnetic torque,
with respective mean values as 4. 511x10-1 N-m, 1.4 48x10-9 N-m, 1.2 92x10-9 N-m and
106N-m.
-5
min is the minimum value of geomagnetic field in the orbit and is given by 2. x10 Tesla at
580 m.
is the maximum angle of deviation from the magnetic field vector pointing accuracy of 10o.
The magnetic moment of the magnet is therefore ta en to be 1.24 9 Am2.
Ta ing the ratio of length to maximum diameter of the magnet to be 4 so that its properties are
independent of temperature, we calculate the volume of the truncated ellipsoidal bar magnet to
be 1.426 x 10-6 m by the formula 2 :
𝑚𝑚 =

𝐵𝐵𝐵𝐵
𝜇𝜇𝑜𝑜

(2)

The following equation is then used to calculate the dimensions of the permanent magnet, and
it results in R 5 x 10- m r 2.99 x 10- m and l 20 x 10- m.
2
𝐵𝐵 = 𝜋𝜋𝜋𝜋(𝑅𝑅 2 + 𝑟𝑟 2 + 𝑟𝑟𝑅𝑅)
3

( )

Figure 1: Diagram of the truncated ellipsoidal Permanent magnet 5 .

2.2

Hysteresis Damper Selection

Mumetal, Permalloy, Permanorm are the best suited materials for hysteresis dampers to be used
in a satellite. The most frequently used one is Mumetal. Comparison of the performance of all
the three materials was done and best performance was given in the case of Mumetal. This
paper presents only the case of Mumetal as it is the hysteresis material being used in R SAT1.
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Elongation is the ratio of length to diameter of the hysteresis rod. The damping factor of a
hysteresis rod, N, is estimated for a given elongation and is used to assess the apparent
permeability 𝜇𝜇
from true permeability of the material 𝜇𝜇
through the relations (4) and
(5) as mentioned in 2 :
N

(

𝜇𝜇

=

(4)

+ 2)-1

𝜋𝜋

𝜇𝜇

(5)

1 + 𝜇𝜇

𝐵𝐵 = 𝜇𝜇 𝜇𝜇

(

(6)

)

Equation (6) gives the -H curve where Hc is the coercive force and H varies from 18.
A m to 6. 59 A m as per the relation expressed in
:

( )

1 ∗ (10 )
(𝑅𝑅3 )
𝜇𝜇

= 12 ∗

98

Here, R is the distance of the satellite orbit from the centre of the Earth.

Figure 2: Plot of varying H with

In the relation (6), the value of Hc is added if the first temporal derivative of H is negative it is
subtracted if the derivative is positive. Clearly the resultant graph indicates that the value of H
is much less than Hs that corresponds to the saturation induction s. Hence, the material doesn t
face the problem of saturation.
3

MATHEMATICAL MODELLING

The mathematical model of magnetization curve can be divided into regions of reversibility and
irreversibility and can be given by equations in
𝐵𝐵 = 𝐵𝐵 (1

𝑚𝑚𝑚𝑚

4
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𝑚𝑚𝑚𝑚

(8)
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Saturated magnetic induction s and magnetic parametric constants ao and o are solely material
dependent and are, therefore, nown. Hin represents the magnetic field generated inside the rod.
Also, the demagnetization field generated inside the body reduced the effective applied
magnetizing field intensity by opposing it. It is given as Hd:
(9)

=

Here, Ha is the maximum value of the externally applied geomagnetic field and Hin is the net
magnetic field generated inside the finite elongated hysteresis rod. Since Hin is aligned with one
of the geometric orthogonal directions of the satellite body frame, on can say that:
𝐵𝐵 =

(10)

𝜇𝜇𝑜𝑜

hich can also be written as
𝐵𝐵 = (

(11)

)

These equations can be solved for the point ( max, Hmax) where the magnetic field induced inside
the magnet is maximum. Then, these equations become:
𝐵𝐵𝑚𝑚

= 𝐵𝐵 (1
𝐵𝐵𝑚𝑚

)+

𝑚𝑚

=(

𝑚𝑚

(12)

𝑚𝑚

(1 )

) 𝜇𝜇

Solving this system of equations gives a quadratic equation whose positive root Hmax has an
expression:
(𝐵𝐵
𝑚𝑚

=

𝜇𝜇

) + (𝐵𝐵

)2 + (

𝜇𝜇

2(

+ 𝜇𝜇

+ 𝜇𝜇

)

𝐵𝐵

(14)

)

nce the value of maximum magnetic field generated inside the hysteresis rod Hmax is nown,
the corresponding value of maximum induction max is evaluated. The hysteresis loss is
calculated from Steinmetz relation:
𝐵𝐵𝑚𝑚𝑚𝑚 𝐵𝐵

=

(15)

here, , w and m are material specific constants and is the total volume of hysteresic
material. Then, since the assumption that one hysteresis cycle is traced in one rotation of the
satellite holds, the damping torque can be approximated as
(16)

2𝜋𝜋

Now, from the well- nown equation =
the damping time period to reduce its initial
to the desired value can be estimated as
angular velocity
=

2𝜋𝜋

(

5
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Here, I is the mass inertia of R SAT-1 and
hysteresis material on-board the satellite.
Parameters
Mass Inertia in , ,
direction
Constant for -metal
Constant for -metal
Steinmetz Coefficient
Magnetic coefficient
Magnetic coefficient
Saturated Magnetic
Induction
Coercive Force

h

is the total hysteresis loss because of all the

Symbolic Representation
(Ixx, Iyy, Izz)

alues (SI Units)
(0.008, 0.012, 0.014) g.m2

ao

1.02 (A m)
5 x 10 (T.m A)
12
1.9
0.6
0. 4 (T)

o

m
w
s

Hc

0.96 (A m)

Table 2: Parameters considered for -metal.

4

MATLAB SIMULATION RESULTS

The variation of damping time period with elongation is simulated and the graphical results are
presented in this section.
4.1

Case 1: length of the hysteretic damper is a constant

The length of the damper is a non-variant and its value is fixed to 8.5 x 10-2 m after considering
the tolerances in the satellite structure. Now, as the diameter is decreased, elongation increases.
Also, one should note that the volume is not a constant here it eeps decreasing with the
diameter reduction. That is a clear indication of the decrement in total hysteresis volume of the
material and therefore, the damping effectiveness is decreases. As a result, the damping time
period increases. The graphical result obtained from the MATLA simulations is in accordance
with this explanation.

Figure : Damping time vs Elongation graph (Constant length)

4.2

Case 2: volume of the hysteretic damper is a constant

This case deals with unchanging volume being fixed to a value of 2.262 x 10- m . Now, as the
elongation is increased by incrementing the length of the damper and consequently
decrementing the diameter, damping time period is found to reduce with increasing l d ratio.

6
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Figure 4: Damping time vs Elongation graph (Constant olume)

5

PLACEMENT OF HYSTERESIS DAMPERS

The amount of damping is affected by the mutual interference of magnetic dampers as well as
by the presence of permanent magnet. Thus, arrangement of the dampers becomes an important
assessment parameter of the efficiency of the designed system. The permanent magnet is placed
along the longitudinal axis of the satellite and three sets, each of two mutually perpendicular
rods, is placed in the planes perpendicular to the axis of the permanent magnet. Ideally, a pair
of hysteresis rods should be placed in the plane perpendicular to the permanent magnet axis
passing through its centre. In that plane, the rods should be placed on the two ad acent lateral
faces of the satellite that are the most distant from the permanent magnet. Any displacement of
the rods from the plane of bifurcation of the permanent magnet, referred to as the central plane
from here on, leads to induction of a component of the magnet s magnetic field to influence the
dampers. This component is given by Hst 1 .
The aim is to produce an arrangement that has least amount of the interference. The more the
influence, the less is the accuracy of the system with respect to the predicted results. Placement
should be in such a manner that results in minimal deviation from the wor ing point.
Mutual influence of the identical rods lying parallel to each other can be rendered negligible if
the distance between them exceeds 0. to 0.4 times of their length 1 .
Thus, the rods are place at a distance of .4 x 10-2 m from each other and their mutual effect is
overloo ed. The value of the component Hst can be estimated by:
=

(18)

3𝑚𝑚 𝜋𝜋
2

𝜋𝜋(𝜋𝜋 2 + 𝜋𝜋 )

2

Here,
m is the magnetic moment of the Neodymium magnet: 1.24 9 Am2
ls is the distance from the magnet to the
axis of the positioned rods and measured to be:
9 10-2 m.
lt is the distance from centre of the magnet onto the face on which the pro ection of the same
face of the point t on the rod is present.
For minimum value of Hst, when we differentiate it with respect to lt and equate it to zero, the
ideal value of lt is given as lt ls 2.
Thus, the deviation from the wor ing point is given by the ratio Hst Hc 1 . For R SAT-1
design, this ratio turns out to be 20.28 which is tolerable.
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Figure 4: Placement of hysteresis rods and permanent magnet in R SAT-1

6

CONCLUDING REMARKS

From the simulations, it is nown that for a fixed total volume, say 2.261 x 10- m about each
axis, if the elongation is 0.85, the time period required for damping is 5621 hours while it is
ust hours for elongation value of 80. Thus, elongated rods have better damping efficiency
than flat discs for the same amount of hysteretic material on-board.
R SAT-1 is fitted with six rods of length 8.5 x 10-2 m which is the maximum available length
of dampers that can be fitted in the satellite along any of the lateral axes. For this fixed length,
if the diameter is increased, the damping time is increased even though the volume of hysteretic
dampers increase. Thus, an optimum diameter of 0.001 m is employed to give an L D ratio of
85 with a sufficient damping time of 2.9 hours. Further decrease in the diameter to increase L D
ratio and decrease the weight can cause manufacturing problems. Thus, the solution proposed
is found to be the best possible design solution for passive magnetic attitude control of R SAT1.
7
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ABSTRACT
Rectangular-to-Ellipse Shape Transition (REST) inlets are a ind of inward turning inlets with
a shape transition. The design procedure is based on a streamline tracing technique that
extracts different streamtubes from the same reference flow. These D streamtubes are
combined by using a shape integration function in order to generate the inward turning inlet.
In present wor the inverse technique of REST inlet design is coupled to an optimization
procedure. A parametric description of a REST inlet was introduced. This set of parameters
represents in turn a set of control variables for the optimization procedure. The
parameterization, computation, and optimization are accomplished automatically by using the
ISIGHT software. The result shows REST inlet parametric representation with several
variables. The design with full mass captures at the design point, and the performance
improvements of the REST inlet through the proposed optimization process.
Keywords: Rectangular-to-Ellipse Shape Transition (REST)
parameterization optimization design
1

inward turning inlet

INTRODUCTION

The primary choice of propulsion systems for an air-breathing hypersonic vehicle is a
scram et. The design of a good compression system for a scram et is of great significance.
Than s to the introduction of streamline tracing techniques 1,2 , a ind of inward
turning inlets stand out of 2-dimensional inlets
. An inward turning inlet usually has higher
compression efficiency, better mass capture performance, as well as lower pressure loss. As a
result, it is considered an optimal choice for a scram et.
Considering practical applications, inward turning inlets are easily integrated with the
vehicle airframe 4,5 , as well as with combustors, having a circular or an elliptic crosssections 6 . However, the entrance shape and the exit shape cannot be controlled at the same
time by pure stream-tracing techniques. To solve this problem, a method of shape transition
was proposed. Smart et.al 6 firstly designed an inward turning inlet with a rectangular-toellipse shape transition (REST). The REST inlet was generated with a combination of two
inlets which were traced through the basic flowfield, as described in next sections.
In previous studies, optimization techniques have been used for improving the
performance of a basic flowfield
, with the aim of improving the performances of inlets
traced through this basic flowfield. In our wor , the optimization procedure was directly
coupled to the design of a REST inlet.
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2

PARAMETERIZATION METHODOLOGIES

2.1

Parametric generation of a basic flowfield

iong, erlauto and an

The parameterization of a basic flowfield geometry is schematically illustrated in Figure 1. A
cylinder center body is usually installed on the axisymmetric axis, as shown in shadow area.
Properties of a basic flowfield are mainly determined by the shape of compression wall which
is shown in red line in Figure 1. The total length of basic flowfield is t, and the cowl lip is
located at point D ( c). The curve CH is divided into two segments at point E. Line CE
represents the external compression of the inflow, and line EH represents the internal
compression. Each line is generated using a rd quasi-uniform -spline curve ( U S) 9
which has 4 control points.
C

F2

1

F1

E
leadi
ng sh

Ma

Ri

ock

rc

center body

O

Lc

2

F4

x D

H

F3

x

Lt

Figure 1 Parameterization of an axisymmetric basic flowfield geometry

For the basic flowfield, the entrance radius Ri is set to be unit 1, and all other lengths are
normalized by Ri. The cowl lip is located at c which has effects on the leading shoc
strength. As shown in Figure 1, the distance between the incident point and the cowl lip is
x , which is significant for the mass capture capability of inlets traced through this basic
flowfield. Thus designers hope that the leading shoc can incident perfectly on the cowl lip.
For each point shown in Figure 1, it can be expressed in a coordinate pair (x, r), where x
represents the flow direction axis, and r is the radial axis. Thus the total constriction ratio of
basic flowfield Rt ,basic is defined as the ratio of the entrance area to the exit area:
Rt ,basic

(r 2

rB2 ) ( r 2

rI2 )

(1)

The internal constriction ratio of basic flowfield Rin ,basic is defined as the ratio of the
cross section area at the cowl lip to the exit area, that is:
(2)
Rin ,basic (rE2 rD2 ) (r 2 rI2 )
The shoc angle is sensitive to the initial compression angle 1 , and it can be expressed
Eq.( ). The angle is defined as positive when point F1 is located lower than point C.
tan 1 (r r 1 ) ( x 1 x )
( )
Angle 2 is the tangent angle of the curve CE at point E, as well the tangent angle of the
curve EH at point E. Thus:
rE r
r 2 rE
tan 2
(4)
x
xE xE x 2
y applying Eq.(1)-(4), it is able to represent the compression wall in a few parameters.
It implies that designers can easily ad ust the geometry of compression walls by altering
parameters. An example of the basic flowfield is shown in Figure 2, and the radius of center
body is set rc Ri 0.1 10 .
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Ma: 0.00 0.66 1.32 1.97 2.63 3.29 3.95 4.61 5.27 5.92

1

0.5
0

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

x/Ri
Figure 2 An example of basic flowfield

2.2

Streamline tracing and shape transition

It is able to generate inward turning inlets by applying streamline tracing techniques if a
required basic flowfield has been obtained. The streamline tracing technique here can be
conducted along the streamwise direction by pre-specifying the entrance shape of an inlet, or
along the opposite direction by pre-specifying the exit shape of an inlet.
A REST inlet is a ind of inlet which has a rectangular-li e entrance and an elliptical exit.
Thus, Smart et.al
combined a number of stream-traced shapes to produce a smooth
transition from the entrance to the exit. The process of streamline tracing and shape transition
will be presented in this section.
Figure presents an inward turning inlet which has a rectangular-li e entrance, and it was
traced from the basic flowfield. This inlet is assigned as shape A. Figure 4 shows the inlet
which has an elliptical exit of the same area as shape A, and it is assigned as shape .
Than s to streamline tracing techniques, both inviscid shape A and shape will have full
mass capture at the design point. The -D inlet leading edges are located perfectly on the
shoc surface of the basic flowfield through which they were traced. In order to ma e sure the
REST inlet also has full mass capture capability under design conditions, the shape transition
is conducted from the cowl lip plane to the exit plane. Shape transition between shape A and
Shape is accomplished by applying a same integration function as Smart et.al did.
rectangular-like entrance

elliptical exit

Figure The generation of a shape A model

Figure 4 The generation of a shape

model

Moreover, shape A and shape do not have the same area distribution along the flow
direction, owing to the non-uniform compression of the basic flowfield. To ma e sure the
REST inlet has the same area distribution as shape A, shape scaling was applied on
intermediate cross sections which had been integrated. The procedure to control the crosssection area distribution by shape scaling was illustrated in 11 . Figure 5(a) presents the final
REST inlet model, and Figure 5(b) shows several cross sections along flow direction.
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0.9
0.8
0.7
0.6

REST inlet

z Ri

0.5
0.4
0.3
0.2
0.1
0

-0.1
-0.6

(a) REST model

-0.4

-0.2

0

y RB

0.2

0.4

0.6

(b) several cross-sections

Figure 5 The integration of shape A and shape

3

OPTIMIZATION OF A REST INLET

3.1

Optimization procedure

As illustrated in Figure 1, the compression wall of a basic flowfield is represented using
several control points, including fix points (blac ) and flexible points (green). In the primary
optimization, constriction ratios of a basic flowfield are fixed so that the inlet constriction
ratios will not far from the fixed value. The inlet constriction ratios are set as Eq.(5).
There are four movable control points in the parameterization of the boundary of the
basic flowfield, as shown in Figure 1. Each point is expressed in coordinate (x, r), which
means that there are eight variables. e give several additional constrictions as Eq.(6).
x 1 (2 x xE )
Rt ,basic

6.60

Rin,basic

2.50

x

(5)

x

2

(x
(2 xE

2 xE )
x )

(6)

r4 r
Equations (6) mean that the points F1, F2, and F4 are respectively put in the tripartite
position of each curve, and the direction of the exit flow is horizontal. Considering the
additional constrictions Equations (6) and Eq.(4), there are variables left. e can express
these variables in a vector X (r 1 , r 2 , x 4 )T . Actually, we can choose another optimization
vector X ( 1 , 2 , x 4 )T which is more physically meaningful. 1 is the initial compression
angle which has great effects on the shoc angle. 2 is the tangent angle at the end of outer
compression and it is necessary for designers to constrict the range 2 to avoid too distorted
compression wall. In addition, we set a range for each parameter considering a trade-off
between time-saving and flexibility.
For a compression system, the total pressure recovery is of great significance to the
of the inlet is selected as one
engine thrust. So the total pressure recovery coefficient
optimized ob ective. As mentioned, a REST inlet is not a stream-traced one, which implies
that the flowfield of a REST inlet is not a part of the basic flowfield. Thus, full -D
computations have to be conducted if we want to obtain performances of a REST inlet. It will
ta e a long time for thousands of full -D computations. To solve this problem, we use a
combined total pressure recovery p to predict that of a REST inlet. It is defined as
2

2

, where A and B are the total pressure recovery coefficients of shape A
and shape , which are both stream-traced inlets. Thus it is able to calculate their
performances from a basic flowfield instead of conducting -D computations.
p

A

B

4
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Furthermore, the mass capture performance is another vital parameter to evaluate a
compression system. The mass capture should meet engine requirements. For this ind of
inward turning inlet, the leading shoc of a basic flowfield has great effects on the mass
capture performance. In a basic flowfield shown in Figure1, the smaller x is, the higher
mass capture performance an inlet will have. Therefore, another optimization ob ective in this
wor is x . e gave an additional constraint of x t 1.0 , which means that a basic
flowfield will be regarded feasible only when the parameter x meets this constraint.
As mentioned above, we now have determined the optimization vector X ( 1 ,

2

, x 4 )T

as well as optimization ob ectives p , x . Therefore, this two-ob ective optimization
problem is expressed as Eq.( ).
Figure 6 presents the diagram of the optimization problem illustrated in Eq.( ). The
diagram was realized by applying ISIGHT which is an efficient tool for combining different
software and programs together to achieve automation of parameterization, simulation, and
optimization. Firstly, generate a group of parameters X ( 1 , 2 , x 4 )T to obtain the geometry
of a basic flowfield Then, the basic flowfield will be meshed and calculated After that, shape
A and shape will be traced through the basic flowfield
iterate until convergence.
T
min( p , x )

s.t.

0

1

0

2

( )

20

(2 xE
x

3.2

1
x )

x

4

x

1.0

t

Optimization results

For the optimization problem illustrated in Eq.( ), the NSGA-II optimization algorithm was
utilized to solve this problem. In this wor , the population size and the number of generations
are set 24 and 50 respectively, and the crossover probability is 0.5. Inlets having
x t 1 are considered to be feasible. It implies that the inviscid inlet will have almost
full mass capture under design conditions. bviously, these feasible inlets will not have same
predicted total pressure recovery coefficients. Figure presents all feasible inlets in Rin,inlet Rt,inlet pairs. To reveal the total pressure recovery performance of each inlet, these feasible
inlets are divided into 5 levels according to the value of p . The range for each level is
shown in the figure. Inlets of level 1 have the highest
To validate the optimization, two inlets with different
Case-2 in Figure .

p

, inlets of level 5 have the lowest.

p

were chosen, namely Case-1 and

Table 1 Design parameters of Case-1 and Case-2 inlets
t (m)

Case-1
Case-2
Improvement

1. 65

c

1.4

t

Rt,inlet
6.62

Rin,inlet
2.6
2.60

p

0.8 9
0.928
5.5

x

t

0.8
0.6

To compare two inlets fairly and equitably, we should ma e sure they have very close
geometry parameters, especially for the total constriction ratio. Table 1 presents some vital
geometry parameters of Case-1 and Case-2. They have the same length and the same cowl lip
location. They have the same total constriction ratio, which implies they have the same exit
area because their entrances are the same. As for the distance x t , Case-1 and Case-2 are

5
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almost the same. It is revealed that the p of a REST inlet is improved by 5.5
from Case-1
to Case-2 during the optimization process. However, this improvement is ust a predicted
value instead of the real one. So a confirmation will be made using CFD computations.
Start
level 1: 93.26%-94.21%
level 2: 92.51%-93.26%
level 3: 91.76%-92.51%
level 4: 91.01%-91.76%
level 5: 90.26%-91.01%

2.7

Generate a group of parameters X
2.66

Reversed tracing
shape

Mesh calculate the
basic flowfield
FCT A

CRin,inlet

Generate a basic flowfield geometry

ptimization
algorithm

case 1
2.62

case 2

2.58

Tracing inlet shape A

Exit shape

x

2.54
A

B

2.5
6.5

Figure 6 The diaguram of optimization process

Figure

4

AERODYNAMIC EVALUATIONS

4.1

Performances at the design point

6.55

6.6

6.65

CRt,inlet

6.7

6.75

6.8

All feasible inlets in Rin,inlet- Rt,inlet pairs

In this section, computational confirmations will be made under design conditions. Figure
8(a) and (b) respectively present the inviscid Mach contours for Case-1 and Case-2. As
illustrated, the shoc surface fits perfectly with the -D leading edge of both Case-1 and Case2, which reveals that two inviscid inlets have almost full mass capture. The mass capture ratio
for an inlet is defined as

mt mcapture

mt （( u ) A

）, where mt is the mass flow rate at

T

the exit, and m capture is the mass flow rate captured by area A T. Than s to streamline tracing
techniques, the mass capture ratios of inviscid inlets are almost 100 , as shown in Table 1.
Figure 9 shows the viscous flowfields for Case-1 and Case-2 under design conditions.
wing to the boundary layer, the shoc surface does not fit perfectly with the -D leading
edge, which leads a spillage. Mass capture ratios for Case-1 and Case-2 decreases to 98.
and 9 .5 respectively. It can be seen from the flowfield of cross sections that the boundary
layer is attached around internal walls of inlets.
Table 1 also presents the total pressure recovery coefficients of Case-1 and Case-2.
Although the inviscid value R ,inviscid is a little different from the predicted value p , it can
reflect the relationship between them. That is to say, a larger p leads to a larger R ,inviscid .
The inviscid total pressure performance of Case-1 is improved by 4.28 through the
optimization. As for the viscous results, the total pressure performance of Case-1 is also
improved by 6.8 . It can be concluded that it is able to obtain a REST inlet with better
performance optimization process without changing vital geometry parameters.
R , inviscid

Case-1
Case-2
Improvement

0.888
0.926
4.28

R ,inviscid

99.
99.8

R , viscous

0.688
0. 5
6.8

R , viscous

98.
9 .5

Table 2 Performances of Case-1 and Case-2 at the design point

6
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Fig.8 The inviscid Mach contours of Case-1 and Case-2
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Fig.9 The viscous Mach contours of Case-1 and Case-2

4.2

Performances under off-design conditions

Figure 10 presents the effects of inflow Mach number on inlet total pressure recovery
performances. As illustrated, R ,viscous of both Case-1 and Case-2 increases with the
decreasing inflow Mach number. In addition, Case-2 always has a higher R ,viscous than Case-1
under different Mach number conditions. It means that the performance of Case-1 was
improved from a Mach range Ma4.5-Ma6.0. The value of the performance improvement is
- R ,viscous (case 1）
defined as
R ,viscous
R , viscous (case 2）
0.77

0.75

R , viscous
V2,
V3

0.73

0.71

Case 1
Case 2

0.69

0.67

Fig.10 The

R , viscous

4.5

5

Ma

5.5

6

of Case-1 and Case-2 under different Mach number conditions

As presented, the
R , viscous decreases with the Mach number decreasing, which
implies that Case-1 and Case-2 have very close performance under relative low Mach number
condition. Actually, the total pressure loss comes from two aspects: one is the compression
loss caused by the shoc or compression waves the other one is the viscous loss induced by
the boundary layer. The magnitude of the compression loss is mainly determined by the shoc
strength, and the viscous loss is mainly related to the wet area of the inlet wall. ith the
inflow Mach number decreasing, the shoc strength becomes wea er, which leads
compression loss to become smaller. However the viscous loss ust changes little with the
variable inflow Mach number. As a result, the value of R ,viscous improvement is much smaller
at low inflow Mach number.
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CONCLUSIONS

In this wor , the design of REST inlets is coupled to an optimization procedure. The
REST inlet is obtained by using a stream-tracing technique applied to a basic flowfield
whose geometry have a parametric representation. The related parameters are also control
variables for the optimization procedure. The optimization methodology has shown
improvements of the inlet performances within about 6 in terms of the total pressure
recovery of inlet. The real total pressure recovery performance of a REST inlet is proportional
to the predicted value which is a combination of shape A and shape
Through the optimization produce conducted under design conditions, performances
under off-design conditions were also improved. The value of improvement decreases with
the decreasing inflow Mach number owing to the wea er shoc strength.
6
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ABSTRACT
Synthetic Aperture Radar (SAR) payloads are strongly demanded for Earth Observation (EO)
mission providing sub-meter resolution. Several functionalities of the radar system, e.g.
generation of chirped waveform, beamforming, and direct A/D conversion of the radar echo,
can be implemented by a photonic approach, aiming at improving the performance of the
currently available SAR payloads, especially in terms of size, weight and power consumption.
In this paper, wecritically review the state-of-the-art of integrated microphotonic
technologies for SAR payloads and discuss how some building block of the payload can be
implemented in the photonic domain. Some numerical results on the design of both an
optoelectronic oscillator with ultra-high spectral purity and a photonic sub-system for
linearly chirped microwave waveform (LCMW) generationwith a large time-bandwidth
product (TBWP) are reported.
Keywords: Synthetic Aperture Radar, beamforming, waveform generation, microphotonics,
microwave photonics.
1

INTRODUCTION

Payloads for Space missions can be classified into two categories in terms of the operating
wavelength. Optical payloads measure reflective light in wavelength range from ultraviolet to
infrared, while microwave sensors measure microwaves whose wavelength is longer than that
of infrared rays. The observation of microwave sensors, such as radar and SAR,should be not
affected by day, night, or weatherconditions [1]. In the last decades, an increasing demand for
a low cost, day-night, all weather spaceborne imaging capability using SAR on small
satellites has emerged, thanks its capability of high-resolution remote sensing, regardless of
lighting conditions and weather. SAR payloads are unanimously considered a very powerful
tool for the EO, exhibiting a very good spatial resolution (of the order of 1 m) and operation
in several RF bands, e.g. S, C, X and Ka bands. Current SAR payloads require the installation
on board of a satellite having a mass of the order of a few tons, as COSMO-Skymed, due to
their huge mass, large footprint and high-power consumption. Recently, the interest has
focused on small satellites, with mass in the range 100-500 kg, especially for EO missions
and the use of satellite constellations, that demand the development of SAR payload with a
mass of some tens of Kg and an average power consumption of the order of 100 W [2].
Several SAR payloads with the above-mentioned features, based on standard electronic
components, are currently on the market and launched in Space, such as the NovaSAR-S,
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launched in 2016. It is a multi-mode SAR with a finest spatial resolution of 6m and a mass of
approximately 140 kg [3]. Targeting to improve the performance of the SAR payloads
currently in Space, several functionalities of radar system can be implemented by using a
photonic approach, with the aim of achieving order-of-magnitude improvements in size and
mass, antenna system integration and reduction of the risks associated to the in-orbit antenna
deployment.Since several decades, photonics is considered a key enabling technology in
manyscientific/technological areas such as telecommunications, aerospace and defence,
lifescience, health-care[4]. The benefits of photonics could be exploited in several systems
and componentsfor small spaceborn SAR instrumentations,conventionally implemented with
microelectronic technologies, such as beamforming networks,high-precision sensors, analog
RF front-ends, analog-to-digital converters andso on [5]. In this paper, we discuss the use of
integrated micro-photonic devices and circuits in the context of advanced small spaceborne
SAR instruments, focusing on RF beamforming networks and the chirped waveform
generation. We report a new configuration of photonic beamforming network, as key building
block of the phased array antennas (PAAs) used on SAR payloads. A critical review of the
optical solutions, compliant to the SAR payload requirements, for photonic beamforming
networks, is reported. Furthermore, we propose a chirped waveform generation system,
formed by using photonic integrated circuits based on optoelectronic oscillators with high
spectral purity. A phase noise at 10 kHz offset from the carrier down to -110 dBc/Hz and an
output electric power > 10 dBm has been calculated by using an ultra-high Q-factor ring
resonator.
2

PHOTONICS-BASED SAR PAYLOADS

The SAR payload, as shown in Fig. 1, consists of a linearly chirped microwave waveform
generator, frequency converters, an analog-to-digital converter and a beamforming
network[6]. Thechirp-generator generates a chirped microwave waveform. AfterInphase/Quadrature (I/Q) modulation, the signal isup converted. The signal is amplitude limited
before a gain-controlled driver amplifier feeds the antenna network. Several hundred T/R
frontends amplify the RF-signal and shift the corresponding phase according to the
beamforming networks. Transmission and reception are realized by PAAs. For the reception,
the received echo signal is amplified and post-processed by down conversion, I/Qdemodulation and baseband filtering [7].
All thefunctionalities can be implemented by using integrated microphotonic devices and
circuits. In particular, the Chirp-Generator can be implemented merging the electronic and
photonic approach, using as key element an optoelectronic oscillator with high spectral purity.
Furthermore, Khilo et al. [8] have experimentally demonstrated a direct digitization of RF
signals, without down-conversion, by using photonic sampled ADCs.The integrated
electronic-photonic ADC include both photonic and electronic components, i.e. dual-output
silicon-modulator, two matched banks of microring-resonator filters, balanced photoreceivers,
electronic ADCs, and digital postprocessing circuits. The proposed ADCguarantees the
digitization of a 41 GHz signal with 7.0 effective bits and instantaneous bandwidth of a few
GHz This accuracy corresponds to a timing jitter of 15 fs, that involve a 4-5 times
improvement over the performance of the best electronic competitor.
As shown in Fig.1, PAAs are the core of the transmission/reception section of the SAR
payloads. Avoiding the beam squint effect, ultra-wideband beamforming can be obtained by
tunable microphotonic true-time delay lines. They ensure a frequency-independent time delay,
in the order of hundreds of ps, in a bandwidth up to some GHz in X-band or Ka-band [9].
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Figure 1: Design scheme of a SAR payload. MW: microwave; A/D: analog-to-digital; Tx:
transmission; Rx: reception (Inset image credit: RADARSAT-2 Data and Products © MacDonald
Dettwiler and Associates Ltd (2009) ).

3

PHOTONIC BEAMFORMING

A PAA consists of an array of antenna elements (AEs) and a so-called beam forming circuit.
In contrast to standard antenna, e.g. dish antenna, which is mechanically controlled, the
radiation pattern of a PAA can be engineered by tuning the relative phases between the
antenna elements, reinforcing the emission/reception in the desired direction. The use of
standard antenna is typically affected by beam squint effects, causing the distortion of the
radiating beam and it represents the most critical issue for a beamformer. Recently,the use of
an optical approach for beamforming has received a strong interest, aiming to overcome the
aforementioned limitations and providing high values of delay time together with low power
dissipation and compact device footprint[9].The design scheme of a photonic beamforming
networks is shown in Fig. 2, where the key building blocks are the optical tunable delay lines.
The RF radar signalelectro-optical modulates the light beam from the laser. The modulated
laser signal is splitted into the branches of the beamformer, that consist on optical tunable
delay line, aphotodiode, and a high-power amplifier. By tuning the delay performed by each
single delay line, the RF beam can be formed and steered towards the desired direction.

Figure 2: Design scheme of a photonic beamforming network. E/O: electro-optic; PD: photodiode;
HPA: high power amplifier.

For SAR payload with sub-meter resolution operating in the X-band or in Ka-band, a
maximum steering angle of tens of degrees along the azimuth direction requires a maximum
delay of the order of hundreds of ps. Several optical delay lines, based on different physical

3
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principles, compliant to the aforementioned requirements, have been reported in literature
[10-13]. As widely demonstrated in [13], the optical delay lines exploiting the slow-light
effect provide high values of optical delay time and large bandwidth. Exploiting the features
of the electro-optic tuning, such as the much faster response respect to the thermal approach
[10], recently optical delay lines based on the electro-optic tuning realized with a graphene
structure have been proposed [11-13]. In 2015, we demonstrated a fast and continuous delay
tuning of approximately 230 ps using twovertically coupled ring resonators interleaved by a
graphene capacitor [11]. In particular, a bandwidth B > 1 GHz, a very small footprint (1.6 x
10-3µm2) and an insertion loss of 23 dB have been obtained (see Fig. 3(a)). A larger value of
time delay (≈ 900 ps) can be obtained including two graphene-based Mach–Zehnder
interferometer switches in addition to the aforementioned vertically coupled ring resonators
[12]. Although the devices reported in [11-12] are compact, fast and with low power
consumption, lower values of insertion loss arenecessary to avoid an amplification stage at the
output of the device. In 2018, we proposed an optical delay line based on a one-dimensional
photonic crystal (1D-PhC) configuration on SOI technology platform, using the graphene for
wide and continuous optical delay tuning [13]. A fast reconfigurability, low power
consumption and a maximum delay time of 274.85 ps have been demonstrated, as shown in
Fig. 3(b). A flat bandwidth equal to 1.18 GHz, with a very small footprint (A = 1.35 x 10-3
mm2), has been also obtained, so providing, to our knowledge, the highest value of the figure
of merit FOM = Δτ/A = 1.54 x 105 ps/mm2 obtained in literature with integrated optical delay
lines.

(a)
(b)
Figure 3: (a) Transmission spectra of the vertically stacked ring resonators (see inset) as a function of
Vg applied to the graphene layers; (b) Time delay vs voltage applied to capacitor of the photonic
crystal – based optical delay line shown in the inset.

4

CHIRPED WAVEFORM GENERATOR

A widely used approach in the SAR payload transmission section is the microwave pulse
compression, requiring a LCMW waveform with a TBWPin the order of 102 or 103 to obtain
simultaneously large detection range and good range resolution. The current electronic
approach is based on voltage-controlled oscillator (VCO) or digital signal processing (DSP).
Direct digital synthesis of chirped signal is available with digital synthesizers or field
programmable gate arrays (FPGAs). For both configurations, the digital section, combined to
analog-digital converter (ADC), generates the chirped signal into the base-band and an upconverter shifts the chirped signal to higher frequencies, as mounted in TerraSARTM [7]. This
approach allows obtaining a TBWP in the order of 1000, with a resolution up to 14 bit [14].
Recently, the research on digital-based chirp generator has been focused on scheme without
up-converter. However, due to the limited speed and bandwidth of electronics, the central
frequency and the bandwidth of the electronic chirped generator is limited to a few gigahertz,
not compliant to the requirements for applications in SAR [15].The use of photonics ensures
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wide range frequency tunability and low phase noise, in addition to large values of TBWP. In
literature, several configurations of photonics-based LCMW generator have been proposed,
based on spectral shaping and frequency-to-time mapping technique (SS-FTT), selfheterodyne technique, optically injected semiconductor laser or the combination of a
frequency-tunable optoelectronic oscillator (OEO) and a recirculating phase modulation loop
(RPML) [16-19]. The SS-FTT method is based on the shaping of an ultrashort optical pulse
by an optical spectral shaper, that contains Sagnac loop, Fourier transform pulse shaper and
fiber Bragg gratings [16]. The conversionto the time domain and realization of the chirped
pulse is performed by a dispersive medium. This method is attractive for its easy realization,
although, it shows low values of TBWP (in the order of tens) at central frequency > 20 GHz.
The second method is based on optical heterodyning technology by beating one sweeping
optical signal with a continuous wave light [17]. A TBWP of 4200, with a long duration time
of 1 µs and a bandwidth of 4.2 GHz, has been measured for a Mach-Zehnder – based chirped
generator with self-heterodyne technique [17]. Though the method provides a good tunability
in any central frequency and bandwidth, with high values of TBWP, it often causes a large
phase noise as a result of using noncoherent light sources. The injected laser – based chirp
generator technique exploits the period-one dynamics of an optically injected modulated laser
[18] or the dual-mode state of a single monolithically integrated amplified feedback laser
[19]. The first one is based on several discrete photonic components, suffering from bulky
configuration, while the second approach represents a compact solution, ensuring ultra-wide
TBWP (e.g. 5.159 105) with a bandwidth more than 5 GHz [19].
In order to increase the purity of the chirped signal, a LCMW generator based on a frequencytunable optoelectronic oscillator (OEO) and a recirculating phase modulation loop (RPML) is
proposed by [20]. In this system, the continuous wave is split into two paths. One signal is
sent to the OEO for the generation of a high purity microwave signal, the other signal, after
the intensity modulation by a switching signal at an intensity modulator to form a chirp-free
optical pulse, is sent to the RPML, where the chirp-free pulse is phase modulated by a
parabolic waveform to generate a linearly chirped optical waveform. The circulations of the
beam inside the RPML increases the pulse chirp rate, being subject to multiple phase
modulations. By beating the output beams of the OEO and RPML at a highspeed photodiode,
a LCMW waveform is generated (see Fig.4).

Figure 4: Design scheme of LCMW generator. PS: power splitter; MZI: Mach-Zehnder modulator,
PC: power combiner; OA: optical amplifier; PM: phase modulator; SW: switch; PD: photodiode; RR:
ring resonator; A: electric amplifier; RPML: recirculating phase modulation loop; OEO:
optoelectronic oscillator. Optical connections are in green, electrical ones are in blue.

The performance of the chirped generator is strictly related to the features of the
optoelectronic oscillator. Here, we propose a photonic integrated circuit acting as linearly
chirp-generator with high spectral purity and high chip rate in a small footprint. The proposed
system is based on an optoelectronic oscillator, formed by a Si3N4 ring resonator that includes
a photonic crystal ring resonator. As reported in [21-22], the PhCRR enhances the resonator
Q-factor up to values of the order of 109. In particular, as shown in Fig. 5, the OEO section is
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based on a DFB tuneable laser source with a linewidth < 1 MHz and a tunability of 0.1 nm,
and the ring resonator and the phase modulator acting as microwave photonic pass-band filter.
When the gain of the RF amplifier compensates the loss of the positive feedback loop, the
OEO starts to oscillate, with a sinusoidal behaviour as shown in Fig. 6(b). A phase noise at 10
kHz offset from the 40 GHz carrier,down to -120 dBc/Hz or -115 dBc/Hz and an output
electric power > 10 dBm is potentially achievable for the OEO by using an output power of
the laser of 40 mW or 80 mW, respectively (Fig. 6 (c)).

Figure 5: Design scheme of an optoelectronic oscillator. PS: power splitter; PM: phase modulator; PD:
photodiode; RR: ring resonator; A: electric amplifier; PBF: pass band photonic filter; SA: spectrum
analyzer. Optical connections are in green, electrical ones are in blue.

(a)

(b)

(c)
Figure 6: OEO output in frequency (a) and time domain (b). (c) Phase noise trend of the OEO output
vs RR Q-factor, for an output power of the laser Pout equal to 40 mW (red line) and 80 mW (blu line).

By integrating the proposed OEO into the chirped generator scheme (Fig.4), by using a
parabolic waveform driver of the PM into the RPML, a high purity linear chirped signal has
been obtained, as shown in Fig.7, with a TBWP of 32 (OEO Q-factor = 109). Subsequently,
the TBWP has significantly improved by changing the driving voltage waveform of the PM
into the RPML [23]. In particular, by using a 10-times splitting parabolic waveform, a TBWP
exceeding 300 has been obtained. According to our preliminary study, the TBWP can be
furtherly improved by using more complex waveform, performing TBWP values in the order
of tens of thousands. The generator features as high purity, compactness, hybrid integration
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capabilities and reconfigurable signal generation, makes it as a suitable for the advanced SAR
payloads sub-systems.

(a)
(b)
Figure 7: LCMW waveform in the time domain (a), with a zoom on the first time period (b).
5

CONCLUDING REMARKS

High resolution Synthetic Aperture Radar payloads are considered a very powerful subsystem for the Earth Observation (EO). A photonic approach can bring the advantages of
photonics to SAR payloads, such as the immunity to radiations, wide bandwidth, large
tunability with respect to the electronic counterparts. In this paper, the state-of-the-art of the
photonic technologies for SAR payloads has been discussed, focusing on the photonic
beamformer and chirped microwave generator. For the beamforming, a photonic approach
allows to avoid the beam squint effect. Several optical delay lines have been reported,
highlighting on their capabilities to achieve high values of delay time together with low power
dissipation and compact device footprint, rather than the counterpart in RF technology. For
the chirped microwave signal, an innovative system has been illustrated, based on ultra-highQ silicon nitride ring resonator. The chirped signal shows high spectral purity (phase noise
down to 120 dBc/Hz at 10 KHz offset to 40 GHz carrier) and a time bandwidth product (more
than 3000). The performance of the proposed chirped microwave waveform generator results
very attractive for several Space and military applications, farther in the field of the radar
systems and satellite telecommunications.
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ABSTRACT
Sustainable development in Space is based on affordable initiatives. Reuse of hardware is a
strategy increasingly adopted to reduce the experiment costs, but its success relies on
adapting the biological systems to experiment units. MULTI-TROP won the YiSS call
promoted by Agenzia Spaziale Italiana (ASI) in 2017 and was performed on the ISS during
the VITA mission. Kayser Italia provided to ASI the industrial support services for the new
payload integration process, operations and logistics. The experiment was aimed to study
hydrotropism and chemotropism in roots of seeds germinating in microgravity. The
experiment unit (EU) was selected within a set of previously flown EUs designed by Kayser
Italia. Use of a hardware designed for a different experiment was a challenge and technical
constraints got complicated by the interaction with environmental conditions and timing of
pre-flight and in-flight operations. Several constraints had to be solved to achieve the
MULTI-TROP scientific goals. Biological tests allowed an accurate selection of the plant
species on the basis of the hardware design and environmental conditions expected during the
experiment. In addition, arrangements of the experimental setup were necessary. Overall, the
experiment was successfully performed and the scientific goals were fully achieved.
Keywords: refurbished hardware, plant space biology, root tropisms, ISS microgravity
1

INTRODUCTION

Sustainable development in Space is based on affordable initiatives and efforts are needed to
reduce the costs of experiments performed in microgravity. Reuse of hardware is a strategy
increasingly adopted, but its success relies on the ability to adapt biological systems to
experiment units. In this context, researchers face technical constraints of hardware originally
designed for satisfying the requirements of a different experiment.
In 201 , ASI promoted the iSS program, that provided access to the Space resources than s
to a bilateral agreement with NASA. iSS was a call for educational and scientific
experiments to be performed on the ISS during the ITA mission (Expedition 52 5 ) with the
astronaut Paolo Nespoli, using hardware belonging to ASI and used for previous experiments
in microgravity. The hardware provided to perform the experiment on the ISS was designed,
developed and flight-certified by ayser Italia ( I) that was also responsible for its new
refurbishment and for the new payload integration process, operations and logistics.
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The MULTI-TR Pism: interaction of gravity, nutrient and water stimuli for root orientation
in microgravity (MULTI-TR P) proposal was selected among others. Activities were
distributed in a period of about 28 months (from September 2016 to December 2018) and
organized in four phases: a) pre-submission phase b) pre-flight phase c) in-flight phase d)
post-flight phase.
The educational aim of MULTI-TR P was to enhance young people s interest in Space
biology. The experiment was conceived by scientists at the Department of Agricultural
Sciences of the University of Naples Federico II in collaboration with a PhD and two Master
students from the same Department and nine students from the High School Liceo
Scientifico Filippo Silvestri located in Portici (Napoli), Italy.
In addition to the educational ob ectives, the MULTI-TR P aimed to disentangle the role of
gravity from two other stimuli for root orientation: hydrotropism and chemotropism.
Considering that gravitropism is a dominant over other tropisms [1], the relative importance
of water and nutrient solution in root growth orientation was investigated by performing the
experiment in microgravity. The experimental setup foresaw the placement of seeds in
between two dis s of the same inert substrate imbibed either with pure water or with nutrient
solution.
ne of the requirements of the iSS call was the use of a hardware (H ) to be chosen among
a list of nine available options provided by the company ayser Italia. After a careful
evaluation of the technical description of each H option, the Principal Investigator (PI)
considered the ING- 2 Experiment Units (EUs) and the I
N container as the most
suitable ones to accomplish the scientific goals of the MULTI-TR P experiment.
It was immediately clear that a set of critical constraints had to be tac led during the pre-flight
phase in order to adapt the biological system to the H characteristics without altering the
scientific goals of the experiment.
During the pre-flight phase, several activities were needful and included hardware
refurbishment, selection of seed species cultivars, substrate type and nutrient solution.
Successively, experiment implementation, biological activation and execution in microgravity
were performed during the in-flight phase. Finally, the post-flight phase included a ground
reference experiment and the processing of plant samples returned from Space.
2

MATERIALS AND METHODS

2.1

HW characteristics and constraints

MULTI-TR P was performed in a I
N container equipped with two ING- 2 EUs
previously flown for the ING experiment in 2009. oth the I
N and the ING- 2
units have been designed, manufactured and certified for launch by ayser Italia which is a
SME operating in the space sector for more than 0 years.
The I
N is a passive container which provides a dedicated environment for the
execution of life science experiments in microgravity and it is composed of two volumes: a
top vented case containing the batteries pac for autonomous operations of the experiment
and a lower sealed case containing the two ING- 2 experiments units with the biological
samples inside.
The I
N used for MULTI-TR P was flown in 2009 for the DAMA mission carrying the
IF AM experiment. The configuration used for MULTI-TR P was completely different
from the one used in previous experiments, mainly in terms of battery type and electronics.
Indeed, the hardware was composed of heaters, thermal sensors, optical sensors and a camera,
requiring high energy rechargeable batteries for operating.
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For the ING experiment, the EUs were interfaced to the I LA facility and therefore both
their electronic and mechanic interfaces were not suitable for the MULTI-TR P experiment,
where the EUs were interfaced only to the self-standing I
N container in which these
ones were placed.
oth the I
N and the ING- 2 hardware needed refurbishment for fulfilling the
scientific requirements of the MULTI-TR P experiment. The main technical constraint and
challenges were related to the fact that biological activation would have occurred at the
implementation phase (placing the dry seeds between the two wet substrates) and most of the
experiment would have run during the launch phase. The reason behind this constraint is that
ING- 2 EUs have only one reservoir chamber per each culture chamber (Figure 1) and the
latter had to be filled with the chemical fixative (activation of the chemical solution was
driven by the pre-loaded timeline). For this experiment, it was preferred to fill the reservoir
chamber with the chemical fixative required for bloc ing the root growth at experiment
completion, also considering the medium-long re-entry of biological samples on Earth (1
month). The first consequence of this choice was the need to perform the biological and
hardware integration at the launch site, a few hours before the Sp launch.

Figure 1: Experimental setup of MULTI-TR P experiment into ING- 2 hardware

2.2

Methodological approach

Experiments performed in Space typically define the scientific requirements first and then
develop H that fits both scientific requirements and space technical constraints.
To perform the MULTI-TR P experiment it was necessary to adapt the biological system to
the H and other technical requirements. The small volume of the culture chambers within
each EU, the absence of a temperature control system in the payload, and the difficulties to
match biological timing of the experiment with the timeline of the launch activities were
critical constraints to be considered.
iological activation of the experiment had to occur at the launch site during the experiment
implementation. However, although seed hydration had to start immediately, to fulfil
scientific requirements, the radicle protrusion and root development had to occur in
microgravity conditions.
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During the pre-flight phase, ASI and ayser Italia provided to the scientific team: a) an
extensive description of the H characteristics, b) training lessons with the H itself in view
of the implementation integration activities at launch site, b) the estimated timeline from
sample integration into the EU at launch site to payload arrival on the ISS, c) the expected
temperature variation throughout the period from biological implementation at launch site to
experiment activation (root growth fixing) by the crew on the ISS.
These parameters were all used as ey information for selecting the best inert substrate and
the species of the seeds to be used for the experiment.
The experiment design consisted of two substrate dis s to be soa ed one with distilled water
and the other with a nutrient solution. The most suitable inert substrate was selected according
to the following requirements: D porous material, highly water absorbing and with a very
limited liquid interface exchange.
To test the chemotropic response of roots, the composition of the nutrient solution was chosen
according to scientific literature reports 2 .
The biological system was selected applying subsequent criteria, considering the main
constraints of the H and of the flight operations. Several candidate species were considered.
Seeds used for the tests were bought on the mar et as certified seeds from specialized
companies. Seeds for final tests and launch experiment were purchased by the FRANCHISementi seed company, that offered the professional expertise to guarantee high quality of the
seeds in terms of high and uniform germinability. Germination tests were preliminary
performed in Petri dishes layered with filter paper. Subsequently all tests were carried out in
the ING- 2 ground reference units (identical to the flight ones), assembled according to the
protocols defined by the team for the experiment biological implementation at the launch site.
3

RESULTS

3.1

HW refurbishment

The refurbishment of the H was performed by ayser Italia according to the experiment
scientific requirements. Refurbishment activities involved a re-design of batteries pac and
electronics of the I
N container, a re-design of the ING- 2 electronics for their power
supply, a new firmware (F ) for commanding the ING- 2 according to the defined
experiment timeline, the mechanical accommodation of the ING- 2 inside the I
N
and the realization of specific tools for adaptation of the experiment samples (seeds and
substrates) to the ING- 2 culture chambers.
The new battery type was selected also according to Space Safety requirements and a battery
pac , including an electronic circuit protection, was designed, manufactured and tested by I
against possible lea age and launch loads vibrations. Then the ING- 2 EUs electronics was
adapted for receiving power from this battery pac and the microcontroller was reprogrammed to load a new timeline requested for the activation of the eight culture chambers
at I
N manual switch-on. Finally, an interface plate was designed and realized to
accommodate the two ING- 2 EUs inside the I
N.
A tool for correct insertion and then retrieval of the MULTI-TR P biological samples inside
( from) the culture chambers was needed because of the ris s of damaging the substrate and
the roots during experiment handling. In addition, to ensure complete hydration of the
substrate with the fixative solution, it was necessary to reduce the volume of the culture
chamber so that it corresponded to the volume of the fixative reservoir. Therefore, the
research team and ayser Italia designed and D printed ad hoc sample bas ets (Figure 1) for
fulfilling these contingencies.

4
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Substrate selection

More than ten different inert substrates commonly used for plant production were tested to
evaluate their performance in terms of adaptability to biological and technical requirements of
MULTI-TR P experiment. Particular attention has been paid to avoid lea age of the two
substrate dis s. Thus, centrifuge tests were performed to simulate the hypergravity conditions
expected at launch. Among the tested substrates, asis Grower Foam, a phenolic plastic
foam, proved to be the best to meet the biological and technical requirements. This substrate,
in fact, retains a sufficient liquid content to carry out the experiment and thus the germination
of the seeds and their development, even in conditions of hypergravity.
3.3

Species selection

Although thousands of seed species could have been considered as candidate for the
experiment, we focused on food species to be used for plant cultivation in Space.
A further criterion for species selection was the compatibility of the seed size with the culture
chamber volume. However, it has been also considered that in order to obtain an appropriate
number of replicates to satisfy the scientific requirements (total number of seeds to be used
for the experiment), four seeds per culture chamber had to be used. A maximum value of
volume occupied by both dry and imbibed seed was therefore calculated on the basis of
culture chamber size. This requirement significantly reduced the number of candidate species.
Successively, we performed specific laboratory tests (including time-lapse video recording)
for each of the candidate species. Images were used to evaluate seed germination in dar
conditions and root hypocotyl elongation dynamics. In this context, the impossibility of
controlling the environmental conditions during the experiment on the ISS did complicate the
species selection. Scientists were forced to loo for a biological system wea ly reactive to
temperature variations. The tests performed were aimed to evaluate the effect of temperature
on seed germination and root development as well as the timing of radicle protrusion and root
growth rate. At this stage, the analyses went beyond the level of species, testing also different
cultivars. All data were statistically elaborated and results showed that the seed set of Daucus
carota L. cv Chantenay by FRANCHI-Sementi was the most suitable cultivar to perform the
MULTI-TR P experiment in the ING- 2 EU. Selected seeds were also used to setup the
Experiment Simulation Test that confirmed the expected outcomes as shown by the tests
previously carried out.
3.4

Launch experiment and post-flight operations

The experiment was prepared in the laboratories at the Space Station Processing Facility at
ennedy Space Center due to the scientific constraints abovementioned. The activities were
meticulously scheduled by the team before arriving at the launch site in order to have all the
needed equipment and a dedicated laboratory assigned. The MULTI-TR P team wor ed
following a timeline and scientific and technical protocols consolidated during the Experiment
Simulation Tests performed in Italy. The late access implementation of the ING- 2 EUs
inside the I
N occurred one day prior to launch. The experiment implementation
included both biological activities (seeds placement inside each culture chamber equipped
with the two types of substrates, and filling of fixative reservoir with RNA Later) and
engineering activities ( ING- 2 EUs lea test for proving the correct fluid containment,
timeline loading on ING- 2 electronics, accommodation of the battery pac and of the
ING- 2 EUs inside the I
N, and hermetic closure of the container and placement
inside its transportation bag). nce integrated, the payload was handed over to the NASA
Cargo Mission Contract (CMC) for installation inside the Dragon capsule. Sp -1 launched
on December 15th and berthed to the ISS on December 1 th. The I
N was immediately

5
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de-stowed from Dragon according to scientific requirements. Activation of the fixative
in ection was accomplished by the crew member Scott Tingle on December 21st and, once
completed, the I
N was re-stowed in its transportation bag till Dragon departure.
Dragon left the Station and splashed down in the Pacific cean on anuary 1 th. The
I
N was then transferred to SC laboratories at controlled temperature (between 2 C
and 6 C) as per science requirement and shipped bac to Italy for samples retrieval. All the
related logistics were managed by ayser Italia.
4

DISCUSSION

Reuse of hardware is a strategy increasingly adopted to perform experiments in microgravity,
but efforts are needed to adapt biological systems to experiment units. The hardware provided
to perform the MULTI-TR P experiment on the ISS were already designed by ayser Italia
for a different experiment. The use of refurbished hardware resulted overall positive.
Scientists were ready to adapt the biological system to the H characteristics. efore
submission, the scientific team was informed of all H details and had envisioned solutions
for the constraints (compatibility between growth chamber volume and seed size, the
necessity to select seedlings with late hypocotyl development, the requirement of late access
to the launch site for experiment implementation, etc.).
However, specific constraints of the H
got complicated by the interaction with
environmental conditions and timing of pre-flight and in-flight operations. During the preflight phase, the assignment to the specific mission and consequently the definition of all the
timing and environmental conditions of the pre-launch, launch, berthing, de-stowing phases
up to the in ection of chemical fixative by the crew (on-orbit operations), generated a series of
further constraints.
The refurbishment of the hardware ( I
N and ING- 2) was driven by the scientific
requisites, mainly the need to adapt the samples to the culture chamber for avoiding the ris of
damage when retrieving them from the EU once returned to Earth, and the uncertainty –
during the first steps of the pro ect development – on the requirement to have or not a battery
pac with enough stored energy for activating the experiment timeline during the Sp launch
phase (up to berthing).
The first constraint was solved with the ad-hoc design and realization of D-printed bas ets,
which also needed to be compatible with the biological sample and therefore required some
material compatibility test the second constraint required a feasibility study of two different
batteries pac options with the involvement of different Safety approaches. The choice was
then driven by the germination performance of the selected seed species.
Although most research focuses on single tropisms, in natural circumstances the plant roots
respond to several tropic signals
. MULTI-TR P aimed to evaluate hydrotropism and
chemotropism interaction for root orientation in microgravity.
The study of root tropisms is often complicated by the dominant effect of gravitropism over
other secondary tropisms including hydrotropism and chemotropism 4 . The possibility of
carrying out experiments on the ISS in the absence of gravity stimulus allows scientists to
exclude the effects of gravitropism and further investigate a wide range of plant tropisms and
their interactions. Than s to a bilateral agreement between ASI and NASA, the MULTITR P experiment had the possibility of carrying out an experiment in microgravity.
However, scientists have faced several other technical constraints.
As regards substrates selection, asis Grower Foam, a phenolic plastic foam, was chosen
for the experiment. Mainly the choice was based on the water retention capacity of the
substrates exposed to levels of hypergravity expected for the launch. asis substrate, in fact,
retains a sufficient amount of water nutrient solution to imbibe seeds and support their
development, even in conditions of hypergravity.

6
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ne of the main scientific requirements was that the root protrusion occurred after the launch,
in microgravity. Furthermore, the seedlings should have reached the target stage after destowing from the cargo vehicle. Adaptation of the biological system to the constraints related
to the prelaunch-launch operations resulted by far the most challenging. The timeline from
payload hand-over to de-stowage and experiment deactivation on the ISS combined with
temperature uncertainties, required much dedication from the scientific team and further
collaboration with ayser Italia and ASI teams to obtain as many as possible additional data.
Among others, temperature control turned out to be critical to achieving scientific goals.
Impossibility to run the experiment within a specific range of requested temperatures was
clearly stated at the beginning of the pre-flight phase. However, temperature range turned out
to be extremely wide and useless to fine-tune seed selection and the timeline for experiment
deactivation. The ideal seeds for MULTI-TR P had to germinate all together, not earlier than
three days after payload handover (minimum time interval to guarantee germination in
microgravity). Moreover, their radicles had to reach the target elongation not earlier than six
and a half days from payload handover (minimum time interval for crew availability to
deactivation). For most of the seed species, temperature changes of even a few degrees would
have resulted in a complete mismatching of these requirements. After numerous and extensive
tests, the carrot seeds turned out to adapt quite well to the wide range of environmental
conditions expected for the experiment. verall, the use of the subsequent criteria in the
species selection resulted spot-on. This method resulted valuable also to go beyond the
species level and to select the most suitable cultivar within the last candidate species. In
addition, considering agronomic food species turned out to be useful also to easily find a wide
assortment of high-quality seed stoc s on the mar et. In retrospect, the fine ad ustments of the
biological system to the technical requirements would have been much easier within a
framewor of controlled temperature conditions.
5

CONCLUDING REMARKS

Refurbished H s can be successfully used for experiments in Space even when their
scientific aims are far away from those of the original experiment. However, for the scientific
team the challenges to accomplish the mission are not comparable with those commonly
experienced with experiments for which a dedicated H is developed. To plan a new
experiment with a refurbished H , researchers should be able to now as soon as possible
not only the H details but also all other specific environmental conditions expected to occur
during the pre-flight and in-flight operations. ithin this scenario, in order to limit biological
constraints, the possibility to control common environmental parameters (such as
temperature) should be ta en into consideration.
6
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ABSTRACT
The paper discusses a standard processing chain used in PSI (Persistent Scatterer
Interferometry) analysis. Processed data are repeat-pass acquisitions over the same area. PSI
is operationally used for subsidence characterization and modelling. Nonetheless, underlying
assumptions exist in PSI processing which currently limit either the applicability or the
performance of that technique. A Formation-Flying Synthetic Aperture Radar (FF-SAR), that
is a distributed SAR including many receivers flying in close formation performs single-pass
acquisition which can be used to support PSI analysis. Namely, FF-SAR spatial diversity can
be exploited to measure terms in the differential phase equation that typically spoil the quality
of surface displacements resulting from PSI. The role of those terms within the implemented
and tested processing is thus individuated and discussed. The output of this processing chain
is a surface displacement map. For the current implementation the map covers Campi Flegrei
area, for which several examples of data about the relevant subsidence are available that can
be used to test the soundness of the obtained results.
Keywords: Distributed Synthetic Aperture Radar, Permanent Scatterer Interferometry,
StaMPS, surface deformation.
1

INTRODUCTION

InSAR (Synthetic Aperture Radar Interferometry) is a powerful SAR data processing
technique, particularly useful for creating accurate digital elevation models (DEMs) or for
detecting surface movements 1 . The basic idea is to use two SAR images of the same area,
acquired with geometrical and or temporal baseline, co-register them to form a complex
interferogram from which extracting phase information directly lin ed to the topography or
surface displacement of the imaged area.
hen InSAR technique is applied to measure surface displacement, it is more appropriate to
refer to it as D-InSAR (Differential SAR Interferometry). The aim of any D-InSAR analysis is
to isolate the phase contribution due only to surface movement, excluding the topographic
phase signatures and all phase terms related to other factors. However, even if the resolution
is very high, the bac scattering signature of a single pixel remains the coherent sum of
multiple different scattering elements. If, between two satellite passes, those elements move
or their scattering properties change, the phase of the same pixel in the two interferograms
will also change, leading to a random fluctuation with associate decorrelation problems, that
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ma e useless any measurement. Permanent Scatterer interferometry (PSI) technique had been
developed to overcome typical problems arise with the decorrelation, by identifying and
selecting pixels whose phase is very stable in each interferogram, i.e. pixels with strong phase
temporal coherence. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅 𝑇𝑇𝑇𝑇 method was introduced for the first time by Ferretti et al.
2 , with very successful results when applied over urban areas, or over an area with a
consistent number of ground targets with stable and strong scattering properties (man-made
ob ects such as building, or great roc s). Namely, pixels where a strong persistent scatterer
dominates the scattering properties of the pixel itself, plugging the possible fluctuation in
phase due to other wea er scattering elements, are the most li ely to be PS. In the Ferretti
method, PS pixels are identified on the base of their amplitude stability. Those pixels form the
subset of points which show relatively constant scattering properties in time.
However, the method fails to identify a sufficient number of PS when applied over zones with
low-amplitude stable ob ects, such as natural terrains. Moreover, it needs a deformation time
model of the area: a candidate PS, identified with the amplitude analysis, is selected as a real
PS if its phase history is similar to the assumed deformation model.
Hooper et al.
introduced a new method for deformation analysis of non-urban
environments, that identifies a subset of pixels, candidate to be PS, with an amplitude
analysis, but selects those pixels as PS analysing their phase stability. Since it is able to select
even low-amplitude pixels and it does not need a deformation model, the method has shown
satisfactory results even when applied to areas where other InSAR methods fail . More
details of this methodology will be given in the next sections.
Formation flying-SAR (FF-SAR) system consists in a constellation of multiple formation
flying satellites, where the signal emitted by the transmitter and scattered from the area of
interest is recorded by multiple receivers. Indeed, the whole satellite constellation can be
optimized for a broad range of powerful remote sensing applications, that opens up a new era
for Earth observation, potentially able to overcome conventional monostatic SAR limitations.
This study is aimed to investigate the potential improvement that a multistatic single-pass
interferometry configuration in a repeat-pass scenario could bring to PSI analysis. In this
framewor , a standard Differential SAR interferometry, DInSAR, processing chain has been
implemented, using Sentinel Application Platform (SNAP) for interferogram formation and
Stanford Method for Persistent Scatterers (StaMPS) algorithms for PSI analysis. The main
scope of this wor has been the understanding of the role of each terms in the interferometric
phase equation, estimated and subtracted to isolate the phase displacement contribution, in
order to ma e considerations about the contribution of FF-SAR to the estimates of those
terms.
The paper is organized as follows: the state-of-the-art of the PSI algorithms proposed in
literature is discussed in Section 2 Section shows an overview of the tools used for the
analysis, with subsection .1 dedicated to SNAP and subsection .2 to StaMPS some details
about the processed data stac and the investigated area are given in Section 4, with the
discussion of the obtained results considerations about the potential contribution of FF-SAR
in PS interferometry are discussed in Section 5.
2

PS-INSAR: STATE-OF-THE-ART

The pioneers of the PSI technique were Ferretti et al. (2000) with their patent algorithm,
PSInSAR 2 , that had represented a brea through for interferometry analysis, proposing the
very first solution to identify and isolate PS pixels in a stac of complex interferograms. The
method considers a single master baseline configuration, identifying pixels as candidate PS
(PSc) on the basis of their amplitude stability that are successively selected as real PS if their
phase temporal variation is similar to the assumed linear model for temporal deformation.
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There are two issues that limit this method: a sufficient density of PSs (necessary for accurate
phase unwrapping) is available only over urban areas, and the assumed linear model for
deformation is not consistent with real deformation of some areas (for example volcanic areas
are characterized by strong non-linearity in deformation). This method was followed by the
Small Aseline Subset (S AS) technique ( erardino et al., 2002) 4 , in which small
baselines are used to limit the spatial decorrelation, enabling to select stable pixels exploiting
their temporal coherence. S AS increases the sampling of PSs wrt PSInSAR, but, since it
wor s with multiloo imagery to reduce phase noise, it is not suitable to detect local
deformation. This approach is one of the most extensively used an overview is provided by
Lanari et al. (200 a) 5 . Mora et al. (200 ) 6 described a similar approach to S AS where
the pixel candidates are selected in case of good coherence in the whole set of interferograms,
and then selected on the basis of some existing connections among each other. The method is
able to estimate bot the linear and nonlinear components of the displacement. Hooper et al.
(2004)
introduced a new approach to enhance the PSI analysis performances to wor
properly also in non-urban environments. This wor leads to one of the most widely used
software for PSI analysis, StAMPS
, 8 . The baseline configuration can be both with
single master or multiple master images, to improve coherence, while the selection of PS
pixels is based on an analysis of phase stability of each candidate pixels, initial selected by an
amplitude analysis, determining the probability to be a PS. Crosetto et al. (2005) 9 described
a simplified PSI approach based on stepwise linear deformation functions and least squares
ad ustment in a small baseline configuration with a coherence approach for the selection.
3

SNAP-STAMPS PSI PROCESSING

This wor has been carried out using the open source ESA SNAP 10 and StaMPS software
pac age 8 .
The implemented processing chain is shown below, in the Figure 1:

Figure 1: PSI processing chain

The PSI processing is split into two independent wor flows: (i) DInSAR processing wor flow
is made using SNAP (ii) PSI processing steps using StaMPS.
3.1

SNAP

All the standard DInSAR processing steps but surface displacement computation are made
using ESA SNAP. The processing scheme is implemented in four steps:
1. Pre-processing of the slave images. Firstly, slave images are prepared for the next
steps. Since the selected acquisition mode is T PS, the images are separated into three
ad acent sub-swath the first operation in SNAP consists into the split of the image, i.e.
selection of the desirerd sub-swath and bursts. Apply orbit operator is called to update
the orbit state vector of each image with more precise ones, if available. These orbit
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state vectors are automatically downloaded by SNAP. Finally, last operation to do
before the coregistration is the selection of master scene. This must be the one the
maximizes the coherence of the stac . This could be implemented in an automatic way
in SNAP.
2. Co-registration and deburst. nce selected the master image, each slave images will
be opportunely resampled to correspond pixel-by-pixel to the master image. This
ensures that a ground target in the imaged area corresponds to the same pixels both in
the master and slave image. Co-registration is one of the most important, tric y and
also time-consuming step in the InSAR processing chain. A bad co-registration means
a poor-quality interferogram. For example, the miscoregistration will cause loss
coherence in the interferogram. A T PSAR I SLC product consists of an image
with three swaths and each swath consists in a series of bursts, where a burst is a
single SLC image. In order to eliminate the separation between bursts and merge them
in one continuous image, the Deburst step must be implemented in the D-InSAR
processing chain. The output of this step is a debursted stac of master-slave Single
Loo Complex (SLC) images, that will be used to compute the interferogram.
. Interferogram computation. The interferogram is computed multiplying the master
image with the complex con ugate of each slaves. The output is a new image where
the phase of each pixel is the difference between the phase of the same pixel in the
master-slave pair. ith this step, one can remove also Flath-Earth and Topographic
phase contributions in the interferograms, including also supplementary data such as
elevation band and orthorectified latitude and longitude coordinates required by
StaMPS.
4. Stamps export. This is the final step of the single master DInSAR processing, which
converts previous processing results into binary raster files compatible with StaMPS
readers.
3.2

StaMPS

In this section a short theoretical review of Stamps steps is given a detailed description can
be found in
and in the StaMPS User Manual 8 .
PS candidate, selected by means of an amplitude analysis, in the
The wrapped phase of
interferogram is (1):
(1)

where
is the phase difference due to movement of the pixel in the L S direction,
is
the residual topographic phase due to error in the DEM,
is the phase change due to
atmospheric delay between the two acquisitions,
is related to orbit inaccuracies and
is the noise term, related to variability in scatterer properties, thermal noise and coregistration
residual errors and
is the wrapping operator. The phase stability in time of a pixel, or its
temporal coherence, is determined by level of its random fluctuation in time. This level is
computed by means of a temporal coherence index (Equation 2) defined exploiting the spatial
correlation of the phase terms in the Equation 1.
(2)

4
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where is the number of interferograms,
is a wrapped estimate of the spatially correlated
parts of each of the terms on the right-hand side of equation (1) and
is the spatiallyuncorrelated DEM error. Pixels with high value of
have a random finite chance to be real
PS. Therefore, the PS selection is performed in a probabilistic way, considering a threshold
value,
, determined by the acceptable fraction of false positives.
nce selected, the wrapped phase of most li ely PS pixels, expressed by equation (1), must be
unwrapped to extract surface displacements:
( )
Finally, all the nuisance terms that mas
are estimated and subtracted from Equation
, using a combination of temporal and spatial filtering applied on the difference in phase
between two PS pixels in each interferogram. This gives

(4)
where the subscript m indicates the master contribution and the subscript s the slave
contribution to these terms.
If the phase of equation (4) is considered relative only to some small regions of the image, the
terms cancel out and the resultant phase will be due only to deformation, noise and
unwrapping errors. The displacement values of each x-th pixel will be
(5)
As a result, a displacement map of imaged terrain could be derived.
4

EXPERIMENTAL RESULTS

The study area includes the terrain of Campi Flegrei, a complex volcanic landform located
approximately fifteen ilometres est of Napoli, Southern Italy (Figure 2). This area is
affected by a peculiar phenomenon called bradyseism, i.e. strong vertical ground
deformations occurring periodically with cycles that aboard a wide range, from millimetres
to meters along the centuries. The topography of the region is not so adverse in a way that
interferograms do not show strong topographic phase signatures. For these reasons, the
investigated area is suited for PSI analysis.

Figure 2: Location of the investigated area. Inset selection corresponds to the Campi Flegrei area used
for modelling (Pozzuoli ay). The blac thic line represents the inland caldera rim 14

e limited our analysis to Sentinel-1A data only (12-days repeat cycle), which is sufficient
given the expected magnitude of ground displacements and the availability of a large number

5
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of acquisitions over the area of interest. The processed stac includes 18 Single Loo
Complex Sentinel-1 images, acquired during the period from 0 anuray to 2 November
2018 with T PS (Terrain bservation by Progressive Scans) acquisiton mode 11 . The
master image was ta en on 19 May 2018, that is the one for which the stac coherence is
maximum. The external DEM was determined by the SRTM at a resolution of approximately
0m.
In order to reduce the computational cost, we chosen only a single burst in the first sub-swath
of the SAR images, where the investigated area is located. After co-registration, 1
interferograms have been computed using SNAP. Figure shows all the 1 unwrapped
interferograms (the one of the 19 May is obtained using as slave image the master itself,
therefore is empty).
All these interferograms have been processed by means of StaMPS, carrying out all the steps
described above up to the computation of a surface displacement map of the area (Figure 4),
expressed in mm yr.

Figure
2018

: The 1 unwrapped interferograms with respect to the master image acquired on 19 May

From Figure 4, the standard deviation of the estimated mean velocity can be seen. High values
of the standard deviaton are the most li ely to be affected by surface displacement errors,
principally due to DEM and atmosphere errors 8 .

Figure 4 : (Left) Mean L S velocity of the imaged area expressed in mm yr. (Right) Standard
deviation of the velocity estimates. A point in the image with coordinates 14.45,40.82 is selected to
depict the displacement evolution.

A time series analysis, to compute the L S displacement of a single point in the image during
the analysed time period, was conducted. Figure 5 suggests how significant DEM and
atmosphere errors can lead to a noisy trend in the L S displacement of a point with high
standard deviation. For those points, a temporal model for the deformation cannot be derived.

6
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Figure 5 : Maximum L S displacements of the selected point for each interferogram

Consequently, phase errors related to the above terms can strongly spoil the accuracy in the
computation of surface displacements, worsening the PSI performance.
5

DISCUSSION

A PSI analysis performed with StaMPS algorithms can be divided into 4 main steps: (i) PSc
identification, (ii) Phase analysis, (iii) PS pixels selection, (iv) Displacement computation.
The first step is based on an amplitude analysis subset of pixels are selected as PS candidates
to reduce the number of pixels that will be analysed for phase stability. nce a phase noise
indicator is defined, exploiting the spatial correlation of the terms that compare in the
wrapped phase equation, this value is computed for each PSc for the analysis of its phase
stability. nce selected pixels most li ely to be real PSs, the phase of each of them is
unwrapped and the nuisance terms are estimated and subtracted from phase equation, in such
a way that the resultant phase is related only to the displacement.
The potential contribution of a FF-SAR might concern especially the step two of StaMPS
analysis. As stated, the phase analysis is conducted defining an index that, if the estimates of
the spatial correlation part of the phase and the phase term due to DEM error are subtracted
from phase equation, represents a phase noise indicator:
(6)

The value of
strongly depends on the accuracy of those estimates
. A better
computation of
means a better selection of PS pixels, and consequently a better
computation of surface displacement. The analysis showed how high values of standard
deviation, principally due to DEM and atmospheric errors, means high level of noise in the
L S displacement, that ma es impossible to extract a suitable temporal model for the
deformation.
Single-pass interferometry in a repeat pass scenario might have the capability to improve
significantly the accuracy in the estimates of the former terms, especially in the estimate of
the topographic signatures and atmospheric contributions. As discussed in 12 and
demonstrated with TanDEM- mission 1 , bistatic or multistatic configurations are well
suited to improve the capability to separate topographic signature from surface movements.
6

CONCLUSIONS

This wor was focused on ey aspects of DInSAR and PSI processing chains, both in a
practical and theoretical way, with the aim to individuates steps which can be improved by
FF-SAR operations. The spatial diversity, guaranteed by FF-SAR, has a role in the
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improvement of the estimates of nuisance terms in the phase equation that mas the ones
related to displacement. Future activities are planned to quantify and to demonstrate such an
improvement.
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ABSTRACT
A novel shock-fitting technique, named "shifted shock-fitting", has been implemented on twodimensional unstructured grids to deal with shocks by treating them as they were immersed
boundary. The new algorithm is aimed at coupling a floating shock-fitting technique with the
shifted boundary method, so far introduced only to simulate flows with embedded boundaries.
Keywords: Shock-fitting, unstructured mesh, embedded-boundary
1

INTRODUCTION

This paper is concerned with the numerical approximation of solutions of the compressible
Euler equations for a perfect gas. In high speed applications the flow develops strong shocks
whose numerical approximation is quite challenging, and prone to the introduction of spurious
effects related to the structure of the numerical dissipation on a given mesh topology.
To mitigate these effects, we consider a numerical method evolving an explicit discretization
of the manifold describing the discontinuity. In particular, given an unstructured discretization
of the spatial domain, the CFD mesh, an initial approximation of the flow variables on this
mesh, and an initial discretization of the shock surface, we proceed in three steps:
1. Coupling: coupling of shock-CFD mesh, and definition of separate computational domains;
2. CFD iteration: evolving in time the flow variables in each computational domain;
3. Shock update: evolution of position and flow variables of shock-points.
These 3 steps are common to other shock-fitting type approaches, and in particular the unstructured grid shock-fitting method proposed in [12]. The latter has been validated on several
complex cases both in two and three space dimensions [3, 11, 13]. The most critical ingredient
for this method are steps 1 and 3. In the original method by [12] the approach used is to perform
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Shock
Upstream
Downstream

Figure 1: Shock front moving over the CFD mesh

some form of local re-meshing allowing to include all the faces of the shock mesh as faces of
the CFD one. This re-meshing phase accomplished, the flow variables need to be appropriately
interpolated on the new mesh. Note that, in the context of collocated numerical methods with
unknowns on mesh faces, all flow variables are twice stored and solved for in correspondence
of the shock. While now quite well validated, this approach has a main drawback in the need
of robust and possibly time consuming re-meshing techniques. This may present some issues
in terms of constrained re-meshing for a given size of the shock mesh, as well as in terms of
efficiency, especially in parallel computations, and especially in three space dimensions.
The main contribution of this work is to propose an approach to alleviate the constraint
of having to insert exactly the shock mesh into the CFD one. To this end, we exploit ideas
coming from embedded computational methods. We use an extrapolation technique based on
the shifted boundary method proposed initially in [8, 9] for elliptic problems, and extended
to embed boundary conditions in hyperbolic problems in [15]. So the new method proposed
consists in defining sufficiently accurate extrapolation functions, to transfer the information to
and from the shock mesh. This allows to completely remove the need of re-meshing. In the
next sections we present in some detail this new shifted shock fitting (SSF) method, and discuss
representative flow computations showing its accuracy, and its potential to handle complex
shock configurations.
2

Shifted shock-fitting algorithm

To describe the main elements of the SSF method, consider a two-dimensional domain
crossed at time t by a shock, as in Fig. 1. The CFD mesh is composed by triangular elements
with nodes denoted by circles, while the shock, whose position is completely independent on
the CFD mesh, is represented by a polyline. We assume that at time t the solution is known at
all grid and shock points. The steps to obtain the solution at t+∆t are detailed below. Note that
supersonic inflow conditions are assumed.
2.1

Cell removal around the shock front

As in [12], first we flag the grid elements crossed by the shock. This generates a cavity within
the CFD mesh that, contrary to [12], is not re-meshed. This cavity separates two computational
domains, one upstream of the shock, one downstream. The boundaries of the cavity define
surrogate shock surfaces, in red in Fig. 2, which are the boundaries of the new computational
domains closest to the shock. These are denoted as Γ̃U and Γ̃D . A second downstream surrogate
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boundary, denoted by Γ̂D and in blue in Fig. 2, is created by removing the cells with at least one
node on Γ̃D . We also denote by ΓU and ΓD the limit of the shock from the right, and from the
left respectively. Although geometrically these two coincide, the associated solutions do not.
Along each of these boundaries, we compute tangent and normal unit vectors using the finite
difference rules introduced in [12].
shock

Γ̃D ΓD ΓU
Γ̂D

Shock
point

Γ̃U

Surrogate
boundaries

Γ̂D

Cells
crossed by
the shock

Γ̃D

ΓD

ΓU Γ̃U

Figure 3: Definition of surrogate and shock boundaries

Figure 2: Cell removal across the shock polyline

2.2

Upstream
state

Downstream
state

Solution update using the CFD solver

To update the solution in the nodes of the CFD mesh, we use an unstructured code based on
Residual Distribution [1,7], and in particular using a multidimensional upwind shock-capturing
variant of the method [2,4]. Two independent runs of the CFD solver are used to evolve to t+∆t
the solution values in the domains separated by the cavity, the upstream one, with Γ̃U as one of
the boundaries, and the downstream one, whose boundary contains Γ̃D . For supersonic inflow
conditions, the nodes on Γ̃U are correctly updated, whereas the nodes on Γ̃D are not correct,
since they do not account for the waves coming from the shock (right-running acoustic wave,
entropy wave and vorticity wave). The shock points on ΓU and ΓD also need to be updated.
To correct the points on Γ̃D , and to update the solution values on the shock we need to define
appropriate functions to transfer solution values to/from different boundaries. In particular, we
will transfer values of the computed Roe’s parameter vector, and we will re-use the downstream
Riemann variable, associated to the left-running acoustic wave:
γ − 1 ˜t+∆t
⃗ud
· ⃗n
(1)
2
is the flow velocity. Note
where ⃗n is the shock normal, ãt+∆t is the speed of sound and ⃗u˜t+∆t
d
t+∆t
t+∆t
can be assumed to be correct, even though individually ã
and ⃗u˜t+∆t
may not be.
that, Rd
d
t+∆t
RD
= ãt+∆t +

2.3

First transfer of the Roe’s parameter vector

The solution transfer is used to update values on the upstream side of the shock ΓU , and to
t+∆t
transport RD
from Γ̃D to ΓD . Following [15], we use a Taylor expansion truncated to the
second order
φ(x) = φ(x̃) + ∇φ(x̃) · (x − x̃) + o(∥x − x̃∥2 )
(2)

where φ is a generic variable, x and x̃ are the node coordinates that respectively belong to Γ and
Γ̃ and, ∇φ(x̃) is the gradient computed on the surrogate boundary, obtained by means of a one
sided Green-Gauss formula. In practice, the transfer is performed as follows.
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Upstream: from the surrogate boundary Γ̃U to the shock boundary ΓU
To be consistent with the physics of the problem, the map x̃ → x is parallel to the shock normal
in the point that has to be updated. As shown on Fig. 4, the position of the intersection point Ai
allows to define the interpolated state using the solution in the two neighbouring nodes as :
(3)

φ(Ai ) = φ(Ai1 ) · w2 + φ(Ai2 ) · w1

This interpolated value is transferred using (2), with x the position of shock point, and x̃ = Ai .

ΓU

Γ̃U
Ai1

Downstream

⃗n

i

Γ̃D

ΓD

w1

Ai

Downstream

w2

Ai2

w2

B2i

Upstream

Figure 4: Transport of variables from Γ̃U to ΓU

w1

Bi

B1i
⃗n

i
Upstream

Figure 5: Transport of variables from Γ̃D to ΓD

Downstream: from the surrogate boundary Γ̃D to the shock boundary ΓD
The Riemann variable (1) is transferred from Γ̃D to ΓD using (2). As for the upstream boundaries, the transfer is performed between the shock point and a point B i on the surrogate, mapped
in the direction of the shock normal.
2.4

Shock calculation

The correct downstream state, along with the shock speed in each shock point, is computed
by using the Rankine-Hugoniot jump relations. Details about this step can be found in Ref. [12]
2.5

Second transfer of the Roe’s parameter vector

The second transfer allows to correct the solution values in the nodes on Γ̃D . To do this, we
map the surrogate boundary nodes onto the shock, as shown on Fig. 6. The variables in the
mapped point S i are interpolated using the neighbouring nodes S1i and S2i . To avoid using the
incorrect nodal values in the gradient evaluation, we use the second surrogate Γ̂D (see Fig. 2) to
interpolate the mapped shock value in the surrogate point. In particular, to compute the solution
in i, we perform a linear interpolation in the triangle, where i falls, defined by the shock point
S i and two points on Γ̂D .
2.6

Shock displacement

The new position of the shock front at time level t+∆t is computed by displacing all discontinuity points employing the following first-order formula:
P t+∆t = P t + w
⃗ t+∆t ⃗n ∆t
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S1i
w1

i

Si

w1 ∆t

w2

S2i

Downstream

st+∆t
1
st+∆t
2

st1

i

w2 ∆t

st2

Upstream

Γ̃D

ΓD

Figure 7: CFD mesh point swept by the shock

Figure 6: Map from surrogate to shock boundaries

where P denotes the shock point position, and the speed w is obtained form the RankineHugoniot relations as discussed in [12]. The above formula is only first order in time, which is
enough if only steady flows are considered as in this paper.
2.7

Interpolation of the jumped nodes

Finally, the last step of the algorithm concerns the interpolation of those grid-points that have
been swept by the shock front and have passed from one domain to the other. To detect these
points, the position of the closest shock edge before and after the displacement, is used to build
a quadrilateral, as shown in Fig. 7. If the grid-point i falls inside the quadrilateral composed of
points st1 , st2 , st+∆t
and st+∆t
, the point state has to be updated.
1
2
3
3.1

Applications
Planar source flow

This test-case consists in a compressible, planar source flow that has already been addressed
elsewhere [5,6] as a validation case, due to the availability of an analytical solution. Indeed, the
radial distribution of the flow variables is identical to that of a Q1D variable-area nozzle flow
whereby the area ratio is replaced by the ratio between the radial distance from the source and
that of the critical section.
The computational domain consists in the annulus sketched in Fig. 8(a): the ratio between
the radii of the outer and inner circles has been set equal to rout /rin = 2. A transonic (shocked)
flow has been studied by imposing a supersonic inlet flow at M = 2 on the inner circle and a
ratio between the outlet static and inlet total pressures such that a shock forms at rsh /rin = 1.5.
The Delaunay mesh used for the simulation has been generated using TRIANGLE [14]; it is
made of 27288 grid-points and 53824 triangles.
Figure 8(b) shows a comparison between the SC and SSF solutions, both in terms of entropy,
√
S = pρ−γ and ρu isolines. Both flow variables clearly reveal that the SC solution is plagued
by severe spurious errors due to the misalignment between the mesh and the “captured” shock.
Moreover, although not reported here, a grid-convergence analysis shows that the discretization error of the SSF solution decreases quadratically also downstream of the shock, whereas
the SC solution only exhibits first-order convergence.
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Figure 8: Planar source flow: sketch of the computational domain; comparison between SC (1st and 2nd quadrant)
and SSF (3rd and 4th quadrant).

3.2

Steady Mach reflection

One of the key advantages of unstructured shock-fitting over its structured-grid ancestors is
its capability [13] to apply the jump relations not only along the various discontinuities, but
also within those (intersection) points where different discontinuities eventually meet. This
capability is not yet available in the SSF algorithm, which is however capable of operating in
a hybrid mode, whereby some of the discontinuities are fitted while others are captured. The
present test-case, which consists in a steady Mach reflection, allows to highlight the fact that a
remarkable improvement in solution quality over a fully captured simulation is possible even
if only some of the discontinuities are fitted. As shown in Fig. 9(a), a uniform, supersonic
(M∞ = 2) stream of air undergoes a of Θ = 14◦ deflection through an oblique shock (hereafter
referred to as the incident shock). For the given free-stream Mach number and flow deflection
through the incident shock, a regular shock-reflection is impossible, but a Mach reflection takes
place. A Mach reflection consists in a triple point that connects four different discontinuities:
the incident and the reflected shocks, the Mach stem and a contact discontinuity.
The computational mesh employed to carry out the SC simulation and also as background
triangulation in the SSF simulation was generated with DELAUNDO, a frontal-Delaunay mesh
generator [10]; it is characterized by 14833 grid-points and 29214 triangles.
In the hybrid SSF simulation the Mach stem and the reflected shock have been fitted, whereas
the incident shock and the contact discontinuity have been captured. An overall view of the
Mach isocontours lines and a detail of the triple-point region are shown in Fig. 9. Even though
not all the discontinuities that meet at the triple-point have been fitted, the hybrid SSF simulation
reveals a much smoother Mach-number distribution, when compared to SC, downstream of both
the Mach stem and the reflected shock.
4

CONCLUSIONS

A novel shock-fitting, based on the shifted boundary method, was proposed and applied to
several cases. This new technique seems to lead to further simplifications in the development
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Figure 9: Steady Mach reflection: comparison between the Mach number isocontours computed by means of SC
(upper frames) and SSF (lower frames); the fitted shock is shown using a bold solid line.

of shock-fitting techniques because it removes the need of re-generating locally the grid in the
proximity of the fitted shock.
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ABSTRACT
A standard epoxy-based matrix for FRPCs has been modified to introduce new
functionalities, i.e. (i) intrinsic healing, (ii) damage sensing and (iii) reprocessability.
Thermomechanical tests were performed to characterize the developed epoxy matrix: high Tg
values enable the material to withstand the harsh in-service conditions of aerospace
applications, while very fast relaxation times above Tg favours the ability to be reprocessed
from pulverized state, other than the repair of fractured composite samples via adhesion.
Preliminary investigation on reprocessability and reshapeability of the produced FRPCs led
to promising results that could facilitate the manufacturing of complex geometries starting
from simpler thus cheaper shapes, such as flat panels. Inherent damage sensing manifests
itself with a mechanochromic behaviour, i.e. an immediate change in coloration upon impact,
that could constitute a reliable trait for non-destructive, visual inspection of both location
and intensity of impacts, even for BVIDs which are often left undetected during maintenance.
The encouraging outcomes of this work establish a solid basis for this composite towards
extending its service life via self-healing, repair and/or recycling of damaged components.
Also, precise pinpoint of impact sites lowers maintenance costs, as inspections would require
much less time and no expensive equipment.
Keywords: self-healing, mechanochromism, composite, damage
1

INTRODUCTION

Fibre-reinforced polymer composites (FRPCs) have been employed in the highly demanding
aerospace industry for decades now, yet research is facing ma or challenges regarding
tailored design of multifunctional smart materials to resolve many of the shortcomings
arising from conventional composites use. Poor performance of FRPCs under impact loading
is one of the most significant limitations: the criticality in assuring structural stability requires
frequent inspections, repair and possibly replacement of FRPC components, because even
relatively minor damages can lead to a significant reduction in strength and stiffness 1 . In
fact, even barely visible impact damages ( IDs) generated by low velocity impacts can
cause a significant amount of delamination that could remain unidentified, as external
indications of it may not be found during heavy maintenance general visual inspections 2 .
The monitoring strategies adopted so far, which stem from the material design
concept nown as damage prevention , require scheduling periodic chec -ups of composite
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components not to even allow a damage event to occur in the first place. This is much more
complex, costly and time consuming than the damage management approach, based on the
idea that the formation of damage can be counteracted by a subsequent process of healing .
This route can be underta en by including self-healing features in composites, allowing full
or partial restoration of both mechanical and smart functionalities. In the infancy stages of
this relatively young field of research (first pioneering wor s on the sub ect date to 1996 4 ),
the focus has been the mimicry of natural self-repairing systems (e.g. s in regeneration via
vascular supply systems) with extrinsic self-healing polymers, but their ability is limited by
design to only a single healing event 5 . Therefore, the research has tilted towards the
development of intrinsic self-healing polymers, which can repair damages via a temporary
local increase in chains mobility, triggered either by the damage event itself (i.e. autonomous
self-healing) or in con unction with an external stimulus (e.g. temperature, pH changes, U
exposure), followed by a hardening process leading to the recovery of the original properties.
This wor describes the preliminary studies on a FRPC designed to incorporate both
intrinsic healing and damage sensing functionalities via high-Tg matrix. Regarding polymer
selection for the design of the self-healing matrix, epoxies represent the best candidates, as
they exhibit superior chemical and corrosion resistance, good mechanical and thermal
properties over a relatively wide temperature range with respect to other polymer classes.
Furthermore, the chemistry responsible for the functional properties (i.e. dynamic disulphide
covalent bonds) enables the material to be reprocessed, either from pulverized state or solid
state, and therefore recycled and repurposed. This is of peculiar relevance when considering
epoxy-based matrices, since the better thermomechanical properties of thermosets combine
with the ability to be reprocessed, which is proper to the softer and less structurally sound
thermoplastic polymers.
Intrinsic healing behaviour is achieved via the insertion of dynamic disulphide bonds,
whose general mechanism has been demonstrated to be 2 1 radical-mediated, involving
homolytic cleavage of the disulphide bond followed by subsequent radical transfer of
sulphur-based radicals 6, . In agreement with similar chemistries found in literature 8,9 ,
the formation of sulphur-based radicals is lin ed with a local change in material s coloration,
which the mechanochromic behaviour is based upon. This not only constitutes a practical
damage sensing functionality for evaluating impact events but also provides a straightforward
method to monitor the evolution of the healing mechanism over time.
The pivotal part of this paper consists in the verification via proof of concept
demonstrations of reprocessability, reshapeability and recycling opportunities given by
dynamic sulphur chemistry: as thousands of tons of composite materials is being wasted
every year, ad hoc strategies for recycling composites, in con unction with their repurposing
made possible by material reprocessing, are an absolute necessity, especially in light of the
continuous increase in the number of applications that employ these materials.
2

E PERIMENTAL

2.1

Materials and samples preparation

D.E.R.
2 diglycidyl ether of bisphenol A (DGE A), 4-aminophenyl disulphide (4-AFD,
98 ) and 4,4 -ethylenedianiline (technical,
95 - NT) were purchased from SigmaAldrich. HE F RCE - HE CEL twill 2 2 E-glass fabric, nominal weight 290 g m2,
thic ness 0.2 mm, yarn cm warp and pic s cm weft, was employed for the composite
manufacturing.
The first part of this wor relies on the comparison between two different epoxy
systems, both having DGE A as resin prepolymer but with two different hardeners, i.e. 4AFD and 4,4 -ethylenedianiline, with the latter being identical with respect to the former
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except for the dynamic disulphide bond, which is replaced by a covalent carbon-carbon bond.
From now on, DGE A 4-AFD is referred as dynamic epoxy , whereas DGE A 4,4 ethylenedianiline as reference epoxy . However, both networ s have been cured with the
same procedure: resin and hardener were first mixed at stoichiometry while heating at 80 C,
and then degassed under vacuum until all the entrapped air had escaped. The degassed
mixture has been cured in an oven at 120 C for 2h and post-cured at 150 C for 2h. Samples of
dynamic and reference epoxy were moulded to produce dumbbell-shaped type specimens
for tensile tests 10 and rectangular-based prisms 60x x2 mm for DMA measurements. Also,
aluminium pans containing from 10 to 19 mg of completely cured epoxy fragments were
prepared for non-isothermal DSC scans.
oven glass fibre-reinforced composite panels (100x100x0.8mm) were manufactured
via manual layup and subsequent hot pressing: dynamic epoxy and E-glass have been
alternatively laid up onto a vacuum bag film, covered with Teflon and then introduced
within another vacuum film to create a double layer coverage. The bag has then been placed
in a hot press for 20h at room temperature and 5h at 0 C, with pressures ranging from 5 to 6
bar. From one panel, DMA samples were cut, as well composite fragments for DSC testing.
2.2

Characteri ation and smart properties testin

Thermogravimetric Analysis (TGA) measurements were performed on both epoxy networ s
at 10 C min heating rate from 25 C to 400 C, under a 50ml min flow of air and 20ml min of
argon. T95 , i.e. temperature at which 95 of the mass had been retained, can be extracted as
an indication for material degradation.
In order to determine the glass transition temperature, Tg, non-isothermal DSC at a
fixed temperature rate of 20 C min was carried out with TA Instruments DSC 2010 CE.
Under a flow of nitrogen ranging from 0 to 40 ml min, the test starts by heating up to
280 C, after equilibrating the cell temperature at room temperature. Tg is extracted according
to ASTM E1 56 11 .
Tg has also been evaluated from single frequency DMA tests, which were carried out
using TA Instruments DMA 2980 as follows: after equilibrating the temperature of the
sample at 0 C, 1Hz frequency and 15 m amplitude sinusoidal strain oscillation is applied
while temperature increases of 5 C min up to 200 C. DMA was used also for stress
relaxation tests, which consisted in heating at different temperatures (namely, 80, 100, 120,
140, 160, 180, 200 C) and imposing 1 strain, after applying 10- N pre-load to assure
straightness, for 0 min. Relaxation times, , defined as the time required to relax 6
of
the initial stress, according to Maxwell s model, can be obtained from stress relaxation tests.
Tensile testing was performed in line with ASTM D6 8 10 on both dynamic and
reference epoxy systems with Instron 4 02 testing machine, whereas data were collected by
Instron Series I software. Stress-strain curves were obtained, from which stress and
elongation at brea as well as oung s modulus were extracted.
Mechanochromic features of both composite and epoxy as a standalone were
investigated by means of a drop-weight impact of a 25mm-diameter, spherical-headed steel
rod which was guided through a plexiglass tube to assure a proper vertical drop. The test was
carried out at different heights, thus yielding different impact energies calculated from
gravitational potential energy. Changes in coloration upon impact were analysed using Image
Pro Plus , Image Fi i and Matlab, with colour intensity measured via the RG additive
colour model. Influence of temperature on mechanochromic effect duration was assessed at 20 C, room temperature, below and above Tg (140 C and 190 C, respectively) by measuring
the time ta en for a damaged (i.e. coloured) area caused by a 100cm vertical drop to
disappear.
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Reprocessability of the epoxy networ s has been demonstrated by finely grinding
fragments of material. The resulting grinded powder was compacted to form discs of solid
material out of an aluminium mould by applying heat and pressure with a hot press. As the
varying parameter involved during hot pressing, namely pressure, temperature and process
time, had been difficult to maintain and manage due to machinery inaccuracies, several
attempts had been done to assess optimal values for those variables. Moving towards the
reprocessability of the composite, the proposed proof of concept consisted in manufacturing a
corrugated structure for morphing wings 12 via thermoforming of a flat composite panel:
the sample was preheated in an aluminium mould until 200 C was reached, then 10bar
pressure has been applied for 5 min while temperature ept constant.
Finally, adhesion was evaluated by tensile testing of two rectangular-based composite
samples which were made stuc together as follows: after heating the two samples at 200 C
under atmospheric pressure to let the specimens relax, they were placed one on top of other
so that a small overlap could be formed, then pressure is applied for other 10 minutes to oin
the two components.
RESULTS AND DISCUSSION
Table 1 summarizes the averaged fundamental properties of the two epoxy networ s and the
dynamic composite obtained from the experiments described in the previous Section. The
dynamic epoxy displays comparable if not improved properties over the reference system.
Considering the degradation temperature acquired from TGA, the dynamic system possesses
a T95 value of about 60 C degrees lower with respect to the reference epoxy. This is due to
the presence of the disulphide bonds, which are energetically less stable, i.e. require less
energy to be cleaved, than the carbon covalent bond.
From DSC thermograms and DMA measurements, comparable glass transition
temperatures between the two epoxies are obtained, with the reference networ having a
slightly higher Tg. Nevertheless, the dynamic epoxy shows a remar ably higher Tg with
respect to analogous systems found in the literature 8,9 . Results from tensile testing indicate
that the dynamic networ could stand higher stresses before brea ing, despite a relatively
more brittle behaviour.

Dynamic
epo y
Reference
epo y

T9
TGA
C

T
DSC
C

T
DMA
C

Youn s
Modulus
GPa

Stress
at brea
MPa

Strain at
brea

29

1 1 (16 )

1 0 (164)

.8

84.5

0.6

.

0.

5

1 8

1 4

4.4

1.2

8.9

.

0.5

Table 1: Properties of dynamic and reference epoxy networ s (corresponding values for the dynamic
composite in brac ets)

Since the overall differences in terms of thermal and mechanical properties are fairly
negligible, it is safe to state that the insertion of dynamic disulphide bonds accountable for
intrinsic healing does not alter the performance of the epoxy, thus it can be easily
implemented as a valid alternative to conventional epoxies in potential aerospace
applications. Also, the presence of fibres should not mar edly affect the resin crosslin ing
process, as shown by comparable Tg values between epoxy matrix and whole composite
structure.

4
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Relaxation tests for both the dynamic epoxy and the dynamic composite have been
performed: in the polymer case, stress relaxation occurred at relatively rapid rates only when
a temperature of 140 C was exceeded. However, the fastest relaxation time occurs at 200 C,
where
1 min. Relaxation tests on the dynamic FRPC show a significant relaxation when
the glass transition temperature range is reached (160, 180 and 200 C), although never
reaching 6
relaxation due to the presence of the fibre fabric, thus no relaxation times
within the experiment timeframe could be extracted.
Moving towards the testing of functional properties, the dynamic epoxy matrix is not
able to show a mechanochromic property by itself, unli e the dynamic composite, whose
impacts as well as corresponding energies are depicted in Figure 1(a). Figure 1(b) reports the
green colouration intensity trend with respect to impact energy: considering 100 intensity
as yellow colour (i.e. no impact zone) and 0 intensity as the maximum impact values tested
(i.e. 180cm-1 .28 ), whenever impact energy increases, green colouration intensity increases
in a linear fashion.

(a)

(b)

Figure 1: Mechanochromic features. (a) : composite panel after impacts with impact energies (in ),
bar equals to 10 mm. (b) Color intensity vs impact energy with linear fit.

Furthermore, the duration of green colouration is assessed: for -20 C, room
temperature, 140 C (below Tg) and 190 C (above Tg), the green coloration disappears in 4
days, 24h, 0s and 20s, respectively. The difference in disappearance time shows that the
mechanochromic feature is temperature dependent: increasing the temperature, the polymer
chains gain mobility so the mechanochromic behaviour duration is reduced. n the contrary,
when temperature decreases, green coloration is maintained for several days and does not
disappear during the experimental procedure duration. These results confirm the efficacy of
the mechanochromic functionality not only for inspection purposes but also for twea ing
healing times via temperature changes.
Regarding the reprocessing of the epoxies from grinding powder, the best result was
obtained when the powder has been ept in the press for 12 minutes: even though not all the
disc has completely reformed due to inhomogeneities in applied pressure (dar portion of the
disc in Figure (a)), this proof of concept can be considered successful. Indeed, SEM imaging
to scan the bul of the disc clearly shows that the networ is completely reformed (Figure
(b)). Conversely, only partial reshaping a composite panel to form a corrugated structure led
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to the following considerations: the small dimensional tolerance between the male and female
offset elongated the fibre reinforcement until brea ing, allowing only partial reshaping, as
depicted in figure 4. Testing procedures could be improved, for example, using moulds with
smoother radii of curvature and higher dimensional tolerance, and or hindering the onset of
degradation by exposing the composite to high temperatures for fewer times.
Figure 5 presents composite samples after the adhesion procedure described above
(left) and after tensile testing (right). Satisfactory results were obtained in terms of adhesion,
since both samples remained bonded, although their dar er colouration may constitute a
concern in terms of onset of degradation. Here, the adhesive strength is computed as
equivalent to the shear stress to which the overlap area is sub ected, so it is expressed as the
ratio of the maximum supported load and the adhered area. The dynamic composite sub ect
of this wor gives an adhesive strength value of about 8 MPa.

(a)

(b)

Figure : Reprocessed dynamic epoxy. (a) SEM image of the reprocessed dynamic epoxy (b) Disc
after 12 min of applied pressure.

Figure 4: Part of bro en sample after reshaping.

Figure 5: composite samples before and after tensile test.
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CONCLUSIONS

In this paper, preliminary examination on thermomechanical and multifunctional properties
of a FRPC modified with dynamic reversible disulphide bonds to gain intrinsic healing
features are presented. After assuring that the introduction of disulphide bonds (and,
therefore, of the functional properties) does not come at the expenses of epoxy s
thermomechanical properties, proofs of concepts were carried out, starting from the
reprocessing of the epoxy matrix from powder state, followed by reshaping of flat panels and
adhesion of samples via a combination of temperature and pressure. Although those concepts
were proven successfully, more precise testing procedures that ta e into account material
degradation at high temperatures have to be designed for proper quantitative evaluation.
However, this wor represents a good starting point towards easier and cheaper composite
processing techniques, such as manufacturing of intricate geometries from simpler flat
panels, other than repairing, reshaping and recycling components to serve new, less
structurally demanding purposes, yet exploiting FRPCs lightweight character. The dynamic
nature of reversible bonds also triggers a damage sensing feature, i.e. the mechanochromic
functionality, that could be very beneficial in the aerospace field as it constitutes a precise,
non-destructive visual detection method for different inds of damage (especially
IDs),
from those that are created during service to those arising from unexpected sources, e.g.
while shipping the component or removing it for inspection.
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ABSTRACT
Iodine possesses several features which make it a promising alternative propellant for electric
propulsion applications in a xenon-replacement perspective. It has good ionisation
properties, it stores as a low pressure solid and it costs a tenth as much as xenon. This paper
reviews a selection of the recent research activities carried out by the University of Pisa in
collaboration with Sitael S.p.A., in the framework of an ESA TRP project, aimed at the
development of an iodine feeding system for a 200 W class Hall-effect thruster. The paper is
focussed on the description of a first prototype of iodine feeding system which has been
designed, manufactured and tested. The main features of a reduced order model of the system
are also described. A gas kinetics approach has been used to model the iodine vapour
transport properties (viscosity and thermal conductivity). The model has been validated
against experimental data. Despite its simplicity, the model has proved to be a reliable tool
for design of new iodine feeding system prototypes and experimental data interpretation.
Keywords: Electric Propulsion, Hall Thruster, Iodine.
1

INTRODUCTION

Hall-effect Thrusters (HETs) represent an efficient form of electric propulsion typically
employed in space platforms for orbit-raising, station keeping and eventually deep-space
exploration [1][2]. The need of reducing propellant consumption has made electric propulsion
systems in general an attractive option [3]. Current HETs operate on xenon as propellant,
which represents an optimal choice, being inert, heavy, with a relatively low ionisation energy
and with a large ionisation cross section. Either way, xenon is expensive, and it requires
supercritical storage conditions in large, high pressure tanks (of about 150-200 bar).
Consequently, metallic and non-metallic condensable propellants have been proposed as
substitutes, both to reduce costs and to expand the application envelope of this technology.
Among all the options, iodine possesses particular features, reported in Table 1, that enable its
employment as an alternative propellant for electric propulsion. Its atomic mass is slightly
lower than that of xenon, it has lower first ionisation energy and larger ionisation cross
section, which directly means a more efficient generation of the plasma with respect to other
options. Moreover, it stores in solid form at ambient pressure, it costs almost a tenth as much
as xenon [4] and it features virtually unlimited availability in the high purity required. These
characteristics agree with the growing interest towards small spacecrafts rolling out for which
dense and low-power propulsion systems are required [5]. Iodine chemical reactivity
represents the drawback of this technology. Indeed, it is a halogen and, although it is the least
reactive of its group, it still has an important effect on numerous materials of interest for space
applications. This feature imposes new constraints on the selection of the materials used in the
propulsion system and poses significant qualification issues for iodine adoption in space.
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However, there is little and sparse information available in literature referring to how
materials used in space behave in the presence of iodine.
Element
Mass [amu]
First Ionisation Energy [eV]
3

Storage density [g/cm ] @15 °C, 1.013 bar

I2

I

Xe

253.81

126.90

131.29

9.3

10.5

12.1

4.9

N/A

5.584e-3

Cost [€/kg]

N/A

600

Table 1 : Propellant Comparison, [6] [7].

This paper presents the most recent progress achieved by the University of Pisa in developing
an iodine feeding system. Section 2 provides a description of the system architecture; Section
3 discusses the flow model characterising the system and Section 4 describes the flow model
calibration results.
2

FEEDING SYSTEM DEVELOPMENT

Current systems based on noble gases exploit supercritical propellant conditions to achieve
high storage densities. Xenon optimum pressure at 300 K is 83 bar [8], though pressures up to
350 bar are employed [9]. Clearly, in delivering the propellant to the thruster unit, the
pressure must undergo a pressure reduction. The system so settled requires complex and
expensive components to ensure proper propellant conditions at injection plate. Iodine-based
systems present a quite different situation since iodine is stored as a solid at room conditions.
Nevertheless, propellant pressure regulation is still required, yet it is greatly simplified.
Indeed, below the triple point, the vapour generated by way of a sublimation process is
characterised by equilibrium phase-transition pressure and temperature. Hence, the highpressure stage is eliminated and the pressure itself can be thermally controlled. The resulting
conceptual architecture is provided in Figure 2-1.
Pressure Regulated
Propellant Storage and
Vapour Generation Assembly

Mass Flow Rate
Control

Thruster Unit

Figure 2-1: Iodine Feeding System Conceptual Architecture.

2.1

Architecture Description

The proposed architecture for the iodine feeding system is schematically reported in Figure
2-2. A slender cylinder, i.e. the reservoir, contains the solid propellant in the form of a
cylindrical cartridge. It is made of PTFE, as an insulating iodine resistant material is required
in this case. The top face of the iodine cartridge is pushed against a small heated holed surface
named filter. Heat for sublimation is supplied through one of the bases of the cylinder by the
sublimator assembly. It consists of the filter and a cup-shaped metallic body externally heated
by electric resistors, whose temperature is measured and controlled. The function of the filter
is both to prevent the escape of iodine crystals from the reservoir and to conduct the heat from
the cup towards the iodine exposed surface. A piston-pushing spring provides the required
force to keep the iodine in contact with the filter. After sublimation, the iodine enters the
sublimator cavity which acts as a plenum, therefore providing damping to the flow. The rest
of the feeding system consists of a heated solenoid normally closed valve and a thermal
throttle. The latter allows mass flow rate tuning by changing the gas viscosity and density
through the control of its temperature. The exit section of the thermal throttle is characterised
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Figure 2-2: Iodine Feeding System Schematics.

by sonic conditions of the flow. This allows decoupling the sublimation interface from any
fast downstream oscillation that may occur and affect the mass flow rate. Coarse mass flow
rate control is attained by controlling the sublimator pressure through its temperature, while
fine mass flow rate control is entitled to the thermal throttle.
Iodine feeding systems elsewhere developed and described in [1], [5], [10]–[14] rely on whole
tank heating approach. This entails a large thermal inertia of the system from which highpower consumption and long response times derive. Hence, the main reason behind the
selected architecture lies in gaining a good thermal control of the solid-vapour interface by
heating the iodine locally so that it is not necessary to provide large amounts of heat.
Hence, main features of this architecture are: low power requirements (6-10 W steady state
operations); absence of remarkable thermal control issues (since a small part of the system is
at high temperature); short response time; temperature control requirement only (which
simplifies diagnostics implementation); reliability (only one active component is present, i.e.
the valve); good throttleability and scalability.
3

FEEDING SYSTEM MODELLING

To understand the relation between temperatures and iodine mass flow rate and to size the
system, a 1D thermal fluid model was implemented.
The assumptions the model considers are:
1. sublimation occurs according to Clausius-Clapeyron equation. Iodine mass flow rate is
expressed as a function of heat power in input;
2. flow throughout the filter and the sublimator plenum is assumed as isothermal;
3. flow throughout the thermal throttle is assumed as a compressible viscous laminar
flow with heat exchange (and controlled wall temperature) along the pipe. The method
described in [15] has been employed. The valve introduces a concentrated pressure
loss;
4. sonic condition is imposed at the thermal throttle exit thus decoupling upstream and
downstream flows.
Each assumption directly translates in a set of mass-momentum-energy conservation
equations. Input heat power is assumed, and sets are iteratively solved until sonic condition at
the exit is attained. The output is a mass flow rate value, function of sublimator temperature
and thermal throttle temperature and length. An exponential behaviour of the mass flow rate is
obtained, as reported below in Figure 4-5.
3.1

Iodine Viscosity Modelling

Since the thermal throttle is intended to finely control the mass flow rate, a proper vapour
viscosity description is required. Throughout the system, iodine vapour viscosity variation
with temperature is modelled in accordance with [16]–[18]. This method, proposed by Chung
et al., relies on the Chapman-Enskog gas kinetic treatment, therefore it is appropriate for low-
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pressure gases (below triple point). Assuming a Lennard-Jones intermolecular potential
function, the viscosity is computed as:
𝜇𝜇 [𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠] =

40.785 𝐹𝐹𝑐𝑐 (𝜔𝜔, 𝜂𝜂𝑟𝑟 )(𝑀𝑀𝑀𝑀)1/2
𝑉𝑉𝑐𝑐

2/3

𝛺𝛺𝜈𝜈

∙ 10−7

(1)

where 𝐹𝐹𝑐𝑐 (𝜔𝜔, 𝜂𝜂𝑟𝑟 ) is a correction factor accounting for molecular shape and polarity through the
acentric factor 𝜔𝜔 and the reduced dipole moment 𝜂𝜂𝑟𝑟 (detailed relations are reported in [18]).
𝑀𝑀 is the molar mass in g/mol, 𝑀𝑀 is the temperature in K, 𝑉𝑉𝑐𝑐 is the critical volume in cm3/mol,
and 𝛺𝛺𝜈𝜈 is the collision integral. A practical empirical equation for 𝛺𝛺𝜈𝜈 easy to be implemented
numerically is proposed in [19] and it has been employed. As reported in Section 4, this
model revealed capable of predicting the iodine viscosity properly.
3.2

Iodine Thermal Conductivity Modelling

Similarly to what has been done for the viscosity, Chung et al. proposed a thermal
conductivity model in [17] based on the approximation of Mason and Monchick [20] for
polyatomic low-pressure gases, in the framework of the kinetic theory. The proposed equation
is given by:
𝜆𝜆 [𝑊𝑊/𝑚𝑚𝑚𝑚] = 3.75 𝜓𝜓 𝑅𝑅 𝜇𝜇

(2)

where 𝜓𝜓 is a function of 𝑐𝑐𝑣𝑣
𝑀𝑀𝑟𝑟 and acentric factor 𝜔𝜔, as comprehensively explained in [18]. 𝑅𝑅 is the specific gas constant
in J/(kg·K), and 𝜇𝜇 is the low-pressure gas viscosity in Pa·s from Equation (1).
4

FEEDING SYSTEM DEVELOPMENT

4.1

Characterisation Campaign

The feeding system described in Section 2.1 and illustrated in Figure 4-1 has been built and
widely tested at the Department of Chemistry and Industrial Chemistry (University of Pisa),
to verify whether it satisfies the requirements, behaves properly and ensures integrity after
operation. The employed thermal throttle essentially is a fused silica pipe with 0.53 mm in
internal diameter and 70 mm in length, see Figure 4-2.
Since the system functionalities rely on the sublimator and thermal throttle temperatures, it is
equipped with PID temperature controllers, heaters and temperature sensors. In order to
measure the mass flow rate, active charcoal chemical traps have been employed. Charcoal has
the capacity of adsorbing iodine even at high temperatures under vacuum conditions. The
charcoal granulometry is such that it does not generate a high impedance of the flow, fact that
would reduce the achieved iodine mass flow rate. The chemical trap is mounted at the thermal
throttle exit and it consists of a glass phial with coconut active charcoal grains inside and
fiberglass wool to prevent the grains from escaping the tube, either towards the chamber or
the thermal throttle. In the event of iodine dispersion inside the chamber, a LN2 cold trap is
used to keep it from reaching the pump, preventing it from dissolving in the oil and eventually
damaging the mechanical parts. This method has proved to be an effective manner to both
protect the vacuum pump and to easily detect iodine leaks throughout the line or feeding
system malfunctions. The campaign relies in an integral mass flow rate measurement
technique. It consists in warming the system components up to their set-point temperatures
and opening the valve. The iodine is fired through the chemical trap which adsorbs it. The
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weight of the phial is measured before and after the firing using a 10-4 g resolution technical
scale. The change of weight is divided by the time the valve remained open, giving a mean
value of the mass flow rate.

Figure 4-1: Iodine Feeding System Assembly.

4.2

Figure 4-2: Thermal Throttle

Model Calibration

Experimental results showed the theoretical model of Section 3 overestimated the mass flow
rate the feeding system can generate. The so required calibration mainly deals with the
analysis of sublimation temperature uncertainties. System inspection after test operations
revealed a peculiar pattern of the iodine cartridge, see Figure 4-3.

Figure 4-3: Iodine Cartridge after test campaign

Figure 4-4: Temperature Deviation at the Base of Cavities

The sublimation surface presented a series of conical cavities in correspondence with the filter
holes. These cavities do not allow a good thermal contact between the filter and the iodine.
This effect is particularly notable given that the thermal conductivity of iodine is about four
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orders of magnitude smaller than that of the materials which constitute the filter and the
sublimator. Hence, the sublimation temperature may be considerably lower than that reported
by the sensors put on the sublimator top surface. As a result, the sublimation pressure drops
causing a reduction in the mass flow rate. In order to have a deeper insight on this matter, a
finite element model of the system has been developed. At 95 °C nominal sublimator
temperature, the FEM simulation yields a temperature difference up to about 4 °C at the bases
of the conical cavities. This difference increases with the increase of set-point temperature, as
reported in Figure 4-4.
This phenomenon is considered by the introduction of a linear deviation of the sublimator
temperature with respect to the measured one by means of two calibration coefficients.
Also, possible uncertainties in the viscosity model and in the Nusselt number (an entry flow
region is likely in the thermal throttle) are accounted by introducing relative calibration
coefficients. All the calibration coefficients are obtained by means of a Bayesian Data
Analysis approach [21]. The calibrated model results are reported in Figure 4-5 in terms of
mass flow rate as a function of sublimator temperature. Viscosity required to be calibrated by
a factor of 1.012, therefore Equation (1) represents a proper model. Nusselt number required
to be calibrated with a factor of 3.672, hence an entry flow region is likely present.

Figure 4-5: Calibrated Model Results. Mass Flow Rate vs. Sublimator Temperature

5

CONCLUDING REMARKS

Iodine vapour possesses relevant characteristics to consider it to be a good candidate
propellant for Hall-effect thrusters. An experimental feeding system has been designed,
manufactured and characterised. The low-power-consumption feeding system architecture
described throughout the paper revealed to be a promising design choice. Indeed, it allows to
save power and gain system swiftness in reaching stationary operative conditions. Therefore,
it is worth considering the development of a new feeding system prototype relying on the
same architecture with the purpose of improving the overall system and increasing its
performance. Additional activities are currently ongoing to set up an experimental campaign
aimed at coupling the feeding system with a thruster unit. It is planned to perform a
characterisation of the resulting iodine propulsion system. Thrust, power, efficiency and
specific impulse are intended to be estimated from the data obtained throughout the
experiments. This experimental campaign envisages verifying the viability of using iodine as
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a propellant for Hall-effect thrusters. Further tests would eventually demonstrate the
advantages associated with this choice.
An iodine propulsion system would eventually be convenient for small spacecrafts with
volume constraints as well as for large space probes requiring high values of total impulse.
Initial results are promising, yet additional work is needed to obtain the additional information
of the system to acquire the knowhow for implementing all the possible improvements.
6
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ABSTRACT
This paper deals with the evaluation of the interference effects among aircraft components in a
three lifting surface configuration, an innovative layout for a high-capacity turboprop
( pax), which is supposed to be competitive with respect to short medium haul regional jets.
The feasibility study of such a configuration is framed within the Innovative turbopR p
configuratioN (IR N) project.
An experimental wind tunnel test campaign has been performed on a
scaled model at the
main subsonic wind tunnel facility of the Industrial Engineering Department of the niversity
of Naples ederico II. Beside the well- nown detrimental effects of the angle of attac on the
sidewash, the experimental tests have highlighted a strong directional stability reduction due
to the canard interference with both the fuselage and the vertical tail. Results have shown that
the canard increases the fuselage instability of about
. The canard wa e displacement also
affects the aircraft directional stability. Results collected in this wor have been useful to
perform a redesign of the aircraft empennage and to schedule numerical high-fidelity analyses
as well as a second wind tunnel test campaign on the updated aircraft model to get further
insights on the aerodynamic interference, including propulsive effects.
1

INTRODUCTION

The present research wor is framed in the Innovative turbopR p configuratioN (IR N)
pro ect complying with the European Union topic TI-CS2-2015-CP 02-REG-01-0 (Green
and cost-efficient Conceptual Aircraft Design including Innovative Turbo-Propeller Powerplant) as part of the Clean S y 2 program for Horizon 2020. The topic leader is Leonardo S.p.a.
and several core-partners are involved into the pro ect, with CIRA1 (Italian Aerospace Research
Centre) as coordinator.
The pro ect focuses on the feasibility study of an innovative turboprop regional configuration,
which is supposed to be competitive with respect to short medium haul regional ets.
Design of Aircraft and Flight technologies (DAF2) research group of the University of Naples
Federico II is involved in the preliminary design, aerodynamic analysis, performance evaluation
and Direct perating Costs (D C) estimation of this innovative regional aircraft.
ithin the IR N pro ect, different design loops with increasing level of complexity and
fidelity, are expected, aiming to complete the design through numerical simulations, and
experimental validations.

1
2

www.cira.it
www.daf.unina.it
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The first loop of design started in uly 2016 from a baseline configuration provided by Leonardo
and ended in anuary 201 . The aircraft configuration is an innovative layout with low wing
and rear-mounted engines installed at the horizontal tail-plane tip. Aerodynamics target
provided by Leonardo are very challenging, aiming for a cruise efficiency of about 18 at Mach
number equal to 0.64, at a cruise altitude of 0 ft, and relatively high maximum lift
coefficients: 2.4 and .0 for ta e-off and landing respectively. Top level aircraft requirements
(TLAR) are presented in 1 , 2 . The baseline rear propeller configuration has been deeply
investigated during the first design loop, as shown in 1 . Aerodynamic design and analysis
provided a laminar wing with improved high-lift capabilities and an increased aerodynamic
efficiency with winglets. Stability and control were chec ed in the whole flight envelope,
according to preliminary centre of gravity shift provided by Leonardo.
At the beginning of second loop, a careful weight and balance brea down revealed a very large
centre of gravity excursion, compelling to review the aircraft configuration, as summarized in
2 . A Multidisciplinary Design Analysis and ptimization (MDA ) has been performed using
in-house software named PAD
4 , selecting a three lifting surface layout as the best
solution. This configuration is the result of a multidisciplinary analyses and optimization
process involving the following disciplines: weight and balance, aerodynamics, stability and
control, performance, and D C. Approaches used for the MDA process have also included
several methodologies developed by DAF research group dealing with both vertical tail design
and sizing 5 , 6 and fuselage aerodynamics prediction method .
According to the chosen number of design parameters, more than 000 different aircraft
configurations have been generated and analysed to define a response surface with which to
perform the optimization process. Targets of the optimization process have been the cruise
parameter E (representing the cruise drag) and ta e-off and landing factors (Sw max),
which affect the ground performance. Several optimization algorithms have been exploited,
including the approach of game theory applied to aircraft design 8 . Some of the ma or
geometrical characteristics of the chosen three lifting surface aircraft are illustrated in Table 1.
The three views of the aircraft layout are shown in Figure 1, details of the nacelle geometry
have been intentionally blurred for confidential duties.
Fuselage
Wing
Canard
Horizontal tail
Vertical tail

Height width
Length
Planform area
Aspect ratio
Leading edge sweep angle
Planform area
Aspect ratio
Leading edge sweep angle
Planform area
Aspect ratio
Leading edge sweep angle
Planform area
Aspect Ratio
Leading edge sweep angle

.5 5 m
8.04 m
98.6 m2
12
10
11.49 m2
5.5
10
8.4 m2
4.4
10
24.45 m2
1. 6
45

Table 1: IR N three-surface aircraft ma or geometric characteristics.

An extended wind tunnel test campaign has been accomplished on a 1:25 scaled model of the
aircraft under investigation at the main subsonic wind tunnel facility of the Industrial
Engineering Department of the University of Naples Federico II. Experimental tests have been
addressed to the estimation of the both longitudinal and directional characteristics. This paper
is focused on the evaluation of the aerodynamic interference effects on the directional stability
of the three-lifting surface aircraft configuration.
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Figure 1: IR N loop 2 three lifting surface aircraft, three-views.

As concern a possible three-lifting surface transport aircraft, several wor s can be found in the
open literature. Ro hsaz and Selberg in 9 - 11 have investigated analytically and by applying
a vortex lattice method a conventional, a pure canard, and a three surfaces configuration. The
aim of their wor s was to determine each configuration s induced drag as well as the pressure
and viscous drag for a six-seats business aircraft. endall 12 applied the classical PrandtlMun theory to a modern three-surface airplane, showing that the induced drag due to the trim
can be zero at any longitudinal position of the centre of gravity, leading to a potential saving of
the induced drag about
relative to the conventional tail-aft design. Strohmeyer et al. in 1
have designed and optimized a three lifting surface transport aircraft highlighting the effects of
canard design parameters (span, aspect ratio, thic ness, sweep, longitudinal and vertical
positioning) on the overall aircraft longitudinal aerodynamic characteristics. stowari and Nai
14 , 15 made a series of wind tunnel experiments to investigate the lift, drag, and longitudinal
stability of a three-lifting surface configuration for an un-yawed typical business et.
All these research wor s dealt with design and optimisation for minimum drag, only focusing
on the evaluation of longitudinal aerodynamic characteristics. As concern the evaluation of
lateral-directional characteristics of a three-lifting surface configuration, some experimental
data are available on a fighter aircraft. Grafton and Croom in 16 have studied the low-speed,
high-angle-of-attac stability characteristics of a three-surface fighter concept based on the F15 configuration. They have experimentally measured in a wind tunnel static-force data over
an angle-of-attac from 0 to 85 and a sideslip angle from −10 to 10 . Their results have
highlighted that the canard adversely affects both static directional and lateral stability at highangle-of-attac . According to authors, this loss is due to the canard causing a large flow
separation on the windward fuselage part.
Similar results have been also highlighted by Agnew, Lyerla and Grafton in 1 . In this wor
authors have provided a study to a detailed understanding of the aerodynamics of a closecoupled horizontal canard in a three-lifting (canard-win-tail) configuration for a fighter aircraft.
This study has highlighted that the vortex interaction phenomenon is responsible of beneficial
effect in terms of extending the angle of attac range for the aerodynamic linearity, since the
vortex interaction maintains attached the flow over large area that would be normally separated.
The abrupt nature of this vortex system s brea down causes an adverse effect in terms of lateraldirectional characteristics.
Section 2 of this wor provides the description of the experimental apparatus, some details
about the accuracy of the measurements systems, and shows the scaled model under
investigation. In section a summary of the main experimental results is shown, highlighting
the interference effects introduced by the canard in terms of directional stability. Finally, in
section 0 some concluding remar s are drawn.
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EXPERIMENTAL APPARATUS

The wind tunnel facility is a closed-return, low-speed wind tunnel, shown in Figure 2. Its main
characteristics are reported in Table 2. For the measurement of the lateral-directional
aerodynamic characteristics a tri-axial internal balance has been used, also supporting the model
in the test section. The measurement instrumentation consists of an internal strain gage balance
for the measurement of aerodynamic forces and moments, a enturi system to measure the
dynamic pressure, a tilt sensor Cross ow C LA01 to measure the angle of attac , a
potentiometer to measure the sideslip angle (0.1 accuracy, 15 to 25 range), and a
temperature probe to measure the static temperature in the test section.
The internal strain gauge balance, used for the directional tests, has three channels and it is used
to measure the sideforce, yawing moment, and rolling moment. It is made from an Al-2024-T
bloc and it has an estimated accuracy of 0.1 full scale, calibrated suggested in Ref. 8 . The
angle of attac is changed with a stepper motor driving the balance sting on a steel circular arc,
such that the assembly balance-model rotates about the balance centre in the longitudinal plane.
The assembly motor-balance-model rotates about the vertical axis through a mechanism located
below the test section floor, allowing to change the sideslip angle.
The required wind tunnel corrections have been applied by following the criteria proposed by
arlow, Rae, and Pope 8 . All the aerodynamic forces have been reduced to the usual
aerodynamic coefficients, assuming as reference parameters the test section dynamic pressure,
the wing mean aerodynamic chord (mac), wing span, and wing area.

Figure 2: Main subsonic wind tunnel of the Dept. of Industrial Engineering.
Test cross-section dimensions
Turbulence level
Max shaft power
Max wind speed
Test wind speed
Table 2:

2.0 m x 1.4 m
0.10
150
50 m s
8ms

ind tunnel of the DII, main characteristics.

The wind tunnel model of the airplane has been manufactured in aluminium alloy, through CNC
machining. It has a scale ratio of 1:25 with a wing span of 1.50 m, a mac of about 0.1 m, and
a fuselage length about 1.52 m. ind tunnel test have been performed at an average wind tunnel
speed of about 8-40 m s, thus the Reynolds number, evaluated with mac, is about 15000. To
replicate the boundary layer of the full-scale aircraft, trip strips were installed to add artificial
roughness to the model, forcing the flow transition at the desired stations 8 . The thic ness and
the right position of the trip strips has been estimated with flow visualization technique using
fluorescent oil, as shown in Figure . Results led to the conclusion that two layers of tape are
enough to get the boundary layer transition at the desired place. The location of the trip strips
is at about 5 local chord for wing and horizontal tail, even closer to the leading edge for the
vertical tail.
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DIRECTIONAL STABILITY EXPERIENTAL RESULTS

An extended experimental test campaign has been conducted investigating both the longitudinal
and the lateral-directional stability characteristics. However, this wor is focused only on the
results dealing with the directional stability characterization including the aerodynamics issues
of a such unconventional configuration. The ob ective of this investigation is the evaluation of
the interference effects of a small forward wing (the canard) with the fuselage and the vertical
stabilizer components.
To address this ob ective, the experimental tests have been carried out on several
configurations, as reported in Table , with the aerodynamic derivative of interest, i.e. the
yawing moment coefficient curve slope. The reference point for the calculation of the moment
is the leading edge of the mean aerodynamic chord, which has been estimated to be a plausible
location of the centre of gravity for this rear-engine aircraft configuration.
In Figure 5 the yawing moment coefficient of the isolated body and the body plus the canard
are compared. As highlighted by the directional stability derivatives ( N ) in Table , the canard
presence increases the fuselage instability of about 14 . This effect is typical of high wing
configurations, in which the wing surface creates a high-pressure region on the windward
fuselage side. In this case it is magnified because of the longitudinal positions of the canard
which is placed quite forward the fuselage centre of gravity.
The horizontal tail leads to an increment of about 5 of the overall aircraft N . This
contribution can be appreciated by comparing the N of the canard-off configuration with and
without the horizontal summarized in Table , while the yawing moment coefficient curves of
these configurations are illustrated in Figure 6. Tests with and without nacelles have highlighted
that nacelles do not affect the directional capabilities of the aircraft as shown in Table . Same
results have been achieved with winglets, which affect in a sensible way the lateral stability,
but this latter is not the ob ective of this paper.

Figure : Fluorescent oil visualization on vertical tail.
Configuration

Symbol

ody
ody-Canard
ing- inglet- ody- tail
ing- inglet- ody-Htail- tail
ing- inglet- ody-Htail- tail-Nacelle
ing- inglet- ody-Htail- tail-Canard

Der.
N

C

N
N

H
H N
H NC

N
N
N

Value (deg-1)
@ AoA = 0°
−0.0022
−0.0026
0.0020
0.0021
0.0021
0.001

Table : Aircraft configurations and directional stability derivatives at Re
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Value (deg-1)
@ AoA = 5°
n.a.
n.a.
0.0011
0.0011
n.a.
0.0000

15000.

Directional stability issues of a three-lifting surface aircraft

(a)

(c)

orcione et al.

(b) C

H N

(d)

H NC

Figure 4: Some of the investigated configurations in the test section.

Figure 5: awing moment coefficient, canard
effect on the fuselage.

Figure 6: awing moment coefficient,
horizontal tail effects.

The complete aircraft N derivative of is about 0.0021 deg-1 in the canard-off configuration
(see Table ). The full-scale vertical tail has 25 m2 planform area, but the directional stability
that it is providing is almost the half of the contribution that it should bring accordingly with its
size. This latter is due to a wrong taper ratio, which provides for a constant sweep angle along
the chord direction, i.e. the sweep angle at the half of the mean chord is 45 as well as at the
leading edge, this latter significantly lowers the empennage lift capabilities.
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Figure 8: awing moment coefficient, canard
and angle of attac effects.

The effects of the angle of attac are illustrated in Figure , where the yawing moment
coefficient of the
configuration at 0 and 5 angle of attac are compared. It is well
nown 18 that when the angle of attac increases the vertical tail effectiveness is lowered
because of the fuselage wa e impinging on the empennage. y loo ing at Table
N is almost
halved. It must be remar ed that the experimental data are related to a low Reynolds number,
this means that the effects of the angle of attac dealing with the fuselage boundary layer
thic ness could be overestimated.
The most detrimental effect on the directional stability is introduced by the canard surface. As
it is shown in Figure 8 and reported in Table , the canard reduces the directional stability
derivatives by 8 at zero angle of attac . The combined effects of incidence angle and canard
leads to a dramatic reduction of the directional stability, till the aircraft become even unstable
when the angle of attac become higher than 5 . This strong effect is introduced by the vortex
system which is impinging on the vertical empennage. In Figure 9 and Figure 10 flow
visualization by means of tufts ra e placed on the trailing edge of the canard is shown at two
sideslip angle. From flow visualization it can be appreciated that at low sideslip angles the
canard tip vortex is impinging the windward side of the vertical tail reducing its capability to
produce sideforce. As the sideslip angle increases the tip vortex moves across the vertical tail,
when it reach the leeward side of the empennage the lifting capabilities of the tail is suddenly
recovered. This latter occurs at sideslip angle higher than 10 , as it can be appreciated in the
charts of Figure 8. A similar phenomenon has been also observed by Agnew, Lyerla and
Grafton in 1 for a three-surface fighter aircraft, the physical behaviour is similar standing the
clear differences in the aircraft configurations.

Figure 9: Flow visualization with tufts ra e,

8

Figure 10: Flow visualization with tufts ra e,

10

Canard vertical position has been fixed accordingly the architectural constraints coming from
Leonardo company s experts. A lower position has been discarded because of the presence of
the avionics system structural bay. Moreover, a lower position of the canard would introduce
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strong detrimental effects on the wing maximum lift capabilities required to comply with the
ground performance prescribed by the Top-Level Aircraft Requirements (TLARs). A redesign
of the vertical tail has been already performed and numerical analyses are still in progress at
the time of writing. If the new vertical empennage will not solve stability issues and if the
magnitude of the canard tip vortex effect will be confirmed, authors will investigate possible
systems to improve directional stability li e aft body stra es.
4

CONCLUDING REMARKS

This paper has provided experimental results on the directional stability characteristics of a
three-surface transport aircraft. Experimental tests have highlighted the detrimental effects of
the canard on the vertical empennage capability in producing sideforce. Canard tip vortex
moves across the windward and the leeward side of the empennage introducing non-linear
effects on the directional stability. Moreover, experimental tests have highlighted that the
vertical tail planform must be revised to increase the directional stability of the aircraft. A
redesign of the vertical tailplane has been already performed and numerical high-fidelity
analyses are still in progress at both wind tunnel and full-scale Reynolds number to have a better
comprehension of the aerodynamic behaviour of such a configuration. A new wind tunnel test
campaign on the updated aircraft configuration, also including propulsive effects, has been
scheduled by the end of year 2019.
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ABSTRACT
The increased awareness towards air transport pollution has pushed for ambitious
sustainability objectives to achieve within year 2050. As new technologies emerge, researchers
are investigating innovative aircraft and powertrain configurations to explore potential fuelburn savings, either retrofitting an existing aircraft or defining a new conceptual design. This
work investigates the possibilities given by a turbo-electric powertrain coupled with distributed
electric propulsion on a regional turboprop aircraft, presenting a method for preliminary
aircraft design and exploring the results offered by a simple evaluation of the aero-propulsive
interactions. With the actual technology, a potential 5% reduction in fuel consumption should
be achievable on a 500 nm mission with 42 passengers. Although it is not a disruptive result,
this paves the way for further investigations, indicating where improvements may be achieved.
Keywords: Aircraft Design, Aerodynamics, Hybrid-Electric Propulsion, CFD
1

INTRODUCTION

To comply with the EU Flightpath 2050 sustainability objectives for the air transport [1], which
aim to a reduction of 75% CO2, 90% NOX and 65% of perceived noise (with respect to a year
2000 aircraft) within 2050, innovative aircraft and powerplant configurations are being
investigated by the research community. A promising alternative to thermal engine propulsion
is the electric propulsion. However, an all-electric regional transport or large passenger aircraft
seems not feasible in the immediate future, due to the limited specific energy of the storage
technology [2]. Therefore, an interest for hybrid-electric propulsion, together with distributed
propulsion, has recently grown. Particular attention is posed to the distributed electric
propulsion (DEP) configurations, thanks to their ability to “distribute” propulsors in many
locations on the vehicle, not just near the power source. From the aircraft designers’ point of
view, DEP solutions open new degrees of freedom within aerodynamics, vehicle control,
pollutants and noise emissions.
Distributed electric propulsion may help in reducing pollutants emission through favourable
aero-propulsive interactions. As shown with the NASA X-57 experimental aircraft [3], DEP
increases high-lift capabilities, allowing an increment of wing loading, reducing wing area,
weight, and drag. For larger airplanes, a hybrid-electric powerplant, together with DEP,
increases both operating empty and maximum take-off weight, which are directly proportional
to aircraft purchase costs and operating costs [4]. This could be acceptable if such increases are
limited and the fuel burn reduction complies with sustainability objectives. For this reason, it
may be not convenient to re-engineer an aircraft to perform the same mission, as different
ranges and altitudes may be exploited with the new configuration. This paper presents such
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example on the ATR-42 aircraft, a promising platform to exploit future benefits of such
architectures, as requested by the Italian PROSIB1 research project.
The preliminary design of a hybrid-electric aircraft has not a consolidated approach, since the
only data available are on small experimental airplanes. Borer et al. [3] described the design
and the performance predicted with simplified methods of the NASA X-57 SCEPTOR
experimental electric aircraft, based on a Tecnam P2006T light aircraft. By substituting the
wing with a smaller one sized for cruise conditions, with 12 distributed propellers for the low
speed performance, they shown that a 4.8 reduction in energy consumption can be obtained at
150 kts and 8000 ft, with a gross weight slightly bigger than the stock aircraft. However, the
range with the available battery technology is only 80 nm against the 670 nm achievable with
fuel. Brelje and Martins [4] have shown that the design of an electric aircraft introduces new
coupling between previously distinct disciplines, such as aerodynamics and propulsion, which
can be effectively evaluated only with high-fidelity analyses. An investigation conducted by
the Bauhaus Luftfahrt institute [5] has evaluated a potential 16% block fuel-burn reduction on
a 900 nm mission for a 2035 jet aircraft with 180 pax, if 18% of the total energy comes from
batteries with a specific energy of 1500 Wh/Kg. Such fuel saving is halved if the battery specific
energy is 1000 Wh/Kg (nowadays is about 200 Wh/Kg).
As concern turboprop transport airplanes, recent researches have shown that, for conventional
aircraft layout (i.e. tube and wing), disruptive results are obtained only if optimistic assumptions
are made on the battery specific energy (>750 Wh/Kg) [6]–[8], otherwise the potential fuel
saving is less than 5% [9], [10]. The benefits of DEP and tip-mounted propellers have been
deeply investigated by NASA, yielding to an amplification of lift coefficient from twice to three
times the flapped configuration in landing for the DEP wing [11], [12], while wingtip mounted
propellers may decrease the induced drag up to 15%, depending on the wing planform and lift
coefficient [13], [14].
The objective of this work is to illustrate the effects of some powertrain parameters and the
aero-propulsive interactions on the preliminary sizing of hybrid-electric transport airplane.
Although the method that will be presented is feasible for any class of aircraft and powertrain
(from conventional to all-electric), the authors focused on the regional air transport category,
with turbo-electric powertrain (no electric energy storage system, e.g. battery, is installed).
2

METHODOLOGY

The methodology of this work follows the approach of Ref. [6], with several customizations.
Once assigned the Top-Level Aircraft Requirements (TLAR), the design workflow starts with
a statistical pre-design of the aircraft with conventional powertrain. This is a necessary step,
since there are no consolidated methods to size a hybrid-electric aircraft from scratch. From
this baseline, the sizing process, which includes the characteristics of the propulsive architecture
in terms of geometry, position, hybridization parameters, and operating modes, is performed.
As in the classical aircraft design workflow, aviation regulations and design requirements
dictate the constraints for the choice of the sizing point, which is the combination of power
loading W/P and wing loading W/S at take-off. In contrast with the classical approach, the ClassI weight estimation for the hybrid-electric configuration cannot be performed as first step,
lacking statistical data on maximum take-off and operative empty weights. Even the fuelfraction method [15] cannot be implemented. Thus, weight estimation is performed iteratively
at a later step, with a mission profile analysis accounting for the energetic requirements and
powertrain operating mode for each flight phase. The workflow is reported in Figure 1.

1
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Figure 1: Hybrid-electric aircraft preliminary design workflow.

A hybrid-electric aircraft, especially a turbo-electric configuration, may benefit from
distributed propulsion due to favourable aero-propulsive interaction. DEP will increase the lift
coefficient CL, moving the constraint curves at higher wing loading values, especially in takeoff and landing (Figure 2), enabling the possibility to reduce the wing area and weight.
Equilibrium equations from Flight Mechanics are re-written and iteratively solved to account
for this possibility. The approach is to assume the same angle of attack (hence the same flight
attitude) of the aircraft with conventional powertrain and convert the increment of lift
coefficient CL in an increase of wing loading W/S. To account for propeller blowing effect, the
method developed by Patterson [16] has been implemented. Due to the increased wing loading,
the equilibrium equation is solved again to calculate the new ΔCL and ΔCD. The process is
executed iteratively for each constraint curve of the sizing plot until convergence to tolerance.

(a)

(b)

Figure 2: Comparison between sizing plots: (a) hybrid-electric; (b) conventional powertrain.
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Figure 3: Turbo-electric powertrain scheme with a possible installation over a regional turboprop.

The chosen power loading (W/P)TO is used to solve the powertrain equations system, which
states the conservation of energy between the energy sources and the propulsors, accounting
for the logical connections between powertrain components and their mechanical efficiencies.
Figure 3 reports a powertrain scheme for the turboelectric case. The resolution of the powertrain
equations implies the assignment of an operating mode, hybridization factor, and component
efficiencies for each flight phase. The operating mode states the way the energy flows from its
source to the propulsors (or vice-versa). In the case of turbo-electric aircraft, a possible
operating mode is well described in Figure 3, where each gas turbine drives an inverter and a
primary propeller through a gearbox. The inverter provides electric power to several electric
drivers, which may be directly connected to the secondary propellers distributed on the wing.
A power management and distribution (PMAD) system acts as a controller. The hybridization
factor states how much energy is used to power the secondary propulsors (DEP). In this work,
following the approach of Ref. [6], the hybridization factor is defined as shaft power ratio, that
is the ratio between the power at the shafts of the secondary propulsors (PS2) and the total shaft
power (PS1 + PS2), according to Eq. (1).
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The efficiency η of each component is assigned a priori, assuming that each component works
at the maximum efficiency most of the time. In this way, the powertrain system is linear for
each flight phase, although the matrix coefficient may change among flight phases. Eq. (2)
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����
� 0
�
0
�
� 0
� 0
� 0
� 0
� 0
� 0

1
����
0
0
0
0
0
0
0

0
1
0
�����
0
0
0
0
0

0
1
����
0
0
0
0
�
0

0
0
0
1
����
0
0
0
0

0
0
0
0
1
�����
0
0
0

0
0
0
0
0
1
����
�� � 1�
0

0
0
1
0
0
0
0
0
1

0 � �� �
0
0� � ��� � � 0 �
�
0 ���� � � 0 �
�
�
�
0� � ��� � � 0 �
0� ∙ � ��� � � � 0 �
0� � ��� � � 0 �
� �
1� � ��� � � 0 �
0� ���� � � 0 �
1� ���� � ���� �

(2)

The energy balance gives 7 equations and 9 unknowns. Therefore, two equations are added in
the last two rows to close the system. One is the definition of shaft power ratio φ, the other is
simply the sum of the propulsive powers which gives the total take-off power PTO.

230

4

AN APPROACH TO PRELIMINARY SIZING OF TURBO-ELECTRIC AIRCRAFT WITH
DISTRIBUTED PROPULSION
Ciliberti et al.

Pax number
Engines number
Design range
Landing length
Take-off length
Climb Speed
Descent Speed
Rate of Climb

42
2
840
3600
4000
170
220
1500

Rate of Descent
Mach cruise
Cruise altitude
Alternate range
Alternate altitude
Mach alternate
Fuel reserve
Holding

nautical miles
feet
feet
knots
knots
feet/min

1100
0.47
17000
100
8000
0.3
5
30

feet/min
feet
nautical miles
feet
% block fuel
minutes

Table 1: ATR-42 TLAR.

Propulsors are modelled as actuator disks, which max efficiency is limited by the disk loading
as stated in the momentum theory [17]: for a given thrust, as the number of distributed
propellers increase, their diameter decreases, increasing disk loading and reducing the
maximum theorical efficiency.
At this stage, it is known total power loading (W/P)TO, while the total propulsive power PTO
will be available once the maximum take-off weight WTO has been estimated. Once the
powertrain equations system is solved, the specific powers W/P of each powertrain component
in all flight phases are known. The most demanding values are used to size the components. By
calculating fuel consumption with the energetic requirements of each mission phase, the weight
estimation is iteratively performed with a Class-II method, by assuming that the statistical laws
of the aircraft components’ weight [18], except for the powertrain, are still valid. Fuel weight
is calculated by energy requirements in the mission profile analysis. Once the loop has
converged, the aircraft has been sized and data can be feed other modules to perform analyses
and optimization.
3

RESULTS

The method described in Sec. 2 has been applied to a regional turboprop aircraft with the same
TLAR of the ATR-42, reported in Table 1. Several DEP strategies and engines number have
been investigated. DEP has been alternatively enabled in all flight phases, take-off and climb
and landing, take-off and landing. The number of secondary propellers is 8, 12, 16 and 20,
covering about the 60% of the wing area affected by flaps. By designers’ choice, for the hybridelectric configuration, the gas turbines and the primary propellers have been moved to the
wingtips as suggested in [13], [19].
For the given mission, the best results in terms of fuel saving depend on combination of the
number of distributed propellers, shaft power ratio, and enabling strategy. For the sake of
brevity, only a few charts are shown in the following. Best strategy for the assigned TLAR
seems to enable DEP of 20 propellers (10 electric + 1 thermal engine per wing semi-span, the
highest number of propellers investigated) in take-off, climb, and landing. The trend of the
weights with the shaft power ratio, indicating how much power is given to DEP, is reported in
Figure 4. All the weights increase with the shaft power ratio, indicating the need of bigger
electric machines as the DEP demands more power, generating a snowball effect on the weight
of other components.
The curves of fuel and wing weight are not linear, whereas the curves of maximum take-off,
operative empty, and powertrain weights are quite smooth. This may be due to the change in
sizing plot limits with hybridization factor. As concern the fuel weight, which is the fuel burned
to complete the design mission, there is an increment in fuel consumption until a 10% shaft
power ratio, a minimum at 30%, a negligible variation between 35% and 65%, then a rapid
increase towards the all-electric propulsion. This trend is reflected on the wing weight, which

5
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is always heavier than the wing of the conventional configuration. At this stage, the weight of
the DEP system does not alleviate the wing aerodynamic load nor the tailplanes are updated,
hence results are conservative. As a figure of merit, the fuel weight savings gets an insignificant
value of less than 50 lb on an 840 nm (plus reserves) mission. To grow interest in a turboelectric regional turboprop, other features must be investigated, as will be discussed in the next
section.
As concern the effects of hybridization factor on the wing, they are reported in Figure 5, under
the assumption of constant aspect ratio. The value of 10.4, instead of the true value of about 11,
comes from the statistical pre-design. Since the objective of the work is to evaluate
improvements with respect to the conventional configuration, it was decided to not force the
code to match the real aircraft data. As expected, the increment in shaft power ratio increases
the wing loading from 75 to about 105 lb/ft2, reduces the wing area up to 65 ft2 (6 m2) and the
wing span up to 5 ft (1.5 m). However, the magnitude of these reductions is not enough to
decrease the wing weight, which increases due to the above stated snowball effect. As stated
before, wing weight alleviation due to DEP is neglected in this application.

Figure 4: Weights trends with shaft power ratio for the ATR-42 design mission (840 nm), DEP with
20 propellers enabled in take-off, climb, and landing.

Figure 5: Effects of the hybridization factor on the wing for the ATR-42 design mission (840 nm),
DEP with 20 propellers enabled in take-off, climb, and landing.

232

6

AN APPROACH TO PRELIMINARY SIZING OF TURBO-ELECTRIC AIRCRAFT WITH
DISTRIBUTED PROPULSION
Ciliberti et al.

Figure 6: Design sweep for the ATR-42 turbo-electric aircraft at several ranges and shaft power ratios.

4

DISCUSSION

The results presented in Sec. 3 discourage the installation of a turbo-electric powertrain on a
regional turboprop aircraft. Some calculations are conservative, and the design workflow does
not include the complexity of such re-engineering, including the control logic, failure tolerance,
safety issues, maintenance costs, and so on. Yet, there is way for improvement, by considering
several aspects. First of all, the typical ATR mission is well below the 840 nm design mission.
A design sweep including the range, varied from 200 to 800 nm, always with 100 nm alternate
and reserves, has revealed that the most convenient mission has a range of 500 nm, performed
with 20 distributed propellers enabled only at take-off and landing with a 25% shaft power ratio.
This solution yields a fuel saving of about 170 lbs (5%) and a 2% increase in maximum takeoff weight, as reported in Figure 6. The left side shows the response surface of fuel weight
against range and hybridization factor. The shaded plane represents the fuel weight with the
conventional powertrain. Thus, the areas of the response surface which are darker indicate that
the fuel weight with turboelectric powerplant is less than the fuel weight with the conventional
powerplant performing the same mission. Other results, not shown here for the sake of brevity,
have shown that the strategy of take-off and climb and landing pays off only at long ranges.
The take-off and landing strategy is more effective at low shaft power ratio (below 0.5) with
ranges around 550 nm, with a significant increase in fuel burn at higher shaft power ratios and
longer ranges. The strategy of enabling DEP in all flight phases is usually the worst, since DEP
benefits are lost in cruise conditions. The right side of Figure 6 shows a contour plot of the fuel
saving, indicating areas of interest and operation flexibility.
It may be argued that the achieved results are not enough to raise an interest in a turbo-electric
powertrain for such aircraft category. The attention may be moved to the phenomena involved
in the aero-propulsive interactions. The increase in lift coefficient, which is limited to a value
of about 1.0, is obtained with the method of Ref. [16]. This method is based on a surrogated
model developed from the results of 2D CFD RANS analyses on a symmetric airfoil in clean
configuration. It is the author’s opinion that higher values may be obtained if the typical airfoil
in clean and flapped configurations is investigated with high fidelity methods, developing a
surrogate model closer to the aircraft category of interest. Such approach has been successfully
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applied in the design, analysis, and optimization of conventional and innovative turbopropeller
aircraft [20]–[29] and implemented in local and collaborative design chains [30]–[34]. Finally,
Ref. [16] investigated variations in disk diameter, longitudinal position, and thrust. At time of
writing, the authors are also investigating the effect of the disk vertical position, that may be
favourable if more than half of the disk blows below the airfoil, improving the aerodynamic
performance with flaps deployed.
5

CONCLUDING REMARKS

At this time, the DEP turboelectric aircraft configuration is not enough promising compared to
the needed technological steps to reach a flying product. However, some advantages have been
highlighted changing the design mission to attain a fuel reduction of about 5%. The key factors
of the success of DEP aircraft are: (i) the demonstration of higher aerodynamic improvements,
leading to larger wing area reduction respect to what predicted with simplified methodologies;
(ii) the improvements in multidisciplinary approaches among aerodynamics, propulsion, flight
control systems, emissions and costs in the preliminary aircraft design; (iii) the improvements
of enabling technologies (i.e. electric machines, energy storage systems); (iv) the increasing
awareness towards noise and gaseous emissions.
6
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ABSTRACT
The purpose of this paper is to show how the process for the calculation of the Daily Fire
Hazard Index described in (Laneve, Cadau, 2007) 1 was improved upon by taking into account
the effects of wind speed and direction, examining the wildfire insurgence data in the Italian
region of Sardinia. The Daily Fire Hazard Index was developed in the context of the S2IGI
project with the objective to provide a daily estimate of the likelihood of wildfire insurgence, in
order to help coordinate the firefighting activities. Using land cover maps, fuel maps and
MODIS satellite imagery, an algorithm was developed to estimate the relative amount of live
and dead vegetation. Meteorological data is used to determine the temperature, the relative
humidity and the wind speed. After using the FAO Penman-Monteith method (1998)[2] for the
determination of the reference evapotranspiration of the vegetation, a simple algorithm was
used to correct the surface temperature accounting for the effect of the magnitude of the wind
speed. After determining the wind direction using the meteorological forecast data, the
correction factor takes into account the fact that in Sardinia, the majority of the wildfires occur
in days of strong Mistral winds.
Keywords: wildfires, vegetation, hazard index, sardinia
Introduction
1

INTRODUCTION

It has been widely reported by a number of international organizations (such as FA , EEA and
RC) that Mediterranean forests are gravely affected by wildfires, with overwhelmingly
negative consequences on two macro-areas: the economic area, due to the destruction of crops,
buildings or infrastructures, and the hydrogeological area, where the damage assessment is
much more complex. The balance of the ecosystem is dramatically altered by wildfires, with
further negative effects on soil erodibility, due to the partial or complete loss of the vegetation
cover, and subsequent desertification. In 2014, approximately 500 000 hectares of European
land burned as a cause of 65 000 wildfires , and this number has gone practically unchanged
through the last 0 years despite all the efforts made towards prevention and the improved
technological support of firefighting activities.
The S2IGI pro ect was funded by the Sardinia Region in the framewor of the P SFESR 2014-2020 initiative. Developed through a collaboration between the School of
Aerospace Engineering of La Sapienza University, CNR-I IMET and Nur anatech, the pro ect
aims to contain the damage caused by wildfires by providing an integrated information system
based on the usage of new techniques and satellite technology. In particular, the Daily Fire
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Hazard Index covers the need for a daily fire danger assessment based on meteorological data
and on an estimate of the actual state of the vegetation.
2

STATE OF THE ART

It has been widely observed that there is a strong relationship between wildfire insurgence and
a number of measurable parameters, namely the characteristics and state of the fuel (in terms
of vegetation type, temperature and moisture content), the topography of the area of interest (in
terms of altitude, slope and illumination conditions), and the general meteorological conditions.
Furthermore, given the fact that the overwhelming ma ority of wildfires are caused, either
intentionally or accidentally, by humans, it is possible to give a reasonable estimate of the
li elihood of a certain area to burn.
2.1

Methods of fire risk estimate

Following the guidelines established in (Laneve et al., 2011) 4 , we can distinguish two types of
methods of fire ris estimate:
1) Statistical methods provide long term ris indices based on slowly changing parameters,
such as topography, land cover and other variables that can be considered constant over
short timeframes.
2) Dynamical methods provide short term ris indices, and are based on data that undergo
significant variations on a daily basis, and that can be measured frequently using satellite
data or forecast models.
The Daily Fire Hazard Index belongs to the second category, and ma es use of the latest satellite
and meteorological data to assess the actual conditions of the vegetation as accurately as
possible.
2.2

Brief history of dynamical methods for fire risk estimate

Since 1998, the oint Research Centre of the European Commission coordinated efforts to
create a standard method for the evaluation of forest fire hazard on a continental scale. Until
then, most of the indices used to assess the ris of forest fire insurgence were developed on a
national scale, and the vast ma ority of them did not ma e use of satellite data. In particular, an
effort was made by the RC to adapt the Fire Potential Index (FPI), which was originally
developed for North-American territories, to our European and Mediterranean forests
(Sebastian-L pez et al., 2002) 5 .
The School of Aerospace Engineering, in the framewor of the SIGRI pro ect funded
by ASI, decided to follow the same path and developed the Modified Fire Probability Index
(MFPI), which made use not only of fuel maps and meteorological data, but also of satellite
imagery to calculate the so-called fire potential , and was able to assess the actual conditions
of the vegetation by distinguishing live and dead vegetation, on the basis of the wor done by
( urgan et al., 199 ) 6 . Furthermore, the MFPI improved upon the FPI developed by ( urgan
et al., 1998)( ) by ta ing into account the effect of the topography on the actual illumination
conditions of the area of interest, and this was achieved by computing the reference
evapotranspiration ET0 as prescribed by the FA Penman-Monteith method 2 .
Finally, the latest version of the index, called Daily Fire Hazard Index (DFHI), corrects
the temperature of the vegetation by accounting for the effect of the wind speed, and ad usts the
fire hazard ris with respect to the wind direction, which allows us to model the experimental
fact that in Sardinia, the ma ority of the fires occur in days of strong Mistral wind.
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3

DAILY FIRE HAZARD INDEX CALCULATION PROCEDURE

3.1

Data Sources and Relevant Quantities

The algorithm for the calculation of the DFHI is schematically represented in figure 1, and
relies on the following data sources:
• NASA M DIS M D09GA and M D09G L2 images (daily)
• Meteorological data provided by the Aeronautica Militare (daily)
• Fuel Map of the area of interest
• ND I historical records of the area of interest
• Digital Elevation Model of the area of interest

Figure 1: Flowchart representing the procedure used to compute the Daily Fire Hazard Index

The Daily Fire Hazard Index is able to provide an up-to-date estimate of the tendency of a
certain area to develop and support wildfires by distinguishing between live and dead
vegetation, and subsequently assessing their humidity content and temperature in order to
determine the li elihood of wildfire insurgence as accurately as possible. Ultimately, these two
fundamental characteristics of the vegetation are measured through the quantities 𝐿𝐿𝑓𝑓 (fraction
of Live vegetation) and 𝑇𝑇𝑇𝑇𝑓𝑓 (fraction of Ten Hour-Lag Time Fuel Moisture), that determine
the 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 through the following equation:
(1)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = (1 − 𝐿𝐿𝑓𝑓 )(1 − 𝑇𝑇𝑇𝑇𝑓𝑓 ) ∗ 100
3.2

Estimation of the Live Vegetation Fraction

The distinction between live and dead vegetation is made by exploiting medium resolution and
high frequency satellite imagery such as M DIS, which allows us to obtain daily L2
reflectances in the red and near-infrared necessary to compute the 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 (Normalized
Differential egetation Index). The comparison between the measured 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 and the historical
records for each individual pixel is what ultimately allows us to distinguish the live and dead
vegetation, and this result is obtained by computing the Relative Greenness 𝑅𝑅𝑅𝑅, which is
defined as follows:
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𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 −
𝑅𝑅𝑅𝑅 =

𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷

𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 −

𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷

∗ 100

(2)

The 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 is also used in con unction with the fuel maps to compute the 𝐿𝐿𝑓𝑓 (fraction of green
vegetation) in the following way:
𝑅𝑅𝑅𝑅𝑓𝑓
0 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 − 100 0
𝐿𝐿𝑓𝑓 =
( )
100
here 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷
time period:

is the maximum value of the 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 found for the given pixel in the selected
𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷

= 100

𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷

100

(4)

M DIS reflectances in the near and shortwave infrared are used to compute another
fundamental quantity that allows us to obtain a very useful estimate of the moisture content of
the vegetation, which is the
𝑇𝑇 (Equivalent ater Thic ness). The seasonal decrease of this
quantity that occurs every year around the beginning of summer has been directly lin ed to the
insurgence of wildfires and the start of the wildfire season. In the form given by (Ceccato et al.,
2002) 8 , the
𝑇𝑇 is written as a function of the 𝑅𝑅𝑁𝑁 𝐷𝐷 (Global egetation Moisture Index):
𝑅𝑅𝑁𝑁 𝐷𝐷 =

𝑇𝑇𝐷𝐷𝑅𝑅
𝑇𝑇𝐷𝐷𝑅𝑅

01 −
01

𝐷𝐷𝑅𝑅
𝐷𝐷𝑅𝑅

00
00

𝑇𝑇 =

( )

(4)

here
are dimensionless coefficients, whose values are the result of an African
experimental campaign which involved a wide variety of forests and vegetation types.
Subsequently,
𝑇𝑇 is used to correct the fraction of green vegetation in the following way:
𝑇𝑇 =
𝐿𝐿𝑓𝑓 = 𝐿𝐿𝑓𝑓 1

𝑇𝑇
𝑇𝑇
0

𝑇𝑇
𝑇𝑇 − 1

(5)

(6)

here
𝑇𝑇 and
𝑇𝑇 are the mean and standard deviation of the latest
𝑇𝑇 map. In
other words, the fact that an increase in
𝑇𝑇 results in a decrease of the fire hazard is modelled
through an increase of the fraction of live vegetation.
3.3

The Reference Evapotranspiration and the Wind Factor

The moisture content of the dead vegetation is estimated using meteorological data of humidity
(Ten Hours-Time Lag Fuel Moisture):
and temperature by means of the quantity 𝐷𝐷
( )
𝐷𝐷
=1
∗
here the
(equivalent moisture content) is a function of the air moisture and temperature
at 2 meters of height. hile the predecessor of the DFHI, the FPI (Fire Probability Index)
simply used meteorological data to compute this quantity, the DFHI improves this procedure
by accounting for the effect of the wind speed in a very straightforward way. After computing
the 𝑇𝑇 (Reference EvapoTranspiration) following the FA Penman-Monteith guidelines 2 ,
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this quantity is used to locate the pixels that show conditions far enough from an array of
reference 𝑇𝑇 values, computed without ta ing into account the topography of the area of
interest, using a constant wind speed of
and changing the temperature between 0 and
with a step of . These conditions, together with the net radiation 𝑅𝑅 computed for the
day of interest, are used to create a loo -up table of evapotranspiration values and their
corresponding temperatures in order to compare them with the reference evapotranspiration that
ta es into account the actual wind speed and the effects of the local topography.
The actual 𝑇𝑇 is therefore compared with the evapotranspiration values in the loo -up table in
order to find the position that corresponds to the minimum difference, and subsequently, the
temperature that generated this value is selected as an equivalent temperature 𝑇𝑇 that will be
assigned to the vegetation:
𝑇𝑇

𝑇𝑇 ∗

𝑇𝑇 𝑇𝑇 ∗ − 𝑇𝑇 𝑇𝑇

=

∗

𝑇𝑇 𝑇𝑇 ∗ − 𝑇𝑇 𝑇𝑇

(8)

This allows us to compute the Ten Hours-Time Lag Fuel Moisture using a temperature that is
more representative of the actual status of the vegetation, rather than simply using the air
temperature at 2 meters, while also ta ing into account the effect of the wind speed. Finally, the
is computed using the equivalent temperature and converted to the corresponding
𝐷𝐷
fractional quantity, which is ultimately used to compute the DFHI as shown in equation (1).
3.4

The Effect of Wind Direction: The Case of Sardinia

Given all the historical records of wildfires in Sardinia, the ma ority of the fires occur in days
of strong Mistral winds. This effect can be very easily included in the fire hazard assessment
using a multiplicative factor:
(9)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
=
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
here the wind factor
is larger than unity only in case of Mistral and Sirocco wind.
therwise, its value is always one, as shown in table 1:
Wind Direction
N
N
E
S
S
SE
E
NE
Table 1:

4

Wind Name
Tramontane
Mistral
Ponente
Libeccio
stro
Sirocco
Levant
Gregale

1.0
1.25
1.0
1.0
1.0
1.10
1.0
1.0

values assigned to each Mediterranean wind.

PERFORMANCE OF THE DFHI

Firstly, the typical products of the algorithms will be showcased to demonstrate how the Daily
Fire Hazard Index reacts to quic changes in the meteorological conditions, and therefore in the
state of the vegetation. Secondly, the latest available wildfire records for the region of Sardinia
will be used to assess the performance of the new version of the index.

5
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4.1

Typical Products

The DFHI is computed daily using a Matlab algorithm that runs on a server. After downloading
the latest M DIS images and the meteorological data of the reference day, DFHI maps are
generated for the midday of the reference day and the two following days. Figure 2 provides an
informative loo at the behaviour of the index during the beginning of the fire season.

Figure 2: Daily Fire Hazard Index maps in the late une 2019

The quic ly increasing temperatures and the overall decrease in relative humidity result in an
evident increase of the hazard index in the entire Sardinian territory. However, the areas with
the highest values of the index (namely, the red and dar red areas on the map), tend to be
determined mostly by the decreasing value of quantities such as the
𝑇𝑇 and the 𝑇𝑇 , which
are representative of the progressive loss of moisture of the vegetation due to the beginning of
the summer season and therefore of the wildfire season. y contrast, in figure , during the
rainy days of the late May 2019, we can see how the fire ris is practically non-existent despite
the high temperatures and vegetation greenness, as one would expect.

Figure : Daily Fire Hazard Index maps in the late May 2019

4.2

Distribution of the Fire Hazard

At the time of writing, the latest available wildfire records in the area of interest provided by
the Regione Autonoma della Sardegna are related to the year 201 . ur analysis was focused
on the wildfire season, and therefore the months of une, uly and August were selected as the
timeframe of our validation procedure. Firstly, DFHI maps for each day of the timeframe were

6
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created, and each pixel of the area of interest was assigned a hazard class following the
classification described in table 2.
DFHI Interval
0− 0
0− 0
0−
− 0
0 − 100

Hazard Class
No Hazard
Low Hazard
Medium Hazard
High Hazard
ery High Hazard

Table 2: 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 values and hazard classes.

Secondly, the process was repeated selecting only the burnt areas rather than the entire region,
and subsequently, this new distribution of the fire hazard index was compared to the global one
in order to assess its performance. The desirable outcome of this process would be to find that
most of the wildfires occur in the areas that show the highest hazard levels, while normally the
ma ority of the pixels should fall under lower fire hazard classes.
The results of this process are summarized in the bar graphs of figure 4. The left bar graph
shows how, considering the DFHI maps of the entire region of Sardinia, 86.56 of the pixels
fall under the no hazard , low hazard and medium hazard categories as one would expect,
with the highest number of occurrences found in the low hazard class. n the other hand, if
we focus only on the areas stric en by wildfires, the hazard distribution changes visibly, with
almost three quarters of the burnt pixels falling under the high hazard class.

Figure 4: Comparison between the distribution of the fire hazard on the entire region and on the burnt
areas

The comparison between the two distributions shows that the fact that most of the burnt pixels
fall under the high hazard class is not due to an inherent bias of the algorithm towards high
ris classes, since regularly most of the pixels fall under the low hazard classes, but rather to
the accurate estimation of the state of the fuel provided by the latest version of the model.
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5

CONCLUSIONS

The latest version of the DFHI improves upon its predecessors in evaluating the actual state of
the vegetation both on the model side, by including the effects of the wind speed and direction,
and on the algorithm side, by using daily atmospherically corrected L2 M DIS imagery to
obtain the required reflectances in the visible and near-infrared. ualitatively, the algorithm
responds well to the changes in temperature,
𝑇𝑇 and 𝑇𝑇 , so that relevant day-to-day shifts
in the model parameters always translate in visible changes in hazard ris values, ustifying the
need for a daily tool to estimate the ris of wildfire insurgence. uantitatively, the distribution
of the fire hazard over the region of Sardinia shows the absence of a bias towards high ris
classes, and the analysis of the predicted ris over actual burnt areas shows that the Daily Fire
Hazard Index is a valuable tool for the support of the decision ma ers in short term wildfire
prevention.
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ABSTRACT
In the framework of CIRA USV (Unmanned Space Vehicle) program a new proposal has been
conceived, aiming at developing and designing, a Deployable Wing Sub-system (DWS) for an
Unmanned Space re-entry Vehicle, and to manufacture and integrate a real scale Demonstrator
for ground testing in order to reach a TRL equal to 5 for the whole S/S.
The scope of the USV DWS (CIRA project is the development of key technologies for future
space vehicle configurations for re-entry from LEO/MEO, in line with the European trend to
develop space transportation systems, enabling civil in-orbit experimentation, demonstration
and scientific missions, with subsequent return from orbit, and finally safely landing for
following refurbishment, and re-use. In particular, the focus is on winged configurations which,
compared to a lifting body configuration, allows the performing of a safety landing on a
conventional runway.
Reference system is a class 2500 Kg re-entry vehicle (i.e. IXV, SPACE RIDER like), to be
launched by using Italian VEGA C launcher. The necessity to fit a winged vehicle into the VEGA
fairing leads to the adoption of very stretched configurations, with consequent penalties in
terms of volume and weight to be dedicated to the payload.
Now therefore a deployable wing solution could allow overcoming difficulties in the launcher
accommodation and in the re-entry phase, by offering the necessary enhanced capability during
the atmospheric flight from supersonic to low subsonic regime up to landing,
This work describes the scope and the objective of the USV3 DWS project, including some
preliminary results related to an initial feasibility study, aimed at identifying a possible
reference configuration of the re-entry vehicle matching the high level preliminary
requirements.
Moreover preliminary results of a trade-off analysis for evaluating several appropriate
solutions for an applicable deployment system are also presented. Starting from the state of the
art regarding deployment mechanisms that have been used in the space field, different system
configurations have been identified and the pros and cons have been evaluated of each of them.
Evaluation have been conducted by schematically subdividing the deployment system, into its
main subsystems such as the actuation system, latching and locking system. The most
advantageous systems have been also the subject of a more accurate study, implementing them
within a DMU for evaluating the impact, in terms of encumbrance and verification at
interference, on vehicle external shape and internal layout.
Keywords: USV, Deployable wing, demonstrator, Re-entry vehicle
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INTRODUCTION
This work is developed within the CIRA Project called USV3 DWS (Deployable Wing
System), in accordance with the objectives of the PRO.R.A. Program USV.
The main objective of the USV3 project is the development of key technologies applicable to
future unmanned spacecraft, for re-entry from LEO / MEO orbits. In particular, the idea
pursued in the context of the proposal called USV3 DWS (Deployable Wing System) is to
investigate the feasibility of a re-entry vehicle equipped with fins and body flaps and capable
of performing in security a controlled return and a conventional landing using a deployable
wing. Reference system is a class 2500 Kg re-entry vehicle (i.e. USV3, IXV, SPACE RIDER
like), to be launched by using Italian VEGA C launcher.
In this paper the feasibility analysis of the wing deployment mechanism (referred to as DWM)
for the USV-3 DWS re-entry vehicle selected configuration is described.
In particular, the considerations that led to the choice of several appropriate solutions applicable
to the deployment system in question are described. Different configurations of deployment
systems have been identified, analysing the main subsystems and evaluating the pros and cons
of each system. To this end, a trade off analysis is conducted, based on a selection of parameters
and relative weights, in order to identify the most functional deployment mechanism among
those analysed.

USV3 DWS CONFIGURATION SELECTION AND DWM
MECHANISM PRELIMINARY REQUIREMENT DEFINITION
A trade-off study has been performed for selecting an applicable re-entry system configuration
equipped with a deployable wing S/S, by taking into account a set of criteria: Minimization of
Weight; Minimization of required internal space for the stowed configuration; Optimization of
aerodynamic efficiency over all the flight regimes with the aim to maximize the downrange;
Minimization of thermal shields and/or thermal control devices to protect the wing in stowed
configuration during re-entry; Maximization of mechanisms flexibility and reliability. This
trade-off analysis is out of scope of the present work; only a brief description of performed
activities are described hereafter, in order to better understand how of the DWM preliminary
requirements has been identified.
Two different main concepts, each one having a different re-entry strategy, has been identified
by exploiting the experience acquired during USV1, USV3, IXV programs and the on-going
activity on SPACE RIDER European programs.
The first concept is foreseen to operate a re-entry mission foreseeing the following three phases:
atmospheric re-entry without wing (lifting body) and controlled fight up to the supersonic or
transonic regime; deceleration by using a drug chute (if needed) and deployment of the wing;
controlled fight through transonic and subsonic regimes up to landing. Consequently, the
concept is “IXV derived”, simply obtained by applying wings to the “lifting body” and slightly
modifying the fuselage in order to locate the “undeployed" wing so that no critical thermal
effect should occur on the wings during the first re-entry phase. For this concept, different
configurations, foreseeing solutions with a “top” wing, “medium” wing and “low” wing have
been conceived and compared each other (some evaluation results are shown in Table 1),
analysis conducting to the selection of the so called “LB2” configuration as the most applicable
one.

2
245

Preliminary trade-off study of a deployment
System for USV-3 unmanned space re-entry vehicle

B. Galasso, R. Fauci

LB1 (top wing)

Configurations
LB2 (medium wing)

LB3 (low wing)

Criteria

Minimum thermal shield
Very good
Good
Discrete
Aerodynamic performance
Very low
Discrete
Discrete
Space for stowed configuration
Very good
Good
Discrete
Mechanism flexibility & reliability
Good
Discrete
Discrete
Table 1 – “lifting body” concept (LBs) configurations comparison VS selected criteria

The second concept is foreseen to operate a re-entry mission foreseeing to deploy the wing
before the atmospheric re-entry and operate all the aerodynamic regimes with a “winged"
configuration. The concept has been derived from a previous defined USV3 configuration: the
fuselage has been enlarged; the length has been reduced up to 5.3m; the vehicle has been
equipped with fins, elevons and body flap. For this concept, it was decided to investigate a
configuration having the portion of wing to be deployed as large as possible, for both fitting of
the winged vehicle into the VEGA C fairing and avoiding the adoption of very stretched
configurations, as made for previous configuration of USV3. Different configurations have
been analyzed in terms of aerodynamic performances only, by varying the wing profile shape,
wing longitudinal position, angular deflection of fins, analysis conducting to the selection of
the so called “WB-B3” configuration as the best choice (see Figure 1).

Figure 1 – “winged” concept (WBs) configurations comparison – WB-B3 selected configuration

In terms of deployment mechanism the first
concept is of course more demanding than
the second one, due to the fact that the
deployment happens in atmosphere. The
major issues regard the actuation subsystem:
actuation must be operated taking into
account the aerodynamic forces, shall be
quickly performed and shall guarantee a
significant degree of synchronization of the
two half wing deployment. Again, some
mechanism components shall take into the
account the possibility to be exposed to space
environment for the entire duration of orbital
mission. This issue could be avoided for the
second concept, as the wing releasing phase
could occur at the begin of the orbital phase.
One the other hand the mechanism
components of the second concept hall be
conceived taking into account the presence,

Req. Id.
F1
F2
F3
F4
F5
F6
F7
F8

F9
A1

A2

Requirement Description
DWM system shall perform a wing deployment during orbital
phase
Maximum deployable wing rotation angle: 60°
Deployable wing Mass: 200kg (TBC)
Deploying time: min 100 sec – max (TBD)
DWS maximum allowable Mass (for bot half wing - system margin
included): 100Kg
During the Launch / Ascent Phase the DWM shall support the
mechanical and thermal loads during the Launch / Ascent phase
During the Orbital Phase the DWM shall be able to support the
mechanical loads induced by the de-orbiting maneuver.
During the Re-entry and Descent Phase the DWM shall be
designed to sustain the atmospheric environment and its variability
encountered in the geographic position range covered by the
mission scenarios
The DWM (deployable wing mechanism) shall provide the
capability to fly for a minimum of 6 times.
During the Launch / Ascent phase the system shall withstand the
following Quasi Static Loads (QSL)(TBC).

During the Re-entry and Descent Phase, up to landing the DWM
shall be designed to withstand the following static loads: 25000 N
(TBC)

Table 2 – DWM main preliminary requirements
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on the wing, of a significant TPS thickness, reducing the available space for mechanism
housing.
At the end of the trade-off analysis, the WB-B3 “winged” concept was selected as the best
choice, determining the definition of the set of main preliminary requirements (see Table 1) to
be used as input for performing the Deployable Wing Mechanism (DWM) preliminary tradeoff study.

DWS SYSTEM STATE OF THE ART
Particular attention has been paid to the wing deployment systems for space application.
Notwithstanding the literature proposes a huge number of patents that have been achieved
especially by US scientists and companies, forecasting visionary solutions to be applied to space
re-entry systems, there are very few real examples of spacecraft with deployable wings.
Anyway, in terms of both mission and deployment system, similarity with the USV3 DWS
vehicle can be found in the orbital stage of the Soviet Spiral vehicle [1], in the proto flight
Vehicle 201 (developed in the framework of the X38 program) [2] and in the Dream Chaser
Cargo System (unmanned variant of the Dream Chaser Space System) [3].
Other references belong to the distribution of solar panel arrays, that could have similarity with
the DWS since the USV3 DWS deployment takes place in LEO orbit and therefore outside the
atmosphere.
One of the most detailed examples is the wing deployment of the X-38 re-entry aircraft [2]. The
purpose of the aircraft was to supply the Space Station crew and to carry out the unmanned
return, thus giving reusability characteristics to the aircraft itself. To favour the housing of X38 inside the shuttle, the wings had to be folded at the time of the launch, to then, later, re-open
for the return. Although the program was cancelled in 2003, many of the deployment subsystems were developed with a good level of detail. In particular, the deployment system
consists of 7 subsystems and three hinges with respect to which the wing is rotated. A rotary
actuation system was selected using gear boxes with non-coaxial shafts [4]. The rotary actuators
are not housed along the axis of rotation of the wing: the mechanical moment is transferred to
the axis of rotation of the wing through a system of axes and gear boxes. Together with the
actuation system there is also a torque limiting device used to avoid subjecting the mechanism
to a limiting force, causing it to break. Locking is ensured through the use of a pin which is
released during the unfolding phase. The system, after unblocking, is able to rotate 50° up to
bring the wing into working conditions thanks to a series of off-axis electromechanical rotary
actuators. Simultaneously with the wing deployment, a latching system is activated which has
the function of keeping the wing in its unfolded configuration during re-entry.
With reference to actuator systems for space application, some solution already having space
certifications can be found in [5] (Harmonic Drive Rotary Actuator, which has a patent for the
use in axis with the actuator of the gear box thanks to an elliptical shape of the gears), in [5] (a
rotary actuator from the RUAG manufacturer, used for the deployment of a satellite antenna)
and in [6] ( Sierra Nevada Corporation catalogue, presenting linear and rotary actuators for
space applications).
In [7] the use of ARQUIMEA Pin-Pullers product is also reported, for locking or latching
systems application. An in-depth study of the mechanical characteristics and advantages that
the use of the Pin-Puller can bring, in particular about the benefits introduced by the application
of the SMA, was conducted by Nava at al.
Observing the field of opening solar modules for satellites, almost always the use of SMA
actuators is applied. An example is the SMA hinge with gear motor [8], which is used to deploy
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an array of photovoltaic panels with respect to the central satellite body. The deployment system
consists of an SMA actuator, a rotation synchronizer and a latching spring. The limitation of
the actuators in SMA is that they must be reconditioned once used, but they have a high
reusability and bring a big benefit in terms of payload reduction.
From the previous overview in the space field, it emerged that most of the actuation systems
exploit technologies concerning electromechanical actuators, actuators in SMA and actuations
of thermal or electromagnetic type. There are practically no hydraulic actuators, very common
in the aeronautical field, which have the peculiarity of supporting enormous loads. The masses
involved in hydraulic systems are very different from those reported above and the introduction
of a liquid under pressure in the space sector introduces a series of problems that lead the system
to not be suitable for such applications. The thermal excursion, to which the spacecraft is
subjected during a hypothetical launching and re-entry mission, has a huge gap that can
fluctuate by many degrees centigrade. Normally the oils are not able to withstand large
temperature ranges because they can degrade or even greatly vary the rheological characteristics
of the fluid.
Anyway, a certain attention has also been given to systems of wing deployment in the
aeronautical field, in order to be able to investigate particular architectures that could meet the
needs for the present spatial application of interest.
The classic wing deployment mechanisms in the aeronautical field reproduce, macroscopically,
the two types of actuation schemes: linear actuator and rotary actuator. There are numerous
examples of deployable wings that use complex architectures with different actuation and
locking systems. On the 777-X aircraft, a hinge is used that covers the entire thickness of the
wing for the rotation of the wingtip [9]. The locking system is designed through the action of
actuated pins acting in a direction parallel to the hinge axis of the wingtip. The Grumman S-2F
aircraft uses a linear actuator with linkages and a perimeter pin locking system [10]. Other
examples are X47-B [11], F-18 Hornet [12] and Boeing Sugar [13].
Another interesting wing deployment system for aircraft is reported in [14] in which the
cantilever wings rotate with respect to the axis z of a local-aircraft reference and in rest
conditions, the wings have the longitudinal axis parallel to the longitudinal axis of the fuselage
of the aircraft. Each deployable cantilever wing has an endpin mounted on the body of the
fuselage so that the wing is rotatable around the body of a translation support housed along the
longitudinal axis of the fuselage. The deployment takes place through a toothed wheel system
with two types of actuators. The first rotary actuator that serves for the deployment of the wing
and the second linear actuator, which serves to bring the wings into their operating position
with respect to the longitudinal axis of the fuselage.

ANALYSIS OF THE DEPLOYMENT AND MAIN DWM
SUBSYSTEMS INDENTIFICATION
A wing deployment system is a complex system, composed of numerous subsystems. In a
simplified way, a scheme of operation of the deployment system for the application in question
can be summarized in the following phases:
1. In the launch phase, the maintenance of the wing in an un-deployed (resting) position is
guaranteed by a locking system ("hold down" function);
2. Once in orbit, before the start of the re-entry phase, release is commanded by unlocking
the locking system ("release" function);
3. The actuation system will guarantee the deployment up to the required position;
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4. When the wing is deployed, a locking and latching system will be activated which will
ensure the tightening and maintenance of the position, under the action of the acting
loads, during the re-entry phase and until landing.
Consistent with the macro-phases now listed, the present study is limited to a feasibility analysis
of the system discretized in its main essential subsystems listed below:
a. Actuation subsystem (transmission sub system included, if needed)
b. Locking subsystem
c. Latching subsystem
Actuation Subsystems identification
The actuation and transmission subsystems has been considered as a single subsystem because
the type of actuation system is highly dependent on the transmission system and vice versa.
The actuation subsystem has the task of making the opening of the wing take place in a
controlled manner.
Theoretically, actuator power could be selected to use this subsystem also for Latch and Lock
functions. However, this choice would require a high energy consumption, particularly onerous
compared to what is really necessary for the sole function of actuation applied to the case in
question (deployment before the re-entry phase, in the absence of aerodynamic loads). In
addition, factors related to safety, such as a guarantee of redundancy in the event of failure,
could discourage this choice, preferring instead to assign the purpose of guaranteeing tightening
and position during both the launch phase and the re-entry phase (up to landing) to "locking"
and "latching" dedicated subsystems.
Furthermore we can distinguish active solutions and passive solutions depending on whether
the intervention of a power unit is required. Consequently, three possible solutions concerning
the actuation subsystem have been identified and analysed:
A. Rotative actuator
B. Spring preloaded (passive system)
C. Linear actuator with kinematic chain
Rotative actuator essentially consists of a rotary engine generally arranged on the rotation axis.
The torsion shaft passes through a system of hinges that connect the fixed part with the mobile
part of the wing.
In order to have the possibility to position the rotation axis of the actuator independently from
the rotation axis of the wing it is essential to use a transmission system (with parallel or crossing
axes). As the deployment of the wing takes place in orbit, the torque required for the rotary
actuator can be considered, at the current stage of definition, almost negligible [9]. This
becomes a great advantage for the objectives in terms of size and weight of the actuation
subsystem. Of facts on the market it is possible to identify rotary actuators of very small
dimensions. Thanks to the reduced overall dimensions, the actuation can be housed directly on
the deployable wing torsion shaft so as to avoid kinematic motions that serve to change the
orientation of the axis of rotation of the actuator with respect to the axis of rotation of the wing.
Similarly, it is possible to discard configurations requiring gearboxes for varying reduction
ratio, considering that the times allowed for deployment can also be very slow (the 100s
requirement was formulated solely to allow an estimate of the forces involved [9]), this to the
advantage of simplicity and reliability of the subsystem (minimization of the number of
components). Since the actuator in question is driven by a step motor, the need for a component
dedicated to generating a resistant torque is also overcome.
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Following previous consideration, a possible choice for the actuation subsystem is the Model
Type1 Rotary Incremental Actuator, by MOOG (see [9]). This rotary actuator is driven by a
step motor, has an external diameter of approximately 80 mm and a length of 70 mm. The
actuator mass (interface included) is 0.45 kg, this value having enough margin compared to the
DWM F5 requirements, according to Table 2. The mechanical moment exerts 46 Nm, anyway
oversized for deployment in orbit. Despite this, the actuator has small dimensions such as to
allow its application on the axis of rotation of the wing (as verified by the CAD interference
analysis and shown in Figure 3), resulting in a negligible "out of shape" and a small interference
with the rib at the root (solvable with slight changes to the final layout).

Figure 2 - MOOG Model Type1 Rotary
Incremental Actuator

Figure 3 - Actuator integration on wing deployment axis - CAD 3D

The spring actuation subsystem is composed of a spring return system coupled with the use of
a damper to limit the wing opening speed and check its correct final positioning.
The system will be composed of two (or more) springs in order to obtain a better balance for
the rotation due to the elastic recall forces that are generated. The springs could be mounted
internally between the rib at the root and the first rib of the mobile part of the wing closest to
the root itself. After the wing has been released, the preloaded springs will start to make the
mobile part and the fixed part close relative to each other to deploy the wing. It can be imagined
that the spring must be "guided" along its radial path during deployment, to avoid jamming or
distortion of the springs. This can be achieved for example by using telescopic guide systems,
or a mechanical element, rigid and suitably shaped, on which the spring itself can slide.
The deployment in orbit introduces the need to insert a damping element during opening to
prevent the absence of friction from turning the wing and not having the possibility of being
able to stop it. The damping to be applied to the system will be a function of the inertia forces
involved and the speed at which the wing will rotate. For this purpose a magneto-brake can be
used, this solution introducing an additional mass and also an electric energy consumption to
create the damping magnetic field. The use of a magneto-brake also protects against possible
failures since this device can be used as a maximum torque limiter. When a torque is recorded
that is higher than a set limit, the damping bearing intervenes limiting the torque value by
introducing a resistant torque or blocking the deployment.
The magneto-brake can be positioned on the deployable wing torsion shaft: the stator
component is keyed inside the wing to be rotated, while the rotor component is a sleeve
mounted on the rotation shaft.
At the current stage of definition the estimated weight for the spring actuation system is of
about 2.5 kg (magneto brake included, spring telescopic guide system not included).
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Linear actuation subsystem (schematically represented in Figure 4) consists of a linear actuator
and a kinematic chain. Through the operation a connection lever and at least 3 hinges, the
movement of translation of the actuator becomes of rotation for the hinge. In this way it is
possible to obtain the deployment of the wing, having the freedom to position the actuation
system inside the wing or the fuselage, where the available spaces allow it.

Figure 4 - Scheme of linear actuator subsystem operation

The deployment system with linear actuator uses a crank mechanism connected to the mobile
part of the wing. Naturally the configurations and the housing of the kinematic mechanisms
could be infinite since they work according to some parameters that should be stable as weight,
maximum dimensions, total dimensions available space, etc.
A preliminary geometric analysis [9] has been conducted, determining a solution having a 100
mm long actuator at rest and a 73 mm stroke. A linear actuator suitable for this purpose has
been identified, which is very light and with reduced dimensions, of production of the Intercorp
CDA [9]. The selected actuator has a length in a completely elongated position equal to 178
mm and has an adjustable stroke system. The pull-force of the actuator is 133 N, well above
the threshold level, but necessary for the geometries involved. The actuator is driven by a
stepper motor that ensures final positioning with a resolution of 0.01 mm as well as the
possibility of being able to hold the wing in a certain position. The total weight is 0.43 kg. The
actuator has the space certification.
Latching and Locking Subsystems Identification
As far as the locking and latching subsystems d, they have to withstand the loads (static and
dynamic) during the launch phase as well as the aerodynamic loads expected during the
atmospheric re-entry phase.
The bibliographical analysis [1] has shown that, for similar applications, an ad hoc mechanical
system has been adopted capable of performing both "latch & lock" functions. Assuming that
this choice is anyway possible for the USV3 wing deployment system too, for the present
activities a check for investigating the applicability of a possible COTS solution has been also
made.
A system, among those used for the keeping and release of aerospace payloads, having the
functionality to meet the needs of latching & locking, is the Self-resettable Pin Puller, that is a
Pin Puller capable of "rearm" after uncoupling. This system would allow, in principle, to arm
the Pin Puller to the ground to lock the deployable wing in its folded position during the launch
phase, to implement the device to carry out the release and, downstream of the deployment, to
self-reset the Pin Puller to reposition the pin so as to re-lock the wing once deployed.
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However, the market only offers self-resettable devices capable of withstanding very small
loads [15], if compared to those required for the application in question, making this device
inapplicable (it would take several tens to achieve its purpose!).
Considering the locking function (hold down and release) only, solutions foreseeing the use of
Frangi-Bolt or Pin-Puller in SMA with controlled disengagement, has been investigated.
The Frangi-Bolt is a device that turns out to be very light and not bulky. On the market they are
found with spatial certification [15] and typically used as a release system for satellites and
space modules. The Frangi-Bolt needs a manual reset, once the mission ends, to be carried out
on the ground during the vehicle refurbishment phase.
Similarly, a locking subsystem with Pin-Puller in SMA could be selected, being valid the same
considerations made for the Frangi-Bolt system, from which it essentially differs in that the pin
is retracted rather than broken [15].
Anyway, similarly to the self-resettable Pin Pullers, the market propose devices that are able to
withstand small loads only, if compared to those necessary for the application in question,
determining the un-applicability of these device too.
In conclusion, it has been decided to investigate the feasibility of the following “ad hoc”
solution:
a. Hook pin with linear actuator
This locking subsystem is formed by a series of pins, suitably sized, moved each one by a linear
actuator that have the purpose of retracting the pin (release function) before the starting of
deploying phase, and re- inserting the pins into their seats when the deployment phase is
completed. The pins will have the purpose of locking the mobile part of the wing to the fixed
part. The positioning of the pins could take place according to different architectures; for the
present purpose, the final choice has been a position parallel to the wing rotation axis.
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The system must support a total load of 25,000 N applied
in the center of pressure of the wing itself, this last
condition resulting, at the current stage of system
definition, the most demanding of the A1 and A2
requirements, according to Table 2.
It has been assumed that approximately the center of
pressure is contained in a point located at 1/3 of the length
of the wing starting from its root). Considering that the
wing half span is of about 1,5 m, the locking system (i.e.
the pins) has been sized to cope with a Moment having
an order of magnitude of 12500 Nm.
The necessary pins must have a length such that they can
pass through the connection hinges between the
deployable and the fixed wing structure. On the basis of
the currently available concept developed at DMU level,
it was conceivable that a translation of 50mm was
sufficient.
The movement of the pins can be carried out by actuating
small linear actuators which must exert a weak thrust to
insert the pin in the prepared seat; since the translation
will take place in orbit, the main forces to be overcome
will eventually be only those of friction and / or deriving
from the coupling system (the more reduced the more
accurately the alignment of the holes for entry will occur
Figure 5 – Hook pins with linear actuator
with accuracy of the pins). Figure 5 show a CAD 3D
CAD 3D schematic view
schematic representation of the hook pins with linear
actuator system.
The actuator selected for the linear actuation subsystem has also been preliminarily selected for
the present application.

TRADE-OFF ANALYSIS OF THE DEPLOYMENT SYSTEMS
The selected solutions for each single main DWM subsystems, may be combined together to
create a series of alternative combinations of possible DWM deployment systems. In particular,
it has been possible to identify 3 types of DWM systems (see Table 3) on which a trade off
analysis has been performed in order to evaluate the most promising solution for the present
application.
DWM Id.
D1
D2
D3

DWM Type
Rotary Motor and latching / locking system with pins moved by linear
actuator
Preloaded spring with release system and latching / locking system with pins
moved by linear actuator
Linear actuator with kinematic chain and latching / locking system with pins
moved by linear actuator Preloaded
Table 3 – DWM Deployment systems selection
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For the purpose of trade-off analysis, for each deployment systems different parameters have
been considered to identify the best deployment system solution. The selected parameters are 8
and have been formalized by technical system requirements:
The 3 selected DWM systems has been evaluated assigning a score with a scale from 1 to 5 for
each of the selected parameters. It should be noted that, since the technologies for the locking
and latching subsystem, due to the criticality linked to the overcoming of the minimum system
requirements, have been reduced to the use of only one subsystem, essentially the trade off
analysis will see the comparison of the actuation subsystems only.
Table 4 shows the total score obtained by the analysed systems, based on the sum of the scores
assigned to the single parameters. In conclusion, it appears that the solutions D1 (rotary motor)
and D3 (linear actuator) are almost equivalent while the solution D2 is less valid than the other
2. D1 has been finally selected as the systems to be further investigated in the next phase of the
project.
Deployable Systems

Parameter

D1

D2

D3

Volume

3

4

5

Weight

5

3

4

Reliability

5

3

4

Re-usability

5

3

5

Consumption

3

5

4

Complexity in kinematics

5

3

4

Room for other systems

4

4

3

5

5

5

35

30

34

Opening time
TOTAL SCORE

Table 4 –Trade-off analysis between the various deployment systems

CONCLUSIONS
The analysis of the state of the art has led to the definition and exploration of DWMs used in
space and aeronautics. The various considerations, the respect of the USV3 DWM preliminary
requirements and the sub-systems technological limits have allowed selecting three types of
DWMs. The possible application of some COTS subsystems with mature technology in SMA
(Shape Memory Alloy) has been also evaluated. They have demonstrated a wide diffusion in
microgravity applications, but not very suitable to be applied for the present case study, with
reference to the expected loads for both launch and atmospheric descent phases.
A Trade off analysis, for evaluating the pros and cons of the different applicable solutions has
been conducted, determining the selection of a rotary actuator for deployment with an ad hoc
identified lock / latch system as the most promising system for the present application.
In conclusion, the comparison was able to highlight the various criticalities of all analyzed
systems. The result of the study has narrowed down the range of solutions so as to focus future
DWM analyzes on the more applicable cases.
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ABSTRACT
Exoplanets, also nown as extrasolar planets, are planets prevailing outside the defined Solar
System. Detection of exoplanets is primarily of importance due to the intensified consequence(s)
that corroboration of the existence of extra-terrestrial life can have. Exoplanet Detection has
undergone extensive development and present-day techniques for the same include
Spectroscopic radial velocity method, icrolensing method, ptical oronagraphy, idinfrared nulling Interferometry, Transit Technique and Astrometric omputations. A
comparative study of effectiveness and efficiency of aforestated methods is underlined. Data
pertaining to exoplanets discovered and Stellar characterization of Exoplanets established has
been furnished.
Based on properties defined for characterization, habitable zone boundaries in and outside of
our Solar System are distinguished. abitable one ( ) is the region around a star wherein
surface liquid water can be stratified as stable. limate models and assumptions drawn on the
basis of Stellar ass comparison aid in identification of habitable zones. After cognizance
apropos of habitable exoplanets is achieved, a three-folded approach to exoplanet detection is
scrutinized ( ) Detection, ( ) erification and ( ) haracterization. urthermore, coupling
extrasolar planetary observations and dynamical theories is done to analyze distribution of
planetary systems along with ac nowledgement of accomplishments in the field of exoplanet
detection.
Keywords: Spectroscopy, Transits, H , Characterization.
1

INTRODUCTION

Exoplanet detection and characterization too flight around 1995 with the unravelling of a
upiter-analog (virtue of size) orbiting the star Pegasi-51. Several evidences hinted at the
presence of planetary systems in other star-systems before that as well but concrete testification
was provided by Pegasi-51b a a Dimidium 1 . The brea throughs made in regard of exoplanet
detection in ust a matter of 2 decades is phenomenal, with 4009 exoplanets confirmed as of
une 2019. A swooping ma ority of these have been detected using the radial velocity method,
which now stands overpowered by the transit method. Most methods of detection are indirect
due to the suppression of observable characteristics of a planet by its parent star. Detection may
be carried out using ground-based or space-based equipment wherein space-based is superior
since it is unaffected by earth s atmosphere. Exoplanet detection holds the potential to reveal
the origin and formation of our system and its planetary architecture. It would answer radical
questions pertaining to the effects of planet mass on atmosphere and thus consequently, the
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habitability. Humans have probed around hoping to discover extra-terrestrial life for a long time
and exoplanets also paved the way to proceed sagaciously with the same, placing a safe bet in
investing to uncover planets suitable for sustaining life (in the form we are aware it exists). This
led to the quest of unravelling earth-analogs in nearby galaxies. Defining the fraction of stars
similar to our sun with a minimum of 1 planet in the H as ⊕ (eta for earth-li e), scientists
loo forward to refining strategies, technology and interpretations to maximise the value of
⊕ . Detection of earth-analogs would also help define whether the formation of a planet li e
our own is a common cosmic evolutional outcome or a rare and unique occurrence. efore
reaching out to detection of earth-analogs, definition of habitable zones is a predicament.
2

HABITABLE ONES H

Habitable zones are defined in generic language as regions in cosmic systems where conditions
of habitability for nown life forms can subsist. Direct derivative of the generic definition is
the first condition for demarcation of H s – stability of surface liquid water. The availability
of the aforestated condition is ma orly governed by an interplay of variables li e planetary
atmosphere, proximity of the parent star and residing stage of parent star (since the amount of
radiation varies as star ages) along with duration of the stage (consistency of conditions is vital
for formation, sustenance and evolution). The basic dependence on star temperatures is shown
in figure 1(a). In a collimated study by NASA and NSF, inner boundary of the H was estimated
around 0.95AU while the outer boundary must be suitably beyond 1. AU using generalized
extrapolated assumptions regarding the atmospheric composition of the planet, mainly C 2 and
H2 reserves. Also, an indispensable tool in the study of exoplanets is the mass-radius
relationship. Using an amalgamation of results recording mass of planet (either in terms of
Earth-mass ME or upiter s mass M ) from the radial velocity method and radii of planets
extracted from the transit method, scientists classify composition characteristics of exoplanets.
A minimum mass of planet is modelled as Msini, which is a consequence of mapping
experimental data to dynamic theories wherein sini is indicative of ambiguities (if any).
Compatibility of variables in a star-planet system finally determines habitability and
determination of boundaries may be done using single variable with heavy interdisciplinary
influence li e stellar mass, computed variation as shown in figure 1(b).

(a)

(b)

Figure 1: Habitable zones. (a): Habitability constrictions due to properties of parent star (b) Defining
extrasolar H s with reference to our solar system

DETECTION TECHNI UES
Detection of exoplanets has been ma orly dominated by indirect detection techniques since most
of the data from direct detection of planet is negatively influenced by the star s light. Methods
li e use of starshades, nulling interferometry and others are being tested for enabling useful
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direct detection while advances made in indirect techniques are also serving as treasure chests
for planet detection. Some techniques that have pioneered exoplanet detection or possess the
scope to do so have been explored in sections hereafter.
.1

Radial Velocity Doppler Spectroscopy

Spectroscopy wor s on a very fundamental effect - the doppler effect. In any planet-star system,
motion of component(s) occurs about the centre of mass of the system. This causes the star to
inadvertently and periodically displace when referenced to its supposedly-stationary position in
the s y. Depending on the orientation of such a system, signals received in form of photons
from the star either get delayed or arrive quic er. In technical terms, the component of the star s
motion apropos observer experiences a wavering doppler shift (orientation edge-on requisite)
in atomic and molecular spectra which is observed as a shift in line first towards blue followed
by a shift towards red. The operation can be effortlessly understood through Figure 2. hen
measured with spectrometers crafted meticulously, this radial velocity shift helps in detection
of exoplanets. The formula for radial velocity of star (referenced to centre of mass) is a simple
extrapolation of the one used for doppler effect , simplified and given below:
(1)
here i is the orbital inclination, a1 is the semi-ma or axis length, corresponds to true
anomaly, to argument of periastron and P is the orbital period.
The above expression can be conveniently used to derive the semi-amplitude of radial velocity
of star (or planet, unambiguously replace a1 with planet s semi-ma or axis).
Spectroscopy offers choice between infrared and optical. The very first planet was uncovered
using radial velocity optical doppler spectroscopy and has contributed significantly to exoplanet
detection ever since. The most vital element in this method is the magnitude of velocity or the
gradient in balancing forces which happens to be directly proportional to the mass of planet.
Higher the planetary mass, farther is the centre of mass of system and thereby more pronounced
is the movement of star consequently promoting detection. ne constraint of this method is that
the data must be amassed over one full orbital period, complimenting discovery of planets
which boast shorter periods. Complications further increase with orientation of system with
respect to observer (earth or space based), systems following the trend of gas giants being
located at larger orbital radii and low count of affairs involving single-planet effects on system
(eminent multi-planetary systems). Rigorous improvements in technology have made it
possible to detect even low mass planets using R , best result being the HD 85512 b discovered
by ES s HARPS – a high precision echelle spectrograph installed over a .6m telescope in
Chile 4,5 . This instrument procures data with radial velocity amplitudes as low as 2.5mph,
displaying very high sensitivity and staging capability of detecting planets with mass as derisory
as 2Me.

Figure 2: wor ing of the radial velocity method
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Timin Radial Velocity

Also nown as pulsar timing technique, this method employs radial velocity of a pulsar-orbiting
planetary system because pulsar signals are profoundly consistent 6 and tiniest of anomalies
are easily detectable. Few pulsars are even more steady than an atomic cloc . Modulation of
pulse receival times in contrast with other pulsating parent stars generates valuable data
pertaining to R change. n the same grounds as spectroscopic R , the method results are
heavily affected by both planet mass and orbit. Additionally, the EM radiation of a pulsar must
be aligned towards the earth to be detectable at all.
.

Gra itational Microlensin

In the line-of-sight of observer, when a high-mass ob ect li e a star or quasar gets appropriately
oriented ahead of the concerned star (to be scanned for planetary system), light bends as a
consequence of gravitational force exerted by the high-mass ob ect. This insinuating ob ect acts
as a lens and tends to produce two unresolved images, which result in significant enlargement
which displays fluctuating brightness with relative movement of concerned and insinuating star.
Residence of a planet or planetary system will cause noticeable disturbance in the light curve
as shown in figure , thus aiding detection. Mass of planet and separation may also be obtained
upon collimation of microlensing data and scrutiny of properties of parent star. ne glitch in
this technique is the ineptitude to distinguish free floating planets or debris, though information
verified through other methods and furnished using microlensing is significant for classification
and determination of formation.

Figure : Analyzing curves for planets in microlensing data

.4

Transit method

This method relies on the observation of sudden and notable drops in incoming light from star,
assuming the cause of intensity decrease is the transit of a planet orbiting that star. This
decrement is observed, demarcated using computed algorithms and processed for confirmation
of planets or planetary systems, a typical observation of the dip shown in figure 4. Transits
gained importance when the epler Mission launched by NASA resulted in detection of
numerous exoplanets and signalled at their distribution, confirming over 2000 planets in a short
span of 4 years. Duration of transit and the amount of starlight bloc ed by it lea s out plenty of
information regarding planet composition when coupled with doppler conclusions. Precise
signal processing is crucial and following that, verification through other method(s) is generally
advised to rule out false positives. This method also favours bigger planets since depth of
fluctuation or the drop in curve varies with the fraction of light occluded by planet, given by:

4
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Duration of transit and prospect of its occurrence (favourability of edge-on orbital inclination)
also impact detection. Transits have overpowered the radial velocity method now, with 2
mission and TESS planet hunters mission underway, spanning several systems across the
cosmos.

(a)
(b)
Figure 4 : Transit method. (a): Snippet of method computations of data from TESS (b):
Characterization of atmospheres using transit survey

.

Astrometry

ne among the most perceptive techniques, astrometry wor s by measuring the wobble of stars
having planetary systems and is now developed to give a high degree of accuracy – PRIMA
instrument coupled with proposed GRA IT instrument by ESA to deliver an accuracy
sufficient for finding super-earths and Hot Neptunes. Not only does astrometry detect and
confirm planets but also compliments results obtained using other techniques to generate more
data pertaining to planetary history. Unli e other constricted methods, astrometry can wor for
any orientation but gives the finest outcomes with a face-on orientation. Astrometric
measurements are made in microarcseconds or as with each star s wobble magnitude
corresponding to the planet s astrometric signature. Mission Gaia by ESA is supposed to be the
most precise astrometric device and pave way for identification of thousands of upiter-sized
planets and when coupled with PASS hopes to deliver a precision of less than 10 as . Upon
theorising, astrometry shows a promise for the future but no planets have been confirmed by it
in the present and development of instruments forms an active area of research. Unli e other
methods, detection process becomes easier in Astrometry as the orbital separation increases due
to increased magnitude of wobble of star, as exemplified below in figure 5:

Figure 5: Astrometric observations and
their dependence on planet periods

5
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Optical Corona raphy

To usefully categorize planets and confirm habitability, recognition of planet atmosphere is
mandatory. Planet atmospheres can be best studied using unmediated data of observations.
Unfortunately, only
of exoplanets detected have employed direct detection as a means. This
is because of the suppression of the planet s signal by the parent star in the system.
Coronagraphs essentially root out light from parent star as an observational tactic to better
extract data of exoplanets and circumstellar dis s. Concise photometry and selective discarding
helps them achieve direct detection, process illustrated in figure 6. avefront accuracy and
stability, throughput of system, star-planet contrast ratio and integration of photon signals
together propose constraint for efficient operation of optical coronagraphs 8 . Development of
deformable mirrors and algorithms for accurate and fast integration has greatly improved direct
observation of planets, FIRST 8 offering a commendable contrast of 1ppb and I A (smallest
angle to reach designed contrast – inner wor ing angle) of ust 0.2 to augment characterization
of nown and detection of newer planets.

Figure 6: Direct detection and categorization process using coronagraphy

.

Mid-infrared nullin interferometry

The understanding of Mid-infrared nulling interferometry can be built analogous to oung s
double slit experiment wherein when out-of-phase beams from separated sources are put
together, dar bands come as an output. The destructive interference in same principle occurs
when two telescopes gather light waves from a planet-star system and are aligned suitably to
restrain the light from the star, thus maximising planet observation. The factor by which the
starlight is supressed is called the null depth, denoted by N. It is de ned as the ratio of the
intensity of lea age through the null, Inull, divided by the un-nulled intensity. e have
( )
Here opd is the optical path difference error between the two beams. Minimum value of null
depth for detection of earth-analogs (based on size) is around 10-5 and is realizable with proper
orientation of telescopic arms along with minimisation of wavefront defects.
.

Other Methods

Detection methods stated above have scope for improvement, especially for detection of earthli e planets but several other phenomenon exhibit potential for detection as well as providing a
certain degree of characterization and are under analysis for now. These include Polarimetry,
capturing magnetospheric radio emissions, auroral radio emissions and flare and variability
echo detection. Study of circumstellar dis s remains under scrutiny as it may aid in discovering
planetary system architectures and drop clues about their formation.

6
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VERIFICATION

It may happen that a method of detection can process and generate a false positive result upon
survey. Space debris, free-floating planets, signal distortion and various other detracting
elements present during the survey can result in an ambiguous conclusion. Thus, verification
methods must be incorporated to reduce redundant outputs and facilitate post-detection
investigation. erification methods li e multiplicity are probabilistic and simply require
multiple planets in the same frame for authentication. ther methods require coupling of
detection methods with each other li e astrometry with R or wor on comparison of systems
and identification-assembling of data 9 . Nearly all verification methods are uncomplicated and
reliable, thus acquiring equal reputation with detection methods.
CHARACTERI ATION
Detection techniques can easily provide data regarding the orbit shape, radius and mass of
planet but characterization of planets requires more inputs which are generated by either
extrapolating detection results or repeated observation of planet using various methods.
Habitability is largely governed by an interplay of parent star and planet properties. Limitations
can be set ta ing our solar system as a model and identifying basic requisites for
characterization li e planetary mass, surface temperatures, orbital period, star type and energy
radiated by it, gravitational moments, atmospheric composition, surface texture, state of water
present and presence of other elements. Clearly, since the number of variables involved are
more and there is interdependency involved, characterization is debatable and has been done in
excruciating detail with numerous divisions for nown exoplanets. A common and
irreplaceable basis has been the mass-radius relationship which gives density and thus a
hypothetical composition, which can be further refined using spectroscopic methods. Using the
same, valuable data has been collected, analysed and put concisely in broad categories of
classification in table 1 - courtesy of over 2 decades of observations, dynamic theories and
careful measurements.
CATEG R
Ultra-Hot
upiters 10

Hot upiters

Eccentric Giants
Long Period
Giants
Hot Neptunes
Terrestrial
Planets

PERI D
2 days, orbit
almost circular

SI E
2.8 to 1 times
M

TEMPERATURE DISTRI UTI N
Tidally loc ed,
Extreme close to
daylight side
star, general type
2000- 000 C,
of star
nightside
unconfirmed
1000 C cite
10 days, nearly 0. 6 to 11.8 times Generally tidally common around
circular orbit,
M
loc ed, daylight
F- and G-type
typically 5- days
side less than
stars and less so
2000 C
around -type.
Metal-rich star,
orbit close to star
8- 0 days, elliptic
5M
Unconfirmed
Generally orbit
orbit
evolved stars,
metal-rich
Several years,
ariable
Generally cold, Distant, star type
nearly circular
star separation
unconfirmed
orbits
dependent
8 days
5 to 0 times M E
Unconfirmed
Low mass parent
approximately
star
25 days ideally
2 times M E
Unconfirmed
Red stars , sunideally
li e stars

Table 1 : Characterization of nown exoplanets with intrinsic variable balancing (possibility of subdivision of the listed categories present and scope for addition of diverse ones but omitted here since
incorporating the whole lot will complicate establishing fundamental understanding).
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CONCLUDING REMARKS
Exoplanet detection and characterization using the aforestated techniques will produce
enhanced results if development in technology of space-borne direct detection is investigated,
since direct detection is most suitable for generating and identifying biosignatures of planets
for chec ing habitability. Among indirect techniques, doppler spectroscopy has yielded
maximum number of results in detection and needs to push precision to an extreme value of
1cm sec to help search for habitable super-earths. To understand diversity, determine formation
and structure of planetary systems and scan the cosmos for earth-analogs, ensuring long term
stability of instruments is a necessity. Methods need to be devised to combat intrinsic stellar
variability and rigorous analyzation of nown exoplanet systems must be done to extract
valuable information. Deliberately, focus has been shifted to M-dwarfs and sun-li e stars (F, G
and type) since the probability of existence of liquid water on orbiting planets is higher in
these when compared to others. They also offer more dependability as duration of maintaining
stability across the system is higher, ma ing them ideal candidates for discovering earthanalogs. To study other stellar phenomenon or properties liberally related to exoplanets, all
types of star systems can and are being scanned. Current technologies are being enhanced and
hybrid ones are under development. Missions li e epler, TESS, CoRoT, EC telescope,
Hubble Space Telescope, LTI and several others have been phenomenal in the field of study
of exoplanets. Missions planned for the near future li e
ST, GRA IT , 2 and others in
con ugation with already operating missions will proceed to unravel more information in the
quest for nowledge and pioneering research. An eloquent timeline released by NASA for
mapping technologies and missions for the exoplanet pursuit is presented in figure .

Figure : Mission timelines and respective instruments
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ABSTRACT
ompared to more conventional architectures, morphing wing structures enable enhanced
aircraft aerodynamic performance at the expenses of reduced aircraft flutter margins due to
the increased mass and higher degrees of freedom. In the framewor of Airgreen project,
running along the leanS y platform, the authors provided advanced aeroelastic assessments
of two adaptive devices enabling the camber morphing of winglets and flaps, both conceived as
subsystems of the next generation regional aircraft (EASA S- category). The aircraft
aeroelastic model was generated by using the proprietary code SAND . . The same code was
adopted to solve the aeroelastic stability equations through theoretical modes association in
frequency domain. To carry out multiparametric flutter analyses, the actuation line equivalent
stiffness and winglet flap tabs inertial parameters were considered in combination with each
other. Nominal operative conditions, systems malfunctioning, or failures were investigated,
together with actuators free-play conditions. Tailored design solutions were identified to
guarantee flutter clearance within the speed certification envelope. The safety-driven design of
the morphing wing devices required also the hazard assessment of the operational faults
involving either the actuation chain, or the structural lin s, and both. ault trees were produced
to assess the system compliance to the quantitative safety requirements resulting from the
As.
Keywords: Morphing wing structures, Aeroelasticity, Robustness, Failure, Fault and Hazard
Assessment.
1

INTRODUCTION

ver the last few years, aerospace research efforts are increasingly focusing on advanced
solutions capable to improve aerodynamic efficiency for reducing fuel consumption and
pollutant emissions of the next generation air transport, 1 . ne of the ways to accomplish such
benefits relies on morphing wing devices, capable of adapting their shape in a continuous
manner during aircraft flight, 2 . From the structural perspective, this requires developing fully
integrated structures with actuation and compliance control capable to fulfill conflicting
requirements: the structure must be stiff to withstand the external loads but must be flexible to
enable shape changes, .
hen dealing with the design of morphing wing devices, multidisciplinary aspects need to be
thoroughly considered due to the systems complexity involving aerodynamics, structures,
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actuation architectures, control logics and aeroelasticity,
. Spea ing about the latter,
sensitivity flutter analyses are a powerful tool to create an accurate representation of the design
space , enabling the optimal design of a next generation aircraft wing equipped with morphing
devices. In the framewor of Airgreen2 pro ect, running along the CleanS y2 platform 4 , the
main target of this wor was to study the aeroelastic impact – at aircraft level – of an adaptive
wing incorporating morphing flaps and winglets, in nominal and in failure conditions, in
accordance with the CS-25 airworthiness requirements, 5 . More in detail, the ey ob ectives
are:
• Aeroelastic-driven design and stability investigations of a regional aircraft wing
equipped with morphing flaps and adaptive winglets. High-fidelity trade-off
analyses are thus carried out to drive the design process of the morphing devices. The
impacts of morphing systems inematics, masses and distributed stiffness of the
adaptive devices are evaluated in combination each other. This allows obtaining a
stability range of such parameters by defining aeroelastic safety limits. n the other
hand, in case of demonstrated aeroelastic unsafety, design solutions such as
massbalancing of movable parts are adopted also, this stage requires trade-off analyses
to evaluate the minimum degree of balancing ensuring flutter clearance. Moreover, the
uncertainties in the structural dynamics due to actuators free-play are considered in this
preliminary assessment, by reducing bi-linear actuation line stiffness into equivalent
values by means of proper methods.
• Aircraft stability robustness assessments to morphing systems integration. The
combination of worst cases simulating the mutual interaction among the adaptive
systems is a ey aspect while performing trade-off analyses. The worst case indicates
that in addition to the case that the aircraft is aeroelastically safe with the nominal model,
it should also be safe with a combination of morphing wing devices. This allows
predicting satisfactory margins of stability and performance even in case of combined
variations in the envisaged morphing systems parameters.
• Safety and reliability issues of a morphing wing by assessing different failure
conditions to be included in the aeroelastic analyses of the morphing devices. It is
worth mentioning that the total loss of a morphing device due to inematic failures may
result in free unforced
oscillations which may potential lead to flutter phenomena. Failure scenarios for the
morphing wing devices were thus investigated by reproducing the rupture of primary
hinges and or actuation lin s of the movable parts.
Multi-parametric analyses results were thus used to identify and validate proper aeroelastically
safe design solutions with respect to morphing surfaces. For that purpose, the proprietary code
SAND .0 code 6 was adopted to solve the aeroelastic stability equations through theoretical
modes association in frequency domain. Moreover, safety activities were performed to verify
whether morphing flap and winglet concepts could comply with the standard civil flight safety
regulations and airworthiness requirements. Fault and Hazard Analysis (FHA) was used to
assess the severity of properly identified failure conditions and then allocate safety
requirements. Fault Tree modelling technique was used to verify the compliance of the system
architectures to the quantitative safety requirements resulting from the FHAs.
2

MORPHING WING DEVICES

2.1

Morphing flap

ithin the scope of Clean S y 2 Airgreen 2 (REG-IADP) European research pro ect 4 , a novel
multi-modal morphing flap was studied to enhance the aerodynamic performance of the next

2
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generation 90-Seat Turboprop regional aircraft along its flight path. The idea driving the
proposed true-scale device (spanning 5.15 meters, with a mean chord equal to 0.6 meters) is
replacing and enhancing conventional Fowler flap with three new functions, as described
below:
➢ Mode 1: overall airfoil camber morphing, up to 0 (high-lift performance)
➢ Mode 2: 10 -10 (upwards downwards) deflections of the flap tip segment (high speed
performance)
➢ Mode : flap tip segmented twist of 5 along the outer flap span ((high speed
performance).
The investigation domain region selected for the full-scale outer Fowler flap, spanning 5.1 m
from the wing in , with a root chord equal to 0.9 m and a taper ratio equal to 0. 5, .
Morphing modes are implemented by means of 9 smart ribs (Figure 1) actively controlling the
shape of flap sections camber. Each rib of the flap is segmented into four bloc s hinged along
the flap airfoil camber line in a finger-li e arrangement (Figure 2, a). Simple and efficient
mechanisms are fully integrated into the ribs to smoothly drive the motion of each bloc during
morphing. Mechanisms are actuated by a limited number of rotary EMAs placed within the flap
bays and connected to the ribs by suitably designed through-shafts (Figure 2, b).

Figure 1 Morphing flap architecture

(a)

(b)

Figure 2 (a) : Morphing flap smart rib (b) Section view of through shaft actuation concept,

2.2

Morphing winglet

The structural design of a multi-modal morphing winglet is collocated within the scope of Clean
S y 2 Regional Aircraft IADP 4 , made in compliance with the pertinent requirements posed
by the airworthiness regulations. The morphing winglet concept observes the following
assumptions:
Morphing winglet system chord equal to the 40 of the mean winglet chord
Deflection range -15 , 10 (negative deflections when reducing root bending moment).
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Morphing is ensured by a dedicated mechanism composed by movable surfaces (upper and
lower), whose deflection is driven by dedicated actuators, 6 –
. Upper and lower surfaces
are shown in Fig. 1 .

Figure

3

Movable surfaces of the morphing winglet,

AEROELASTIC TRADE-OFF INVESTIGATION OF THE TP90 EQUIPPED
WITH MORPHING DEVICES

In order to perform the aeroelastic stability investigation on the reference aircraft (TP90)
equipped with morphing flaps and winglets, rational approaches were implemented to simulate
the effects induced by variations of such movable surfaces actuators stiffness on the aeroelastic
behavior of the A C, also in correspondence of several failure cases. The aeroelastic model of
the whole TP90 was obtained by means of Sandy software 6 to account also aeroelastic
effects induced by asymmetrical failures. The procedure to obtain such a model is fully
described in . A representation of the A C aeroelastic model is shown in igure .

Figure 4 TP90 Aeroelastic model,

A first campaign of aeroelastic analyses was considered under the assumptions described in
, section 5 :
• Sea level altitude
• Modal damping: 0.015
• P continuation method
• Speed range: 0-1.25 D, being D the dive speed of the reference aircraft ( D 160 m s).
• Three inertial configurations for the morphing flap tabs (nominal mass value (Mnominal),
nominal mass value increased by 0 (M 0), and nominal mass increased by 50
(M50)) in combination with 15 actuation line equivalent stiffness ( , from now on),
variable into the range 0 150 Nm rad by a step of 10.

4
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During this first trade-off analysis, performed on flap tabs, the winglet was considered at
the loop 0 of the preliminary design configuration. btained results showed the presence of
several flutter modes occurring at speeds lower than 1.25 dive (200 m s) (speed certification
envelope, imposed by the CS25 requirements),
. The most critical flutter modes were
analysed in terms of modal shapes tabs mass-balancing was identified as the best design
solution to avoid the flutter, Figure 5.

Figure 5 First trade-off campaign analysis results: carpet plot in case of morphing flap tabs
massbalancing

A second campaign of trade-off analyses was carried out on winglet tabs, while flap tabs were
maintained at loc ed commands and for them the inertial and stiffness configurations providing
the lowest (and not critical) flutter speeds were considered. Also in this case, inertial and
stiffness parameters of the actuators were both made to vary. Most critical flutter modes were
identified, and two design solutions were consequently suggested for ensuring flutter clearance:
A. inglet tabs over-balancing
. 100 increase of the stiffness of the interface plug between wing winglet
y comparing such solutions in terms of weight, the second one ( ) results the most convenient
(less winglet mass) and, for this reason, it was considered as the nominal configuration for the
loop 1 of the preliminary design. Morphing winglet tabs aeroelastic safe condition is depicted
in Figure 6, in terms of -g plot.
Flutter speed over the speed certification
envelope

Figure 6 -g plot in case of 100

increase of the stiffness of the interface plug between wing and winglet
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Further flutter analyses were carried out by simulating winglet actuators free-play, 8 . For that
purpose, harmonic balance method was adopted to model actuators equivalent stiffness from a
bi-linear law, in two cases of free-play amplitude: -1
1 and -2
2 . Flutter speed
resulted out of the speed certification envelope in all the investigated cases, as shown in Figure
.
Free-Play: V_Flutter M35 Vs Keq;
Free-Play Amplitude: [-2°; +2°]

Free-Play: V_Flutter M35 Vs Keq;
Free-Play Amplitude: [-1°; +1°]

V_flutter [m/s]

V_flutter [m/s]

210
208
206
204
202
200
1400,001420,001440,001460,001480,001500,00

210
208
206
204
202
200
1250,001300,001350,001400,001450,001500,00
K eq [Nm/rad]

K eq [Nm/rad]

(a)

(b)

Figure : Flutter speed as function of winglet tabs actuation line equivalent stiffness in case of freeplay amplitude of -1 1 , (a) and -2 , 2 , (b)

4

AEROELASTIC ASSESSMENTS IMPACT ON MORPHING WINGLET
FAULT TREE ANALYSIS

Fault tree (FT) analyses were finally performed on morphing winglets as isolated devices to
quantify the probability of failure scenarios and to verify their eventual compliance with the
airworthiness requirements, 9 - 10 .
More in detail, the safety-driven design of an adaptive winglet implies a thorough examination
of the potential hazards associated with the system faults, by considering the overall operating
environment and functions. The use of such a device namely impacts on the following A C
level functions:
Drag reduction
Load alleviation
Fatigue improvement
The potential failures identified in the preliminary Fault and Hazard Assessment (FHA) are
shown in Figure 8, where each row is a failure scenario, and the columns are dedicated to the
morphing winglet device to identify the associated failure condition, severity, ustification for
classification, crew detection, recovery action and design parameters. In this way, it is possible
to easily chec the coherence of the safety classification and the completeness of the analysis,
12 - 1 .
The row of the Figure 8 deals with a failure scenario developed in terms of FHA ( 14 ) and also
verified in the integrated safety aeroelastic analysis.

Figure 8 Morphing winglet Fault and Hazard Assessment,
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asically, the morphing winglet can impact load control load alleviation aircraft function. The
failure scenario investigated is the uncontrolled dynamic motion of the left R right morphing
winglet. For each side, the main actors of the latter event identified are:
1. inematic rupture of upper tabs
2. inematic rupture of lower tabs.
Figure 9 shows the fault tree developed only for the inematic rupture of the upper tabs,
identifying the lower tabs one as undeveloped event with the same failure rate. The further
explosion of the gates involved occurs by R logic, considering the potential loss of the actuator
connection, the rupture of three hinges along the first hinge line and the rupture of three
hinges lin s of the morphing inematics along the second hinge line.

Figure 9 Morphing winglet - Uncontrolled dynamic motion (left or right) Fault Tree Analysis

Moreover, for the sa e of completeness, the destruction of the wing was considered as top event
of a new fault tree analysis (
Figure 10) aiming to verify its compliance with the catastrophic target (Failure probability 109
). The top event results with a failure rate of the order of 10-8: this outcome reveals a light
incompliance with respect to the CAT target (10-9), to overcome which the use of proper
damping devices on actuators or between consecutive tabs is highly suggested, 11 .
Such studies drove the combined aeroelastic assessments by considering several failure cases
(isolated or combined lin actuator rupture), as shown in Table 1 .

Figure 10 Destruction of wing FTA
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CASE

lower tab

upper tab

Lower tab
lin
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Upper tab
lin

vflutter m s

fflutter Hz

1

Nominal

Nominal

perative

Failure

89,842

25, 1

2

Nominal

Nominal

Failure

perative

92,51

22,922

Nominal

Failure

perative

perative

20 ,819

21, 18

Failure

Nominal

perative

perative

208,0

21,8 1

4

Table 1 Integrated safety analyses: results

Gained results showed that actuator failure is more critical than lin rupture, and the aeroelastic
instability can be overcome by using proper damping devices.
5

CONCLUSIONS

This activity shows the importance of aeroelastic trade-off analyses since the early stages of the
design process to properly size morphing systems, including inematics, masses and distributed
stiffness of the morphing surfaces. In a multidisciplinary framewor involving aerodynamics,
structures, actuation architectures and control logics, aeroelastic instabilities analyses shall be
integrated in the design loop to maximize the critical speeds of flutter, predict divergence, and
control reversal of the morphing surfaces.
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ABSTRACT
Conventional manufacturing technology of laminated composite structures are currently
laminated in a moulding tool obtained by a mechanical shaving process removal of metallic
or polymeric material. The use of additive manufacturing (AM) can lead to numerous
advantages either in terms of time and costs saving or, in the possibility of increasing the
mould complexity and customization. The paper presents the use of 3D printing for the
manufacturing of a moulding tool to be used for the lamination of composite items in
Remotely Piloted Aircrafts (RPAV). The first case presented concerns the realization of a 1:8
scaled Replica of the S55X. The second example refers to the idea of building a 3D flying
RPAV in 1:7 scale starting from a 1:48 static model of YF 23 from McDonnell Douglas.

Keywords: Additive Manufacturing, 3D printing, lean production technology
1

INTRODUCTION

The use of Additive Manufacturing (AM) to produce mould tooling for composite lamination
process starts from the consideration that virtually there are no additional costs associated
with an increase in complexity, with the advantage to tailor the design specifically to the
relevant case or application. Low aerospace volumes make additive manufacturing an
attractive, lower cost alternative to replace conventional shaving process removal adopted in
producing conventional metallic or polymeric moulding tools. Additional requirements as
references for alignment of others items, multi-component moulds to solve problems of
"negative angle" in integrated structures, ventilation ducts, housings for mechanical inserts
and so on, can be easily included in the mould design phase without relevant and significant
cost increasing. Furthermore, the possibility of manufacturing the mould, directly at the
production site, allows a considerable reduction in costs and times in case of redesign [1].
Despite the different types of additive manufacturing processes available, the fused deposition
modelling (FDM) is one of the most used and dates back to the 80s [2,3].
In the FDM process, a circular nozzle, that move in x and y planes by multi-speed is
numerical controlled to generate each two-dimensional (2D) layer and extrude these from a
spool thermoplastic filament material or composites with thermoplastic materials to semi-
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molten state processes. The filament materials are fed into the liquefier through a set of two
mechanical freewheels driven in a counter rotating mode, which delivers enough torque to the
thermoplastic filament material to perform as a piston during the extrusion stage and then
deposit it layer-by-layer or path-by-path based on the 3D CAD model onto an adjustable build
platform. The build platform holding the 3D printed sample and moves vertically downwards
in the z plane to commence depositing a new layer/path on top of the previous one [2].
In the automotive and aerospace field, there are several success cases in application of AM for
the production of moulds for composite material lamination. In 2017, McLaren Racing team
produced a 900mm wide mould for high temperature (177°C) autoclave-cured process with
ULTEM 1010 material in just three days, saving time in a critical testing period [4]. In 2016
Researchers at Oak Ridge National Lab developed a 3D-printed version of a “trim-and-drill”
tool that Boeing uses to build the wings on its 777X passenger jet. The manufactured tool
weighs 748kg and measures 5330 mm long, 1676mm wide and 457mm tall, making it the
world’s largest solid object made with a 3D printer. It took 30 hours to print using carbon
fibre and composite plastic materials [5]. Bristol Aero is also active in developing AM tooling
with the ability to withstand temperature gradients for composite material curing in
autoclaves. This is a step forward towards fully functional autoclave tooling to replace
traditionally built ones. There are many technical challenges particularly when dealing with
expansion of components, joints of different AM parts and dissimilar materials.
An example of tool segmentation is the Aurora Flight Sciences (AFS) fairing tool model [6].
The model was separated into seven segments in order to satisfy the printer chamber
geometrical constraints. Sections were built in two construction styles - sparse and hollowshell. After the build, the sections cells were filled with high-temperature expanding foam to
further improve tool rigidity. Finally the junction of the various pieces can then be made by
mechanical joining or plastic welding. AFS obtained a 60-80% reduction in lead time, while
also providing a 60-75% cost savings, compared with traditional tooling. This paper presents
two examples of 3D printing technology applied to the manufacturing of a moulding tool to
be used for the lamination of composite items in Remotely Piloted Aircrafts (RPAV). The
first case presented concerns the realization of a 1:8 scaled Replica of the S55X. The second
example refers to the idea of building a 3D flying RPAV in 1:7 scale starting from a 1:48
static model of YF 23 from McDonnell Douglas.
2

TEAM S55 AND SCALED REPLICA WING TOOL DESIGN

Team S55 is a group of young engineers and students of “Politecnico di Torino”. The aim of
the team, composed by more than forty members, is to help “Replica 55” group designing a
flying “Replica” of the historical seaplane SIAI-Marchetti S55X, a symbol of the remarkable
aeronautical know how reached in Italy during the '20s and' 30s [7,8].
There were several versions available of the S55 for civil and military use, but this one
(distinguished by the X) was made to celebrate the tenth anniversary of the foundation of the
“Arma Aeronautica”. In the 1933 the “Decennale” air cruise was organized: under Air
Minister General Balbo’s leadership, twenty-four S-55X (and an auxiliary one) flew from
Orbetello, Italy to Chicago, across the Atlantic Ocean, to attend the "Century of Progress"
Exposition. The fleet “covered 6100 miles in a flying time of 47 hours and 52 minutes”, with
only one accident occurred. Representative John P. McSwain, Chairman of the House
Military Affairs Committee said about this feat: "No 'round-the-world trip of any war-ship or
fleet has ever impressed the people of the whole world as this spectacular flight of 24 planes.
Team S55 decided to design and realize a 1:8 scale and flying model of S55X, starting from
the CAD drawings of the full scale one (see figure 1). Team S55 gave the opportunity to
several students to achieve a significant experience about all the key aspects of the complete
aeronautical design process: from the definition of aerodynamic and hydrodynamic loads to
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the characterization of the materials used and finally to the FEM structural modelling of the
entire structure. Furthermore, all the themes of the aircraft design, i.e.: flight mechanics,
propulsion, flight controls, systems installation, et caetera were also addressed. The current
goal is the participation to the F4 Scale World Championship.

Figure 1: Full Scale CAD of S55X Replica

The S55X seaplane is a catamaran configuration, equipped with twin engines, one pulling,
one pushing. Three rudders surmounted a tailplane linked to the fuselage by four beams. The
design choices were made in order to respect the requirements of competition regulation, in
particular the more stringent requirements is the maximum weight (15 Kg, without engine).
In order to minimize the weight the wing is composed by a main carbon reinforced spar with a
30mm circular section, made with a metallic tool with standard measures; the ribs are made
by a sandwich composite structure with fiberglass faces and foam core and they are cutted
from a sheet of material; the skin is made of carbon fiber laminate. The engine mount
structure will be manufactured in a single piece in AlSi10Mg by selective laser melting.
AlSi10Mg is an Aluminum alloy with good casting properties [9], used for cast parts with
thin walls and complex geometry. Additive manufacturing technology is introduced for the
manufacturing of moulds necessary for the lamination process. The main purpose of this
choice is the cost and time reduction in the manufacturing of the selected model.
3

WING TOOL DESIGN

The tool of the wing has been designed using the CAD software Solidworks starting with a
solid model of the wing and subtracting it from the solid of the mould. The reference external
surfaces of the tool are plane, so it can be placed on a table, also they are as smooth as
possible to avoid problems during the vacuum bag preparation. At first, we divided the tool
into an upper part and a lower part, subsequently the two parts have been cut themselves into
six smaller parts (Figure 2) because the tool will be printed by a Creatbot 430, with a
rectangular bed of 300x400 mm and a Z height of 300 mm. Each part has been connected to
the adjacent ones, in order to complete the entire tools of the upper and the lower wing parts.
The mould component connection is made by some butterfly shaped joints. The butterfly
shaped connectors permit to assure an adequate tolerance of components positioning and
prevent the relevant movement. Furthermore to make easier the structure assembly some
locators were placed on the edges of each parts, while to make it stiffer we have made holes in
which we will insert two long threaded bars. the final CAD of the mould is shown in figure 2.
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Figure 2: Replica S55x 3D wing mould concept & left wing upper surface sections

The STL (standard tessellation language) file is exported directly in Solidworks with the
maximum quality available, 2.6 ° for the angle tolerance (angle between the normals of
adjacent triangles) setting and 0.02 mm for the deviation tolerance setting (the maximum
deviation between the designed part and the STL representation of the part).

Figure 3: Slicing phase a) leading edge mould section b) trailing edge mould section

The material used for this application is the PLA (Polylactic Acid), this is not a common
choice for this application because it has a glass transition temperature of 60 °C, above this
temperature it loses all the mechanical properties and obviously it is not suitable for an
autoclave curing process at a typical temperature of 120/180 °C, but the mechanical properties
of the final composite are enough if the part is cured at room temperature. Figure 4 shows the
qualitative results of a tensile test at two different temperature carried out at the structures
laboratory. The results for room temperature were compared with those at a T = 45 ° C for a
specimen in PLA sized according to ASTM D638 and printed in a flat position. As can be
seen, the effect of temperature is to reduce the ultimate load by more than 20% with a
maintenance of the elastic modulus and a transition to a more ductile behaviour when
temperature increase as expected. There are other materials that can be used for this
application like ULTEM 1010 which is suitable also for autoclave curing process, but its price
(about 300 euro/kg) is not cost-effective for the proposed use. Nevertheless in order to gain
experience with the use of the ULTEM 1010, pre-preg lamination and autoclave curing cycle,
this material will be used to make the mould for the bayonet-mount installed at
external/central wing interface.
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Figure 4: Temperature tensile tests on PLA flat specimens.

Layer Height
Nozzle Temperature
Bed Temperature
Speed
Infill
Perimeter

0.4mm
220 °C
45 °C
30 mm/s
9-13 %
1
Table 1: Process Parameters

Section
1S_D
2S_D
3S_DA
3S_DF
4S_DA
4S_DF

Printing time [h]
18
25
18
22
18
24

Weight [g]
644
946
640
789
635
829

Cost [euro]
12,24
17,98
12,16
15,00
12,06
15,75

Table 2: wing mould sections time, mass and costs

Another suitable material is the ABS (acrylonitrile butadiene styrene) but during the process it
produces toxic smokes, also it is more difficult to print due to the tendency to warp on the
bed. The ABS has also lower mechanical properties compared to PLA, this require more
material to obtain the same stiffness and more time to produce the mould. In conclusion the
PLA seems the best choice for our application. As a slicer we used Creatware V6.4.6 which is
the software provided with the printer and with some of the setting yet defined (figure 3). In
order to speed up the process a standard 0.4 mm nozzle was replaced with a 1 mm nozzle. All
the other process settings are listed in the Table 1. Note that the size of nozzle forces us to
increase the temperature and lower the extruder speed compared to the common settings of
PLA (about 50 mm/s e 200° on nozzle temperature) because the amount of material to be
fused and extruded is very large. After the pieces are printed, the mould is assembled by
adding the metal inserts, the wooden alignment pins and the butterfly closures, again made of
PLA. Any discontinuities at the interfaces are eliminated by plastic welding with a 3D pen.
Once the mould is assembled, roughness measurements were then performed by an RTP80
roughness tester as shown in Figure 5. Surface finish quality is crucial for mould applications.
Due to the print mode the roughness strongly depends on the direction in which it is
measured. A very low roughness value can be obtained in the direction oriented at 0 ° with
respect to the printing direction, Ra values of the order of 1-2 m are possible even without
subsequent processing. In the 90 ° direction the Ra value increases and with the size of the
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nozzle and printing speed reported in table 1, values of around 25 m have been obtained.
The figure 6 shows an example of a roughness profile obtained from the measurements. The
values obtained are in agreement with what is reported in [2], better roughness can be
obtained by a post-process surface finishing in order to meet typical tools requirements. The
skin is then obtained by lamination of the composite carbon fibre material and vacuum bag
technology with a cure cycle at room temperature. Figure 7 shows the hand layup process
adopted with the resin deposition and vacuum bag in evidence.

Figure 5: upper wing mould assembled and ready for roughness measurements.

Figure 6: Roughness measurements by RTP80

Figure 7: upper wing skin - hand layup and vacuum bag
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Y23 RPAV TOOL: DESIGN & REALIZATION

The second example of the application of 3D printing for the mould manufacturing of scaled
aircraft design is the Northrop-McDonnell Douglas YF-23 Black Widow II that was the
aircraft proposed by the Northrop/McDonnell Douglas consortium for the ATF (Advanced
Tactical Fighter) contest organized by the United States Air Force, the US Air Force. The
winner was the YF-22, a prototype of the Lockheed-Martin F-22 Raptor, which entered
service at the end of December 2005. Both aircraft had to have stealth technologies, reach
supersonic speeds without the aid of post burners, the YF-23 had proved superior to the F-22
in terms of speed, but it was less manoeuvrable than the YF-22, which from its side had the
possibility of vectorial thrust control. Starting from a 1:48 scale model of the Y23 produced
by the Chinese company HOBBY BOSS, an STL model was created through 3D scanning. In
the second phase, rescaling was carried out through CAD to obtain a 1: 7 scale model. At this
point the process saw the start of mould printing through a dual-extruder printer GMAX-D
with a bed size of X = 360 mm, Y = 265 mm and Z = 250mm.

Figure 7: Y23 RPAV 1:7 “Master Mould” and original 1:48 model

The selected material was also in this case the PLA. In order to use the available 3D printer
with the reduced printing area compared to the dimensions of the reproduced aircraft, the
model was divided into forty-five elements. Another constraint, due to cost reduction, was the
use of the 1kg PLA format that had been achieved at reduced costs. So the printed elements
had to be even smaller, although the printer could carry out larger objects, but the extrusion
had to be continuous without the possibility of replacing the filament. After about forty-five
days of work (which included twelve to eighteen hours of printing per piece per day), and
about 720 hours of printing activity the goal was achieved. The subsequent phase was the
gluing of the forty-five elements using a cianoacrylic glue. A raw basis of the model was thus
obtained with various defects due both to the mesh approximation of the previous scanning
phase and to the various layer processes. To reduce defects, a polyester body filler easy to
apply and smoothing was selected. A well-defined "Master" was then manufactured with
shapes that allowed the creation of a mould. For the construction of the latter, the “Master”
was sectioned into two parts: from the leading edge to the trailing edge and from the bottom
upwards. The upper section included the pilot's cockpit and the turbine exhaust compartments,
while the lower part included the landing gear compartments with the relative closing doors
previously engraved on the “Master”. Starting from these two masters joined by screws and
reference pins, in order to always obtain a precise coupling, the actual female mould in
fiberglass is then made. The two fiberglass half-shells are then laminated using fiberglass and
kevlar of various weights (27gr, 160gr, 200 gr). The first fuselage is thus made, where inside
previously manufactured frames (made by composite sandwich materials) were placed to have
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strengths elements where it is possible to anchor retractable gears and turbines. The same
procedure was used for the realization of the wings.
5

CONCLUSIONS

The paper presents two applications of 3D printing for the production of composite
lamination moulds. In the first case, a female economic mould was created for the case of the
wing of the scaled S55X aircraft on a 1:8 scale. The mould consists of 6 pieces assembled
together by mechanical joints and is made by manual lamination, vacuum bag and room
temperature cure cycle. In the second case, 3D printing was used for the realization of a
master mould in order to manufacture a fiberglass female mould for the construction of the
Y23 RPAV aircraft in 1: 7 scale. Both solutions have been successfully adopted and can be
applied to make moulds for RPAV aircraft made by composite materials.
6
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ABSTRACT
The continuous proposal and analysis of innovative aircraft configurations require wider
validation activity based on testing results. The arrangement of real-scale
real scale prototype for
testing campaign is often not feasible due to economic reasons. As a consequence the
experiments on scaled models are
ar frequently performed applying similarity laws. The
definition of specific material and its scaling rules for a complete similarity is required in
several cases particularly when composites play a predominant role on the test response. So
the design of a correct scaled-model
scaled model including the right material selection becomes decisive.
The introduction of TRACE parameter is proposed as a method orienting
orienting the designer for the
right material selection in these situations. The method is presented in a specific case of a
composite plate deflected by pressure. Non-dimensional
Non dimensional deflection is determined as a function
of load parameters and TRACE according to typical
typical material classes definition. The
procedure is extended to a typical drop-test
drop test equipment on water including structural
flexibility. Potentiality of the method is clarified.
Keywords: TRACE parameter, similarity laws, scaled-models
design
scaled models design, drop-test
drop
1

INTRODUCTION

In recent years scaled models and scaling procedures have played an important role in several
scientific field such as dynamics, aeroelasticity,, aerodynamics and so on,
on mainly when the
experimental validation is required to demonstrate
demonstrate specific performances. In these cases the
possibility to develop representative but economical model testing is a critical prerequisite to
validate modelling
ling strategies and associated analysis, and to perform model updating.
updating Despite
the importance of such methodology, the literature on this topic is not so extensive ( see [1-3])
and positioned in the late 50s-60s.
50s
Mathematical aspects of scaling and self-similarity
self
have
been presented subsequently in [4]. Some improvements have been reported in [5] with the
application of a scaled model design for a high aspect ratio wing in order to validate specific
specifi
nonlinear critical phenomena.
na. In several situations the presence of the material parameters is
fundamental for a complete similarity
similarity and a realistic representative results gained from
experiments. For this reason the identification of a specific methodology is necessary in order
to cope with this problem. A procedure based on the TRACE concept [6,7] seems interesting
in order to identify a single parameter representative of the material performance. The
TRACE parameter has been recently investigated for specific structural configurations
validating its effectiveness in global
g
performances scaling of composite structures such as
buckling loads and frequencies of composite plates and post-critical
post critical nonlinear behaviour [8].
[8]
The application to optimization of aerospace structures has also been demonstrated in
connection to specific optimization procedure in order to speed up the sele
se ection of the correct
material for each element [9]. The application of such a parameter is presented in the paper
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for the definition and selection of the right material in scaled experimental models in which
the flexibility tends to become significant in the model response. The basic TRACE concepts
have been summarized in the following section 2 with its application to a specific test case.
The maximum deflection of specially orthotropic simply supported plate under pressure is
presented and the scaling procedure is determined pointing out main involved parameters. The
procedure is then applied to a different test case in section 3 with the definition of the
maximum pressure on a flat isotropic plate ( simply supported along two sides and free on the
other two) under water impact. The simplified formulation based on previous work [10]
corrected by the presence of flexibility is reported and compared with experimental data
available in open literature [11]. The presented procedure seems useful for preliminary
calculation and scaled model definition. Some consideration in the material selection for
scaled model is also presented.
2

SCALING OF DEFLECTED ANISOTROPIC PLATES UNDER PRESSURE
BASED ON "TRACE"

The scaling of a specific structural configuration requires the definition of the complete set of
non-dimensional parameters related to the investigated phenomenon. Considering the static
problem of the deflection on simply supported orthotropic plate under pressure it is possible
to define a general equation in the form:

(

)

Φ a, b, h, Dij ( E1 , E2 ,ν12 , G12,ϑi ), p, w = 0

(1)

Referring to Buckingham Theorem, and considering fixed lay-up but different materials for
the scaling configuration, the number of the independent non-dimensional parameters can be
determined by the number of total parameters involved (9 parameters) less the fundamental
ones (in this case of static problem they are two i.e. the thickness h and the longitudinal
modulus E1), providing a set of 7 non-dimensional independent parameters that have to be the
same in real scale or model scale for a complete similarity. The plate stiffness can be defined
according to the material characteristics since the lay-up is assumed fixed. The eq.1 can be so
transformed in:
G12,
a b E
p w
Ψ , , 2 = χ1 ,ν12 = χ 2 ,
= χ3 , ,
=0
(2)
h h E1
E1
E1 h
The three non-dimensional parameters related to material characteristics are: the orthotropic
ratio, the Poisson and the shear ratio respectively. They are simplified introducing the
TRACE (TR) concept that is invariant for a specific plate if geometry and lay-up is
maintained fixed when material is changed. Non-dimensional TR with respect to E1 is so
representative of material stiffness and it is a function of well known material property ratios:
TR = f

E2
G
;ν ; 12 = f ( χ1 ; χ 2 ; χ3 )
E1
E1

(3)

TR is also invariant if considered at ply level or with respect to the plate extensional stiffness
divided by thickness h or with respect to the plate bending stiffness divided by the coefficient
(h3/12) ( see [8] for more details). The orthotropic ratio is characteristic of specific class of
material considered during scaling procedure. It is in fact almost constant if the material
belongs to the same "material class", and so some specific scaling can be possible ( figure 1).
The trace concept has been introduced into the specific structural solution in order to identify
an equivalent material representative of the investigated structural case.

2
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Figure 1: Adimensional TRACE behaviour in function of shear coefficient. The orthotropic ratio
assumed as parameter. Lines represent theoretical evaluation compared to the results from Table 1: the
materials can be grouped in classes according to the orthotropic ratio.

The application of TR concept in a similarity problem is now presented in order to point out
the general procedure details. The transversal maximum deflection of specially orthotropic
rectangular thin plate, simply supported along edges (a,b) with free in-plane end-shortening
and subjected to a sinusoidal pressure distribution is considered as an example. More
detailed numerical analysis inclusive of the real elastic boundary conditions and stiffness is
postponed when a real case is considered. Referring to the well known transversal equilibrium
equation of specially orthotropic plate with selected boundary conditions solved by single
mode Galerkin approach, the maximum non-dimensional deflection of a squared plate
configuration can be represented in the form:
W− AD =

W11
12

π

4

p0
TR

a

4

h

4

with:
x
y
h
a
w
ξ = ; η = ; ζ = ; λ = ;W = ;
a
b
a
b
h

=

1

(4)

D11 + 2 ( D12 + 2 D66 ) λ + D22 λ

D =

2

12
3

h TR

[ D];

TR =

4

TR
; W = W11 sen(πξ ) sen (πη )
E1
(5)

The squared bracket term is the "plate stiffness parameter" while the other includes the " load
parameter". The square bracket coefficient represents all the plate stiffness for a selected
material, geometry and lay-up. Selecting now a series of representative materials such as in
Table n.1, the W-AD can be plotted versus the non-dimensional TR as in figure 2. The first
group of results is representative of the selected representative UD-FRP materials and wood,
the second group is related to fabric/epoxy and the third to isotropic ones.
It is possible to see that the results are grouped according to their "class of material" related to
TRACE . It is also possible to see that W-AD is not so different for materials that have similar
orthotropic ratio so the " stiffness parameter" as defined in Equation 4, can be simplified
when similarity procedure is adopted.
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Material

E1
(Mpa)
M40/epoxy
209000
T300 /epoxy
181000
IM6/epoxy
203000
T800/epoxy
160000
ASH/3501
138000
kevlar49/epoxy 76000
Boron/epoxy
204000
T700/epoxy
121000
Hemlock
11300
Yellow Birch
12755
Aluminum
73000
Steel
210000
fabric A/epoxy 74000
Fabric B/epoxy 150000

E2
(Mpa)
6890
10300
11200
9200
8960
5500
18500
8000
350,3
637,75
73000
210000
74000
150000

G12
(MPa)
4260
7170
8400
5000
7100
2300
5590
4700
361,6
867,34
28077
80769
4550
7000

nu12
(-)
0,305
0,28
0,32
0,35
0,3
0,34
0,23
0,3
0,423
0,45
0,3
0,3
0,05
0,05

TR/E1
(-)
1,077
1,141
1,144
1,128
1,174
1,142
1,151
1,15
1,1008
1,197
2,967
2,967
2,128
2,098

W-AD
(-)
0,7532
0,7484
0,7472
0,7459
0,7458
0,7431
0,7460
0,7459
0,7504
0,7431
0,675
0,675
0,742
0,742

Table 1: Selected representative materials for the investigation.

Figure 2: Specific central deflection versus non-dimensional TR. Classes of material

Considering now the definition of a maximum deflection for a scaled plate model (m) and a
real one (RS) the equation can be re-arranged as:
W11− m
=
W11− RS

p0
TR
p0
TR

a4
m

RS

h4
a

4

h

4

(D
(D

m

)
λ )

11

+ 2 ( D12 + 2 D66 ) λ 2 + D22 λ 4

11

+ 2 ( D12 + 2 D66 ) λ + D22
2

RS

(6)

4

m

RS

For the same class of material the squared bracket ratio is almost unitary so:

W11−m
≃
W11− RS

p0
TR
p0
TR

a4
m

h4
a

RS

m

4

h4

4
p0−m TRRS am4 hRS
=
4
p0− RS TRm aRS
hm4

(7)

RS

The right material identification is now possible by means of Equation 7 if the geometric scale
is defined and other parameters established.

4
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WATER IMPACT PRESSURE DEFINITION AND SCALED MODEL DESIGN

The application of the material flexibility effect is now presented for the scaling of water
impact maximum pressure definition in a typical drop-test. Airworthiness regulations require
that aircraft should be proved to ensure the survivability of the ditching for the passengers. In
particular seaplane aircrafts must be designed for water loads developed during take-off and
landing with the seaplane in any attitude likely to occur in normal operation at appropriate
forward and sinking velocities under the most severe sea conditions likely to be encountered
[12]. In order to make a stress analysis of seaplane floats, and especially of the members
connecting the floats with the fuselage, it is of great importance to determine the maximum
pressure acting on the floats during landing. Current regulation is based on a maximum
pressure formulation, derived from the Von Karman work [10] and based on four fundamental
assumptions: 1) calm water 2) rigid plane 3) water considered incompressible fluid 4) aerodynamic effects neglected. With these hypotheses the formula for maximum pressure is:
1
1
(8)
pmax = ρV02π
tg ( β )
2
where ρ is the density of the water, V0 is the velocity at the moment of first contact and β is
the dead-rise angle. The formula compare very well with experimental results but it shows
some limitations in the presence of very small dead-rise angles. An asymptotic value for the
maximum pressure is computed for the limiting case of a flat bottom configuration as reported
in equation 9 ([10]) where c is the speed of sound in the water, in the following cases
c=1450m/s:
1
2c
(9)
pmax = ρV02
2
V0
Nevertheless at very low dead-rise angles [12] the deformability of the structure can no longer
be neglected and it plays a fundamental role in determining the pressure peak. In the case of a
completely flat surface (β = 0), it is possible to derive a preliminary design formula for the
pressure peak which also takes into account the effects related to the material: the maximum
deflection can be computed and related to the applied pressure. In the particular case of a
isotropic plate simply supported on two sides and free on the other two sides the equation can
be simply related to isotropic material constants rather than TR. It becomes:
pmax = 2.589

1
ρV02
2

E

h3

(10)
(1 − ν 2 ) d 3
As an example of application of the formula 10 and 9, a rectangular isotropic plate reported in
[11], was selected. It was simply supported on two sides of length b = 673mm and free on the
other two sides indicated with a = 508mm. The thickness of the plate is h = 6,35mm. The
material is a steel with elastic modulus E = 206.8 GPa and the total weight of the plate is
37kg. Table 2 shows the experimental results obtained by Chuang in Ref [11] for different
impact speeds and in the case of flexible and rigid flat-bottom plate, compared with results
from equations 9 and 10. A satisfactory correlation is obtained confirming the goodness of
the presented simplified formulation in predicting the maximum pressures in the case of flat
bottom plates.
Through the use of the Buckingham π-theorem, a dimensional analysis is performed to
identify a set of dimensionless parameters strictly sufficient to relate the behaviour of a real
scale to that of a small-scale model when a typical drop test is designed as in Figure 3.
It is well-known that the choice of dimensionless parameters is not unique. Considering the
geometric similarity verified, the problem is a function of four parameters as indicated in Eq.
11 when the rigid assumption is applied. Considering that the fundamental parameters are 3
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(mass, length, time), reducible to two (ρ density and g gravity), the dimensionless parameters
to be reproduced between the real scale and model will be two: the Froude number and the
dimensionless pressure parameter as reported in equation 11:
V0
p
(11)
f ( pmax , ρ , V0 , d ) = 0 ;
= Fr ; max
ρ gd
gd
V0 [FPS]
4
5
6

FLEX - eq.10
[PSI]
6.82
8.52
10.23

FLEX- Ref. [11]
[PSI]
6.75
9
10

RIGID- eq.9
[PSI]
17.67
22
26

RIGID- Ref. [11]
[PSI]
16
18.5
25

Table 2: Comparison of theoretical and experimental flat-bottom maximum pressure. Selected
representative materials for the investigation.

.
Figure 3: Drop test setup and model section

When flexibility become important because the deadrise angle becomes small, then the
number of parameters increase to seven and therefore the corresponding dimensionless
parameters to be reproduced between the model and the real scale have to be five, increasing
the complexity of the correct similarity:
(12)
f ( pmax , ρ , V0 , E , h, d ,ν ) = 0
V0
pmax
pmax
h
(13)
;
= Fr ; ν ;
;
ρ gd
d
E
gd
Based on the equality between model and true of the dimensionless parameters just obtained
and considering λ as a geometric scale parameter for length, it is possible to obtain all the
scale relations between the various parameters involved in the experiment including the
typical materials representative of the phenomenon. It will therefore be possible to deduce
information on the real scale starting from the tests on the scaled model. As an example the
speed of impact and the pressures scale according to the following Equation 14:

(V0 )m =
4

λ ⋅ (V0 ) RS

( pmax )m = λ ⋅ ( pmax ) RS

(14)

CONCLUDING REMARKS

The problem of design of specific scaled model for experimental tests including material
flexibility is introduced and solved by means of specific structural parameter (TRACE) that
represents the material stiffness as geometry, lay-up and boundary conditions are fixed. The
possibility to include such parameter into the similarity procedure in order to obtain a scaled
model complete for the experimental characterization is presented and justified for a flat
composite plate deflected by pressure. The relation between deflection and pressure is pointed

6
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out that is the basis for the estimate of the maximum pressure in a water impact condition. A
simplified equation is determined and validated demonstrating its effectiveness in the
preliminary design stage. The complete similarity is then possible within the reported
assumptions.
5
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1. Suborbital flights
Following the US Space Shuttle retirement in 2011 and the ongoing initiatives carried out by
NASA and private commercial companies to develop new space transportation vehicles,
manned spaceflight has now entered a transitional phase. Increasing attention has been paid
to more flexible and less expensive space transportation vehicles, especially following the
first successful launches. The so-called “suborbital flights” are also attracting a great deal
of interest. They are flights in which a spacecraft climbs to altitudes higher than 100 km but
its trajectory intersects the atmosphere or surface of the gravitating body from which it was
launched so that it does not complete an orbital revolution. Its speed and altitude are
insufficient to go into orbit and it falls back to Earth. Suborbital flights are flights in which a
spacecraft climbs to altitudes higher than 100 km but below where satellites orbit, in line with
the definition of spaceflight provided by the US legislation. As mentioned above, the
spacecraft does not complete an orbital revolution, as its speed and altitude are insufficient to
go into orbit and it falls back to Earth1.
Suborbital flights also include supersonic fast transport aircraft1 projects, such as the new
"Concorde", which will take-off like a plane without using a rocket launcher, as it is not
designed to be placed in orbit, even if it might reach suborbital altitude for a few seconds. Its
mission will basically be to transport passengers from one place to the other in the world. The
future European supersonic plane is still in an early planning stage2.
The Concorde, the plane that connected New York with London and Paris in less than three
hours (before being suspended because it cost and consumed too much), reached almost 2
thousand kilometers per hour, piercing the sound barrier. A normal jumbo jet can reach 900
kilometers per hour.
Oxfordshire-based Reaction Engines Company is designing orbital plane Skylon on behalf of
the UK Space Agency3.

1

See CATALANO SGROSSO, Suborbital flights: applicable law, Proc. of the 57th Colloquium on the Law of Outer Space,

Toronto 2014, p.467 ff. There the A. has dealt with the theme for the first time and from which some points are taken
2

See: www.repubblica.it/.../super-concorde/super-concorde/super-concorde.html- 	
  

3

Skylon will be 269 feet (82 meters) long and will have a wingspan of 82 feet (25 meters). The vehicle will take off
and land horizontally on a conventional runway like a commercial plane. Its features are impressive: it can reach a top speed
of Mach 25 and travel at an altitude of approximately 460 km, thus performing a true orbital flight. Skylon will be able to
carry 12 tons of payload or 30-40 passengers, double the payload of a conventional rocket, with a cost that is 10 times lower
than that of an orbital launch with a multistage rocket.
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The British efforts are now concentrated on the Lapcat, presented by England, and already
approved by the European Space Agency, which will be ready in ten years if it manages to get
the necessary funding. The prototypes of these vectors are capable of traveling at five times
the speed of sound. It will be possible to connect one continent with another, America with
Asia, Europe with South Africa, in a few hours. Of course it will not be a plane like any other.
He will travel at 35 thousand meters of altitude.
The first test flight is scheduled for the year 2019, while in 2022 docking operations could
start at the International Space Station.
It should be included among the hypersonic or supersonic flight phases, the Links MK II, by
XCOR Aerospace by Jeff Greason, that would use a liquid rocket propulsion system, would
take off from line stops to land with circular descent4.
The Italian Space Agency (ISA) is currently working with the Italian Aerospace Research
Center (CIRA) and the Japanese Space Agency (JAXA) to develop an Unmanned Space
Vehicle (USV), by using new technologies and materials that can withstand extremely high
temperatures.
1. a. Applicable law – International Air Law
As regards this type of spaceplanes, experts are divided over the criteria to be adopted to
identify the applicable regime. The spatial theory – according to which air or space law shall
apply to spaceplanes depending on where they are located – does not seem to be the right way
to proceed. The functional theory – which is, instead, based on the nature of the activity
carried out, i.e. the craft’s purpose – seems the most convincing5.
These supersonic aircraft serve the function of connecting two points on the Earth and
transporting passengers, in the shortest time possible, from one place to another. These craft
pass through outer space, at a low altitude, only for technological needs. They have the same
function as an aircraft, so they shall be subject to the national regulations of the State over
whose territory they fly as well as the international law provisions contained in the Chicago
Convention on International Civil Aviation of December 7, 1944 as regards registration
and authorization. Registration is a key issue in the Chicago Convention: the State in which
an aircraft is registered shall have jurisdiction over such craft and shall be held liable for
damage. In air law there is a customary right of “innocent passage” for aircraft, but there is no
such thing for commercial suborbital flights. The ICAO Council adopted the Standards and
Recommended Practices for Aerodromes, better known as Annex 14, setting out the key rules
and specifications regarding facilities and technical services normally provided at an
aerodrome that States must comply with when drafting their domestic regulations6.
4

Even NASA announced a supersonic commercial aircraft, the QueST, the Hikari announced a Japanese
prototype, the Hytex, capable of Mach 5 speeds, Bombardier Aerospace announced Skreemr and the Aerion Corporation
Aerator As2 which would cover the London New York section which would cover the London New York section in 30
minutes	
  

5

For the theories see CATALANO SGROSSO, International Space Law, Florence, 2011, LoGisma ed., p. 285 ff.

6

For the text of the older Aviation Conventions, see BALLARINO BUSTI, Diritto aeronautico e spaziale, Milan
1988, pp. 769, 608, 833, 314; for the text of the other Conventions, see the following website:
http://www.fog.it/convenzioni/aer.htm
For the Montreal Convention, see: ANTONINI, Il danno risarcibile nel trasporto di persone, in La nuova
disciplina del trasporto aereo – Commento alla Convenzione di Montreal del 28 maggio 1999, cit., 81, 88; FIELD, Air
Travel, Accidents and Injuries: Why the New Montreal Convention is Already Outdated, in Dalhousie L.J. 28/2005, 69, 84;
HERMIDA, The New Montreal Convention: The International Passenger’s Perspective - One airline’s merit is another
passenger’s shortcoming, in «Air & Sp. Law» 2001, 150, 153; MENDES DE LEON - EYSKENS, The Montreal Convention:
Analysis of Some Aspects of the Attempted Modernization and Consolidation of the Warsaw System, in J. Air L. & Com. 66/
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As regards liability of the carrier, the following conventions shall apply: the Warsaw
Convention of October 12, 1929 regarding international carriage by air, subsequently
amended.The Convention regulates liability for international carriage of persons, luggage or
goods performed by aircraft, imposing a limited liability regime upon airline companies.
The Montreal Convention (i.e. the Convention for the Unification of Certain Rules For
International Carriage by Air) of May 28, 1999, which entered into force on November 4,
2003, was drawn up to make certain rules relating to international carriage by air and related
instruments uniform7. The Montreal Convention was ratified by Italy on April 29, 2004.
The abovementioned conventions wish to ensure the orderly development of international
carriage operations and regular traffic of passengers, baggage and cargo.
A key bilateral Air Transport Agreement was signed between the United States of
America and the European Community on March 2, 2007. In a nutshell, under this
agreement, any European airline may fly between any point in the EU and any point in the
United States, without restrictions with respect to fares and ability. The same right is also
granted to US airlines with respect to the European Union8.
The Convention on Damage Caused by Foreign Aircraft to Third Parties on the Surface,
of October 7, 1952 – commonly called the Rome Convention – establishing the carrier’s
objective liability, entered into force in 1958 and has only been ratified by less than 50
countries, none of which is a major space-faring nation.
The requirement to mandatorily take out insurance is usually imposed and a compensation
limit established when an objective liability regime is adopted. However, this limit should be
equal to the maximum extent of damage and, therefore, it should be adequate and fair. As the
1952 Convention, instead, establishes a very low limit, very few States have ratified it9.
This has spurred ICAO to formulate a new liability regime for damage caused by aviation
activities; as a result, two Conventions on risks «of a general nature» and those «resulting
from acts of unlawful interference» were adopted at the ICAO Diplomatic Conference held in
Montreal from April 20 to May 2, 2009. In reality, as it should be for a non-contractual
liability regime, there still is a tendency – which, since post-World War II, has characterized
international aviation regulations – to extend, to the maximum extent possible, the scope of
application of uniform law instruments. These two Conventions are uniform law instruments;
it is worth briefly mentioning them, as they are also reference regulations for future space
activities.
- The Convention on Compensation for Damage Caused by Aircraft to Third
Parties (General Risks Convention) should replace the Rome Convention. The
Convention sets out that the liability of the operator shall not exceed certain limits10.
Moreover, if the operator proves that the damage was caused, or contributed to, by the
2001, 1155, 1167; SARMIENTO GARCIA, Estructura de la responsabilidad del transportador aéreo en el Convenio de
Montreal de 1999, in Dir. trasp. 2004, 687, 702 ff. Instead, for an overview of the Montreal Convention in the sense that it
would not preclude the possibility to ask compensation for such category of damage, see: WEBER-JACOB, The
Modernization of the Warsaw System: The Montreal Convention of 1999, in A.A.S.L. 1999, pp. 333, 340.
7

	
  	
   ee: https://eur-lex.europa.eu/legal-content/IT/TXT/HTML/?uri=CELEX:22001A0718(01)&from=EN;
144 States ratified the Convention

8

This agreement was approved by the EU Transport Council on March 22, 2007 in Brussels and became effective
on March 30, 2008. See article by QUARANTA in: http://www.fog.it/tamj/tamj-07-01.pdf
9
Proceedings of the Conference on “Aircraft carrier liability for damage to third parties on the surface” of February
5, 2007.
See: http://www.giureta.unipa.it/VolumeV2007/articoli/convegno%20roma.htm	
  
10

These limits are the following: 750 000 Special Drawing Rights (SDRs) for aircraft having a maximum mass of
500 kilograms or less; 700 000 000 (approximately USD 10 million) Special Drawing Rights for aircraft having a maximum
mass of more than 500 000 kilograms (art.4(1) of the General Risks Convention and art. 4(1) of the Unlawful Interference
Convention).
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negligence or other wrongful act or omission of a claimant, or the person from whom
he or she derives his or her rights, the operator shall be wholly or partly exonerated
from its liability (art. 10 of the Gen. Risks Convention and art. 20 of the Unlawful Int.
Convention). One of the merits of the Convention is that it centralizes actions for
compensation: actions for compensation may be brought only before the courts of the
State Party in whose territory the damage occurred and judgments shall, when they are
enforceable in the State Party of the competent court, be automatically enforceable in
any other State Party11.
The Convention on Compensation for Damage to Third Parties Resulting from
Acts of Unlawful Interference Involving Aircraft (The Unlawful Interference
Convention) establishes a supplementary compensation mechanism for any damage
exceeding the liability limits set forth by the Convention.
After the 9/11 tragedy, where terrorists used an aircraft as a weapon of mass
destruction, causing immeasurable damage to third parties on the surface of the Earth,
the International Civil Aviation Compensation Fund (ICACF) was set up. The
Fund shall, at its own discretion, cover the liability of the operator, in case of damage
caused by an act of unlawful interference, to the extent that the total amount of
damage exceeds the limits of its liability covered by insurance. The maximum amount
of compensation available from the International Fund shall be 3 000 000 000
(approximately USD 4.5 billion) Special Drawing Rights for each event12.

However, air law conventions do not take into consideration liability for damage caused to
space objects during the period of time, albeit short, in which a supersonic aircraft flies
through outer space. On the contrary, the opposite situation, that is to say liability for damage
caused by a space object to aircraft in flight while passing through airspace is regulated by the
1972 UN Convention on International Liability for Damage Caused by Space Objects
(Liability Convention), establishing absolute objective liability. This is certainly a problem
that must be resolved, at least by those countries deploying these aircraft.
2. Reusable means of transport
In order to cut costs of access to outer space, many space players are planning different types
of reusable means of transport having different technological features, as well as traditional
non-reusable launchers. These spaceplanes have different functions and must therefore be
treated differently from a legal standpoint.
Aerospace
2.a.Aerospace Spacecraft
This group of planes includes those craft having features more similar to space objects:
vertical take-off, launch from ground-based launchers, placement in orbit – where their
mission is carried out – and return to Earth performing a horizontal landing, sometimes in
another State (it takes off like a rocket, orbits the Earth like a satellite and lands like an
airplane). The US Space Shuttle is the first spacecraft of this kind. It is used to carry space
labs and other payloads into outer space and, in its re-entry phase, it lands like a glider in a
11

See: http://www.dirittoestoria.it/7/Contributi/Comenale-Responsabilit-danni-urtoaeromobili.htm
And on extending the Convention to damage caused by aircraft collisions, see ZAMPONE, Le nuove norme sulla
responsabilità del vettore nel trasporto aereo internazionale dei passeggeri, http://www.fog.it/articoli/00-0007.htm
12
See: ABEYRATNE, The Unlawful Interference Compensation Convention of 2009 and Principles of State
Responsibility in:
http://www.aviationdevelopment.org/eng/2010090702_publication	
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designated landing site in the US. The United States has defined its Shuttle as a space object;
therefore, it is governed by space law. There is a functional reason behind this: due to the fact
that its mission is mostly carried out in outer space and due to its limited maneuverability
during the re-entry phase, the Shuttle is considered like a typical spacecraft. The first Space
Shuttle to be successfully launched was Columbia, on April 12, 1981. Due to the wave of
enthusiasm that swept over the space sector in 1983, the joint NASA-ESA Spacelab program
was launched. European-built Spacelab was designed to be carried in the Shuttle cargo bay.
Moreover, the deployment of reusable launchers has become necessary with the advent of
large manned space stations. Unfortunately, a series of accidents compromised the
development of the program.
The United States’ new space program, called “Constellation”, envisages building new space
shuttles to replace the retiring shuttle fleet. The entire space program, though, has been
cancelled by President Obama’s administration, also in light of the recent global financial
crisis. Flying shuttle fleet past its scheduled 2010 retirement date would cost 3 billion dollars
per year and would increase the risk of potential accidents13.
NASA now has to pay to use Russian spacecraft or rely on private space providers, such as
Space X, which successfully launched its privately-built Falcon 9 rocket designed to transport
astronauts and cargo to and from the ISS.
Moreover, a new reusable launch vehicle called ORION is currently being designed: it is an
Apollo-like capsule that will carry cargo and crew to and from the ISS. However, its purpose
is still a secret – it is not yet known whether it’s a military or dual use program14. The X-37B,
instead, is another ongoing project for a new reusable launch vehicle, but, for the time being,
its mission is still classified. X-37B is launched using an Atlas V rocket and is equipped with
advanced state-of-the-art technology. Its main goal is to demonstrate reusable space
technologies and test new devices in orbit15.
The Progress freighter spacecraft was derived from Soyuz and is used for servicing the ISS.
Due to the US shuttle fleet retirement, Russian spacecraft have become increasingly important
and Russia is increasingly carrying out research in the field. In 2004, the Russian Space
Agency announced that it intended to replace Soyuz with the new Kliper spacecraft of the
RSC Energia company. Due to the lack of funds, the lack of support from the Russian
government and the lack of agreement with the European Space Agency that refused to
participate in development costs, the Kliper project has never entered the construction phase,
leaving the Soyuz (currently the only connection between the Earth and the ISS)16.
Of the ten countries, that managed on their own, to launch a satellite into orbit, six are Asians:
China, India, Iran, Israel, Japan and North Korea. China has favored the birth of private
launchers and the development of heavy launchers (Long March 5B) and super-heavy
launchers (Long March 9).
The Space Shuttle and the other vehicles included in this group, which carry out their function
in outer space, must be considered space objects and shall therefore be subject to the rules of
international space law governing registration, liability for damage, rescue and return of
astronauts and space objects17.
13
14
15
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See: http://www.mystars.it/EraSpaziale/Era_Spaziale_Navette_Spaziali_Shuttle_Buran.aspx
See: http://it.wikipedia.org/wiki/Orion_(veicolo_spaziale)
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For a broad discussion of the Conventions and their application, see See CATALANO SGROSSO, International
Space Law, Florence, 2011, LoGisma ed.	
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Today, most agencies tend to rely on private agreements signed between government agencies
or between States and private companies to regulate such cases, i.e. that of a spacecraft
performing suborbital flights and then landing in another State’s spaceport.
The US Space Shuttle and other future craft start their re-entry phase at approximately 8,000
Km from the landing site, passing through the atmosphere for 14-15 minutes and flying at an
altitude that is less than 60 km. Therefore, measures must be taken to avoid collisions with
other aircraft.
The security and traffic organization rules of the State, whose territory an aircraft flies, must
be mandatorily complied with; an agreement among the States involved in a certain space
plane mission seems to be the most feasible option18.
2.b. Applicable Law - International Space Law
A brief reference should be made to the Corpus Juris Spatialis, including the 5 Conventions
of the U.N. , which can be applied to recently treated aircraft19.
1. Treaty on Principles Governing the Activities of States in the Exploration and Use of
Outer Space, including the Moon and Other Celestial Bodies, (OST) signed in
Washington, London and Moscow on January 27, 1967, is largely based on the principles
contained in the resolution of General Assembly20, which forms the basis of space law.
It was ratified by 109 nations21, provides the basic legal framework on space law. It has been
defined as a Framework Treaty or Convention.
The OST sets out coexistence and cooperation principles. The former allow States to perform
their activities, but at the same time impose limits upon them, enabling States to coexist. The
cooperation principles set forth by the OST allow the progressive development of
international law. The provisions contained in the OST have been further elaborated and
clarified in subsequent implementation agreements. According to a broadly accepted theory,
there are at least four coexistence principles, which may be defined as constitutional
18

An example of such case is the MOU signed between Sweden and Virgin Galactic concerning suborbital flights
landing in Kiruna, Sweden, requesting the adoption of a regulatory regime modeled on what the U.S. Federal Aviation
Administration (FAA) did in the United States. See: NILSDOTTER, Spaceport Sweden – Your next Adventure: International
Perspective, paper at FAA Commercial Spacecraft Transportation Conference, 7 Feb., 2013; JAKU &NYAMPONG,
International Regulatory Standards for Spaceports, paper at Proc. 3Nd IAASS Conference, Rome Oct. 2008; the author
insists on compliance with Annex 14 of the Chicago Convention. 	
  
19

For the text of the following agreements in English, see: United Nations Treaties and Principles on Outer Space,
New York 2000, A/AC.105/572/Rev.3.; BOCKSTIEGEL BENKO (ed.), Space Law Basic Law Documents, vol. 1 part A,
Principal Instruments, A I; for the Italian version, see DURANTE, Lezioni di Diritto Aerospaziale, 1988; MASTRONARDI,
Codice di Diritto Internazionale dello Spazio – documentation collection – Miscellaneous, Firenze 2014. For the current state
of signatures and ratifications, updated on an annual basis, see ANNUAL REPORT, Standing Committee on the Status of
International Agreements Relating to Activities in Outer Space, Chairman Terekhov, Executive Director Office of
Administration of Justice, United Nations, in: Proceedings of the Colloquium on the Law of Outer Space, AIAA (pub),
CONTANT JORGENSON (ed.).

Declaration of Legal Principles Governing the Activities of States in the Exploration and Use of Outer Space, On the
codification of space law, see: POCAR, La codificazione del diritto dello spazio ad opera delle Nazioni Unite, in
FRANCIONI POCAR (editor), Il regime internazionale dello spazio, Milan 1993, p. 23 ff. 	
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principles and deduced from a common practice among space-faring nations which justifies,
at least as regards the first three principles, the existence of a communis opinio regarding the
legal need for such conduct. These principles are the following: 1) the exploration and use of
outer space, including the Moon and other celestial bodies, shall be carried out for the benefit
and in the interest of all mankind and States shall facilitate international cooperation in the
scientific investigation of outer space (art. I of the OST); 2) all areas of outer space shall be
free for exploration and use by all States without discrimination of any kind, on a basis of
equality and in accordance with international law (arts. I and III of the OST); 3) outer space,
including the Moon and other celestial bodies, shall not be subject to national appropriation
by claim of sovereignty, by means of use or occupation or by any other means (art. II of the
OST); 4) States shall be held liable for damage caused by space objects even if damage is
caused as a result of a lawful activity (arts. VI and VII of the OST).
These fundamental principles provide the basic legal framework governing the activities of
States in outer space.
The OST also sets out cooperation principles, which have been individually developed in
subsequent agreements.
2. Agreement on the Rescue of Astronauts, the Return of Astronauts and the Return of
Objects Launched into Outer Space 1968 (Rescue Agreement - ARRA)
The Rescue Agreement was ratified by 98 countries. reasserts the launching State’s sovereign
right over the space object it registered and any personnel thereof while in outer space or on a
celestial body. The first part of the Rescue Agreement (arts. 1-4) is dedicated to cooperation
among States in the rescue, assistance and return of the crewmembers of a spacecraft who
have suffered an accident or are experiencing conditions of distress or have made a forced or
unintended landing in a territory under the jurisdiction of a State or on the high seas or
elsewhere not under the jurisdiction of any State (art. 1).
The second part deals with the recovery of a space object or its component parts which have
“returned to Earth in territory under its jurisdiction or on the high seas or in any other place
not under the jurisdiction of any State” (art. V.1). Expenses incurred shall be borne by the
launching authority
.
3. Convention on International Liability for Damage Caused by Space Objects 1972
First of all, we must say that the responsibility regime envisaged by art. VI of the Outer Space
Treaty is a unique feature of space law with respect to general international law. Derogating,
in fact, from the general international rule according to which States shall only be held liable
for acts or omissions of public bodies or officials of any type and level, space law
significantly broadens the scope of chargeable behaviors as regards space matters. In addition
to a “commissive” liability regime for space activities carried out by governmental entities, as
set out in art. VI of the OST, international liability is envisaged for activities carried out by
non-governmental entities, for which States are to be held liable. This is also a result of a
State’s right to exercise its jurisdiction and control over such private entities, in accordance
with specific obligations set forth by the same article, whose ultimate purpose is to prevent
damage (Article VI of the OST).The Convention on International Liability for Damage
Caused by Space Objects (Liability Convention) was signed in London, Moscow and
Washington on March 29, 1972; as of January 2009, 96 States had ratified it. Articles II and
III of the Liability Convention identify two different cases: a) the first regards damage caused
to a third State on the surface of the Earth or to aircraft in flight; b) the second regards damage
caused to a space object of a third State or to persons or property on board such a space object
in outer space. In the first case there is an objective absolute liability, notwithstanding the
launching State’s fault. The existence of damage and the causal connection with the space
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object are sufficient legal grounds for liability and compensation for damage. As regards the
second case, where damage is caused to another space object in outer space, the launching
State shall be held liable only if damage is due to its fault or the fault of persons for whom it
is responsible.
4. Convention on Registration of Objects Launched into Outer Space
The Convention, signed in New York on January 14, 1975, recalls the provisions set forth by
art. VIII of the OST; as of January 2009, 69 States had ratified it. Implementing the legal
regime established by the previous conventions on outer space necessarily entailed the
identification of space objects and therefore, the registration of launches. The Convention on
Registration of Objects Launched into Outer Space (Registration Convention) establishes that
the launching State shall register a space object by means of an entry in an appropriate
national registry and shall provide the Secretary-General of the United Nations with all the
relevant information concerning all the space objects it has registered (art. II). The
Registration Convention also aims to introduce the flag State regime for space objects and
prevent severe damage from being caused by unidentified objects.
5. Agreement Governing the Activities of States on the Moon and Other Celestial Bodies
(Moon Agreement)
The Agreement Governing the Activities of States on the Moon and Other Celestial Bodies
(Moon Agreement) was signed in New York on December 18, 1979 but only entered into
force on September 11, 1984, following the deposit of the fifth instrument of ratification;
moreover, as of January 2009, only 18 countries had ratified it .This Agreement represents
one of the best examples of international cooperation and establishes principles that, rather
than simply recalling and specifying the provisions set out in the OST and the agreements
executed before activities were carried out on the Moon, pave the way for significant
advances in the field. First of all, it is worth underlining art. 11.1, which sets out that the
Moon and its natural resources are the common heritage of mankind. This article reintroduces
the concept of Common Heritage of Mankind as regards the exploitation of depletable
resources and the need to manage them at the international level.
However, the fact that States Parties undertake, under paragraphs 3 and 7 of art. 11, to
establish an international regime to govern the exploitation of the Moon’s resources,
represents a de negotiando
We briefly illustrated the contents of the five multilateral agreements on space law signed
under the aegis of the United Nations thanks to the work done by the Legal Subcommittee of
COPUOS. However, we must make some final remarks regarding the fact that, since the
drafting of the unsuccessful Moon Agreement, it has become impossible for States to reach an
agreement and create legally binding instruments, i.e. conventions, aimed at governing new
situations produced by the activities of States in outer space
3. Reusable means of commercial transport
The commercial suborbital flight sector - which poses various problems in determining the
applicable law, i.e. whether air or space law should apply - has not yet grown to the same
extent as air transportation, but it is growing fast.
Presently, space tourism is viewed as a money-making proposition by several companies.
Apart from Space Adventures, other companies are engaged in the sector, including the
following: Virgin Galactic, Starchaser, Blue Origin, Armadillo Aerospace, XCOR Aerospace,
Rocketplane Limited, the European “Project Enterprise”, and others.
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Most are proposing vehicles that make suborbital flights peaking at an altitude of 100-160
kilometers. Passengers would experience three to six minutes of weightlessness, a view of a
twinkle-free starfield, and a vista of the curved Earth below. Costs are expected to be about
$200,000 per passenger.
Several companies are already planning the first commercial spaceflights. Currently, Virgin
Galactic is designing the VSS Enterprise (SpaceShipTwo), a new type of commercial
spacecraft. A citizen astronaut will only require three days of training before spaceflight, and
the spacecraft will peak at an altitude of 130,000 meters. SpaceShipTwo flights will last two
and a half hours, carry six passengers and reach a speed of Mach 3.
As regards spaceflights carrying paying passengers, further requirements are necessary to
ensure safety of the crew and of space flight participants.
For each mission, operators must inform space flight participants, in writing, of the known
hazards and risks that they are taking and obtain full written and “informed consent” from
them. The issue sparked widespread debate among the legal community over the meaning and
value of “informed consent”. Informed consent cannot be considered a waiver of the right to
claim compensation for any damage that may be caused by an accident. It only serves to
enhance transparency: operators have a duty to inform SFPs of the risks that they are taking in
participating in such activity22.
However, to streamline the commercial suborbital flight sector, the licensee could make a
reciprocal waiver of claims with its contractors and subcontractors.
Commercial suborbital flights include two phases: the pre-launch and launch phases. There
are two types of launch vehicles performing such flights:
- A single-stage-to-orbit (SSO) vehicle reaches orbit from the surface of a body without
jettisoning hardware, expending only propellants and fluids and using a rocket propulsion
system. Once in orbit it releases its payload, then returns to Earth. In this case, the payload is
an integral part of the launch vehicle, which carries out its mission in outer space and is to be
considered a space object. Therefore, it shall be subject to the rules of international space law,
including those governing registration, jurisdiction and liability for damage.
- A multistage rocket (e.g. Space Ship One and Space Ship Two)) carries a second stage on
its back that is left behind in orbit. The first stage then returns to Earth, landing back at the
launch base, or, in the future, also at other launch bases. In this case, a distinction must be
made: before the second stage is released from its carrier craft, the vehicle shall be considered
an aircraft and shall therefore be subject to air law (even in the re-entry phase). The send
stage, instead, that after the release carries out its mission in orbit, shall fall within the scope
of space law23. As previously mentioned, however, air and space law differ greatly.
.
4. Italian-American cooperation
The Blue Origin of Bezos is preparing a reusable rocket, the New Shepard. The rocket carries
a capsule, with large windows and can carry 6 passengers, it can float at zero gravity and then,
with the help of three parachutes, he can descend in a controlled manner 24.

22

See: KNUTSON, What Is “Informed consent” For Space Flight Participants in The Soon-to-Launch Space
Tourism Industry, 2007, 33 Journal of Space Law, 105 	
  
23

See HOBE, MEISHAN GOH, NEUMANN, Space Tourism Activities, cited, note 14, p. 364 ff
	
  Anche la cinese CALT (China Academy of Launch Vehicle Technology) sta sperimentando una serie di navette
spaziali a decollo verticale, che possono trasportare fino a 20 turist 	
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Virgin Galactic has carried out a project of a space plane, Space Ship Two, a shuttle that will
take up six tourists to 100 km, to experience zero gravity for a few minutes.
The shuttle is transported, up to the higher part of the atmosphere, by a basic aircraft, the
Scaled Composites White Knight Two, then it is released at 15 thousand m from the ground to
be pushed by a rocket engine over the Karman line. The shuttle, which cannot enter the orbit,
re-enters the atmosphere and lands in a conventional manner.
A new collaboration agreement between Italy and the United States, signed at the
headquarters of the Embassy of Italy in Washington, further consolidates relations between
the two countries in the aerospace sector25.
Two strategic agreements were signed at Mola di Bari, in the Pertosa group plant, by Sitael26:
one with Virgin Orbit for launching satellites in space; the other with Virgin Galactic and
Altec, a company controlled by the Italian Space Agency, for suborbital flights.
The aim is to identify an Italian space port (Grottaglie in the province of Taranto) for
suborbital experimental operations with the Space Ship Two shuttle for training pilots and
astronautics for space tourism and transform the Puglia Region into one of the main European
centers for commercial transport in space.
Altec (a company owned by ISA and the French company Thales Alenia Space) and Sitael
have signed an agreement with Virgin Galactic to found an Italian company that will produce
spaceships in southern Italy. The new infrastructure could also be the gateway to the space for
other types of activities, beyond tourism, such as the launch of small satellites, astronaut
training, science in microgravity or testing of new technologies27.
4. US legislation, European legislation, Italian legislation
In the US, such flights fall within the scope of US air transportation law and specific
regulations of national law were implemented by the Federal Aviation Administration (FAA).
Such regulations include the following acts:
- the 1986 Commercial Space Launch Act (Title 49 of the US Code, chapter 701);
- the Commercial Space Transportation Reusable Launch Vehicle and Reentry Licensing
Regulations, Final Rule;
- the 2004 Commercial Space Launch Amendments Act (amending Chapter 701 of Title 49
U.S.C.): the US Government released a set of proposed rules to promote commercial
spaceflights28.
Under current US law, any company proposing to launch paying passengers from American
soil on a suborbital rocket must receive a license from the Federal Aviation Administration’s
Office of Commercial Space Transportation (FAA/AST). The licensing process imposes

25

	
  	
  See:http://www.meteoweb.eu/2018/10/voli-suborbitali-aeroporto-grottaglie-accesso-umanospazio/1164955/#b5pelsvsX3vuXMB5.99	
  
26

	
  	
  SITAEL is the largest privately-owned Space Company in Italy leading the development of the Small Satellites sector.
With over 350 employees and state-of-the-art facilities, SITAEL covers all the processes needed for the Design,
Development and Production of Small Satellites, Advanced Propulsion Systems, Instruments and Avionics:
www.sitael.com/about-us/organization	
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See: Commercial Space Launch Amendments Act
http://www.space.com/news/congress_spacetourism_041209.htm	
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safety requirements, and the details can be found in the Code of Federal Regulations, Title 14,
Chapter III. As always, he tends to make regulations uniform.
To date, the US is the only country to have implemented a specific regulatory framework for
commercial suborbital flights. Other countries have issued domestic space regulations, such
as Australia’s Space Activities Regulations 2001, no. 186 – which requires launch and reentry permits and authorizations but does not take the human element into account, i.e. the
presence of passengers aboard an RLV. Other examples include the 2007 Dutch Space
Activities Act, the United Kingdom’s Outer Space Act 1986 and the Swedish Act on Space
Activities 1982. All these regulations, however, fail to specifically address commercial
suborbital flights. This seems to indicate that such flights should fall within the scope of
domestic air law29.
Recently, in a cooperative framework, the ENAC (National Agency for Civil Aviation), on
March 14, 2014, signed with the FAA (Federal Aviation Administration) a "Memorandum
for the development of subspace commercial transport" in order to elaborate adequate
legislation with the support of American sector legislation30.
Although the EU Regulation does not expressly state that EASA shall also regulate
commercial suborbital flights – unlike the US law – if vehicles performing commercial
suborbital flights are considered aircraft, such flights shall also fall within the scope of EASA.
While in the US FAA grants a license, in the EU EASA grants an authorization. Some
authors claim that while under a license an operator is to be held fully liable for operations, a
certification entails that the certifying authority shall also be held partly liable31.
The above mentioned suborbital flights are subject to EU regulations (Treaty on European
Union) and international transportation law and fall within the scope of ICAO.
If there were an agreement between the parties, the license, released from the Federal
Aviation Administration’s Office of Commercial Space Transportation(FAA/AST), for the
American suborbital aircrafts could be considered automatically recognized, thanks to the
specific and detailed American legislation.
As far as ports are concerned, Italy cannot renounce its own legislation that regulates the new
phenomenon on the Italian territory. In a short time the relevant authorities (ENAC in
collaboration with the USA, according to the Memorandum ) should enact a legislation about
the characteristics of the port space and the indispensable safety criteria. As the phenomenon
of suborbital flights widens, specific legislation should be adopted at national and European
level.
5. Conclusions

29

For a detailed analysis of national and international law, see: LANGSTON, Suborbital Flights: A Comparative Analysis of
National and International Law, in Journal of Space Law 2011, no. 2, vol.37, p. 299; FANEMA, Suborbital Flights and
ICAO, (2005) 36 Air and Space Law, issue 1, p.87 ff.	
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The agreement to cover the suborbital flight sector, between the Italian Air Force, ENAC and the involvement of ASI,
signed at the Casa del'Aviatore, in Rome, on June 30, 2016, with the United States, is part of the economic development
policy, the cd Space Economy	
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See: HOWARD, Points of connection: relating ICAO Annex 14 to Spaceport, in Annals of Air and Space Law 2013, vol.
38, p.281. The author also addresses the issue of aerodrome certification, which may differ from airport certification, and
suggests that regulations should be made uniform. For the application of national and international law, also see: UPASANA
DASGUPTA, Legal Issues on Sub-orbital Space Tourism: International and National Law Perspectives, in Annals of Air and
Space Law 2013, vol.38, p. 237	
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Among the spatial, functional and the specific regime approach, the functional approach
seems to be preferable, although it needs to be adjusted in order to meet the specific needs of
a different type of aircraft, i.e. aerospace planes.
Moreover, it would take too much time to draft new legal instruments or amend existing ones.
Therefore, signing specific cooperation agreements among the parties and applying private
law, which is increasingly regulating the transportation and insurance sectors, seems to be the
solution to this problem.
Specific situations regarding aerospace planes, such as flying through the airspace of another
country or landing in areas subject to the sovereignty of a State other than the launching State,
will likely be regulated by special agreements between the States involved.
As far as Italy is concerned, the agreement between ALTEC SpA and Virgin Galactic
emphasized the need to adopt legislation, even in the long term, that is capable of adapting to
new needs.
The position of our country, the easy access to the sea and the areas of low population
density, make it an ideal launching country..
There is no specific legislation in Italy for these suborbital aircraft, at present, considering
them a means of transport beyond the Karman line, we must consider them subject to the
discipline of air law. Discipline to be reviewed tomorrow for the Blue Origin New Shepard,
which has the characteristics of the space object, which takes off and lands vertically without
gliding like an airplane.
The air traffic law also involves the application of all the international regulations of the
sector and the Regulation (EC) n. 216/2008 of the European Parliament and of the Council of
20 February 2008, laying down rules in the civil aviation sector and establishing a European
Aviation Safety Agency (EASA), which is in charge of civil aviation safety in the EU,
The Regulation provides for standard rules to guarantee the security of civil aviation and
environmental protection. The safety problem much interests the sector of suborbital flights
which have a higher level of risk than normal flights. More than ever, the discipline of the
Regulation must be applied, nor the opinion, of those who would like to remove them, can be
considered as experimental airplanes envisaged by Annex II of the Regulation32.
This road does not seem viable and because it does not seem that these aircrafts have the
characteristics required by the annex II and because the experimental aircrafts are not
authorized to carry out commercial operations. Finally, in the absence of specific legislation,
it is not possible to avoid the security checks and guarantees of European legislation,
EASA is an independent EU agency engaged in implementing and monitoring safety rules,
giving type-certification of aircraft and components, authorizing foreign operators and giving
advice for the drafting of EU legislation33.
Finally, as previously mentioned, with the advent of private operators also in the field of
space transportation, the matter is likely to be regulated by private law; clauses will be
contained in transportation and insurance contracts to cover the different cases of liability for
damage, without prejudice to the ad hoc internal provisions issued by the States responsible
for space activities carried out by private parties.

32

	
  
	
  “Aircraft specifically designed or modified for research, experimental or scientific purposes and likely to be
produced in a very limited number". II Aircraft pursuant to art. 4, paragraph 4 of Reg. (CE) n. 216/2008 of 20 February 2008	
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The issue regarding certification for operations, crew and passengers was also addressed at the European level. See:
ESA General Studies Programme:
http://www.esa.int/out_Activities/Preparing_for_the_Future/GSP/ESA_to_help_Europe_prepare_for_space_tourism
For an overview of the situation in Europe, see: MASSON ZWAAN, Regulation of Suborbital Space Tourism in
Europe -A role for EU/EASA, 2010/35 Air and Space Law issue 3, p. 263 ff.
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ABSTRACT
Nowadays, the comfort study is an important issue in the design process of an airplane. One
of the major problem to face is the sound transmission and insulation of aeronautical panels.
In this work higher-order layer-wise models are proposed for the analysis of the passive noise
reduction of laminated panels. The passive sound insulation is based on the use of
interlaminar viscoelastic layers. An analytical approach, based on the Navier solution, is
here presented for the analysis of multi-layered cross-ply composite plate embedding
viscoelastic layers, taking into account the frequency dependency of the viscoelastic materials
through a fractional derivative mathematical model. The acoustic insulation of the panels is
evaluated by computing its sound transmission factor using the Rayleigh integral method.
Some results are presented to validate and demonstrate the efficiency of the present
approach, comparing the present solutions with other ones present in literature.
Keywords: Sound transmission; Navier solution; multi-layered plate; Layer-Wise.
1

INTRODUCTION

The analysis of the vibration characteristics of layered structures is of primary importance in
the design process of aerospace, automotive and ship vehicles. The sound radiated by the
structure vibrations is a practical issue in the study of the aircraft comfort and in the
improvement of the insulation of aeronautical panels. In order to well determine the vibration
behaviour of multi-layered structures, designers have to take into account the anisotropy and
other complex phenomena, i.e. zig-zag displacement distributions trough-the-thickness, or the
in and out of plane strains coupling. In the open literature several displacement based
formulation have been developed for isotropic and anisotropic plates and shells [1-3]. A
comprehensive study on the dynamic analysis of isotropic and composite plate and shell
structures is given in [4]. Typically, the sources of sound irradiate energy through the action
of vibrating solid surfaces upon surrounding fluid. Multi-layered structures provide a better
acoustic insulation with respect to monolayered ones [5]. Several works are devoted to the
study of the sound transmission through solid surfaces. Experimental evaluation of sound
transmission through single and multi-glazing can be found in [6,7]. Various theoretical
approaches are developed to compute the sound insulation of double elastic panels in [8,9].
Multifunctional composite materials are studied for their advantage use in many aircraft
components [10]. A new honeycomb core design has been investigated to reduce the sound
transmission at low frequencies [11]. A relation between the damping loss factor and the
sound transmission analysis is studied through a statistical campaign in [12]. The boundary
element method is used to investigate the sound barrier multi-layered structures in [13]. The
effects of a viscothermal fluid and the elastic panel vibro-acoustic behaviour is studied with a
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finite element formulation in [14]. A better acoustic insulation is obtained introducing a thin
viscoelastic sheet within the multi-layered panel. Commonly, many vibration damping and
noise control systems are made as sandwich structures with viscoelastic layers. However, the
accurate modelling of these viscoelastic multi-layered structures is not simple in practice due
to the difficulty to measure the dynamic properties of the viscoelastic sheets that are
frequency and temperature dependent. In order to well describe this complex behaviour,
fractional derivative models have been employed for the definition of real viscoelastic
materials [15]. This motivated several authors to develop accurate numerical methods for
modelling the effects of viscoelastic damping mechanism which introduce frequency
dependence [16,17]. Some experimental results concerning the sound transmission through
laminated glass with viscoelastic interlayer are given in [18]. A theoretical study with higherorder plate finite elements and with a design of some stacking parameters, through a particle
decline swarm optimization process, of multi-layered viscoelastic flat panels is given [19].
The sound transmission FEM analysis of multi-layered composite viscoelastic shells is
investigated in [20].
The novelty of the present paper is focused on the development of an advanced analytical
plate formulation for the sound transmission analysis of viscoelastic composite plate
structures taking into account a fractional derivative approach for the viscoelastic sheets. To
the best authors knowledge, very few results on an analytical model based on GoldenveizerNovozhilov thin shell theory is used for the active control of the sound transmission of a
simplified aircraft fuselage [21] and sound transmission through composite shells using
analytical model neglecting structural damping [22] are present in literature. For the reason
stated above, an analytical advanced plate formulation for the sound transmission analysis of
viscoelastic composite multi-layered structures has been developed here. The results are
obtained with an in-house code, developed by Authors. The governing equations are derived
from the Principle of Virtual Displacement (PVD) and are solved by the use of the Navier
method. Orthotropic properties for composite materials and the frequency dependence of the
viscoelastic material are taken into account.
2

DYNAMIC PROBLEM FOR PLATES

The present 2D analytical plate formulation is based on the principle of virtual displacement
(PVD), defined as follows:
(1)
where the variation of the internal work plus the variation of the inertial work must be equal
to variation of the external work due to the applied loads. The integrals are defined in the
plate mid-surface domain Ω and the thickness domain A, the internal strain and stress vectors
are ϵ and σ respectively, ρ is the material density, the mechanical displacements, their
accelerations and the external traction vectors are u, and t respectively. The mechanical
displacements u = {u,v,w} are defined in the plate reference system {x,y,z}. Taking into
account the complex elastic material constitutive equations, see [15,17], the linear geometrical
relations for plate, see [23], and using the mechanical displacement assumptions, the
governing equations can be derived in a compact form as follows:
(2)
where K is the complex stiffness matrix, M is the mass matrix, P is the load vector, is the
displacement vector in the frequency domain. In order to introduce the displacement
kinematic assumptions, in this work the generalized Galerkin method is employed, as well
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described in the book of Washizu [24], and the three-dimensional mechanical displacement
functions can be expressed as follows:
(3)
where the three-dimensional displacements can be approximated by a proper choice of the
and of the functions along the thickness
functions in the plate reference surface
, moreover the accuracy depends also on the number of terms N. In this work the
attention is focused on advanced plate kinematic models well-known in literature as LayerWise models (LW). In order to easily implement this modelization, the Legendre polynomial
are used and, in particular, an higher-order cubic expansion LW3 has taken into account:
(x,y)

(4)

where k denotes that this polynomials are defined for each layer k of a generic multilayered
structures, and ζ is defined in the local layer domain as: -1≤ ζ ≤1.
The Navier-type solution is employed to approximate the solution field within the structure
mid-surface domain. According to the Navier approach, the generalized displacement can be
expressed as a linear combination of a double trigonometric (Fourier) series [23]. The
boundary conditions lead to the choice of the trigonometric functions. Moreover, the specially
, is
orthotropic material case, in which the material coefficients
considered. For a simply-supported plate structure, the generalized displacement array is
defined as follows:

(5)

where m and n are the half-waves defined on the whole plate domain (x,y), a and b are the
domain dimensions in the x and y directions respectively, Umn, Vmn, Wmn are the displacement
unknowns. For a practical and computational purpose, a truncated Fourier series is used. As it
is well known from the literature [23], the solution accuracy increases with the number of the
trigonometric series terms.
2.1

Sound transmission for plates

The sound insulation property of the multi-layered plate structures can be evaluated through
some indicators such as the emitted acoustic pressure p obtained using the Rayleigh Integral
[25]:
(6)
where ρair is the mass density of the acoustic domain, k is the wave number defined as
k=ω/cair, cair is the acoustic sound speed, vn is the normal vibrating velocity of the external
plate surface, R is the distance between the vibrating surface element at (x’,y’,0) and the point
(x,y,z), where the sound pressure is estimated. Moreover, another acoustic indicator is the
sound power Πt radiated or transmitted by the plate surface Ω, which is defined as follows:
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(7)
where the sound power is calculated taking into account only the real part of the surface
integral. It has to be noticed that the sound pressure and the plate vibrating velocity are
is the complex conjugate of the normal vibrating
evaluated on the plate surface z = 0, and
velocity.
3

RESULTS

3.1

Isotropic plates

In order to validate the present analytical approach, a rectangular simple panel is considered,
taking the data from the work of Larbi et al. [26]. The geometrical dimension are: a = 350
mm, b = 220 mm, h = 1 mm. The material properties are E = 71 GPa, ν = 0.33, ρ = 2814
kg/m3. The complex shear modulus is defined as G = G0 ( 1 + jη ), where G0 = 26.69173 GPa
is the static shear modulus, and η = 0.01 is the damping coefficient. A normal incident plane
wave excites the bottom surface of the plate with a pressure amplitude of 1 N/m2. The
sound pressure and its transmitted acoustic power are evaluated from the top plate surface
where the air has the following properties ρair = 1.21 kg/m3, cair = 340 m/s. The results are
given in terms of normal incidence sound transmission (nSTL), varying on the frequency,
defined as follows:
(8)
where Πi is the incident sound power, Pinc is the normal incident sound pressure amplitude, Sb
is the bottom plate surface. The present results are compared with a FEM LW4 solution taken
from the work of Valvano et al. [19]. A convergence analysis is performed on the number of
half-waves m and n employed for the in-plane trigonometric functions, see Figure 1 and Figure
2. In order to obtain a convergence on the transmitted sound power accuracy, in the
considered frequency range f = [10:1000] Hz, the half-waves number has to be set to m=n=9.

Figure 1 Convergence analysis on the half-waves number in the range f = [10:1000] Hz, with a LW3
kinematic model.
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Figure 2 Convergence analysis on the half-waves number in the range f = [400:1000] Hz, with a LW3
kinematic model.

Moreover a 3D representation of the sound pressure emitted, at different frequencies f = 30
Hz and f = 300 Hz, from the top plate surface to a distance of 0.5 m is given in Figure 3Figure
3. As expected, the near field distribution has a similar shape with respect to the structure
mode shape, while the far field tend to assume a constant pressure distribution.

(a)

(b)

Figure 3 Three-dimensional sound pressure representation (a) at f = 30 Hz, (b) at f = 300 Hz, from the
top plate surface to a distance of 0.5 m.

3.2

Composite plates

A rectangular multi-layered composite plate, with a lamination [0°/90°/visco/90°/0°], is
considered as second assessment, taking the data from the work of Valvano et al. [20]. The
geometrical dimension are: a = 1.5 m, b = 0.66 m, htotal = 0.05 m. The composite material
properties are E1 = 130.8 GPa, E2 = E3 = 10.6 GPa, G12 = 5.6 GPa, G13 = 4.2 GPa, G23 = 3.0
GPa, ν12 = ν13 = ν23 = 0.36, ρcomp = 1543 kg/m3. The viscoelastic core material properties are
defined through a fractional derivative law [15], where the complex shear modulus is defined
as G(jω) = G0 + G0 ( d - 1)( jωτ)α/(1+ jωτ)β, where G0 = 0.8 MPa, d = 1570.0, τ = 7.23 X 10-10
s, α = 0.566, β = 0.558, and the material density is ρvisco = 1300 kg/m3. The viscoelastic core
thickness is hvisco = 0.01 m, and each composite layer thickness is hcomp = 0.01 m. A normal
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incidence plane wave excites the bottom surface of the plate with a pressure amplitude of 1
N/m2. The sound pressure and its transmitted acoustic power are evaluated from the top
plate surface where the air has the following properties ρair = 1.21 kg/m3, cair = 340 m/s. The
results are given in terms of Sound Power Level (SPL), evaluated at the top plate surface as
follows:
(9)
Some results are plotted in Figure 4 for the composite plate with viscoelastic core taking into
account different kinematic models, from a linear layer-wise LW1 to a fourth-order
polynomial expansion LW4, moreover a trigonometric expansion with m=n=9 is considered.
It has to be noticed that in the frequency range f = [0:1000] Hz a parabolic expansion LW2 is
sufficient to get the same accuracy of higher-order kinematic models.

Figure 4 Composite viscoelastic plate with lamination [0°/90°/visco/90°/0°] for different kinematic
models.

4

CONCLUDING REMARKS

In this work and advanced analytical formulation with higher-order layer-wise through the
thickness polynomial expansion is developed for the sound transmission analysis of multilayered composite plates. The present analytical formulation permits to include in the
variational principle the effects of frequency-dependent viscoelastic materials through the use
of fractional derivative models. In order to assess the present formulation various example are
considered from isotropic rectangular plates to multi-layered composite laminates with
viscoelastic core. The results have been compared with those from the literature and higherorder FEM solutions whenever possible, and the following conclusions can be drawn:
The radiated sound power results, obtained by the proposed analytical approach, are in
good agreement with the FEM results taken from the literature.
A limited number of half-waves (m=n=9) are necessary to correctly reproduce the
radiated sound power engendered by a constant uniform incident pressure.
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As expected, higher-order through the thickness kinematic models are necessary to
well describe the dynamic behaviour of multi-layered composite structures with
viscoelastic core.
Future development will be devoted to the extension of the present analytical
formulation to the sound transmission analysis of multi-layered shell structures.
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ABSTRACT
This paper illustrates a VR Interiors Simulator developed by the VR Lab @ CIRA, the Italian
Aerospace Research Centre, leveraging the immersive approach and first-person interaction
by an immersed user so that he/she be able to check out reachability, habitability and comfort
issues.
As in a typical comparison application, more than one scene configuration is loaded in the app
preparation phase in order to setup a switch logic among them. At test execution, a user is thus
allowed to switch from an environment configuration to another in order to compare them
against his/her subjective comfort parameters by simply pressing a button on his/her handheld
controller so to give them a preference score.
The protocol followed by CIRA for the human-in-the-loop subjective assessment of innovative
design of business jet interiors thus included two user questionnaires: the first one specific for
the purposes of the core evaluation i.e. the comfort aspects, the second one aiming at validating
the user acceptance of VR, of the immersive approach, and of the specific VR application itself.
In this paper, the results of the latter kind of evaluation are presented for a subjective test
campaign made up of #23 testing subjects.
Keywords: subjective comfort assessment, immersive VR, Unreal Engine 4, aircraft interiors.
1

INTRODUCTION

The immersive VR application has been developed within the CASTLE project framework
(CAbin Systems design Toward passenger welLbEing) in order to carry out subjective tests of
an innovative design concept for cabin interiors of a future business jet proposed by ACUMEN
DESIGN ASSOCIATES. In the workflow envisaged in CASTLE, design concepts undertake a
user-centered evaluation process when still at electronic design stage in order to let sample
passengers judge design choices, so to send designers feedbacks on how comfortable their
solutions have been perceived [1].
User tests regard various aspects of the comfort relevant to designers’ interests: visual comfort
(style, pleasantness), and ergonomic comfort (spaciousness, objects and command reachability)
[2]. The most relevant environment for such kind of comfort tests is, of course, a real passenger
cabin or a physical mockup of it built up for the purpose. A virtual alternative before building
up anything physical can give designers a good flavor of future user acceptance, assuming the
virtual representation and the related experience are of a very good level of representativeness
(the graphics representation is a credible virtual counterpart of the designed interiors in terms
of 3D models and material rendering, and the sensory experience is not misleading for the
testing persons) [3].
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THE IMMERSIVE VR APPLICATION USED FOR SUBJECTIVE TESTS

The Virtual Interiors Immersive Simulator, based on the Unreal Engine 4 (UE4) game engine
software developed by Epic Games, offers a high fidelity graphics experience that takes into
account all lighting parameters and materials characteristics. The immersive visualization,
achieved through a head-mounted helmet (HMD), best fits to the immersive approach because
it maximizes the sense of “being at the center of the virtual scene” [4] for the user thanks to the
whole coverage of its field of view by the graphic scene visualized.
The aircraft interiors layout suggested using an Oculus Rift headset, that is a Virtual Reality
HMD developed and manufactured by Oculus VR, a division of Facebook Inc. for standing and
sitting evaluation session of ergonomics since its touch system is mostly oriented to reachability
analysis thanks to the vibration feedback returned.
The VR runtime application, whilst devoted to real-time rendering for keeping up with
interactive frame rates (target frame rate for the Oculus Rift is 90Hz), presents the users a quite
good rendering quality even with a non neglectable number of lights and expensive rendering
effects (per pixel lighting, smooth shadows, #2 mirrors, one reflective surface for the central
deployable table to name a few).
The application employed CAD data supplied by the designer of the business jet interiors test
case (Acumen Design Associates). In particular, the models were sent to CIRA by Acumen in
STEP format for the 3D model part of the environment, while images were passed aside as
material textures along with a comprehensive document describing the mapping of materials to
interiors surfaces (Figure 1).

Figure 1. STEP model and colours, materials and finishes definition for VR model.
The user assessment of comfort aspects of the passenger cabin of a business jet aircraft requires
the best lifelike rendering quality possible at immersive VR rates. Interactivity requirements
include freely moving within the whole cabin environment, switching among different interiors
configuration (materials a/o furniture models) to be rated for preference, interacting with
objects and movable parts of furniture in the cabin interiors, and, finally, the ability to perform
tests wrt. his/her own body size [5][6][7][8].
The developed application allows a number of interactive mechanism for switching between
two material configurations (material set 1 “dark” – material set 2 “clear”), for manually
interacting with objects in the environment (laptop, dishes, towel, cutlery, glasses, etc.) by
means of the hand controllers, for activating animations (the central area deployable table and
the reclining seat), and for quickly teleporting to other areas in the virtual cabin. The first
contact force feedback gives to the virtual passenger the ability for testing reachability and
usability of the features of the virtual objects to be tested all around him/her (Figure 2) [9][10].

323

Comfort of Aircraft Interiors in VR

Guida, Leoncini

Figure 2. Manual interaction with dishes in different interiors configuration.
The movement of the head, in terms of position and orientation (six degrees of freedom, 6-DoF)
is connected to the virtual camera; the movement of the hands controls their virtual counterparts
in the 3D scene. Furthermore, by only using head and hands HMD tracking data and the
blending of predefined full body avatar animations, whole body movements are reproduced
resembling user’s actual ones (Figure 3).

Figure 3. Lavatory mirrors reflecting male and female user's avatar mannequins.
Other commands are activated by an operator under tester request (all the user-activable ones,
teleport to specific zones, initial calibration of avatar mannequin size).
3

THE CONCEPT DESIGN UNDER EVALUATION

The immersive VR test campaign on Business Jet Aircraft Interiors involved 23 people aged
between 32 and 63 years with an average age of 47 years.
The questionnaire submitted after the test in immersive VR mainly concerned general design
considerations on the proposed model but also the ability to use arms and hands to do
reachability tests, and to roughly measure spaciousness by relating to oneself avatar.
The gender of participants was almost equally distributed between males and females, with a
slight prevalence of men (60.9% vs. 39.1%) and a high or very high school education
(University degree or PhD).
Flight experience, even not in business/private jet, measured in number of flights performed,
was higher than 10 times for almost the 80% of them.
The experimenters were subdivided into groups of 5-6 components that have been subjected,
first, to a general training concerning the type of experience to carry out and the aspects to be
evaluated as well as the operating mode of the immersive virtual experience.
After the actual virtual experience, lasting about 10 minutes, in which users-testers were
subjected to two different interior configurations in which it was possible to test the various
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environments of the aircraft by activating animations (of tables, seats, screens) and manually
interacting with the objects of the scene, an evaluation questionnaire has been proposed to them.

Figure 4. The various areas of the whole cabin, and corresponding aspects of the comfort to evaluate.

The general style of the cabin in terms of material and colors has been rated at least good by
more of 85% of the users and even excellent by more of 65% of them.
The users agreed to associate luxury and homely feelings to the cabin interiors for more than
90% and 80% respectively. The two configurations proposed A, named white marble table and
B, named black marble table, were almost equally considered overall pleasant (59% vs. 41%).

Figure 5. The two configurations proposed. Material set A and B.

4

RATIONALE OF THE IMMERSIVE VR-BASED SUBJECTIVE
EVALUATION PROCESS

Subjective tests – i.e. tests done by humans by their senses as their own personal
unchallengeable judgment, strongly depend on how each single tester actually perceive the
submitted stimuli. In the case of comfort tests in an immersive virtual environment, test results
are mostly dependent on how “good” is the virtual environment built to represent the design to
give a rate. Stimuli are constituted by the 3D graphics rendered of the cabin environment to the
HMD at interactive rate, by the interactions allowed to users within the cabin environment, and
by the feedbacks the application has set up to alert the user [11].
By these considerations, a strong pre-condition for taking in the right consideration the results
of a user’s subjective test campaign is that the simulating virtual environment can be considered
a valid synthetic representation of the proposed design from several point of views: the
correspondence (adherence) to the designer’s intentions (the VE well represents the designer’s
project), the way to leverage user senses to convey the project. Simply put, a very good design
could be possibly judged negatively due to the poor way for the representing virtual
environment to “present” it to human testers.
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When building up a VE application, several source of errors could lead to a “bad” virtual
representation, either of technical/technological nature (poor interface devices such as the
HMD, its tracking capabilities, hand controllers, bad computer performances hitting the
application frame rate and rising latency, low graphics rendering quality too far from reality,
etc.), or dealing with a possible mis-correspondence of the 3D virtual model of the environment
with the one the designer has modelled (3D shapes, materials, lights, external lighting
conditions, etc.). The latter problem can arise when the design software and the one used for
the VR are not the same or a data/format conversion has been needed for interfacing them, a/o
when data passed from design to VR are possibly not complete or just “described” rather than
hardcoded in data files. Other than doing the same work twice, this possibly leads to doing the
same thing in different ways – e.g. a material could be characterized in different ways in two
different software, not to mention that insufficient input could leave the VE implementer an
“interpretation” freedom error prone [12].
Yet, while the data-related source of badness of a VR representation of a design can be worked
around by a verification of the final VE by the designers, the application-related ones must be
checked by submitting the VR application to a larger audience in order to be somehow
“certified” by a sufficient number of judgments.
Thus, side by side the comfort test of the new-generation interiors proposed for the business jet
a subjective test of the immersive VR application itself must be done with the idea that it
constitutes the transfer medium of the design to be evaluated to the testers, and that a bad VE
application ends up to invalidate results of the subjective tests regarding the design.
The protocol followed by CIRA for the subjective testing of the Acumen’s innovative design
of a business jet included two user questionnaires, based on Likert five-points scales [13]. The
first one specific for the purposes of the core evaluation i.e. the comfort aspects, a second one
aiming at validating the user acceptance of VR, of the immersive approach, and of the VR
application just experience.
5

RESULTS OF THE SUBJECTIVE TESTS REGARDING THE IMMERSIVE VR
APPROACH AND THE VR APPLICATION

Finally, more than 95%of the users enjoyed, in general, the VR Experience. As anticipated, the
same #23 persons that tested the design against comfort aspects were asked to evaluate the
application used for the VR experience, and, in general, the immersive VR approach for the
purposes of the tasks. In the following a synthesis of the user considerations and related rates.
The Virtual Reality experience has been fascinating (charming), fine, good, warm, nice, active,
predictable, funny, and neither frightening nor sad for a large part of the audience.
A 70% of testers were able to control events. The environment responded to the actions nearly
80% of the testers have undertaken. Experiences done in the virtual environment have seemed
very to quite conforming with those of the real world to 70% of users, and just partially to the
rest.
More than 78% of them were very or quite able to explore and actively inspect the environment
with sight, only 22% partially. The feeling of moving within the virtual environment resulted
very or enough convincing for a bit less of 75% of testers, partially to 13% of them. Regarding
examining objects from multiple points of view, more than 80% could do it. Almost all the
subjects have felt involved in the virtual environment experience.
An 87% of the testers quickly adapted to the virtual environment experience, 13% neither
quickly nor slowly. A 56% of the testing sample felt competent in moving and interacting with
the virtual environment at the end of the experience, 35% was medially competent.
The quality of the head-mounted display interfered or distracted the performance of the
assigned tasks or the activities required a little or not at all of the large majority of them.
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Almost all answered that the quality of the graphics rendering affected positively the execution
of the assigned tasks or the required activities. Instead, the interface devices (HMD, the
connecting cable, hand controllers) have interfered little or not at all with the execution of the
assigned tasks or the required activities for just the 50% of users - for the rest, devices interfered
partially or even much (maybe in particular referring to the cable of the Oculus Rift used).
The small tracked area partially limited a little or not at all the performance of the required
activities of about 50% of the subjects, 43% were satisfied instead.
63% of testers have been able to concentrate on the tasks assigned or on the tasks required rather
than on the mechanisms used to perform these tasks or activities, 23% only partially.
Almost all the audience rated the Virtual Reality experience as a whole positive or very positive.
Their performance in the Virtual Reality environment was satisfactory for almost all the
participants.
Among the sensory aspects of Virtual Reality that could be improved, most rated were:
•

•

the audio related ones (sound/noise as manipulation feedback, the congruence between
the movement of objects and the sound associated with it, and an environment audio
relevant to the specific application);
the manipulation related ones (perception of object dimensions related to their
manipulation, and the sensation of having touched objects).

Practical aspects of Virtual Reality tested that could be most improved by the testers’ opinion,
•
•
•

the tracked area;
the area where the VR experience has been held;
the hand controllers.

More than 80% of them could actually reproduce in real the operations performed in Virtual
Reality.
Almost all of the testers could explore the environment by moving with their head, while a total
of 70% could actually explore the environment by moving with their whole body. The large
majority of them felt comfortable in the virtual environment.
During the Virtual Reality experience they felt:
•
•
•
•
•
•
•
•
•

little disoriented;
neither little nor much excited;
very little troubled and indifferent;
enough happy;
very little embarrassed;
quite satisfied;
very little frustrated;
neither clearly relieved nor the contrary (maybe the question has not interpreted
correctly, though);
very little disappointed.

At the end, they resulted a bit happier and more satisfied than during the experience.
During the Virtual Reality experience, they have experienced very little of all these sensations:
nausea, disgust, stress, dizziness, tension, anxiety, boredom (being annoyed), while at the end
they zeroed almost all these negative sensations.
As to users’ opinion, performance that can be obtained in Virtual Reality mostly depends on
the functionality of a Virtual Reality application and on technological capabilities of Virtual
Reality rather on individual skills or person’s mood.
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A 78% of the interviewed think it is possible to make a visual quality assessment in Virtual
Reality, while 82% of them think it is possible to carry out an assessment of the reachability of
commands and accessibility of objects.
Finally, 65% of the samples think the presence of environment noise perceived in the cabin
would have positively influenced the required evaluations, for the 26% it is irrelevant.
Thus, by concluding, this comprehensive additional questionnaire has pointed out that both
immersive VR and the specific VR application have largely passed the acceptability threshold
to be considered reliable for the task of subjective comfort tests.
6

CONCLUDING REMARKS

In this paper, the immersive VR set up realized for carrying out the user evaluation of the
passenger cabin of the business jet case study has been described, and results of the subjective
tests have been discussed.
The test campaign has been held at the Virtual Reality Lab of CIRA on July 18-19, 2018, and
has involved a tester jury of #23 subjects that have been first introduced to the virtual cabin
environment, and to the navigation and interaction mechanisms available in the immersive,
HMD-based VR app. Then testers have performed the VR evaluation experience, and, finally,
have responded to answers of two questionnaires – one aiming at evaluating the design choice,
one aiming at evaluating the immersive VR approach and the application in itself.
Results of user evaluations of the design choices have validated very positively the innovative
concepts that Acumen has proposed for the business jet test case of the CASTLE project, with
a clear preference of the “white marble” material set.
User answers collected for the second questionnaire have, in turn, validated in a very positive
way the VR application used, and the immersive VR approach for subjective comfort tests. This
gives more confidence to results of the subjective tests of the design concepts that were
primarily under assessment.
7

FUTURE WORKS

This work will continue by also dealing with a regional aircraft case. The experimental activity
will be focused to the seating zone of the passengers cabin. Regarding ergonomics, the activity
that is about to do on the regional aircraft case will be more focused on the manual interaction,
which is an enabling capability of VR. Overall cabin assessment, with the user standing in the
cabin (including navigation, seat row ingress/egress and embarkment/disembarkment) and with
the user in a seating position (PSU and try table reachability and usability tests) will be carried
out in order to improve and optimize the features of the aircraft interiors.
In the field of visual comfort, the use of new graphics hardware allowing real-time ray tracing
and VR HMDs with higher visual quality (more resolution, field-of-view, and display+lens
system quality, and less screen-door effect and God’s rays), should guarantee better
visualization characteristics and an improved sense of presence into the immersive virtual
environment, so that the realism of the scene can make it, to some extent, comparable to real
world.
8
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ABSTRACT
Women empowerment is becoming a weighty topic of discussion in development and economics.
The aerospace sector is significantly acting in this regard as the presence of the Women in
Aerospace (WIA) association and the EMPOWA Horizon 2020 organization prove.
In this context, the private sector is a key partner in efforts to advance gender equality and
empowering women.
Kayser Italia (KI) is a SME working in the space sector for more than 30 years and within its
team boasts the presence of experienced women, with different academic background, acting
as Project Managers and / or Technical Specialists.
KI’s core business is in the space life science field with remarkable participation to scientific
investigations on the International Space Station (ISS) to which strongly contributes by
developing hardware (several types of Bioreactors and Experiment Containers) and providing
services (payload integration, logistics and operations processes, included mission support at
launch site) to Scientists.
Driven by the current demand in the commercialization of space investigations, KI is launching
a commercial service called “BIOREACTOR EXPRESS”, which aims to establish an “express”
way to perform experiments on board the ISS exploiting the KUBIK facility of the European
Space Agency, with a roadmap for the Post-ISS era.
Keywords: Bioreactors, commercial service, life science, women.
1

INTRODUCTION

The role of women in space companies is changing over the last years, with a particular attention
also from the Space Agencies who offer them high level job positions, recognizing the real
attitudes and skills of the candidates (regardless their gender as was in the past) and the value
of increasing gender equality in their teams. Indeed, it is becoming more and more clear that a
good balance between women and men is a force-point in working environments (companies,
academia, institutions, etc.), still a big effort is needed to pave the way for a full recognizance
of adequate women employment.
In this context, the private sector is a key partner in efforts to advance gender equality and
empowering women.
Kayser Italia in the last years has employed a good percentage of women covering both
managerial and technical positions.
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Particularly, in the Company’s life science department two over three employees are women
with an academic background in food technologies and mechanical engineering.
Two women are Senior Project Managers leading projects funded by both the Italian and the
European Space Agencies in the space life science field as well as in the research and
technological / development fields.
Even though the Company cannot still boast a gender balance, it is true the current gender
diversity’s percentage reflects in a good team play. A major result from this efficient team play
is the upcoming BIOREACTOR EXPRESS service which enters the Company in a new market
[3]. Next figure shows the BIOREACTOR EXPRESS service’s logo.

Figure 1 – The BIOREACTOR EXPRESS service logo.

2

ADVANCED RESEARCH AND DEVELOPMENT IN SPACE LIFE SCIENCE

Kayser Italia has developed, in the last two decades, tens of bioreactors supporting scientific
investigations promoted by the Space Agencies [1]. The bioreactors are composed by
Experiment Units (EUs) and Experiment Containers (ECs) allowing the execution of a wide
typology and number of experiments in a dedicated environment, which makes possible these
investigations occurring in microgravity conditions.
Bioreactors are electro-mechanical devices that host biological sample material and chemicals
necessary for the execution of the scientific protocol in space (EU) and provide an additional
Levels of Containment (LoC), the needed electronics for power supply and the interface to the
hosting incubator facility (EC). The experiment is autonomously performed and electrically
controlled by a timeline pre-loaded on the microcontroller, making the bioreactor fully
autonomous.
The EUs designed and manufactured by Kayser Italia have been hosted different model
organisms ranging from human and rodent cells to bacteria, yeasts and plant seeds cultures.
That means this hardware (HW) can be ad-hoc designed to adapt to different scientific
requirements; this flexibility reflects in a large portfolio of bioreactors since the available
hardware is in continuous evolution and can be used on board several facilities/incubators for
microgravity research. Incubators are employed when a specific temperature is required during
the experiment execution, which happens almost any time with biological investigations.
Kayser Italia has a long heritage in the development of bioreactors to be hosted by the KUBIK
incubator which is a European Space Agency (ESA) facility permanently installed on-board the
ISS from many years. KUBIK, besides the temperature control, offers different g-level
(hypergravity) conditions thanks to the centrifuge insert. In a recent project funded by ESA, KI
has developed a new electronic for improving the KUBIK capabilities adding telemetry and
telecommand features to / from Ground. In near future, KI intends to further enhancing its
capabilities with special inserts to allow widening the possible investigation categories covered.
Kayser Italia has a leadership position in Europe for the design and development of experiment
hardware dedicated to microgravity experiments in the field of Life Sciences. Moreover, the

331

Bioreactor Express

Carrubba

Company has been the Italian Space Agency’s prime contractor for the industrial support to ISS
integration, operations and logistics services for 6 years (UTISS). Lately, the Company has
finalized together with ESA the “Bioreactor Express” partnership agreement to exploit the
KUBIK incubator offering the possibility to any potential user to directly perform experiments
in microgravity, taking advantage of commercial, effective and not expensive services.
2.1

Hardware description

In the last fifteen years Kayser Italia has developed a number of experiment units and
experiment containers (i.e. bioreactors), mostly under ESA contracts, that have been used to
successfully perform many experiments in space. All items manufactured until now are ESA or
ASI property.
Figure 2 below shows some available bioreactors from Kayser Italia catalogue [3].

Figure 2 – Experiment Hardware provided by the BIOREACTOR EXPRESS service.

These units and containers are fully qualified for the ISS for different launchers in LEO orbit
(including Russians and Chinese, and KI is the unique European aerospace company having
this expertise on experiment hardware) and have already flown several times.
This means the Company is familiar with other platforms and the perspective for the program
beyond Kubik on ISS is well supported by competence. A further improvement of the current
hardware portfolio is foreseen by adding new hardware, which can be designed basing on
building blocks already developed by the Company and thus making their design very low risky
and quick to develop.
3

THE BIOREACTOR EXPRESS SERVICE

Experimentation in space is certainly limited by the high costs of the projects, launch
opportunities and funding availability for the researchers. The scientific needs of studying the
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effects of microgravity and/or radiations on biological systems can be partially covered by
different ground-based facilities. However, these latter (parabolic flights, sounding rockets,
Zarm drop tower, Random Positioning Machine (RPM)) can deliver microgravity regimes for
really short time (few seconds to 15 minutes), whereas a high number of biology experiments
requires long-term exposure to microgravity in order to fully understand the cellular and
molecular mechanisms of such physical environment. Therefore, it is straightforward the
understanding of the competitive landscape of performing biological investigations in Space
where samples can experience high quality and long-term microgravity and space radiation
exposure, thus allowing scientists to obtain high-quality data.
Investigations in the Life Sciences field and lately in the fields of Education, Human
Physiology, Physical Science, Food Production and Preservation, is increasingly attractive and
the space environment has shown to be unique in understanding the phenomena behind the
observed effects.
In Europe, access to microgravity research is very limited. Experiments are performed on the
ISS or orbital capsules, exploiting few existing on-board facilities or developing custom
payloads. Access to the microgravity resources is so far only granted through the European
Space Agency or national agencies, however several factors limit the access to such type of
investigations as, for example (not exhaustive), the limited number of public tenders issued by
the Agencies and then the long procedure for the investigations’ selection from the Agencies
themselves.
The market’s state-of-the-art in the addressed research fields is restricted to a niche of few
Industries and two types of facilities categories are offered:
a) Facilities capable to perform a wide spectrum of experiments, especially in the area of
life science. Their main characteristic is the provision of thermal control and/or
simulated gravity levels;
b) Facilities capable to accommodate standard cubelab units, without thermal control nor
simulated gravity levels.
Most life science experiments in microgravity fall down in category a), because thermal control
and simulated gravity levels are essential conditions for these types of investigations.
In this framework, Kayser Italia has developed the idea to propose a commercial service,
namely BIOREACTOR EXPRESS, to academic / research / industrial / educational institutions
and/or organizations, for providing a time- and cost- effective access to Space. This service
represents an innovation in Europe with respect to the market’s state-of-the-art since it is based
on Kubik, which is a facility falling in category a) and intends to improve the capabilities of the
current Kubik with special inserts to allow widening the possible investigation categories
covered. Moreover, it allows to introduce also in the European market a service falling in
category a), which is to date not covered at all.
Kayser Italia, besides the hardware availability (Bioreactors as per Figure 2), has already an
infrastructure - at its premises in Livorno - for supporting the crew operations on-board the
Station; it is the ASI “ICARO” - International space Centre for Advanced Research and
Operations – facility (see Figure 3), which is the combination of KI’s User Support Operations
Centre (USOC) and Experiment Support Centre (ESC) for experiments and operations support.
It was established roughly 6 years ago following the industrial support contract with ASI
(namely “UTISS”). The USOC, certified by NASA, allows for live video channels, space-toground audio link (voice loop), facilities/experiment data monitor and hardware remote control;
the ESC is a combination of laboratories and equipment allowing to test the flight hardware for
space certification, train the investigators with the experiment hardware and fine tuning the
scientific protocols and on-board procedures thanks to the execution of the so-called
Experiment Sequence Test (EST).
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Figure 3 – ICARO structure and services.

In this scenario, it has been crucial having an agreement with ESA since the Agency put at
disposal the needed resources, i.e. ISS on board equipment like the KUBIK incubator, crew
time, upload/download mass & volume, etc., in order to offer direct access to space to the
interested investigators. The combination of these three elements (hardware, facilities, on-board
resources) shapes up the BIOREACTOR EXPRESS to be a full (at 360°) service, where Kayser
Italia acts as a single point of reference for potential users interested to perform an experiment
in microgravity, providing everything is needed from the scientific idea to the experiment
launch, on-orbit operations and return. In details, the service covers:
x Assessment of user scientific/technologic requirements
x Feasibility analysis of the experiment (on which platform, facility, etc.) & Experiment
definition
x Project planning, implementation, coordination of all involved parties
x Development and qualification & acceptance (by test) of custom experiment hardware
«ready for launch»
x Support providing ground-experiment hardware to verifying in the lab and fine tuning the
experimental protocol
x Support to Investigators in setting and tuning their protocols by performing the so-called
on-ground Experiment Sequence Test (EST) in the Kayser Italia Experiment Support
Center – ESC which is a complex of laboratories for scientific activities and hardware
integration, where scientists can develop their ideas and be trained to implement them into
a successful space program
x Implementation of the Safety process, interacting with ESA board
x Logistics related to people and materials/equipment (travels and shipment to launch site)
x Mission support at launch site with a team of specialists for experiment integration in the
experiment hardware and, if needed, in the hosting platform (specialists including PA, QA
& Safety personnel)
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Definition of the operational aspects of investigation and payloads through their
development life-cycle
Support to crew operations on-board from Kayser Italia Payload Operations Control
Centre (POCC), and from Investigators’ labs providing User Home Bases
Retrieval of experiment specimens after their re-entry on Earth, and their delivery to the
Investigators
Distribution of experimental and housekeeping data to the Investigators.

Depending on the customer needs, expectations and of course budget, KI can offer the abovementioned services in a single package or they can be provided at different phases and partially,
covering a subset of the above listed single services. The customer can choose the work
packages he needs (e.g. feasibility study, support to protocol tuning and personnel training,
payload integration and certification, etc.). The goal of this approach is to support the customer
in the areas where he is not autonomous, providing all the complementary support services
needed to implement his space research activity. Therefore, BIOREACTOR EXPRESS is a
flexible service tailored on customer’s demand.
KI has identified three different application areas for research with the BIOREACTOR
EXPRESS service:
x
x
x
4

BIOSCIENCE: experiments in the domain of biology, biotechnology, life science;
TECH&DEMO: experiments in the domain of material science, physical science, in
orbit technology demonstration and validation;
EDUCATIONAL: experiments with educational and dissemination purposes;
CONCLUDING REMARKS

We propose BIOREACTOR EXPRESS as unique service in Europe, with the potential to attract
public and private customers in an innovative way of doing research or business in space. As
explained, our offer to the market relies on the availability of 1) unique capabilities on board
the Space Station (provided by Kubik, a single facility having thermal control, simulated
gravity, data communication with the customer payload); 2) flight-ready hardware the customer
can exploit to accommodate its requirements; 3) a fully equipped Experiment Support Centre
managed by skilled personnel facilitating the familiarization of the Customer with the flight
hardware and the relevant operations; 4) a Payload Operations Control Centre, providing real
time connection to the ISS on-board operations; 5) a wide technical, managerial and logistic
experience of the staff personnel, to provide the customer with an end-to-end portfolio of
services, from the support to the development of the idea to its implementation with an
experiment in space.
5
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ABSTRACT
Italian Science is significantly present on the International Space Station thanks to the
ASI/NASA Memorandum of Understanding which grants Italy having access to the ISS
utilization resources. Besides, ASI got the right for six flight opportunities for Italian
Astronauts, consisting in three Shuttle missions and three long-duration ISS missions. The last
one has been the VITA mission assigned to Paolo Nespoli in Increment 52/53 (2017).
A great work has been carried out by ASI to complement the VITA mission, with the industrial
support services for the payload integration process, operations and logistics provided by
Kayser Italia. Following a call for research opportunities, ASI financed a total of 11
investigations involving 30 different institutions and 40 investigators.
A nice balance between technology demonstration payloads and science life experiments has
been reached having 5 vs 6 investigations, respectively. At successful complement of the
mission, an educational activity has been carried out by Nespoli, consisting in one school
contact making use of the audio/video transmitter HAMVIDEO, developed by Kayser Italia and
uploaded to ISS on August 2013.
This paper presents the investigations relevant to the VITA mission, describing the flight
hardware and the integration services provided, with a focus on the post-flight phase.
Keywords: VITA, ISS, payloads, experiments.
1

INTRODUCTION

The VITA Mission has been the last one fully sponsored by the Italian Space Agency who,
according to the MoU with NASA (for the MPLM/PMM), had the right for the sixth (and last)
Italian Astronaut flying to the ISS. Therefore, Paolo Nespoli was assigned to Expedition 52/53
for his third visit to the Station in the timeframe July 2017-January 2018.
In order to complement his mission, the ASI Human Spaceflight and Microgravity Office
announced a public call for research opportunities and finally funded 11 investigations
involving more than 30 different institutions and about 40 investigators.
In this sense, ASI coordinated a pool of scientists, industries leader in the innovative
technological fields and academic researchers who jointly worked from the scientific idea to
the payload realization for carrying out experiments and scientific protocols in different
research areas as human physiology, cell biology, countermeasures, physical science,
technological demonstrations and educational activities. In this framework, ASI has been
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strongly assisted by Kayser Italia, its prime contractor for the ISS utilization industrial support
services for the new payload integration process, operations and logistics to be faced with
NASA. Besides this industrial support and the role to coordinate the different investigators with
their respective industrial partners (where any), Kayser Italia in some cases played also the role
of Payload Developer (PD), both putting at disposal previous KI’s flown hardware (refurbished
for the new upload and use) and realizing new hardware ad-hoc designed for the specific
scientific requirements.
Figure 1 below shows the stem of the VITA (“Life” in Italian) mission whose meaning is
“Vitality, Innovation, Technology, Ability”.

Figure 1 – Stem of the VITA Mission.

2

VITA MISSION TEAM STRUCTURE

As introduced, the VITA mission team structure composed of several players: Principal
Investigators (PI) from academic world, Industries from different application fields and Space
Agencies (ASI, ESA, NASA). In this context, Kayser Italia has acted as coordinator, both
facilitating the development and integration of the new payloads for the selected investigations
and ensuring the availability of infrastructures and human resources to monitor and control the
ground and on-board operations. This last feature has been made possible thanks to its ASI User
Support Operations Center (USOC), hosted at Kayser Italia’s premises (in Livorno).
Besides, for several investigations, Kayser Italia has acted as PD, having the responsibility to
designing, developing and certifying new hardware responding to specific scientific
requirements from the different PIs.
A Joint Implementation Plan (JIP) has been signed between ASI and ESA, defining shared
utilization resources and objectives and setting the operational modalities of the cooperation
between the two agencies.
3

ASI CONTRIBUTION TO THE VITA MISSION

Most of the investigations assigned as Italian contribution to the VITA Mission were taken from
the pool of proposals selected in May 2013 in response to the public call of April 2012 for the
FUTURA Mission of Samantha Cristoforetti (Expedition 42/43).
A nice balance between technological demonstration and life science investigations,
respectively, was reached, with the add-on of two educational experiments (see Figure 2 below).
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Figure 2 – ASI Investigations for the VITA Mission.

It is worth underlining that all the investigations, with the exception of ARTE, Isspresso and
the educational ones, have required the NASA and ESA Medical Boards approval and crew
briefed consent to perform the proposed experiments.
All the on-board operations of the VITA experiments (except ARTE and Isspresso) have been
followed by Kayser Italia from its ASI USOC in Livorno, through direct interaction with the
NASA controllers in the voice loop. A real-time video connection was also established to better
support the astronaut during the operations. A great number of hours have been spent in console
by the Kayser Italia team, with the participation of the Principal Investigators.
3.1

Technology Development & Demonstration Payloads

3.1.1 In Situ Bioanalysis (IN SITU)
Scope of the project was developing an in situ portable bio-analyser for real-time saliva
analysis, checking the crew health status (with focus on the cortisol as bio-marker for stress
level). The PI was Prof. Aldo Roda from University of Bologna - Department of Chemistry,
assisted by Prof. Mara Mirasoli, Prof. Massimo Guardigli and Dr. Martina Zangheri. ALTEC
SpA (Turin) was a partner project for the engineering of the COTS analyser device.
The hardware was composed of a Chemiluminescence Reader (CLR) equipped with a dedicated
software (COTS) for data processing, launched with SpX-11 in June 2017, and a set of
disposable Lateral Flow Immuno Assay (LFIA) cartridges for salivary cortisol analysis and a
set of Oral Fluid Sampling Equipment (OFSE) for saliva collection and transfer to the LFIA
cartridge (see Figure 3), launched with SpX-12 in August 2017.

(d)
Figure 3 - (a) CL Reader; (b) LFIA Cartridge; (c) OFSE; (d) Astronaut Paolo Nespoli working on
sample collection for the investigation In Situ Bioanalysis on the ISS.
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On-orbit, Paolo Nespoli successfully performed five (5) measurements sessions. The acquired
chemiluminescence images were immediately downloaded to ground via computer remote
connection, recovered by Kayser Italia and delivered to the PI for data analysis.
This investigation demonstrated the feasibility of performing sensitive LFIA analysis of
salivary cortisol down to 0.4 ng/mL directly onboard the ISS. It could be easily adapted for the
analysis of other clinical biomarkers [1], thus enabling the early diagnosis of diseases and the
timely activation of appropriate countermeasures during long-term spaceflights. Further
improvements are possible as miniaturization of the cartridges (lab-on-a-chip technologies) and
reusability of the same with disposable LFIA fluidic elements which are the ones requiring cold
stowage. Finally, CMOS smartphone cameras might be used as an alternative to CCD cameras.
3.1.2 Radiation Shield Demo (PERSEO)
PErsonal Radiation Shielding for intErplanetary missiOns (PERSEO) has proposed the use of
water as shielding material from cosmic radiations. The PI was Prof. Andrea Ottolenghi assisted
by Dr. Giorgio Baiocco from University of Pavia – Department of Physics and Co-PI was Ing.
Cesare Lobascio assisted by Dr. Martina Giraudo from Thales Alenia Space Italy. Other
partners were involved in the project: SMAT (Società Metropolitana Acque Torino) for
realization of water bags, pipes and water interfaces, AVIOTEC for the jacket designing and
manufacturing, ARESCOSMO for ground leakage validation test and UNIROMA2 (Tor
Vergata) for radiation shielding analysis.
The hardware was made of a wearable jacket composed of five (5) inner pockets which were
filled by the crew with water available on-board, taken from the Potable Water Dispenser
(PWD) facility. Besides evaluating the comfort of the wearable radio-protection system, the
astronaut was asked to evaluate also the filling and draining tasks and feedback was positive.
Another 0,5 liters flexible container was uploaded filled with water and returned back to Earth
for water analysis; this gave good results in terms of chemical parameters and bacteriologic
content, both under the American Standard threshold.
Figure 4 below shows the PERSEO hardware uploaded with SpX-12 in August 2017.

(a)

(b)

(c)

Figure 4 – (a) PERSEO wearable jacket with inner water bags and PERSEO logo; (b) 0,5 liters
flexible water container; (c) Astronaut Paolo Nespoli wearing the PERSEO jacket filled with 40 liters
water.

The successful experiment performance has assessed the feasibility of a personal radiation
protection strategy using resources already present in any space habitat (i.e. water), paving the
way for integration of the PERSEO concept in innovative spacesuits also for EVA and
interplanetary missions [2].
3.1.3 Augmented Reality (ARAMIS)
The Augment Reality for Application for Maintenance, Inventory and Stowage (ARAMIS)
protocol aimed to demonstrate technology to validate use of Augmented Reality (AR) in hostile
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environment as the ISS can be. The protocol was developed as an on-board iPad application for
reducing crew time during maintenance and stowage activities.
The PI was Ing. Giuseppe Lentini from Thales Alenia Space Italy and Co-PI was Ing. Elena
Afelli from ALTEA SpA.
Paolo Nespoli has performed two sessions: one for maintenance tasks in Node-2 (bacteria filter
and smoke detector inspect and clean) and one for stowage tasks in Node 3/PMM with the aim
to clear some items from the PMM1D2 ZSR; in this latter scenario also the Wi-Fi connection
to the IMS database has been tested. The AR application also made use of fiducial markers (for
the maintenance scenario) installed by the astronaut in pre-defined locations (see Figure 5 a)
and aimed to provide additional information for the execution of the activities in a most efficient
way.

(a)

(b)

Figure 5 – (a) Nespoli during the maintenance activity with ARAMIS; (b) Nespoli during the stowage
activity with ARAMIS.

ARAMIS has proven that thanks to the AR, this kind of operations can be performed saving
crew time which is a valuable on-board resource that need to be optimized in favor of scientific
experimentation.
3.1.4 Orthostatic Tolerance (OT)
Orthostatic intolerance is a major health issue after long-term space mission and consists in a
temporary loss of consciousness and posture.
The OT investigation is a study proposed by Prof. Ferdinando Iellamo of the IRCCS San
Raffaele Pisana - Rome, based on specific physical exercise protocols to prevent dysfunctions
related to gravitational stress. In details, the experiment consisted in the execution of a pre- and
post-flight OT test (active standing) and in the on-orbit execution of individually-tailored
treadmill exercises, planned on the basis of a pre-flight incremental treadmill exercise test. The
program used the TRIMPi (Training IMPulse individualized) training methodology which
allows continuous updating of training load accounting for increments in aerobic fitness with
training progression. Analysis heart rate (HR), blood pressure (BP) variability and baroreflex
sensitivity (BRS) have been used as a consolidated methodology to assess the neural control of
the cardiovascular system during orthostatic stress before and after flight.
3.2

Life Science Investigations – The ASI Biomission

Four investigations were carried out in the field of cell biology and, due to their commonalities,
were performed in a single mission called ASI Biomission. All of them used Kayser Italia
hardware, which are Experiment Units (EU), Experiment Containers (EC) and passive
transportation containers (Biokit). Besides, thanks to an ASI/ESA Joint Implementation Plan,
the KUBIK facility was used on-board for incubating the experiments. At the end of the
incubation time, the different biological samples were fixed by RNA Later and transferred to
the MELFI facility for conservation at -80°C.
The mission sequence of these experiments is complex and involved a considerable amount of
manpower and logistics since the very beginning of the projects. The ground support to crew
operations involved the ASI USOC at Kayser Italia, coordinated with Biotesc who is in charge
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of all the experiments running in KUBIK, the Columbus Control Centre at Munich and the
NASA POIC in Huntsville (Alabama).
3.2.1 Retinal Lesion Study (CORM)
CORM investigated the protective role of Coenzyme Q10 (CoQ10) in retinal lesions, induced
by radiations and microgravity in Space environment. The PI of the experiment were Dr. Matteo
Lulli and Prof. Sergio Capaccioli from the University of Florence. Co-Investigator was Dr.
Monica Monici from the University of Florence.
The experiment consisted in the cultivation of three samples of retinal cells with the presence
or not of the CoQ10 to study (1) apoptosis, (2) cytoskeleton damage, (3) DNA damage and (4)
alteration of gene expression.
Preliminary data show that the Coenzyme Q10 may have a protective role against damage
induced by radiations and microgravity on retinal epithelial cells [3].
3.2.2 Muscle Cells (MYOGRAVITY)
MYOGRAVITY investigated the molecular, cellular and functional modifications induced by
microgravity exposure, both in primary human skeletal muscle satellite cells (the muscle’s adult
stem cells), and in murine muscle cells, overexpressing the insulin growth factor 1 protein (IGF1). The PI was Prof. Stefania Fulle from the University of Chieti. Co-Investigators were Prof.
Guglielmo Sorci from the University of Perugia and Prof. Antonio Musarò from the University
of Rome Sapienza.
The investigation studied two different biological samples: (1) cells derived from a pre-flight
biopsy of the astronaut (Nespoli), compared with the post-flight biopsy and (2) murine cells.
In total, six samples were cultivated on-board inside the KUBIK facility.
Preliminary results from this experiment have shown that the effects of the space flight on the
muscle cell culture in terms of differentiations can be mitigated by the activation of specific
cellular pathways.
3.2.3 Oxidative Stress (NANOROS)
Another issue resulting from long-term spaceflight missions is the skeletal muscle alterations
and functional deficiencies caused by oxidative stress.
NANOROS studied the effect of cerium oxide nanoparticles (nanoceria) as possible
countermeasure for such health issue. The PI of the experiment was Dr. Gianni Ciofani from
the Italian Institute of Technology, Pontedera. Co-Investigator was Dr. Arianna Menciassi from
Scuola Superiore Sant’Anna, Pisa.
Three samples of H9c2 rat myoblasts (Fig. 10) were cultured in presence or not of nanoceria
particles for a total of 3 samples.
Results from the experiment have shown a modulation of key genes regulating oxidative stress
in the cell culture, in particular nanoceria has been shown to exert a protective role against
oxidative stress induced by the microgravity environment [4].
3.2.4 Reprogramming Stem Cells (SERiSM)
SERiSM aimed to investigate the role of endocannabinoids in the alterations of bone
metabolism, using an innovative cellular model based on human-derived stem cells (hBDSCs).
The PI was Prof. Mauro Maccarrone from the Campus Bio-Medico University of Rome. Dr.
Natalia Battista from the University of Teramo and Dr. Monica Bari from the University of
Rome “Tor Vergata” are co-Investigators.
Stem cells, isolated on ground from healthy blood donors, were cultivated in microgravity while
treated with the differentiating agent Rapamycin and then fixed by RNAlater incubation.
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Results from the experiment have identified new biomarkers and possible therapeutic targets to
treat osteoporosis, in Space and perhaps on Earth [5].

(a)

(b)

Figure 6 – (a) STROMA Experiment Unit (EU) used for CORM, NANOROS and MYOGRAVITY
experiments; (b) ROALD/RESLEM EU used for SERiSM experiment.

3.3

Educational Payload

3.3.1 Root Growth (MULTI-TROP)
Root Growth is the educational investigation winner of the ASI call YISS “Youth ISS Science”
announced for the VITA mission.
The PI was Prof. Giovanna Aronne from University of Naples Federico II – Dep. of Agriculture
and Co-PI was Prof. Pina Russo from Liceo Scientifico Statale Filippo Silvestri of Naples.
Payload Developer was Kayser Italia.
The experiment aimed to investigate the role of the three main external stimuli (gravitropism,
hydrotropism and chemotropism) on root tip orientation and to clarify the interactions between
different attractive factors in microgravity conditions.
The hardware, designed and developed by Kayser Italia for previous missions was refurbished
to host the biological sample (carrot seeds) and the culture substrate (OASIS Grower). The
experiment was completely autonomous with the activation, trough manual switch-on, of the
chemical fixative, according to a pre-programmed timeline (loaded on the electronics
microprocessor) finally tuned on Earth.
MULTI-TROP launched with SpX-13 in December 2017 and returned back to Earth 1 month
later.

(a)

(b)

Figure 7 – (a) BIOKON container; (b) YING-B2 Experiment Unit settled with culture substrates and
carrot seeds.

Interest results have come out with this simple educational experiment [6].
The chosen species has turned out to be perfectly fitting with the culture chamber dimensions
and compatible with both the environmental and temporal mission conditions. The germination
percentage as well as the root growth behavior have been seen to be completely equivalent to
the ones experienced on Earth with the Ground Reference Experiment, therefore Dacus Carota
is certainly an optimum species for further investigations in microgravity.
The reached goals have allowed to conclude that, in reduced gravity conditions, the
chemotropism effect prevails on the hydrotropism.
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3.3.2 HAMVIDEO
At successful complement of the mission, an educational activity has taken placed, consisting
in one school contact making use of the audio/video transmitter HAMVIDEO, developed by
Kayser Italia and uploaded to ISS on August 2013 [6].
The contact between a school in Livorno and P. Nespoli on-board the ISS was established in
November 2017 thanks to the technical contribution of the Italian radio amateur association
(ARI) section of Livorno and Versilia and the collaboration with AMSAT Italy.
4

CONCLUDING REMARKS

All the performed investigations have reached satisfying results, on the basis of which further
improvements - also in view of long-term exploration missions (Moon Gateway, Mars) - have
been identified and encouraged the scientists to continue their research. Besides, most of the
results allowed technological enhancement in the corresponding Earth applications.
5
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ABSTRACT
Eringen nonlocal layer-wise models for the analysis of multilayered plates are formulated in
the framework of the Carrera Unified Formulation and the Reissner Mixed Variational Theorem
(RMVT). The use of the layer-wise approach and RMVT ensures the fulfilment of the transverse stress equilibrium at the layers’ interfaces and allows the analysis of plates with layers
exhibiting diﬀerent characteristic lengths in their nonlocal behaviour. A Navier solution has
been implemented and tested for the static bending of rectangular simply-supported plates. The
obtained results favourably compare against available three-dimensional analytic results and
demonstrate the features of the proposed theories.
Keywords: Nonlocal advanced plate theories, Carrera Unified Formulation, Reissner Mixed
Variational Theorem
1

INTRODUCTION

Size eﬀects in structural behaviour play a fundamental role at the micro- and nano- scales and
size-dependent theories of continuum mechanics have been introduced to account for the related
phenomena in the modeling. In this framework, the Eringen’s nonlocal elasticity model assumes
that the stress at a point is function of the strains at all points in the structure [9, 7] providing
diﬀerential stress-strain relationships which take the material microstructure into account via a
characteristic length.
Plate theories have been reformulated for Eringen’s nonlocal elasticity (e.g. [12, 1, 15]) with
models for the multilayer configuration based on the equivalent single layer (ESL) approach. The
ESL models suﬀer from an unreliable and not accurate evaluation of the through-the-thickness
distribution of the stresses; moreover, their implementation for nonlocal elasticity considers an
unique value of the characteristic length, common to all of the layers, whereas this parameter
can exhibit meaningful variability for diﬀerent materials [13]. These observations suggest the
development of refined nonlocal plate models that use a layer-wise (LW) description of the
unknown fields and are able to overcome the mentioned limitations. A powerful tool for the
systematic formulation and implementation of LW higher order theories is the Carrera Unified
Formulation (CUF), whose underlying ideas, principles and implementation strategies can be
found in Refs. [4] and [5].
Here, in the framework of the CUF, layer-wise models for multilayered plates are formulated
considering nonlocal elastic material behaviour for the layers. The proposed formulation uses
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the Reissner Mixed Variational Theorem (RMVT) variational statement ensuring interface continuity of the out-of-plane stresses and enabling generality concerning the layer material nonlocal
properties. To illustrate the features and performances of the proposed approach, a Navier
solution for simply-supported rectangular plates is used to obtain representative results, which
are compared with 3-D solutions available in the literature.
2

BASIC EQUATIONS

Consider a body, referred to a Cartesian coordinate system x1 x2 x3 , that undergoes loads applied
to its domain V and external boundary ∂V and that is suitably kinematically restrained.
The body kinematics is described by the displacements components ui , which are collected
!
"T
within the displacement vector u = u1 u2 u3 . The strain-displacements relationships can
be compactly written as
ε = ∂p u
(1a)
∂
u
(1b)
γ = ∂n u + ∂i
∂ x3
!
"T
!
"T
where ε = ε11 ε22 ε12 and γ = ε23 ε13 ε33 are the in- and out-of-plane strain vectors,
respectively. The operators involved in Eqs. (1) are defined as
⎡ ∂
⎢
⎢ ∂ x1
⎢
⎢
∂p = ⎢ 0
⎢
⎢ ∂
⎢
⎢∂x
⎣ 2

0
∂
∂ x2
∂
∂ x1

⎤
0⎥⎥
⎥
⎥
0⎥ ,
⎥
⎥
0⎥⎥
⎦

∂ ⎤
⎡
⎥
⎢0 0
⎥
⎢
∂
x
2
⎥
⎢
∂
∂n = ⎢
⎥,
0
0
⎥
⎢
∂ x1 ⎥
⎢
⎢0 0 0 ⎥
⎦
⎣

⎡1 0 0⎤
⎥
⎢
∂i = ⎢⎢0 1 0⎥⎥
⎢0 0 1⎥
⎦
⎣

(2a)

!
"T
Correspondingly to ε and γ, the in- and out-of-plane stress vectors σ = σ11 σ22 σ12 and
!
"T
τ = σ23 σ13 σ33 are introduced. Assuming that the body behaves as a nonlocal elastic
solid, the stress components σi j are defined as [8]
∫
σi j (x ′) dV (x ′)
σi j (x) = α (|x ′ − x|)*
(3)
V

where α (| x − x|) is the non-local kernel function and the superimposed tilde denotes local
quantities. For the Eringen’s nonlocal elasticity model [6, 8], the integral relationship of Eq. (3)
corresponds to the following equivalent diﬀerential form
′

Lσi j = *
σi j

(4)

where L = 1 − ℓ 2 ∇ being ∇ the Laplace operator and ℓ a material parameter depending on the
lattice characteristic length [13]. Thus, the nonlocal magneto-electro-elastic constitutive law is
written as
+
, .+ ,
Lσ
C pp C pn
ε
=
(5)
Lτ
γ
C np C nn

where the matrices C pp , C pn , C np and C nn contain the classic Hooke’s law elastic coeﬃcients.
Assuming the displacements u and the out-of-plane stresses τ as primary variables and taking
the essential boundary conditions, the gradient equations and the constitutive law as guaranteed,
the problem governing equations are obtained via the Reissner Mixed Variational Theorem
(RMVT) [16, 3], whose stationarity statement reads as
∫ /
∫
∫
∫
0
T
T
T
T
δΠ =
δτ (γ − γ̄) dV −
δu f dV −
δuT t d∂V = 0 (6)
δε σ + δγ τ dV +
V

V

V
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∂V

where δ denotes variations and the superimposed bar indicates quantities evaluated via consti!
"T
!
"T
tutive equations. In Eq. (6), f = f1 f2 f3 is the body forces vector and t = t1 t2 t3 is
the tractions vector. After integration by parts, from Eq. (6), the equilibrium equations and the
compatibility equations for the out-of-plane generalized strains are obtained in the domain V:
∂Tp σ + ∂Tn τ +

∂
τ + f − ρ u! = 0
∂ x3

γ − γ̄ = 0

(7)
(8)

together with the associated natural boundary conditions holding on the boundary ∂V:
T
T
1
∂p σ + 1
∂n τ + n3 τ = t

(9)

where the boundary operators 1
∂(·) are obtained from the diﬀerential operators ∂(·) by substituting
the partial derivatives ∂/∂ xi with the corresponding boundary normal direction cosines ni .
3

MULTILAYERED PLATES MODELS

Consider now the elastic body configuration as a multilayered plate with N homogeneous layers,
subjected to pressure loads applied on the top and bottom surfaces. The k-th layer has planform
occupying the domain Ω in the x1 x2 plane and it has constant thickness hk = z k − z k−1 being
z k−1 and zk the x3 coordinates of its bottom and top faces, respectively. In the following, the
superscript ⟨k⟩ is used to refer to quantities of the k-th layer.
3.1

Primary variable assumptions and gradient equations

According to the CUF, the primary variables for the k-th layer, namely the displacements u ⟨k⟩
and out-of-plane stresses τ ⟨k⟩ , are written as the expansion of known thickness functions [5]:
u

τ

⟨k⟩

⟨k⟩

(x1, x2, x3 ) =
(x1, x2, x3 ) =

Mu
2
α=0

Mτ
2
µ=0

u α⟨k⟩ (x1, x2 ) Fα⟨k⟩ (x3 )

(10a)

⟨k⟩
τ ⟨κ⟩
µ (x1, x2 ) G µ (x3 )

(10b)

The thickness functions Fα⟨k⟩ and G α⟨k⟩ are suitable combinations of Legendre polynomials Pi (ζk )
of i-th order and read as
P0 (ζk ) − P1 (ζk )
F0⟨k⟩ = G0⟨k⟩ =
(11a)
2
α = 1,...(Mu − 1)
(11b)
Fα⟨k⟩ = Pα+1 (ζk ) − Pα−1 (ζk )
µ = 1,...(Mτ − 1)
G ⟨k⟩
µ = Pµ+1 (ζk ) − Pµ−1 (ζk )
P0 (ζk ) + P1 (ζk )
FM⟨k⟩ = G N⟨k⟩ =
2
where ζk = (2x3 − zk − zk−1 )/h k is the layer normalized thickness coordinate.
Applying Eqs. (1), the strain vectors expressions become:
ε=

γ=

Mu
2

Mu
2

Fα ∂n u α +

α=0

Mu
2
∂Fα
α=0
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∂ x3

(11d)

(12a)

Fα ∂p u α

α=0

(11c)

∂i u α

(12b)

3.2

Layer constitutive law

The k-th layer obeys the nonlocal constitutive law given by Eq. (5) in which partial nonlocality
along x1 and x2 is assumed as usual for plate theories [12, 10, 11] leading to
3
4
2
∂2
⟨k⟩
⟨k⟩ 2
⟨k⟩ 2 ∂
(13)
L = 1−ℓ ∇ = 1−ℓ
+
∂ x12 ∂ x22
To the present formulation aims, the layer constitutive law is written in mixed form as
6+
,
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L σ
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.
where A⟨k⟩
pp = C pp − C pn C nn C np , Apn = C pn C nn

3.3

Layer governing equations

The Eq. (6) is specialised for the the k-th ply of the plate obtaining
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∫ ∫ 7
8
/
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δu
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τ
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9 − δu
9
zk

Ω
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(15)
where the notation ·| z denotes evaluation at x3 = z. It is remarked that τ |zk−1 and τ |zk are
the interlaminar stresses applied on the bottom and top face of the layer; for the first and last
layers they correspond to the load applied on the bottom and top plate surfaces, respectively.
Substituting the formula for γ̄ ⟨k⟩ , obtained from Eq. (14), and the expressions of δε ⟨k⟩ , δu ⟨k⟩ ,
δτ ⟨k⟩ , γ ⟨k⟩ , u ⟨k⟩ and τ ⟨k⟩ given by Eqs. (10) and (12), into Eq. (15), after integration by parts,
the stationarity conditions are obtained as:
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(16a)
α = 1,2,...Mu
∂p
Fα σ dx3 +
Q̂αλ τ λ⟨k⟩ = 0
τ K̂ αλ τ λ +
⟨k⟩

hk

Mu
2

λ=0

τ ⟨k⟩
u K αλ

u ⟨k⟩
β +

β=0

Mτ
2

⟨k⟩

λ=0

τ ⟨k⟩
τ K αλ

τ λ⟨k⟩ = 0

µ = 1,2,...Mτ

(16b)

λ=0

where the involved fundamental nuclei [5] are defined in APPENDIX A –. It is worth to note that
Eqs. (16) correspond to the layer equilibrium and congruence equations. More details on the
procedure followed to infer Eq. (16) can be found in Ref. [2].
By application of the operator L ⟨k⟩ and use of Eq. (14), Eq. (16a) becomes
Mu
2
β=0

u ⟨k⟩ ⟨k⟩
uK αβ u β +

Mτ
2
λ=0

u ⟨k⟩ ⟨k⟩
τ K αλ τ λ +

Mτ
2

⟨k⟩ ⟨k⟩
Qαλ
τλ = 0

α = 1,2,...Mu

(17)

λ=0

whose fundamental nuclei are given in APPENDIX A .– Thus, the k-th layer governing equations
are written as
⎧
Mu
Mτ
Mτ
2
2
⎪ 2
⎪
⟨k⟩ ⟨k⟩
u ⟨k⟩ ⟨k⟩
u ⟨k⟩ ⟨k⟩
⎪
⎪
Qαλ
τλ
α = 1,2,...Mu
⎪
uK αβ u β +
τ K αλ τ λ = −
⎪
⎨ β=0
⎪
λ=0
λ=0
(18)
Mτ
Mu
2
2
⎪
⎪
τ ⟨k⟩ ⟨k⟩
τ ⟨k⟩ ⟨k⟩
⎪
⎪
µ = 1,2,...Mτ
u K αλ u β +
τ K αλ τ λ = 0
⎪
⎪
⎪ β=0
λ=0
⎩
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3.4

Multilayered plate

The multilayered plate resolving system is obtained by coupling the governing equations of the
isolated layers, namely Eqs. (18) for k = 1, 2, ..., N, via the perfect bonding interface continuity
conditions:
9
9
9
9
⟨k⟩ 9
⟨k+1⟩ 9
⟨k⟩ 9
⟨k+1⟩ 9
u 9 =u
k = 1, 2, . . ., (N − 1)
(19)
9 , τ 9 =τ
9
zk

zk

zk

zk

which, because of the properties of Legendre polynomials used to build the thickness functions,
provide
⟨k+1⟩
⟨k+1⟩
, τ ⟨k⟩
k = 1, 2, . . ., (N − 1)
(20)
u ⟨k⟩
Mu = u 0
Mτ = τ 0

Accounting for the relationships of Eqs. (20), the multilayered plate governing equations can be
written as
+
Kuu U + Kuτ T = Quτ T
(21)
Kτu U + Kττ T = 0

where U and T are vectors collecting the the unknown coeﬃcients of the generalized displacements and out-of-plane stresses expansions u α⟨κ⟩ and τ λ⟨κ⟩ , and the operator matrices Kr s
(r,s = u,τ) and Quτ are obtained via an assembly procedures of the fundamental nuclei which
is described in Ref. [5, 2].
4

NUMERICAL RESULTS

A Navier solution for simply-supported rectangular plates, with layers having the principal
material axes directed as the plate reference system, has been implemented to validate the
proposed approach. Thus the variables are expressed as
0
22 /
rπ
sπ
⎧
⎫
⟨k⟩
⟨k⟩
⎪
⎪
⎪
U1 α r s , T1 λ r s cos x1 sin x2 ⎪
⎪
⎪
⎪
⎪
L1
L2
⎪
⎪
r
s
⎪
⎪
/
0
2
2
⎪
/
0 ⎪
rπ
sπ
⎨
⎪
⎬
⎪
⟨k⟩
⟨k⟩
⟨κ⟩ ⟨k⟩
U
sin
,
T
x
cos
x
2
2
1
2
α
r
s
u α ,τ λ =
(22)
λrs
L1
L2
⎪
⎪
r 2
s /
⎪
⎪
0
2
⎪
⎪
rπ
sπ
⎪
⎪
⎪
U3 α⟨k⟩r s , T3 λ⟨k⟩r s sin x1 sin x2 ⎪
⎪
⎪
⎪
⎪
⎪ r s
⎪
L1
L2
⎩
⎭

where the Ui α⟨k⟩r s and Ti α⟨k⟩r s are unknown coeﬃcients and L1 and L2 are the plate dimensions
along the x1 and x2 axis, respectively. Substituting Eqs. (22) into the governing equations
and applying the Bubnov-Galerkin method an algebraic resolving system is obtained for the
unknown coeﬃcients associated with each of the approximation terms.
Representative results are presented and compared with data calculated via the three-dimensional
nonlocal solution proposed in Ref. [14]. They refer to a square plate with dimensions L1 = L2 =
50 nm and a [0/90/0] layup of layers whose stiﬀness coeﬃcients in the material reference system
(Voigt notation) are: C11 = C33 = 7.380 GPa , C22 = 173.406 GPa, C12 = C23 = 2.312 GPa, C13 =
1.868 GPa, C55 = 1.378 GPa. The plate is loaded on the top surface by a transverse bisinusoidal
pressure q = q0 sin (πx1 /L1 ) sin (πx2 /L2 ) with q0 = 1N/m2 . Plate thicknesses varying as h/L1 =
0.05, 0.1, 0.2 and nonlocal characteristic lengths varying as ℓ/L1 = 0.0, 0.02, 0.04 have been
investigated by diﬀerent plate theories with through-the-thickness expansion order up to the
fourth. The same expansion order has been assumed for both displacements and out-of-plane
stresses, i.e. Mu = Mτ . The considered theories are labeled by the acronym LWn where n is the
order of the employed thickness expansion.
Figs. 1, 2, 3 and 4 show results in terms of the through-the-thickness distribution of the
displacements u2 and u3 , the normal stress σ11 and the shear stress σ13 at the point of midplane
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coordinates (0.25L1,0.25L2 ). These results are representative of the approach features and
indicate that the proposed models are able to describe the plate behaviour with better accuracy
for higher order theories and lower charactheristic lenghts. The last feature can be associated
with the assumption of partial nonlocal behaviour, as proved by the results shown in Fig. 5
where the present results are compared with those calculated via the 3D solution in which local
behaviour along the x3 direction was enforced.
5

CONCLUSIONS

Nonlocal layer-wise advanced higher order theories for multilayered plates have been formulated.
They ensure the interface continuity and equilibrium conditions and do not present any restriction
on the variability of the nonlocal characteristic length through the layers. A Navier solution for
rectangular simply-supported plates with orthotropic layers has been implemented and used to
demonstrate the features of the approach and its limitations, principally related to the assumption
of nonlocal behaviour restricted to in-plane directions.
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Figure 1: Through-the-thickness distribution of u2 at the point of coordinates (0.25L1,0.25L2 )
of the [0/90/0] simply supported square plate.
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Figure 2: Through-the-thickness distribution of u3 at the point of coordinates (0.25L1,0.25L2 )
of the [0/90/0] simply supported square plate.
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Figure 3: Through-the-thickness distribution of σ11 at the point of coordinates (0.25L1,0.25L2 )
of the [0/90/0] simply supported square plate.

352

0.5

0.5

0.5

0.25

0.25

0.25

0

0

0

-0.25

-0.25

-0.25

-0.5
-2

0

2

4

6

-0.5

0

2

4

6

10-12

-0.5

0.5

0.5

0.25

0.25

0.25

0

0

0

-0.25

-0.25

-0.25

0

2

4

-0.5

0

1

2

3

10-12

4

-0.5

0.5

0.25

0.25

0.25

0

0

0

-0.25

-0.25

-0.25

1

2

3
10

6

0

1

2

3

-0.5

0

1

2

-12

3
10

-12

4
10-12

0.5

0

4

10-12

0.5

-0.5
-1

2

10-12

0.5

-0.5
-2

0

10-12

-0.5

0

1

2

3
10

-12

Figure 4: Through-the-thickness distribution of σ13 at the point of coordinates (0.25L1,0.25L2 )
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Figure 5: Through-the-thickness distribution of u3 at the point of coordinates (0.25L1,0.25L2 )
of the [0/90/0] simply supported square plate.
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APPENDIX A – FUNDAMENTAL NUCLEI
The fundamental nuclei appearing in the layers governing equations are defined as
3∫
4
;
:∫
⟨k⟩
∂F
⟨k⟩
α
u
Fα⟨k⟩ G λ⟨k⟩ dx3 ∂Tn −
G λ⟨k⟩ dx3 ∂i
τ K̂ αλ =
∂
x
3
hk
hk
τ ⟨k⟩
u K µβ

=

:∫

hk

⟨k⟩
G ⟨k⟩
µ Fβ

τ ⟨k⟩
τ K µλ

dx3
=−

u ⟨k⟩
uK αβ
u ⟨k⟩
τ K αλ

=

:∫

hk

Fα⟨k⟩ G λ⟨k⟩

dx3

;7

⟨k⟩
Q̂αλ

where

=

;7

:∫

:∫

∫
∂Fβ⟨k⟩
C
F
⟨k⟩
+ D Gµ
dx3 G ∂i
∂ x3
h
E k
H
;
⟨k⟩ ⟨k⟩
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∇
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−Anp
∂p + ∂n

hk
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⟨k⟩
G ⟨k⟩
µ Gλ

Fα⟨k⟩ Fβ⟨k⟩
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9
Fα⟨k⟩ G λ⟨k⟩ 9

zk

−
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dx3 ∂Tp A⟨k⟩
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/

3∫

5

∇ ⟨k⟩ = 1 − ℓ ⟨k⟩ ∇ ∂i = 1 − ℓ ⟨k⟩
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2
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G dx3 ∇ ⟨k⟩
∂ x3 λ
;
∂i
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+
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ABSTRACT
Formation Flying Synthetic Aperture Radar (FF-SAR) is defined as a SAR in which the signal
emitted by the transmitter and scattered from the area of interest is not collected by a single
receiver but by many, conveniently distributed, formation flying, receivers. The concept of
distributed aperture can enable new SAR working modes, but more important, thanks to passive
operations, can achieve very high performance through a series of very compact, low weight,
agile, satellite platforms. Such a distributed space system can be regarded as a system in which
the payload functionality is broken apart and distributed among the different elements of the
system. While fractionation and formation flying may lead to many advantages, distributed
space systems pose a number of technological and operational issues at system and subsystem
level. Signal modeling, radar processing, system operations and formation flying aspects are
analyzed in this paper and an end-to-end space system demonstrator concept is also proposed
including 3 satellites working in X-band, flying in a LEO close formation. Mission operations
and system budgets are performed at a preliminary level showing the possibility to achieve
mission objective by platforms of micro-satellite class (<100 kg).
Keywords: Synthetic Aperture Radar; Distributed Space System; Formation Flying; Small
Satellites
1

INTRODUCTION

A distributed space system can be regarded as a system in which the various members can be
heterogeneous, and the payload functionality is broken apart and distributed among the different
elements of the system. Fractionation may lead to many advantages, including overall system
reliability, flexibility and modularity as well as enhanced responsiveness and decreased
vulnerability. Indeed, single members of the system can be replaced in case of failure, thus
guaranteeing graceful performance degradation and preserving mission goals. In addition, the
geometry of the distributed system could be partially changed while in orbit to accommodate
for additional or varying scientific objectives and requirements. In contrast, distributed space
systems pose a number of technological and operational issues at system and subsystem level.
At a system level, formation acquisition, control and maintenance are the biggest challenges,
especially when the various satellites operate with short separations and the formation includes
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many members. In this case, indeed, the collision risk among the satellites of the formations
shall be properly considered in system design and operation. Moreover, if from one hand the
access to space for a distributed space system may benefit from a reduced-risk multiple launch
approach, on the other hand formation geometry acquisition after launch may require increased
propulsion and operations effort.
The distributed system concept is naturally coupled with the use of small space platforms, since
the system overall cost is lower, the replacement of a failed satellite is easier and faster, and
finally it is possible to gradually update on board technologies by incrementally replacing
elements of the formation, which is generally an issue for large space systems. Actually, small
satellite-based missions offer the opportunity to fast and flexibly react to new technology
developments in spaceborne solutions.
Among different distributed system ideas and proposals, the concept of Distributed Synthetic
Aperture Radar (DSAR) has received increasing attention during the last years [1],[2].
Formation Flying Synthetic Aperture Radar (FF-SAR) is a specific case of DSAR and it is
defined as a synthetic aperture radar in which the signal emitted by the transmitter and scattered
from the area of interest is not collected by a single receiver but by many conveniently
distributed formation flying receivers. The concept of distributed aperture is a generalization of
the conventional synthetic aperture radar (SAR) principle [3],[4], and of standard
interferometric SAR (InSAR) techniques [5],[6], towards a highly flexible system able to
implement a wide range of different working modes and hence to adaptively modify its
characteristics to enhance the overall system performance and the quality of the delivered
products. When both cross-track/radial and along-track separations are available the coherent
processing approach can be adaptively modified to enhance the desired imaging feature to the
current scene and the observation requirements. In addition, the separations among the receivers
can be modified during the mission to further improve system capabilities.
A FF-SAR system may pose challenging requirements in terms of electrical power, orbit
control, communication link and payload synchronization, which could be not compatible with
using small platforms. However, in recent years, technology upgrades have been conducted
relatively quickly, with limited costs, leading to the development of small satellites with
increasing capabilities, thus opening the way for using distributed space systems also for
operational, public and commercial services. In this respect, ongoing technology developments
leading to miniaturization of engineering components, development of micro-technologies for
sensors, instruments, and spacecraft bus components, as well as the integration of
microelectromechanical systems (MEMS) with microelectronics for data processing, signal
conditioning, power conditioning, and communications will play a relevant role. Since these
smaller units are cheaper, the use of a constellation of distributed systems to significantly update
satellite revisit times may be more cost effective than using monolithic systems.
This paper presents the most promising working modes and applications of FF-SAR principles.
Signal modeling, radar processing, system operations and formation flying aspects are
investigated and an end-to-end space system demonstrator concept is proposed including 3
satellites working in X-band, flying in a LEO close formation. System budgets are carried out
at a preliminary level showing the possibility to achieve mission objective with formation flying
platforms of micro-satellite class (<100 kg).
2

OVERVIEW OF DSAR PRINCIPLE AND APPLICATIONS

Performance improvements made possible by FF-SAR deal with both new working
modes/applications and system design, development, and operations. The former aspect is
analysed herein. Expected FF_SAR working modes and applications can be classified as
follows:
•
Signal-to-Noise Ratio (SNR) improvement
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•
Resolution Enhancement
•
Pulse Repetition Frequency (PRF) reduction
•
3D Imaging
•
GMTI
•
miscellaneous
SNR improvement deals with the property that the coherent combination of N SAR images,
collected by identical receivers flying in a close formation, results in an increased signal power,
by a factor of N, without altering noise power.
Coherent resolution enhancement is a FF-SAR technique which can be used to enhance the
resolution with respect to a monostatic SAR working with the same parameters. The technique
is based on coherent combination of data collected by spatially separated receivers. The concept
of resolution enhancement by FF-SAR was first quantitatively analysed in [7]. The idea is that
the synthetic aperture, either monostatic or bistatic, represented by a single receiver of the
formation, is completed by the physical array realized by all the receivers in the formation.
Azimuth resolution can be thus improved if the half-power beamwidth of the physical array in
the azimuth direction is narrower than that of the synthetic aperture. Beamforming algorithms
can be applied to achieve azimuth resolution enhancement. The same idea can be exploited in
the cross-track/vertical plane to improve ground range resolution. Specifically, as noted in [8],
resolution enhancement in ground range is a mixture of slant range resolution with angular
resolution, and this combination can generate conceptual errors if interpreted as a pure
beamforming. Therefore, range resolution enhancement is typically presented and analysed in
the range frequency domain, where it is referred to as super-resolution [9]. Super-resolution in
range relies on the coherence combination of the range spectra of the data collected by each
receiver. Those spectra can be assumed to show spectral shifts depending on the effective
baselines. Hence the relevant combination increases the overall total range bandwidth thus
enhancing the resolution. The technique requires the total effective baseline realized by DSAR
system to be a significant fraction of the critical value, that is in the order of 1 km for X-band
operation in LEO.
With reference to PRF reductions, when more than one receiver is available, the PRF of the
transmitter can be relaxed to values that are significantly lower than the Doppler bandwidth of
the illuminated scene. This allows FF-SAR system to increase the swath width which can be
observed without range ambiguities, i.e. to implement high-resolution wide-swath (HWRS)
techniques. At the same time, unambiguous reconstruction of the Doppler history is achieved
in processing combining the data collected by each receiver. The required algorithm shows
similarities with azimuth beamforming for azimuth resolution enhancement, but additional
constraints must be set to achieve null-steering thus suppressing azimuth ambiguities resulting
from the use of a low PRF. Differently from coherent resolution enhancements, limited
separations are required in the along-track direction. Again, for X-band operation, good
performance can be obtained if all the receivers are within a 500 m long azimuth envelope.
Moreover, regular separations among the receivers are not strictly necessary. In other words,
with the only requirements of reducing collision risks, drifts among receivers are allowed,
which are compensated by the beamforming algorithm.
As far as 3D imaging is concerned, XTI is the standard technique used to generate threedimensional radar images. The vertical information associated to each pixel is derived from
phase differences of two different images of the same region. On the other hand, the vertical
detail within the single pixel cannot be evaluated by cross-track interferometry, whereas it can
be obtained by means of 3D imaging techniques derived from the principle of SAR tomography
[10]. This technique relies on several receivers covering the target scene with slightly different
observation geometries. Vertical structures are thus identified using a vertical aperture synthesis
and following array theory, i.e., again, by digital beamforming. The technique poses
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requirements in terms of total effective baseline that are very similar to those of coherent range
resolution improvement.
FF-SAR can also achieve GMTI capabilities. This is because the satellite formation realizing
the considered FF-SAR system can be interpreted as a multi-channel receiver composed of
more than two Rx channels (at least 3). This means that suitable combinations of ATI and
Displaced Phase Center Antenna (DPCA) techniques can be exploited to gain advantage of their
complementary characteristics while simultaneously solving the major related drawbacks.
Indeed, on one side, ATI allows removing false moving-target detections caused by the
presence in the scene of strong stationary scatterers (which may be characterized by a residual
magnitude in the GMTI map even after DPCA is applied). On the other side, DPCA allows
neglecting in the moving-target search those regions in the GMTI map, located in the shadow
of strong scatterers, which can cause false moving-target detections if only ATI is used (since
the ATI phase would be dominated by random noise in absence of moving targets). With more
detail, a 3-Rx configuration can ensure satisfying performance in terms of moving-target
detection and velocity estimation provided that the along-track baseline between the Rx
channels is not too large (e.g., in the interval 100 m - 200 m). If more receivers are available,
operations constraints dealing with PRF selection, DPCA blind velocities, and wrapped
ambiguities of ATI phase are relaxed notably.
Concluding this section, the term miscellaneous is referred to FF-SAR applications able to
accomplish different goals simultaneously (i.e. more than one application at the same time and
over the same areas) exploiting system redundancy. Assuming a formation composed of N
platforms, such a system has got N degrees of freedom which can be exploited. So, M degrees
of freedom can be used to enable an application and the remaining N-M degrees of freedom
can be exploited for a different one. As an example, if the selected PRF is about M times smaller
than that required to correctly sample the Doppler bandwidth of the scene, residual redundancy
is available to improve SNR or equivalently to reduce the required Tx power.
3

SIGNAL MODEL AND RADAR PROCESSING

In a linear FF-SAR, both transmitting and receiving platforms observe the same area on the
ground (see Figure 1a). Consequently, for each transmitted pulse such a sensor receives a
number of N pulses at azimuth-displaced positions. This means that N samples are gathered at
N Rx positions for each Tx position along the synthetic aperture.
These N additional samples can be exploited in different ways. If the PRF of each receiving
platforms meets the Nyquist criterion, then the coherent combination of N unambiguous signals
allows higher geometric resolution or higher unambiguous swath width or a reduced antenna
area of receivers. Otherwise, one can exploit the coherent combination of N signal to cancel
each other the ambiguous parts of the Doppler spectra, allowing the reconstruction of a signal,
free of azimuth ambiguities. This means that the effective sampling rate of the azimuth signal
is increased to N·PRF while the transmit PRF remains unaltered. Compared to a monostatic
system, transmit PRF and effective sampling rate are "decoupled" by a factor of N.
In principle, the unambiguous recovery of the Doppler spectrum is only possible when the
additional samples are equally spaced along the synthetic aperture, with a distance between
successive samples univocally determined as a function of PRF, platform velocity, and number
of the receivers. Concerning this, two preliminary theoretical examples are investigated in
which regular, controlled space among FF-SAR components is foreseen: (1) the case in which
uniform distribution of samples is obtained considering just the sequence of pulses collected by
all the receivers in the time interval 1/PRF, i.e. corresponding to the same transmitted pulse,
and (2) the case of uniform sampling, but this is achieved considering also samples
corresponding to different transmitted pulses. In other words, consecutive samples in space
correspond, in general, to pulses transmitted in different time epochs. This allows receivers to
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work with larger along-track distance, thus enabling distribution of receivers onboard separated
platforms. An unambiguous signal recovery can be achieved also for other, irregular,
distributions of samples, e.g. resulting from orbit dynamics deviating from nominal conditions,
if appropriate processing steps are applied. Figure 1 b shows the FF-SAR processing schematic:
x Each Tx/Rx couple is focused with assessed algorithms for Bistatic SAR processing
x FF-SAR processing is completed by Digital BeamForming (DBF) algorithms to
coherently combine all the images into a higher quality product. DBF removes or
notably reduce signal distortions generated by not uniform platform separations,
provided that relative positions are known with sufficient accuracy (i.e. fractions of
carrier wavelength)
Tx/
Tx
x/Rx
Rx=
x
x=Chief

RxRx
x-only
ly=
ly
y=Deputies

(a)

(b)

Figure 1: Example of a figure. (a): FF-SAR operation concept; (b) FF-SAR Processing schematic

4

SYSTEM OPERATIONS AND FORMATION FLYING

The presented signal models and applications can be used to preliminarily identify formation
geometries of interest for the distributed SAR. In particular, two formation geometries are
introduced, which can be considered as design examples. In both cases, it is assumed that the
chief satellite moves on a low inclination orbit (20 degrees), i.e. a near-equatorial one. However,
the design can be easily tailored for any orbit inclination.
deputy 1
deputy 2
deputy 3
deputy 4

50

radial (m)

0
-50
-100
-150
-200
300

300
200

200
100

100

cross-track (m)

0

0
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along-track (m)

(a)

(b)

Figure 2: Example of a figure. (a): Safe Along Track (SAT) formation; (b) Large Effective Baseline
(LEB) formation
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Some of the identified applications, i.e., HRWS and GMTI, require along-track observation
geometry with short baselines (see Figure 2 a). Azimuth coherent resolution enhancement
requires a similar geometry with larger distances among satellites. In all these three
applications, radial/cross-track baseline basically represents a disturbance effect and has to be
kept within a limited range in order to be removed at processing level, based on DEM
knowledge. A formation geometry conceived for these applications is named as “safe alongtrack formation” (SAT). The key concept of the conceived formation is to establish a minimum
radial/cross-track baseline for each couple of satellites, which can be selected on the basis of
knowledge of satellites configurations and considerations on collision risk mitigation. In other
words, a “safety tube” is established around each satellite. In absence of active formation
control, the safety tube is violated only on relatively long timescales. The radius of the safety
tube is limited by FF-SAR processing constraints, and can thus be of a few fens of meters. If a
safety tube is established, there is no need of imposing an along-track offset among the different
satellites in order to limit collision risk. On the other hand, the along-track drift can be tolerated
for relatively long timescales, until the along-track separation becomes incompatible with
processing requirements. On the contrary, 3D imaging or tomography and ground range
coherent resolution enhancement require a relatively large radial/cross-track baseline, at least
for a single satellite (see Figure 2 b). Both formation geometries, in general, fall within the “safe
ellipses” category.
5

END-TO-END SPACE SYSTEM DEMONSTRATOR

End-to-end space demonstration is intended as a demonstration of FF-SAR concept by a
reduced performance space mission. A precursor demonstrator mission has been investigated
including 3 satellites working in X-band, flying in a LEO close formation. One satellite embarks
a Tx/Rx radar, i.e. it is a monostatic SAR. The other two satellites are Rx-only items. The
system must feature formation flying capabilities: it must be able to guarantee formation control
and to perform formation reconfiguration manoeuvres.
From the FF-SAR perspective, starting from the design of a general purpose monostatic SAR
targeted to achieve 8m x 8m resolution on the ground, together with -24 dB NESZ, from an
orbit altitude of 550 km, FF-SAR properties are exploited to demonstrate performance
improvement, namely the achievement of better resolution with the same NESZ requirement,
testing suitable combinations of FF-SAR techniques like SNR enhancement, PRF reduction,
CRE in range (see Figure 3).

Figure 3: Ground Range resolution enhancement with FF-SAR (30° incidence angle)
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Of course in order to get performance enhancement with FF-SAR, specific solutions for time
and phase synchronization enabling bistatic operations are to be defined, together with the
individuations of techniques and sensors for accurate absolute and relative positioning and
pointing.
A preliminary sizing of both Tx/Rx and Rx-only satellites is carried out using basic rules and
formulas for preliminary mass and power budgets, and the system design requirements
collected in Table 1. Satellite mass budget results are shown in Table 2: it is possible to conclude
that both Tx/Rx and Rx-only satellites are of micro-satellite class (<100 kg).
RX-only
satellite

TX/RX
Satellite

5% (5
min./orbit)

Peak Power during Tx

up to 4kW

Orbit Duty Cycle

5% (5
min./orbit)

Average Power (no Tx)

30 W

30 W

SAR Antenna & RF Unit Mass

45 kg

32 kg

Deployable Planar Antenna Size

0.7 m x 4.9 m

0.7 m x 4.9 m

Data volume per orbit

7 GB

Orbit Altitude/Inclination

550 km/20°

7 GB
Depending on
FF geometry

Attitude Control/Knowledge Accuracy

0.01°/0.001°

Absolute Navigation Accuracy (3D, RMS, onboard)

3 m/3 cm/s

Relative Navigation Accuracy (3D, RMS, onboard)

10 cm /1 mm/s

Radial-Cross/Along Track Rel. Pos. Control
Accuracy (RMS)

1/10 m

Rel. Pos. Knowledge Accuracy (3D, RMS, onground)

1-10 mm

0.01°/0.001°
3 m/3 cm/s
10 cm /1 mm/s
1/10 m
1-10 mm

Table 1: System Design Requirements.

Electric Power
Attitude & Orbit Control
Propulsion
TT&C & OBDH
Thermal Control & Structure
SAR Instrument
Total Wet Mass

Tx/Rx Satellite
10-22
5
11-13
4-9
17-25
45
92-119
Table 2: Satellite Mass Budget.
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Rx-only Satellite
3
5
9-11
4-9
12-18
32
65-78
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CONCLUDING REMARKS

This paper focused on principles, basic system requirements and formation flying aspects
relevant to Formation Flying Synthetic Aperture Radar. Properly designing relative motion
allows obtaining passively safe and stable trajectories which fulfil distributed payload
requirements. Key aspects for Formation Flying Synthetic Aperture Radar operation include
real time and off-line relative navigation performance, formation control, payload
synchronization, and ad hoc radar processing algorithms. A end-to-end demonstration mission
was investigated showing the possibility of realizing Distributed Synthetic Aperture Radar
applications with micro-satellite class platforms flying in formation.
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ABSTRACT
The PERSEO project (PErsonal Radiation Shielding for intErplanetary missiOns), funded by
the Italian Space Agency, has led to the development of a first technological demonstrator of
a radiation shielding garment, to be used in a pressurized space habitat, that can be filled at
need with on-board water and used for personal protection in case of solar particle events.
The collaboration, including academic partners and companies active in space research and
technology development, designed and manufactured the prototype that has been successfully
tested on board the International Space Station by the European Space Agency astronaut
Paolo Nespoli in November 2017, during the VITA mission. The effectiveness of the garment
in terms of reduction of the radiation dose to sensitive organs (subject to the occurrence of
short-term non-cancer effects following acute exposure) has been evaluated with Monte Carlo
simulations with an anthropomorphic phantom. The successful outcome of the experimental
session on board has demonstrated the practicality of use and wearability of the prototype,
and, in perspective, the feasibility of a personal radiation shielding strategy, complementary
to habitat shielding and based on the use of available resources, of fundamental importance
also in view of future manned interplanetary missions.
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1

INTRODUCTION

The PERSEO (PErsonal Radiation Shielding for intErplanetary missiOns) project, one of the
VITA experiments funded and supervised by the Italian Space Agency (ASI), has been
successfully conducted on board the International Space Station (ISS) by the European Space
Agency (ESA) astronaut Paolo Nespoli (Expedition 52-53) in November 2017. ASI has been
granted access to the ISS utilization resources in the framework of the Memorandum of
Understanding (MoU) with NASA, and completed its sixth flight opportunity with the VITA
mission. In this framework, ASI availed itself of the industrial support services provided by
Kayser Italia for the new payload integration process, safety, operations and logistics towards
NASA. The PERSEO collaboration, coordinated by the University of Pavia and including
academic partners and companies active in space research and technological development,
developed the first prototype of a water-filled garment, a technological demonstrator of a
personal radiation protection device for astronauts, to be used in a pressurized space habitat in
case of occurrence of solar particle events. The prototype was designed and manufactured in
compliance with safety requirements and all requirements for use in a space habitat,
completing all necessary ground verification tests. During the experimental session on board,
Paolo Nespoli successfully tested the filling of the garment with ISS water, wore the garment
for ~30 minutes verifying its comfort, and later drained the water back in the on-board water
recovery system without water waste, demonstrating the feasibility of a personal radiation
protection strategy based on the use of resources available in the space habitat. The efficacy
of the prototype in terms of achievable dose reduction to organs subject to the insurgence of
short-term non-cancer effects has been evaluated based on Monte Carlo simulations with an
anthropomorphic phantom, exposed to reference solar proton spectra in low-shielding
conditions, as it could happen in an emergency scenario during a deep-space mission.
Dedicated measurements at the TIFPA (Trento Institute for Fundamental Physics and
Application) proton accelerator facility have also been conducted to benchmark simulation
results. For a complete report on the project see [1].
2

COUNTERMEASURES TO SOLAR PARTICLE EVENTS

The PERSEO garment has been particularly conceived to protect astronauts in case of a Solar
Particle Event (SPE): SPEs are hardly predictable events, during which a large amount of
particles (mainly protons) are injected from the Sun into interplanetary space and impact on
the space habitat. Solar protons are of low energy (up to few hundreds of MeV) with respect
to galactic cosmic rays - the other main component of the space radiation environment - and a
radiation protection strategy based on passive shielding is successful: at present, in case of
SPE alert, astronauts are required to take shelter in dedicated areas of the habitat, with
increased wall thickness. Nevertheless, also in view of future higher-complexity scenarios for
deep-space missions, habitat shielding cannot be the ultimate solution: there might be the
need to exit the radiation shelter and to operate in lower-shielded areas of the habitat when the
event is in progress, or the risk of being caught by (or alerted for) a SPE without being able to
immediately get to the radiation shelter. Therefore, innovative solutions based on personal
shielding have to be envisaged, to avoid the onset of immediate consequences for the
astronauts’ health, as those following an acute radiation exposure to doses higher than organdependent thresholds. In particular, it is of utmost importance to protect blood forming organs
(BFO), as the lethality of an acute exposure can be mainly attributed to heavy damages to the
hematopoietic system. Among possible solutions, those making use of multi-functional
resources already available in the space habitat have to be preferred, thus avoiding the costs
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and logistic constraints of adding extra material solely for shielding purposes to the mission
payload. Water is an excellent candidate material, as it is a necessary on-board resource with
good shielding properties, provided that its use for shielding does not lead to its waste [2-4].
3

THE GARMENT PROTOTYPE: DEVELOPMENT, TEST ON THE ISS AND
SHIELDING EFFICACY

3.1

The PERSEO garment prototype

The prototype (Figure 1a) is a sleeveless Nomex® Garment with 4 embedded water containers
made of Coretech® (Saint-Gobain), all connected by a circuitry system with valves and a
single interface to allow for use of ISS water resources. The garment is fillable with ~22 liters
of water, and, when filled, water bags reach a thickness of ~7 cm. The lateral dimensions of
the bags have been tailored on the astronaut’s torso: bags protecting the astronaut’s back are
37 x 37 cm2, while bags protecting the upper chest and abdomen are 25 x 25 cm2. In
compliance with safety requirements to prevent water leakage when filling, bags were
designed to resist high differential pressure (24 psig) at the filling interface without leakage or
rupture. Structural analysis (with LS-DYNA) and dedicated ground-verification tests have
been conducted to verify this requirement. As the water dispenser system indicated for use by
NASA delivers iodinated water, break strength measurements after immersion tests have also
been conducted to verify the compatibility of Coretech® with iodinated water, and choose the
appropriate size of welded joints used for manufacturing the bags. The release by the material
of hazardous substances of any kind in the water (both volatile organic compounds and
polycyclic aromatic hydrocarbons, for all parameters subject to water primary drinking
regulations) has also been excluded. Bags in the integrated configuration also underwent a
series of soaking and rinsing steps, to verify the appropriate cleanliness requirement before
filling (particulate counts in size classes and the absence of non-volatile residue). Finally, the
system was successfully tested for endurance to vacuum.
On August 14, 2017, the PERSEO payload (ad-hoc manufactured Nomex® transport bag
containing the vacuumed PERSEO garment) was successfully launched with the Dragon
spacecraft within SpaceX twelfth commercial resupply services mission, from NASA
Kennedy Space Center, Florida. Dragon was captured and successfully docked to the ISS two
days later, on August 16 [1].
3.2

The experimental session on board the ISS

The PERSEO session on board the ISS took place on November 7, 2017. The scientific
objectives of the experimental session have been fully achieved and the astronaut carried out
on-board operations as planned, with no deviation from the procedures. Operations were
followed real-time both from NASA mission control center and from the Italian team of
developers. The outcome of the session has been evaluated based on analysis of pictures and
video recording and on the feedback collected from the astronaut in a dedicated questionnaire
and in a post-mission debrief session with the developers. The filling (~20 min) and draining
(~40 min) of the garment have been judged extremely easy to perform, with no water waste,
the duration of such phases being dictated by the characteristics of the water filling/draining
interfaces indicated for use by NASA. Once filled, the astronaut wore the garment for ~30
minutes (Figure 1b), judging it comfortable enough, not significantly hindering his
movements and not posing major problems because of increased inertial mass. As minor
discomfort, he reported a slight feeling of cold (due to the temperature of on-board water used
for the filling being lower than body temperature), which suggests the implementation of a
thermic insulation for the bags, and the possibility of displacement of bags on the torso, which
suggest the implementation of further tightening systems [1].
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Shielding effectiveness

We performed GRAS-Geant4 Monte Carlo simulations with an anthropomorphic phantom,
exposed to different reference solar proton spectra with and without a simplified software
replica of the PERSEO garment. The phantom is placed in an Al module, whose wall
thickness is varied in the range 1.5 to 10 cm, to mimic exposures in different shielding
conditions. As main indicator of the garment shielding effectiveness, we take the dose
reduction to blood forming organs, taking into account the importance of different bone
structures in terms of their content of red bone marrow, the tissue actively producing blood
cells. Calculations in this simplified simulation setup give a dose reduction value to BFO of
42 ± 3% for the lowest-shielded condition, which is decreased to ~30% in case of thicker
shielding, when habitat walls are themselves responsible for the stopping and/or slowing
down of a part of the spectrum of incoming solar protons. Dose reduction results can be
translated in terms of increase of the time interval before a given dose threshold for the onset
of health effects is reached: such dose limit is set to 250 mGy-Eq (physical dose in mGy
multiplied by a relative biological effectiveness weight of 1.5 for protons) by NASA for BFO.
Considering a peak dose rate of ~ 100 mGyEq/h for an astronaut caught by a SPE during
intra-vehicular activities in a low-shielded area of the habitat, the BFO dose limit would be
reached in ~2.5 hours if the astronaut is not wearing any personal personal protection device,
or in almost double of this time if he/she is wearing a garment similar to the PERSEO
prototype. For all details see [1] and references therein.

(a)

(b)

Figure 1: The PERSEO garment prototype, (a): during pre-flight inspection at Johnson Space Center
(JSC) – Houston, USA; (b) worn by ESA astronaut Paolo Nespoli during the experimental session on
board the ISS.

4

CONCLUDING REMARKS

The successful outcome of the PERSEO project demonstrates the feasibility of personal
radiation shielding using on-board water as a strategy complementary to habitat shielding for
future deep-space human exploration missions.
The characteristics of the first PERSEO technological demonstrator are the results of a wide
variety of constraints (human factors, safety requirements and limitations of available
resources) and requirements, not least those dictated by the specific characteristics of the
interfaces for water delivery/recovery on board the ISS, indicated by NASA for use in this
experimental session. For the development of future models to be used in different space
habitats, water interfaces with appropriate characteristics should be selected/designed. This
would certainly allow the design and manufacturing of water containers with more ergonomic
shapes, while for this prototype a regular “parallelepiped” shape was the preferred option,
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mainly because of the requirement of resistance to a high differential pressure at filling. This
would lead to a sure improvement of the garment wearability, that has been already judged
positively for this first prototype. A new water delivery system could also be thought as faster
and allowing the filling of multiple garments at the same time. Alternative strategies could
also be explored: different garments could be kept filled at all time, used for water storage and
ready to use for personal radiation protection in case of emergency, if the material in contact
with water is verified to keep water quality unaltered. If the same concept of a garment with
embedded protection elements is further explored, the same elements could be thought as
water-storage devices, to be extracted from the garment and used to increase wall shielding at
need when the garment is not in use.
Concluding, the know-how acquired by the PERSEO collaboration in the course of the project
sets a solid basis for the developments of new-generation space radiation shielding garments
for use in pressurized space habitats. PERSEO paved the way for the consolidation of
personal radiation shielding using available resources as a fundamental strategy in view of
future interplanetary missions as the one to Mars [1].
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ABSTRACT
In this paper we study active balancing systems tailored to space applications which involve
rotating devices mounted on spacecraft. The behavior of these systems can be severely affected
by the force and torque arising at the interface point from unpredictable inertial asymmetries
of the rotating device. Therefore, a suitable mechanism to counteract unbalance effects must be
envisaged: we suggest using a set of actuated movable masses and sensors and a control law
assigning the position of the masses to cancel the rotor unbalance. The control design that we
propose is based on tools of harmonic control and provides satisfactory performance even in
the presence of parameters uncertainties.
Keywords: Rotating orbital device, Rotational unbalance, Adaptive control
1

INTRODUCTION

Future space missions will increasingly rely on payloads the operation of which will require
them to rotate with respect to the platform. These systems need a careful design, because the
unbalanced force and moment connected to inertial asymmetries can lead to the reduction of
accuracy and stability of the satellite’s attitude and the aroused vibration in the satellite will
directly affect the quality of the collected data. These problems are magnified when the payload
is large and, as a consequence, the working life could become shorter and operational reliability
could degrade. Even worse, the attitude control system may fail to stabilize the spacecraft or the
unbalanced loads may damage the motor sustaining the spin motion, thereby undermining the
outcome of the mission. Accommodation restrictions, whether due to launcher fairing envelopes
or limitations and constraints by the spacecraft, make it necessary to stow for launch and deploy in-orbit the payloads that are exceeding these restrictions due to their required operational
dimensions [1]. For this reason the inertial properties cannot be predicted with high accuracy,
so that the resulting unbalances might have to be corrected at commissioning by means of a
dedicated balancing system [2]. In this paper a concept for such a system, inspired by previous
works [3] on the design of active balancing systems (short, ABS) is presented and discussed.
More precisely, a detailed analysis of the balancing problem is carried out by referring to an
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ABS concept based on actuated movable masses and a set of sensors. Furthermore, an analytical framework for the design of proposed ABS is briefly outlined. In the last part of the
paper, a simplified benchmark model of the proposed ABS is presented together with dedicated
solutions to the active control problem, based on ideas borrowed from Harmonic Control (short,
HC) [7, 4, 6]. The performance level achieved by the proposed control design is assessed in
a simulation scenario based on a multibody model of the system. We provide results also for
the case in which parametric uncertainties are accounted for in the simulation model and we
show the performance improvement gained when a preliminary identification step is carried out
before applying the control law.
2

PROBLEM STATEMENT

This section is devoted to presenting the problem addressed in this work. We consider a system
made by a rigid body, with uncertain inertial properties, which is rotating about a fixed axis at
constant angular velocity. As mentioned in the Introduction, this case is representative of space
applications in which a rotating device (henceforth called ”rotor”) is mounted on a spacecraft.
To tackle the undesired effects associated with rotor unbalance, we suggest using an active
balancing system made by a set of M movable masses mounted on the rotor and sensors capable
of measuring the inertial components of the joint force and torque to be canceled. We assume
that the rotor is spinning at constant angular velocity about the third
frame1 .
! axis of the inertial
"

In this setting, the rotor configuration is described by R(θ ) =

cos(θ ) sin(θ ) 0
− sin(θ ) cos(θ ) 0
0
0 1

, where θ is

the angle of rotation. By definition, R is a rotation matrix that transforms vector components
from the inertial frame (OI , {i1 , i2 , i3 }) to the body frame (OB , {b1 , b2 , b3 }). Due to the joint
constraint, we have the following relationships: OI = OB =: O and i3 = b3 . The position of the
i-th balancing mass, resolved in the inertial frame, is a function of the corresponding relative
displacement si ∈ R as follows:
ri = RT (r̄i + si ni )
(1)
where r̄i = [ x̄i ȳi z̄i ]T ∈ R3 is the zero location (si = 0) of the i-th balancing mass and ni ∈ R3
is the unit vector assigning the corresponding displacement direction. The velocity of the i-th
mass, resolved in the inertial frame, is given by
ṙi = RT (ṡi ni + ω × (r̄i + si ni )) ,

(2)

where ω = θ̇ e3 = [ 0 0 θ̇ ]T is the (constant) angular velocity of the rotor. In the following, we
use the compact matrix notation S(ω)x = ω × x to represent the cross product operation.
The objective of the ABS is to guarantee that the in-plane components of the reaction force and
torque at joint O, measured by sensors, are ideally canceled. To this end, we first compute the
inertial components of the force and torque ( fO , τO ) at joint O by applying Newton’s law:
τOI =

dh
,
dt

fOI =

dQ
dt

(3)

where h and q are the angular and linear momentum, respectively, whose expressions are not
reported for space limitations. Herein, J R ∈ R3×3 and mR ∈ R>0 are the inertia matrix with
1 Equivalently, we assume that the attitude control system is capable of instantaneously rejecting the disturbances associated with rotor unbalance. Future work will address the rotor-ABS coupling problem.
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R ∈ R3
respect to O and the mass of the rotor, respectively, mi ∈ R>0 is the i-th balancing mass, rG
is the location of the rotor center of mass, resolved in the body frame. Then, the in-plane
components of fOI and τOI can be derived from (3) to obtain
!
"
# B
# I
$T
$T
R̄(θ (t))
0
I
I
I
fO1 fOB2 τOB1 τOB2 ,
fO1 fO2 τO1 τO2 =
(4)
0
R̄(θ (t))
&
%
cos(θ (t)) − sin(θ (t))
where R̄(θ (t)) = sin(θ (t)) cos(θ (t)) and, given e1 = [ 1 0 0 ]T and e2 = [ 0 1 0 ]T ,

'

(

M

M

M

i=1

i=1

M

M

i=1

i=1

R
+ ∑ mi (x̄i + si eT1 ni ) + 2θ̇ ∑ mi eT2 ni ṡi + ∑ mi eT1 ni s̈i fO
fOB1 = −θ̇ 2 mR xG
i=1

'

(

M

(5)

fOB2 = −θ̇ 2 mR yRG + ∑ mi (ȳi + si eT2 ni ) − 2θ̇ ∑ mi eT1 ni ṡi + ∑ mi eT2 ni s̈i fO
i=1

'

(

M

(6)

M

R
τOB1 = −θ̇ 2 J23
− ∑ mi (ȳi + si eT2 ni )(z̄i + si eT3 ni ) + ∑ mi [ 0 −z̄i ȳi ] ni s̈i
i=1

)
M
+ θ̇ ∑ mi [ −z̄i
i=1

'

i=1

T
T
T
0 x̄i ] ni + eT
1 S(ni ) [ −ȳi −si e2 ni x̄i +si e1 ni 0 ]

(

M

+ [ 0 −z̄i −si eT3 ni

M

R
τOB2 = θ̇ 2 J13
− ∑ mi (x̄i + si eT1 ni )(z̄i + si eT3 ni ) + ∑ mi [ z̄i
i=1

)
+ θ̇ ∑ mi [ 0 −z̄i ȳi ] ni + eT2 S(ni ) [ −ȳi −si eT2 ni
M

i=1

i=1

T
x̄i +si eT1 ni 0 ]

ȳi +si eT2 ni ] ST (ni )e3

*

ṡi
(7)

0 −x̄i ] ni s̈i

+ [ z̄i +si eT3 ni

0 −x̄i −si eT1 ni ] ST (ni )e3

*

ṡi .
(8)

Without loss of generality, we assume that the rotor and the balancing system can be split in a
nominal balanced configuration and perturbation terms as follows:
R
m R xG
+

M

∑ mix̄i = S̄1 + ∆S1 = ∆S1

R
mR xG
+

i=1
3

R
J13
− ∑ x̄i z̄i = J¯13 + ∆J13 = ∆J13

M

∑ miȳi = S̄2 + ∆S2 = ∆S2

i=1
3

(9)

R
J23
− ∑ ȳi z̄i = J¯23 + ∆J23 = ∆J23

i=1

i=1

where, given i = 2, 3, S̄i and ∆Si denote the static moment and the corresponding perturbation
and similarly J¯i3 and ∆Ji3 denote the nominal inertia moment and the corresponding perturbation. For constant perturbations, balanced equilibrium conditions (ṡi = s̈i = fOB1 = fOB2 = τOB1 =
τOB2 = 0) can be obtained provided that there is a sufficient number of (suitably) placed balancing
masses. Specifically, a basic requirement is that the system
M

∑ mieT1 nisi = −∆S1

i=1
M

∑

i=1

mi eT2 ni si

= −∆S2

M

∑ mi

i=1
M

∑

i=1

+
+

,
(eT2 ni )(eT3 ni )s2i ȳi (eT3 ni ) + z̄i (eT2 ni )si = ∆J23

mi (eT1 ni )(eT3 ni )s2i x̄i (eT3 ni ) + z̄i (eT1 ni )si
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derived from equations (25)-(26), admits at least one solution. By defining w = [ fOB1
and by means of (9), equations (25)-(26) can be compactly written as:

fOB τOB τOB
2

M

i
yia + Dabs d,
w = ∑ Cabs

1

2

]

T

(11)

i=1

i
and Dabs can be
with yia = [ si ṡi s̈i ]T , d = [ ∆S1 ∆S2 ∆J13 ∆J23 ]T . The exact expressions of Cabs
derived from (5)-(8) but is omitted here for space reasons. The ABS system includes positioncontrolled linear actuators to assign the motion of the balancing masses. Assuming a linear
behavior, we can compactly write the actuators dynamics as

ẋa = Aa xa + Ba u,

ya = Ca xa + Da u

(12)

where xa = [ xa1 ··· xaM ]T ∈ RMna is a vector including all the states of the M actuators, ya =
[ yia ··· yMa ]T ∈ RMna is a vector collecting the outputs defined in (11) and u = [ u1 ··· uM ] ∈ RM is the
vector of control variables, i.e., the desired positions of the masses. Finally, Aa = blkdiag(Aia ),
Ba = blkdiag(Bia ), Ca = blkdiag(Cai ) and Da = blkdiag(Dia ) are block diagonal matrices formed
from the quadruples (Aia , Dia ,Cai , Dia ) characterizing the i-th actuator dynamics, which has order
na . The inertial in-plane torque and force, i.e., the components of vector R̄(θ (t))w, are assumed
to be measured by suitable sensors, for which we assume again a linear behavior, described by:
ẋs = As xs + Bs R̄(θ (t))w = As xs + Bs R̄(θ (t)) (CabsCa xa +Cabs Da u + Dabs d) ,
1 ··· CM
x
where Cabs = [ Cabs
abs ]. By defining x = [ a
in state-space form as follows:

xs ]T

and y = ys , the overall system can be written
$
#
y = 0 Cs x

ẋ = A(t)x + Bu (t)u + Bd (t)d
where
A(t) =

%

Aa
0
Bs R̄(θ (t))CabsCa As

&

Bu (t) =

3

CONTROL LAW DESIGN

3.1

Overview of Harmonic Control

%

ys = Cs xs (13)

Ba
Bs R̄(θ (t))Cabs Da

&

Bd (t) =

%

(14)

0
Bs R̄(θ (t))Dabs

&

.

(15)

A typical non-adaptive Harmonic Control (HC) system is based on a discrete time mathematical
model describing the response of the system to harmonic inputs with the general form
yN (k) = Tu(k) + dN (k),

(16)

where k is the rotor revolution index, yN ∈ R2ny is a vector of N/rev harmonics of measured
outputs
& ! 1 - (k+1)π y(ψ) cos(Nψ) dψ "
%
yNc (k)
yN (k) = y (k) = π -kπ(k+1)π
(17)
Ns

1
π kπ

y(ψ) sin(Nψ) dψ

u ∈ RN is a vector of control inputs, and T is a 2ny × N constant matrix. The vector dN ∈ R2ny
contains the N/rev harmonics of the ”baseline” vibrations, i.e., the vibrations in the absence of
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HC. The HC inputs are generally updated at discrete time intervals, for example, once per rotor
revolution. The conventional HC control law is derived by minimizing at each discrete-time
step k the cost function
J(k) = yN (k)T QyN (k) + ∆uN (k)T R∆uN (k)

(18)

where Q = QT ≥ 0, R > 0 and ∆u(k) = u(k) − u(k − 1) is the increment of the control variable
at time k. Differentiating equation (18) with respect to ∆uN (k) yields the T -matrix control law
u(k + 1) = u(k) − KyN (k)

(19)

where K = (T T QT + R)−1 T T Q.
3.2

Harmonic transfer function and T-matrix computation

This section summarizes the main aspects of the development of the Harmonic Transfer Function (HTF) (see [7] and the references therein). Consider a continuous-time linear periodic
system:
ẋ(t) = A(t)x(t) + B(t)u(t),
y(t) = C(t)x(t) + D(t)u(t).
(20)
By deriving Fourier expansions for A(t), B(t), C(t) and D(t), it is possible to prove that the
EMP (Exponentially Modulated Periodic) steady-state response of the system can be expressed
as the infinite dimensional matrix equation with constant elements
sX = (A − N )X + BU ,

Y = CX + DU

(21)

where X , U and Y are doubly
vectors formed $with the harmonics of x, u and y respec# infinite
T
T
T
tively, organized as X = · · · x−2 x−1 x0T x1T x2T · · · and similarly for U and Y. A, B, C and
D are doubly infinite Toeplitz matrices formed with the harmonics of A(·), B(·), C(·) and D(·)
respectively (see [7]). From equation (21), one can define the HTF operator:
G(s) = C[sI − (A − N )]−1 B + D

(22)

which relates the input harmonics and the output harmonics (contained in the infinite vectors U
and Y respectively). The T -matrix used in the formulation of HC algorithms can be related to
the elements of the HTF of the model, following the procedure presented in [7]:
!
"
Real[GN,0 ]
T =2
(23)
Imag[GN,0 ]
where GN,0 is obtained from the steady state response Y# = [ ··· y−2N y−N y0 yN $y2N ··· ], given by
Y = G(s)|s=0 U , for a constant input u(t) = u0 , i.e., U T = · · · 0 0 uT0 0 0 · · · .
3.3

Robustness analysis

The implementation of HC control requires the knowledge of matrix T : an erroneous model
of such matrix could result in deteriorated performance and even instability of the closed-loop
system. When an estimate T̂ = T + ∆T is given, closed-loop stability is guaranteed [6] if
.
σmax (T ) 1
σmin (R)
σmax (∆T ) < −
+
(24)
σmax (T )2 + 4
2
2
σmax (Q)
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where σmin (·), σmax (·) denote the minimum and maximum singular values, respectively. Equation (24) points out that there is an unavoidable trade-off between robustness and performance
properties of the closed-loop system. As shown in Figure 2 for the simulation scenario reported
(Q)
in Section 4, the higher the ratio ρ = σσmax
(usually set as a performance indicator) the lower
min (R)
is the robustness degree, meaning that a smaller relative uncertainty can be tolerated by the
system [5].
4

SIMULATION RESULTS

4.1

Simulation model: single-plane balancing system

By referring to equations (5)-(8), one sees that the balancing problem can be decoupled in two
sub-problems, one for the xz plane and one for the yz plane, provided that the ABS is made by
a suitable set of strokes directed along the coordinate axes. Therefore, to simplify the testing
of the proposed control design, we refer to an ABS for the xz plane alone consisting of three
movable masses in which the first mass can be moved along the x-axis (n1 = e1 ) while the other
two along the z-axis n2,3 = e3 ) (see Figure 1). The two red masses shown in the figure are used
to replicate the effects of inertial asymmetries in the rotor.

Index of performance
99% suppression level
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Index of robustness
10% uncertainty level

0.5
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0.4

0.1

10-1

Figure 1: Multibody model of the breadboard.
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102

103

104
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Figure 2: Robustness-performance trade-off.

For this setup, the reaction force fOB1 (5) and torque τOB2 (8) are given by the following expressions:
fOB1 = −θ̇ 2 (∆S1 + m1 s1 ) + m1 s̈1

(25)

+ R
, 3
− m1 z̄1 s1 − m2 x̄2 s2 − m3 x̄3 s3 + ∑ mi [ z̄i
τOB2 = θ̇ 2 ∆J13
i=1

0 −x̄i ] ni s̈i

(26)

R = −m x̄ z̄ − m x̄ z̄ . The proposed ABS is capable of
where ∆S1 = m4 x̄4 + m5 x̄5 and ∆J13
4 4 4
5 5 5
balancing the rotor for any perturbation ∆S1 and ∆J13 since the system
⎡ ⎤
!
" s1
"
!
−∆S3
0
0 ⎣ ⎦
m1
s2 =
,
(27)
m1 z̄1 m2 x̄2 m3 x̄3
∆J13
s3
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derived from equations (25)-(26), admits ∞1 solutions provided that x̄2 and x̄3 are different from
zero. Moreover, the matrices in equation (11) are given by:
% 2
&
%
&
%
&
1
2
2
Cabs
= m1 −−θ̇θ̇2 z̄ 00 z̄1 , Cabs
= −m2 θ̇ 20x̄2 00 x̄12 , Cabs
= −m3 θ̇ 20x̄3 00 x̄03 .
(28)
1

1

For simplicity, we consider second order systems for both the actuators and the sensors dynamics with unit DC-gain. Matrix A(t), computed according to (15), can be expanded in a complex
jmΩt : it can be easily seen from its definition that only the
Fourier series A(t) = ∑∞
m=−∞ Am e
terms A0 , A1 and A−1 are different from the zero matrix for the considered case. Expanding in
the same fashion B(t) and C, the Toeplitz matrices A, B, C are given by:
!
"
!
"
!
"
A0 A−1 0
B0 B−1 0
C0 0 0
A = A1 A0 A−1 , B = B1 B0 B−1 , C = 0 C0 0 .
(29)
0 A1

A0

0 B1

B0

0 0 C0

Finally, it is possible to derive the T -matrix to apply HC by means of equations (22), (23).
4.2

Control law tuning

As explained in Section 3.3, the selection of the weighting matrices Q, R in the T -matrix algorithm (19) is based on the trade-off between performance and robustness. Indeed, Figure 2
shows that it is impossible to achieve a high level of performance (measured by the ratio
∥y(t f )/y(t0 )∥∞ ) together with a high degree of robustness(10% uncertainty on the T -matrix).
For this reason, an on-board identification is needed in order to have a better estimate of the
system dynamics. The Recursive Least Squares (RLS) algorithm seems the natural choice for
this task, given the linear nature of the model [5].
4.3

Numerical results

In this section a numerical example is reported to illustrate the performance of the proposed
ABS combined with HC. For this purpose, a multibody model written in the Modelica modeling
language has been developed (see Figure 1). The performance of the control law has been
analyzed when the T -matrix is exactly known and when it is T̃ = 0.9T . The results obtained for
the former (ideal) case are plotted in Figure 3: as expected, a satisfactory vibration suppression
is achieved after one update of the control law. The residual oscillations shown at steady state
are related to the selected value of ρ = 3, which guarantees a 99% suppression of the loads (see
Figure 2). In the latter case, the results of the standard HC based on T̃ (erroneous model) are
compared with those obtained when an open-loop identification step is performed to estimate T
prior to the application of HC. In Figure 4 one can appreciate the benefits of the identification
step in achieving a faster and better rejection of the unbalance loads.
5

CONCLUSIONS

In this work we presented preliminary results on the problem of rotor balancing with focus to
spacecraft applications: to mitigate the effect associated with inertial asymmetries, we proposed
an active system made by actuated movable masses and suitable sensors. We showed that such a
concept, combined with a controller based on harmonic control ideas, is capable of significantly
reducing the force and torque induced by the unbalance at the interface between the fixed and
the rotating part, even in the presence of imperfect knowledge of the system parameters.
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Figure 3: Force and torque suppression - ideal Figure 4: Force and torque suppression - HC
case.
with/without the identification step.
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A LOST CHANCE: THE HIGH DIRECTORATE FOR STUDIES AND TESTS (1927-1943)
Lt. Gen. Basilio Di Martino
In 1927, following the establishment of the Regia Aeronautica as an independent service, all
research and experimental activities were grouped together and placed under the control of a
specific directorate, Direzione Superiore Studi ed Esperienze (DSSE), or High Directorate for
Studies and Tests. The location was the airfield existing near Montecelio, not far from Rome, a
place soon to be renamed as Guidonia, from General Alessandro Guidoni the first chief of the Air
Force Engineers Corps who died in 1928 at Montecelio testing a new model of parachute. Guidonia
was intended to be the City of the Air, and the seat of the DSSE, that thanks to the inspiring vision
of Italo Balbo and his organizing and managing capabilities, in a very short span of time was fully
manned and equipped at a very high quality standard. Unfortunately, when in 1933 Balbo left his
position as Minister of the Air Force, and due to the high consuming effort required by the military
campaigns in Ethiopia and Spain, let alone the lack of a clear and sound industrial strategy,
Guidonia did not live up to the expectations and the DSSE season was to coincide with the
beginning of the technical decline of a proud air force. To this extent Guidonia was a lost chance.
***
The rationale behind a decision
When the Regia Aeronautica was created, a center dedicated to study and experimentation in all
matters related to aeronautics was already active and operating on Montecelio airfield. In 1923 the
Experimental Aeronautical Institute, while inheriting the mission and the personnel of the existing
Central Aeronautical Institute, was organized in a Technical Directorate, a Procurement Directorate
and an Experimental Directorate for Military Aviation (Direzione Sperimentale dell’Aviazione
Militare - DSAM). This third directorate, initially entrusted to Lieutenant Colonel Cesare Dal
Fabbro, four months later was given to Lieutenant Colonel Giulio Costanzi, the Montecelio airfield
being the designated site for all test activity. From the following year, all the instrumentation and
the equipment was gradually moved to Montecelio, with the exception of the wind tunnel that
would have continued to operate for several years in the old Roman headquarters of Lungotevere
Michelangelo. Meanwhile In 1923 the institute had merged into the Superior Directorate of
Engineering and Aeronautical Construction but soon the peculiar needs of study and
experimentation activities suggested separating them from those related to procurement,
construction and technical management of materials.
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Italo Balbo, as Undersecretary of State for the Air Force, made himself an interpreter of this need in
his speech to the Chamber of Deputies on 29 March 1927 in presenting the yearly budget of the
ministry, which was significantly entitled "The aeronautical policy of fascist Italy" . The new
organization of the Air Force would have distinguished "the duties and responsibilities inherent in
the functioning of the services, from those pertinent to the production and procurement of
materials", attributing the former to a General Directorate for Material, Services and Airports, the
others to a General Directorate of Construction and Procurement (Direzione Generale delle
Costruzioni e degli Approvvigionamenti – DGCA). The third pillar of the structure was to be the
High Directorate for Studies and Experiences (Direzione Superiore Studi ed Esperienze - DSSE)
with the task of giving "serious impetus to studies and aerodynamic research and to all the other
branches of the aeronautics that have direct relevance to the production of aircraft and ancillary
materials ". These intentions were implemented with Royal Decree No. 1241 of June 23, 1927, with
which the DSSE was established, clearly distinct from the DGCA created the same year. Major
General Alessandro Guidoni who in November 1927 was recalled from London, where he was
serving as air attaché, was to take the lead of both directorates. Guidoni engaged himself in this dual
task with his usual skill and well-known moral rigor, but his work was abruptly interrupted by his
death, which occurred on the field of Montecelio on April 27, 1928, while testing a new type of
parachute. To support the activities of the DSSE, which entered into operation on Montecelio
airport on February 1, 1928, on May 5, 1928, on the basis of the existing experimental squadrons of
Montecelio for land aircraft, Vigna di Valle for seaplanes and Furbara for armament, three
experimental centers with the same mission were established. They were to respond to the DSSE for
all the experimental, technical and disciplinary issues, while for territorial matters as well as for the
administration, status and promotion of the personnel they were placed under the Territorial Air
Zone command, without prejudice to the competence of the General Directorate of Military
Personnel and Schools regarding assignment and movement of officers, non-commissioned officers,
ranks and files. This solution, with the three centers as an integral part of a highly technically
characterized structure, was not in line with the orientation of the Regia Aeronautica regarding the
organic location and dependence of the flying units, and after a long period of ambiguity and
uncertainty, on December 10, 1938, the three centers were placed directly under the Air Force
General Staff and to command them a pilot officer was designated.
Programs and achievements
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In the meantime, DSSE had become a proper experimental establishment and the new facilities and
equipment of the directorate were so important in terms of dimensions and technical characteristics
to give life to a real "City of the Air". Even these developments had been strongly pursued by
Balbo, who had announced them to the Chamber of Deputies on April 27, 1932, in giving the usual
year budget speech that was to be published under the title "The future war and the sense of reality".
His words highlighted a complex of initiatives among which was the creation of a modern study
and experience center in which to establish permanent headquarters for DSSE. In Balbo's farsighted
vision, the new Montecelio headquarters, in addition to allowing more appropriate and rational
activities to be carried out, until then suffocated by the lack of space and the use of existing
infrastructures that were adapted to the best, would have ensured “the immediate proximity of a
large aviation field, indispensable for putting abstract science in contact with practical applications,
without which the former bureaucratizes and becomes almost useless ". The city planning scheme
had already been studied and Balbo could state that, by that date, "the large hangars for
experimental equipment and all the facilities related to flight experiences" were already under
construction, as well as the buildings intended to host studies and research related to "technological
chemistry, photography, cinematography, optics, weapons, radiotelegraphy and radiotelephony".
Work was also underway to set up a tank for testing seaplane hulls and a complex of wind tunnels,
while at the same time it was of paramount importance to provide accommodation for the staff and
their families: “we need to normalize, from the point of military view, the life of those who work
with us and for us, including the civilians and their families”.
Works started on October 23, 1930 and were carried in a timely and regular way according to the
project conceived by General Gaetano Arturo Crocco, who succeeded Guidoni. On a piece of land
that flanked the Rome-Pescara railway, facing the existing airfield of Montecelio on the other side
of the tracks, a complex and rational set of buildings rapidly took shape. Along the Avenue Luigi
Sella, which ran parallel to the railway, the visitor could find the building of the Radioelectric
Division, followed by the mess hall, by the directorate headquarters, which hosted the Aircraft
Division, the Engine and Instruments Division, the Optical-Photographic Section, by the building of
the Chemical-Technological Division, by the Models Workshop and by the three buildings of the
Aerodynamic Section, with the large pavilion of the four small wind tunnels with free horizontal
vein, for the current type tests on aircraft scale models, propellers, bombs and even torpedoes, with
a potential wind speed of 70 m/s, and the vertical tunnel, in which the wind blew from the bottom
upwards, by the impressive close double return tunnel, with the possibility of reaching a 100 m/s
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wind speed, and finally by the building of the ultrasound stratospheric tunnel, not included in the
original project but strongly desired by Crocco. The infrastructure of the DSSE was completed by
the power station, which was the last building along the avenue, by the large covered basin of the
hydrodynamic tank, in the background behind the other buildings, by the plants of the Motor
Experiences Department which were located beyond the sloping runway and by the even more
distant structure for fatigue propeller test.
The "City of the Air" was inaugurated by the Prime Minister, Benito Mussolini, on April 27, 1935,
the anniversary of Guidoni's death, and was named Guidonia to reaffirm the continuity of the
commitment in scientific and experimental activity. On the same date the first stone of the urban
nucleus was also placed, subsequently formed in municipality on October 21, 1937.
The hydrodynamic tank, 436 meters long, 6.50 wide and 3.75 deep, was unique in the world for its
dimensions, and its two dynamometric wagons, a slow one, which ran centrally with a maximum
speed of 20 m/s, and a fast one, positioned laterally and capable of a speed of 40 m/s, were designed
to allow to perform characterization tests on models of floats and hulls. However, the structure was
used above all for studies and experiences in the field of armament, with particular reference to the
behavior of bombs and torpedoes on impact with water. In this context, which saw a multiplication
of initiatives in the years of the Second World War, we can place the definition and the
development of a system of tail stabilezers aimed to optimize the trajectory of an aerial torpedo and
to avoiding the phenomenon of porpoising when the weapon entered water, and the testing of
armament solutions with mixed fortunes such as the bouncing bomb designed by Crocco, which
remained at the stage of a laboratory model, the similar “hydro-bomb” proposed by the brigadier
general Federico Zappelloni, which was flight tested in the summer of 1943 but never used in
operations, and the most famous FFF “motobomba”, or “self propelled bomb” designed by
Lieutenant Colonel Prospero Freri, chief draftsman Carlo Filpa and by Colonel Amedeo Fiore. This
peculiar weapon was to be dropped as a regular free fall bomb, slowed down by a parachute which
detached itself when the bomb entered water to to start a 30-minute spiral run at a depth of one
meter with a speed between 15 and 20 km/h. It was used by both the Regia Aeronautica and the
Luftwaffe and proved itself quite worthy against ships in harbour.
The small galleries of the Aerodynamic Section were designed to be used to support the design and
development activities of aeronautical companies, it being understood that, thanks to the fact that
they have identical characteristics, they would have allowed an easy comparison between the
different models they would present. In reality this did not happen or occurred to a very limited
extent since the designers preferred to use what they could derive from the literature rather than
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start a series of well defined trials at the "City of the Air". The other wind tunnels were used
according to their characteristics, with studies on the phenomenon of the spin in the vertical tunnel
and tests carried out in the ultrasonic tunnel on subsonic or supersonic wing profiles. More varied
were the experiences carried out in the double return tunnel, with tests aimed to a comparison
between different wing profiles for the MC.200 fighter, the characterization of the S.81 trimotor
configuration designed for magnetic mines sweeping, with a large octagonal ring suspended on the
wings and tail fins, tests on engine fairings, aerodynamic brakes, torpedo models, even the
definition of the aerodynamic regime on the flight deck of an aircraft carrier and design of the
captain bridge of a cruiser.
The Motor Experiences Department was the least advanced DSSE component from the point of
view not only of the plants but also of the contents of the activity, which confirms the unsatisfactory
situation of this albeit vital sector of aeronautical technique. Of the two test rooms, one for aircooled engines, the other for liquid-cooled engines, the second was for a long time little used as a
result of the choices made by the Regia Aeronautica. It was significantly used only during World
War Two, and even then not that much for testing national production engines but mostly to
characterize Daimler Benz engines destined to be produced under license and war prey Rolls Royce
Merlin engines. The air-cooled engine room was then engaged in testing rather than research, as
well as the reel room, where endurance tests were performed, and the single-cylinder hall, whose
equipment was used to determine the octane number.
The contribution to the war effort of the Radioelectric Division could have been more significant,
and partly was. The division was initially organized in four sections, transmitters, radio receivers
and radiogoniometers, special applications and measurements, telephones, then an acoustic
laboratory was added in 1938 and the outbreak of war the last acquisition was a listening station
that used the antenna park in Valle Inviolata, two kilometers from Guidonia. The division had
several routine tasks, such as the transmission of a reference signal to allow the radio centers to
regulate their oscillators on this, and the execution of comparative tests of capacity and chargedischarge on batteries intended to be used on board aircraft, but it was distinguished above all by
the work on new types of equipment. Starting in 1927, the division had developed and supplied
radio equipment for record-breaking and regular front line, that was then assigned to mass
production in the industry, and the highest point was reached with the equipment used in both
Atlantic mass raids.1 The Radioelectric Division also had the task of checking the quality of the
equipment supplied by the industry, signaling what should have been improved and indicating the
1

Manisco Giovanni, La radio nei collegamenti e nella guida delle rotte aeree, Rivista Aeronautica, 9/1933.
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way to follow. Its interventions, however, were conditioned by the fact that his staff, although well
prepared and with outstanding technical and scientific knowledge, was not familiar with the
problems of industrial production. The result was a wider and wider gap between the two worlds
and to make matters worse was the lack of precise directives from the Air Staff about the use of
radio in aviation. Despite the pioneering use that had been made of it during the Atlantic raids, the
usefulness of radio, in particular for the fighter component and the air defence duties, was
recognized by the Regia Aeronautica with an undeniable delay, and the problem was properly
tackled only from 1941 onwards, even being forced to deal with a series of shortfalls and technical
problems mostly caused by the lack of industry experience. Among the other activities of the
Radioelectric Division, it is right to mention the design and the development of the "Saturn", the
aforementioned S.81 aircraft equipped for the blasting of marine magnetic mines, the development
of both ground and airborne radiolocalizers, nowadays better known as radars, and the realization of
an IFF apparatus derived from war prey equipment. Common to these programs was the fact that
they did not have a real operational impact, a not unusual destiny for the technical solutions studied
in Guidonia: the production of the 12 "Saturn" aircraft was interrupted in September 1943 and the
armistice prevented that the "Argo" and "Vespa" radiolocalizers and the IFF apparatus arrived at the
front line units. The lack of a real understanding of the operational problem, as well as Italian
isolation in the scientific and industrial field determined both by the economic sanctions and by the
international political climate of the second half of the Thirties, impacted heavily in this field, even
more than in ground-to-ground communications, and to make things worse was an unrealistic idea
of alleged self-sufficiency.
Parallel to the studies and tests, at Guidonia an intense activity of evaluation and verification of the
performances and characteristics of aircraft and materials proposed by the industry, considered for
procurement or already procured by the Air Force was taking place. This work was carried out by
the Experimental Flight Centers, and the airfield of Guidonia hosted routinely all types of aircraft
intended to equip the squadrons of the Regia Aeronautica. The list is a long one and includes the
trimotors S.79, S.81, S.84, Cant Z.1007 bis, S.75, S.82, G.12, the twin-engine BR.20, Ba.88, Cant
Z.1018, the four-engine P.108, the single-engine fighters MC.200, G.50, IMAM Ro.51, Fiat CR.42,
Re.2001, MC.202, Re.2005, G.55 , MC.205, and is closed by the four-engine SM.95, which arrived
in 1943 just a few days before the armistice.
The flaws of the Italian aeronautical "system"
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At the end of the 1930s the race for records, and the successes achieved in the skies of Spain after
the good performance provided in East Africa, had the Regia Aeronautica to nurse a feeling of
excessive security and unjustified optimism that the new Chief of Staff and Undersecretary of State,
General Francesco Pricolo, designated to replace Giuseppe Valle on October 31, 1939, tried to
counter, in the belief that in the continuous search for ever new records and prestige targets had
conjured to make of the air force a building without a solid supporting structure. The quest for
efficiency should have instead prevailed and such an attitude, marked by an open aversion to those
façade manifestations that had so much characterized the Regia Aeronautica in the 1930s, was
reflected in several changes in the leadership of the air force. In this context, Pricolo deemed it
necessary to replace the general of the Engineer Corps, Cristoforo Ferrari, in charge of the DSSE
from the spring of 1935, with general Mario Bernasconi, a pilot and not an engineer, in the
conviction of bringing in this way a "breath of renewal in the activity of the Guidonia Center ".2 Of
Ferrari, at the same time appointed inspector of Engineer Corps, Pricolo recognized the great
experience and profound culture, but believed that he had lost grip, letting himself be conditioned
by the reassuring certainties that came from primates and raids. The celebrated Guidonia
experimental center had produced rather modest results, and in any case not such as to allow a
significant qualitative leap, and this despite the high professional level of its staff. The reasons for
what can be considered a substantial failure should therefore be sought elsewhere, placing the
experience of DSSE in a context characterized by the difficulties of a rapidly growing organization,
such as the Regia Aeronautica, and the lack of a clear technical and operational vision, as well as
the intrinsic weakness of the national industrial apparatus. The Italian aeronautical industry of the
interwar period enjoyed indeed a prestige higher than its actual capabilities, which suffered a
sudden meltdown in the 1930s, failing to keep pace with the technological leap of those years. The
government's attempt to recover the disadvantage while increasing the productive base only made it
possible to determine a situation in which the poor quality of the products was accompanied by their
excessive variety, without even succeeding in achieving the goal of mass production, for the which
the technical and cultural conditions were lacking. The tendering competitions that in the second
half of the 1930s should have given substance to the air fleet renewal programs, revealed instead the
difficulties of an industry that was significantly behind the standards of aeronautical technology. If
the Regia Aeronautica arrived at the supreme test of war with so many flaws, despite the numerous
records and the organizational success of mass raids, Guidonia certainly had faults, but these must

2

Francesco Pricolo, La Regia Aeronautica nella Seconda Guerra Mondiale (novembre 1939-novembre 1941), Ed.
Longanesi, Milano, 1971, pp. 138-139.

383

be seen within the frame of organizational dysfunctions and technical limits which jeopardized the
effectiveness of the national aeronautical "system".
Lt. Gen. Basilio Di Martino

Fig. 1 - The hydrodynamic tank of DSSE in a well-known image that highlights the fast
dynamometer, capable of 40 m/s, with a model of seaplane. (AUSSMA)

Fig. 2 - One of the four free-wind wind tunnels of the Aerodynamic Section of the DSSE during a
test cycle in September 1936. (AUSSMA)
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ABSTRACT
RUDOLPH (Reliable Unbiased Determination Of user Location in Polar and High latitude
arctic areas) project is presented, investigating the feasibility of a Satellite-Based
Augmentation System (SBAS) for safe maritime navigation in the arctic region. The project
has been developed as the result of team-working student activities within the 2019 Space
Mission Design course at the University of Naples “Federico II”. Based on a system
engineering approach, trade-offs among user needs, system and mission requirements, and
constraints have been carried out, considering both measures of performance and figures of
merit, leading to the selection of the candidate mission concept.
Keywords: Arctic Region, Maritime Navigation, Global Navigation Satellite System,
Galileo, Satellite-Based Augmentation System, Mission Concept.
1.

INTRODUCTION

The Arctic Ocean has gained economic attention because of the recession of the Arctic sea ice
of more than 50% since 1980 and this decrease in sea ice coverage has triggered the
expansion of many industries in the Arctic. According to estimates from the U.S Geological
Survey (USGS), the Arctic holds approximately 13% of the world’s undiscovered oil reserves,
20% of its undiscovered LPG (Liquefied Petroleum Gas) reserves, and 30% of undiscovered
gas reserves and approximately 84 % of these resources are estimated to be located offshore
[1]. As a result of this, activities in drilling for oil, gas, and natural minerals are increased in
this region as these natural resources are becoming available for extraction. In addition to
increased drilling for oil and gas, both shipping and ecotourism is on the rise as new shipping
routes are being created. The reason for this increase in Arctic marine traffic is that as polar
ice caps recede, more waterways are becoming available: traffic along the Northern Sea Route
along the coast of Russia has increased 20% per year between 2009 and 2013, traffic in the
Canadian Arctic nearly doubled between 2005 and 2010, with voyages through the Northwest
Passage more than tripling [2]. Figure 1 illustrates the results of a study at NASA Goddard,
estimating that the perennial ice extent is shrinking by 12.2% per decade [1].
The risks related to the increase of vessel traffic in the Artic regions is clear, in terms of spills,
pollutants, collisions. Hence there is an ever-increasing need for reliable navigation services
in the artic regions. Global Navigation Satellite Systems (GNSS), such as GPS, Galileo,
Glonass, and Beidu, are known to suffer from major limitations when applied to polar areas.
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The service turns to be unavailable, not enough accurate, or not reliable. The latter point is
related to the impossibility to generate alerts if the expected accuracy is beyond an assigned
safety level. Geostationary Augmentation Satellites, e.g. within EGNOS, WAAS programs,
which support those tasks in low to mid latitudes are not available in the artic regions. There
is thus the need to extend to artic regions the same level of performance guaranteed to low
and mid latitude users. In addition to positioning services, it would be desired to provide users
with information related to the current status of ice, weather data, and whether a specific route
is available in a given time frame. Moreover, the possibility for the user to rely on standard
GNSS hardware equipment is of great interest to limit integration issues of this service into
standard navigation procedures and tools.

Figure 1: Reduction of perennial sea ice from 1980 to 2012 [1].

This paper presents RUDOLPH (Reliable Unbiased Determination Of user Location in Polar
and High latitude arctic areas) project which has been developed as the result of teamworking student activities within the Space Mission Design course at the University of Naples
“Federico II”. Two alternative mission concepts have been investigated to realize a SatelliteBased Augmentation System (SBAS) for the arctic region. The first one is based on a
constellation of LEO satellites orbiting in two different planes whereas the second one
exploits a satellites constellation of Molniya orbits. Both constellations are completed by the
relevant network of ground stations as for standard SBAS operations. Based on a system
engineering approach, trade-offs among user needs, system and mission requirements, and
constraints have been carried out, considering both measures of performance and figures of
merit, leading to the selection of the candidate mission concept.
The paper is organized as follows. Section 2 reports on the analysis of user needs in the
maritime domain, the applicable constraints and the relevant initial requirements. Two
alternative mission concepts that are able to cope with those requirements and constraints are
presented in section 3. Mission budgets are derived in Section 4 for both the investigated
solutions and were used to support the selection of the candidate mission concept.
2.

USER NEEDS, CONSTRAINTS AND INITIAL REQUIREMENTS

Artic is defined as the region above 67° latitude in the northern hemisphere (see Figure 2).
RUDOLPH project is focused on safe maritime navigation. The combination of an
increasingly ice-free and hostile climatic environment in the arctic demands an improvement
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in the environmental security strategy: in fact environmental remediation, natural and manmade disaster response, and search and rescue activity becomes more and more important. All
these issues and needs are analysed in the Arctic Council [1], which is a meeting between the
five Arctic coastal states (i.e. Canada, Denmark, Norway, Russia, and the United States)
together with Sweden, Finland and Iceland. For marine transportation, the highest priority is
to ensure a safe, secure and reliable navigation. All vessels are required, according to the
International Maritime Organization (IMO), to carry a GNSS receiver. However, GNSS
technology is critical in Arctic waters to ensure the safety of the vessels and their crew; it does
require aid from augmentation systems in order to meet integrity and continuity requirements
for some GNSS applications, such as dynamic positioning. In addition, an augmentation
system for the GNSS can enable search and rescue operations that are widely used in response
to the increasing fishing activities in these areas. This technology will be able to prevent any
environment disasters and to discover new resources.

Figure 1: Reduction of perennial sea ice from 1980 to 2012 [3]

Based on the defined needs, initial requirements are derived:
Availability [4]

99,8% per 30 days

Accuracy [4]

Horizontal accuracy of 10 m

Integrity [4]

Alert limit of 25 m; Time to Alert of 10 s; Integrity risk of 10−5 per 3
hours

Continuity [4]

99,97% over 3 hours

Coverage [5]

Arctic areas (beyond latitude 67°)

Survivability [5]

The system must survive

Mission Design Life [5]

15 years
Table 1: Functional and Operational Requirements

Constraints also apply. Key idea is that the investigated augmentation service, similarly to
EGNOS, is developed and funded in the framework of European Commission so mostly
European components and existing equipment shall be used and the launcher must be a
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European one or a Russian one. The system is expected to be operational in 4 year, and to cost
at most the fifty percent less than EGNOS [6].
3.

ALTERNATIVE MISSION CONCEPTS

Based on a preliminary analysis of needs, constraints and requirements two main architectures
have been considered and investigated. These two solutions follow different principles based
on the possibility of dealing with the ground stations. The first architecture, which is analyzed
in the following section, exploits a network of LEO satellites which are linked together,
meaning that they communicate each other all the information about the status of the system.
The second architecture, illustrated in section 3.2 uses Molniya satellites that are always in
view of both the user and at least one ground station.
3.1.

LEO Constellation

3.1.1. Architecture
The Rudolph LEO Sats functional
architecture is shown in Figure 3. In
order to provide its services to users
equipped with appropriate receivers, the
system is made up of two main
segments: the Space Segment and the
Ground Segment. The Space Segment is
composed by 48 LEO satellites while
the Ground Segment comprises a
network of RIMS (Ranging Integrity
Monitoring Station), MCC (Mission
Control Centres) and NLES (Navigation
Land Earth Stations).
Figure 3 : Rudolph Leo sats architecture.

3.1.2. Data flow
The Rudolph LEO Sats data flow is
separated in two cycles that shall be
completed in less than the 10 seconds in
order to meet the time to alarm
requirement. These two cycles are the
Processing cycle and the Check cycle
[7].
The Processing cycle (see Figure 4,
Black line) elaborates the correction and
integrity information. The first step, in
this cycle, is the collection of GNSS raw
data through the channel A of the RIMS
stations. Then raw data are sent to the
CPF Processing Set, which is a module
of the Mission Control Centres, where

Figure 4 : Rudolph Leo satellites data flow
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they are processed and corrected. Once the Rudolph Leo sats messages are generated and
checked, they are sent to the NLES. Then the messages are used to modulate a GNSS like
signal, which is up-linked to Rudolph Leo satellite in view and, through the network of
satellites, it is broadcast to users.
In the Check cycle (see Figure 4, Red line), instead, GNSS raw data collected by the channels
B and C of RIMS stations are sent to the CPF Check Set. The task of the CPF Check Set is to
verify, independently from the CPF Processing Set, the user’s positioning integrity and,
therefore, to verify the correctness of the messages generated by the CPF Processing Set
(RUDOLPH MESSAGE). In particular, statistical tests are performed to verify the reliability
of the corrections and the corresponding residual errors. The values computed by the CPF
Check Set are then compared with the values computed by the CPF Processing Set and
already broadcast to users. If the difference between these values exceed a certain limit, an
alarm is sent to the Leo satellite in view.
3.2.

MEO Constellation

3.2.1. Architecture
The Rudolph Molniya Sats architecture
is made up by two main segments: the
Space Segment and the Ground
Segment. The Space Segment is
composed by 6 Molniya satellites while
the Ground Segment is exactly the same
as in the Leo configuration.
3.2.2. Data flow
The Rudolph Molniya Data flow has
only a difference with respect to LEO
Sats data flow. In this case, in fact, an
inter-satellite link is not necessary
because a single Molniya satellite is
always in view of both the users and the
Ground stations.

Figure 5 : Rudolph Molniya satellites data flow

4.

PRELIMINARY MISSION DESIGN AND BUDGETS

4.1.

LEO Constellation

The LEO constellation includes two orbital planes with 24 satellites for each plane. The
designed orbits are quasi-circular and sun-synchronous, with an average altitude of 1500 km
and separated in Right Ascension by 90°. The continuous coverage of the Arctic with a mask
angle of about 15° and with at least two satellites in view is guaranteed. Based on the selected
satellite altitude, analyses do not denote the need for substantial orbital corrective maneuvers
during the satellite lifetime, anyhow three-axis stabilized satellites are assumed, therefore a
suitable attitude control is required. The sun–synchronicity allows a considerable
simplification in designing the electrical power subsystems and the mechanisms for
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controlling them. In fact, the environmental analyses have shown a sustained exposure to
solar lighting, with a minimum eclipse time of about half an hour and contained variations of
the sun positions seen from the satellites. Thus, based on the data collected, the strategies for
electrical sustenance falls on the use of solar arrays as main source and batteries as secondary
source. The solar arrays can be divided into four solar panels, two per each side, with a sun –
tracking single-axis rotation deployment mechanism. As regards the Telemetry, Tracking &
Telecommunications, the broadcast signal is a combination of 1023-bit Pseudo-Random
Noise navigation code of the GPS family and a 250 bits per second navigations data message
carrying the corrections and the integrity data elaborated for EGNOS. The band selected to
transmit the TT&C message is the S-band, choosing a conical log spiral antenna with a
frequency of 2.2 GHz for the downlink and 2 GHz for the uplink. Instead, for the payload data
transmission is assumed the use of a phased array antenna, rigidly mounted on the satellite
and pointing the Earth. But the peculiarity of this configuration lies in the need for a satellite
crosslink for communicating payload data (250 bit/s). This data communication is guaranteed
by two parabolic antennas (without considering the redundancies), each one communicating
with the adjacent satellites, placed front and back the satellite in the sense of its motion. As a
consequence, this configuration requires pointing systems. At last, from the structural point of
view, thanks to the data collected during the analysis and by means of statistical instruments,
a conservative estimation of the launch mass has made possible the final choice for a possible
launcher, in this case a Soyuz ST. Specifically, 8 launches (4 by 6 sats per orbit) for the total
number of 48 satellites.
4.2.

MEO Constellation

As for previous configuration, the MEO constellation develops on two different orbital planes
but with the undoubted advantage of using just 6 satellites in total, 3 per each orbital plane.
The designed orbits are two Molniya-like orbits, specular each other with to respect the
orbital nodes and defined by a semi-Major axis of about 26553 km, an ellipticity of about 0.7,
and a critical inclination of about 63.4°. The high ellipticity combined with the apogee placed
for the entire satellite lifetime above the Arctic (argument of the perigee of 270°), allows the
satellites to reach a maximum altitude of about 38800 km, passing with a moderate speed on
the top of the orbit and standing for a long time over the area of interest. This causes a
reduction in the number of satellites required so much so that the continuous coverage of the
Arctic with at least two satellites in view and a mask angle of 15° is guaranteed. The carried
out simulations confirmed that there is no need for substantial corrective orbital maneuvers,
thus guaranteeing the preservation of the unique geometrical features of this configuration.
Nonetheless two Hohmann maneuvers have been planned, choosing a 10 N bi-propellent
thrusters: an initial orbital maneuver, for only four of the six satellites, to achieve proper
satellite phasing the orbit, and another final maneuver, for all the six satellites, to position the
satellites in a circular disposal orbit with the same inclination, but at an altitude of 300 km
higher than the typical geostationary one. Also in this case, it is necessary to use three-axis
stabilized satellite to make possible the antenna pointing, maintaining an estimated accuracy
of about 0.3° and reacting to the possible perturbations, especially the ones caused by solar
radiation pressure. Like the previous configuration, the environmental analyses have
highlighted not too long maximum eclipse period with a maximum duration of about 45
minutes. But, on the other side, the non sun-synchronicity introduced a complication in the
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deployment mechanisms. The strategy for the electrical sustenance, also in this case, uses of
solar arrays as primary source and batteries as secondary source. In this case, the relative
direction sun to satellite changes a lot during its lifetime, so a sun-tracking solution with a 2
degree of freedom mechanism is necessary in order to obtain a good angle of incidence
between the solar light and the solar cells. The solar arrays could be rearranged into four solar
panels, two per side. The broadcast signal has the same characteristics seen before. The choice
for the antenna transmitting the telemetry and tracking signal and for receiving the command
coming from the Ground Stations, fell on a horn antenna, using a channel in C-band and
pointing toward the Earth. The antenna must be rigidly mounted on the surface of the satellite
exposed to the Earth. For the Payload data transmission, an L-band Helical Array, rigidly
mounted on the surface of the satellite, could be the choice. The configuration is simpler with
to LEO one since no cross-link is required. As regard the mass budget, thanks to a bottom up
mass distribution based on data collected from other analyses and statistical means, an
estimation of about 1800 kg has been obtained. The result combined with a satellite
volumetric estimation led to the choice of a launcher that in this case was identified in the
Ariane 5. Specifically, 2 launches (1 by 3 sats per orbit) for a total number of 6 satellites.
4.3.

Trade-off

The selected configurations new designed to achieve comparable performance in terms of
accuracy, continuity and integrity. Hence selection of the best strategy was made considering
parameters like risks and costs. Figure 6 shows the fever chart resulting from the conducted
risk analysis. High cost and high launch risks must be dealt with in the LEO case.

Figure 6: RiskAnalysis. Fever Chart for the LEO (left) and Molniya (right) case.

Cost estimation was performed using the NASA QuickCost model [8]. Table 2 resumes the
key parameters considered in the trade-off analysis
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Key Parameters

LEO Solution

Molniya Solution

Coverage

Beyond latitude 67°
Guaranteed by 36 Satellites

Beyond latitude 67°
Guaranteed by 4 Satellites

Horizontal Accuracy
(99% as maximum value)

σh = 9,40

σh = 8,56

Min/Max number of
Satellites in view

RUDOLPH + GPS
6/14

RUDOLPH + GPS
7/13

Integrity

Guaranteed

Guaranteed

Reliability

95,60%

99,43%

Risk

No relevant risk

High Launcher risk

Average Cost

27187 Millions $

3720 Millions $

Table 2: Summary table for performance and management parameters.

In conclusion, the Molniya solution guarantees the same performance as the LEO one at a
significantly lower costs and risks. Cost saving is related to maintenance and cost of
fabrication but also to operating cost.
5.

CONCLUSION

A constellation of 6 Molniya satellites, arranged in two different orbital planes, guarantees the
delivery of SBAS services for safe maritime navigation at latitudes higher than 67° in the
northern hemisphere. The system is completed by a suitable network of ground station, i.e.
RIMS, NLES, and MCC. Preliminary mission budgets were derived supporting the idea that
the proposed solution is feasible and can cost less than currently operational augmentation
systems serving mid-/low-latitude users.
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MATERIAL DESIGN ALLOWABLES FEM PREDICTION OF A TWILL
WOVEN FABRIC IN A DATA VARIABILITY CONTEXT
)6WDUDFH 6'2UODQGR0*XLGD)0DUXOR


'HSDUWPHQWRI,QGXVWULDO(QJLQHHULQJ8QLYHUVLW\RI1DSOHV)HGHULFR,,9LD&ODXGLR
1DSOHV,WDO\

0DJQDJKL$HURQDXWLFDRI0$*URXS&RPSDQ\ $HURQDXWLFDO,QGXVWU\9LD*DOLOHR)HUUDULV
1DSOHV,WDO\

ILVWDUDFH#VWXGHQWLXQLQDLWVRUODQGR#PDJQDJKLDHURQDXWLFDLWPLFKHOHJXLGD#XQLQDLW
IUDQFHVFRPDUXOR#XQLQDLW



ABSTRACT
Statistically-derived allowables are representative for the behaviour of a composite material
system in a given structural context where data variability needs to be contemplated. In
particular, they define the strength of the material as characterized by various coupon tests
according to ASTM standard procedure subjected to the actual manufacturing process and
layup stacking sequences.
The current paper presents a comparison between virtual allowables predictions obtained
using MSC Digimat and the experimentally determined values of a certified material backed
up by a 3x2x3 (batch/panel/specimen) stochastic approach. Tests generate the required data
for building material model ab initio of carbon fibers reinforced epoxide resin in form of 2x2
twill woven fabric used for aerospace applications.
Numerical models of in-plane tension, compression and shear test methods have been
assembled along with an associated material model allowing numerical predictions to be
validated with the coupon level experimental results as final purpose.
Standard statistical model has been adopted in order to include material and manufacturing
process variabilities to define B-basis allowables. The calibrated statistical FEM method,
performed for different layup configurations have been used to fully characterize the
mechanical behaviour of the analysed CFRP material and to predict performances for thicker
laminates.

KeywordsYLUWXDODOORZDEOHV$670PDQXIDFWXULQJYDULDELOLWLHVZRYHQFRPSRVLWHV
1 INTRODUCTION



0DQ\WUDGLWLRQDOVWUXFWXUDOPDWHULDOVXVHGIRUDHURVSDFHDSSOLFDWLRQVZKLFKDUHKRPRJHQHRXV
DQG LVRWURSLF GLIIHU IURP FRPSRVLWH PDWHULDOV ZKLFK SUHVHQW LQWULQVLF YDULDELOLW\ LQ PDQ\
PDWHULDOSURSHUWLHVKHQFHWKHQHFHVVLW\WRXVHDVWDWLVWLFDOPHWKRGWRIXOO\GHILQHDFRPSRVLWH
PDWHULDOWREHFHUWLILHG0DWHULDOGHVLJQDOORZDEOHVPD\EHGHILQHGDVVWDWLVWLFDOO\GHWHUPLQHG
PLQLPXPYDOXHVRIDPDWHULDOVWUHQJWKSURSHUW\DQGWKHPRVWWZRFRPPRQO\XVHGYDOXHVDUH
WKH %%DVLV IRU WKH VWDWLFDOO\ LQGHWHUPLQDWH VWUXFWXUH  DQG WKH $%DVLV IRU WKH VWDWLFDOO\
GHWHUPLQDWH VWUXFWXUHV  7KHVH YDOXHV DUH QHFHVVDU\ IRU WKH DLUFUDIW GHVLJQ WR VDWLVI\ WKH
FHUWLILFDWLRQSURFHVVKHQFHGHVLJQLQJPRUHDQGPRUHOLJKWZHLJKW&)53VWUXFWXUHVDQGDWWKH
VDPHWLPHDLPLQJDWUHOLDEOHDQGUREXVWDOORZDEOHVSUHGLFWLRQ
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6LQFH FRPSRVLWH PDWHULDO SURSHUWLHV W\SLFDOO\ H[KLELW FRQVLGHUDEOH YDULDELOLW\ DQG VLQFH
FRPSRVLWHPDWHULDOWHVWLQJLVH[SHQVLYHWKHDSSURDFKLVWRFRPELQHVHYHUDOEDWFKHVDWHDFKWHVW
FRQGLWLRQ WR GHWHUPLQH WKH DOORZDEOH WDNLQJ LQWR DFFRXQW PDWHULDO SURSHUWLHV FRQVWLWXHQW
YDULDELOLW\ DVZDUSZHIWDQGPDWUL[WHQVLOHDQGFRPSUHVVLYH<RXQJ¶VPRGXOXVYDOXHVPDWUL[
VKHDU VWUHQJWK YDOXH ZDUS DQG ZHIW WHQVLOH DQG FRPSUHVVLYH VWUHQJWK YDOXHV  )XUWKHUPRUH
SURFHVV DVILEHUYROXPHIUDFWLRQ DQGWHVWLQJ DVILEHUDOLJQPHQW YDULDELOLWLHVDIIHFWSURSHUWLHV
RQSDQHODQGFRXSRQOHYHOUHVSHFWLYHO\WKLVOHDGVWRFRQVLGHU[[ EDWFKSDQHOVSHFLPHQ 
VWRFKDVWLFPHWKRGDFFRUGLQJWR0,/+'%.)DVUHSRUWHGLQWKHIROORZLQJILJXUH


)LJXUH9DULDELOLW\GHILQLWLRQDFFRUGLQJWR0,/+'%.)

,WLVQHFHVVDU\WRKLJKOLJKWWKHUHLVDVLJQLILFDQWGLIIHUHQFHEHWZHHQPDWHULDODOORZDEOHYDOXH
DQGGHVLJQDOORZDEOHYDOXH0DWHULDOGHVLJQDOORZDEOHVDUHDQLQWULQVLFSURSHUW\RIDPDWHULDO
V\VWHPFRQWUDULO\WKHGHVLJQDOORZDEOHYDOXHVDUHUHODWHGWRWKHVWDWLFVWUHQJWKIDWLJXHVWUHQJWK
GDPDJHWROHUDQFHDQGUHSDLUDQGVRRQRIWKHFRPSRVLWHVWUXFWXUH
&XUUHQWO\0,/+'%.)GRHVQRWLQGLFDWHWKHWHVWPDWUL[UHIHUULQJWRWKHEDUHO\YLVLEOH
GDPDJH %9,' ZKLFKVKRXOGWDNHLQWRDFFRXQWIRUGHWHUPLQLQJILQDOPDWHULDOGHVLJQDOORZDEOH
YDOXHV&RPSRVLWHVPDQXIDFWXUHUVPD\GHYHORSWKHPRVWDSSURSULDWHWHVWPDWUL[EDVHGRQWKHLU
RZQ LQGXVWULDO NQRZKRZ DQG VXEPLW WR FHUWLILFDWLRQ LQVWLWXWLRQIRU DSSURYDO )XUWKHUPRUH D
PDSSLQJRIWHPSHUDWXUHHIIHFWVKRXOGEHWDNHQLQWRDFFRXQWWRDVVHVVWKHZRUVWHQYLURQPHQWDO
FRQGLWLRQZKLFKFOHDUO\DIIHFWVWKHPDWHULDOGHVLJQDOORZDEOHVHYDOXDWLRQ
,QRUGHUWRILQGPDWHULDOGHVLJQDOORZDEOHVIRUWKHH[DPLQHGWZLOOZRYHQIDEULFDFDOLEUDWLRQRI
&5)3FHUWLILFDWHGPDWHULDOKDVEHHQUHTXLUHGDWERWKODPLQDDQGODPLQDWHOHYHO
&DOLEUDWLRQRIFRPSRVLWHPDWHULDODWODPLQDUOHYHOKDVEHHQFRQGXFWHGILUVWWRH[WUDSRODWHEDVLF
SURSHUWLHV WR EH FRQILUPHG DW ODPLQDWH OHYHO  KHQFH WR SURYLGH D FRQVROLGDWHG GDWDEDVH IRU
PHFKDQLFDO FKDUDFWHUL]DWLRQ RI WKH ZRYHQ IDEULF WR VXSSRUW VWUXFWXUDO DQDO\VLV DQG DLUFUDIW
GHVLJQ
2QFHEDVLFSURSHUWLHVKDYHEHHQHYDOXDWHGDVUHVXOWRIFDOLEUDWLRQRID&5)3PDWHULDODWODPLQDU
OHYHOPHFKDQLFDOWHVWLQJFDPSDLJQDWODPLQDWHOHYHOLVUHTXLUHGLQDFFRUGDQFHWR0,/+'%.
) ZLWK WKH DLP RI SURYLGLQJ D FRPSOHWH ODPLQDWH SHUIRUPDQFH HYDOXDWLRQ DW URRP
WHPSHUDWXUHFRQGLWLRQ
&OHDUO\ DW ODPLQDWH OHYHO WKH GHILQLWLRQ RI WKH WHVW PDWUL[ LV ZLGHU WKDQ WKH RQH SURYLGHG DW
ODPLQDOHYHODVZKLOHLQWKHFDVHRIODPLQDFKDUDFWHUL]DWLRQRQO\XQQRWFKHGXQLGLUHFWLRQDO LQ
WKHZRYHQUHIHUHQFHIUDPH WHVWVSHFLPHQKDYHEHHQXWLOL]HGWKHODPLQDWHFDOLEUDWLRQUHTXLUHV
QRWFKHGFRXSRQVWRRWREHIXOO\DQDO\VHG7KLVLVGXHWRWKHLQWULQVLFDOO\GLIIHUHQWSXUSRVHRI
XVHVFKHGXOHGIRUWKHWZRWHVWFDVHVDWODPLQDOHYHODQHYDOXDWLRQRIEDVLFSURSHUWLHVKDVEHHQ
FRQGXFWHG ZKLOH ODPLQDWH OHYHO WHVWV PXVW EH PRUH FORVHO\ UHSUHVHQWDWLYH RI DSSOLFDWLRQ
ODPLQDWHVXVHGLQDFWXDOVWUXFWXUDOHOHPHQWV
'HILQLWLRQRIWKHWHVWPDWUL[WKHUHVXOWVFRUUHODWLRQE\VWDWLVWLFDODQDO\VLVDQGILQDOO\WKHFULWLFDO
DVVHVVPHQWRIUHVXOWVUHSUHVHQWWKHFRQVHFXWLYHVWHSVRIWKHZRUNIORZIROORZHGWRFDOLEUDWHWKH
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PDWHULDO DW ERWK ODPLQD DQG ODPLQDWH OHYHO &RPSDULVRQ EHWZHHQ WKH H[SHULPHQWDO DQG
QXPHULFDOUHVXOWVKDVEHHQSURGXFHGLQSHUFHQWDJHWHUPVRUXVLQJHIILFLHQWVWDWLVWLFDOWRROVOLNH
FRHIILFLHQWRIYDULDWLRQ IRUFRQILGHQWLDOLW\UHDVRQV H[HJHWLFDOILJXUHVKDYHEHHQSURGXFHGWR
KLJKOLJKWWKHUHVXOWVPDWFK



)LJXUH0DWHULDOGHVLJQDOORZDEOHVHVWLPDWLRQZRUNIORZIRUDFRPSRVLWHVWUXFWXUHFHUWLILFDWLRQ


3UHSHJSOLHVDUHQRORQJHUVWDFNHGXSLQDVLQJOHGLUHFWLRQWKH\DUHPXOWLRULHQWDWHGDWODPLQDWH
OHYHODVWKHSHUIRUPDQFHRIDODPLQDWHLVVWURQJO\GHSHQGHQWRQSOLHVRULHQWDWLRQ7KHFRPSOHWH
FKDUDFWHUL]DWLRQRIOD\XSPXVWEHSHUIRUPHGIRUHDFKHYDOXDWHGODPLQDWHDQGDORQJWKHLURZQ
PDLQGLUHFWLRQLQDZRYHQRULHQWDWHGUHIHUHQFHIUDPH'LIIHUHQWOD\XSVVWDFNLQJVHTXHQFHVKDYH
EHHQ FRQVLGHUHGKLJKOLJKWLQJHLWKHU WKH WKLFNQHVVRU WKH$0/ $QJOH 0LQXV/RQJLWXGLQDO 
HIIHFWRQWKHJOREDOUHVSRQVHRIWKHPRGHO
&RQVLGHULQJQRWFKHGFRXSRQVNQRFNGRZQIDFWRUVKDYHEHHQH[WUDSRODWHGWRDOORZDTXLFNHU
SUHGLFWLRQRIPDWHULDOGHVLJQDOORZDEOHVWRSXUVXHWKHYHU\WLJKWLQGXVWULDOWLPHOLQH7RLQFUHDVH
WKH HIILFLHQF\ RI WKH GHVLJQ SURFHVV WKHUH LV WKH QHHG WR GHYHORS DOWHUQDWLYHV WR WKH PRVWO\
H[SHULPHQWDOPDWHULDOFKDUDFWHUL]DWLRQSURFHVVLGHDOO\EDVHGRQDFFXUDWHDQGTXLFNPRGHOOLQJ
DQDO\VLVFRPELQHGZLWKSRZHUIXOVWDWLVWLFDOWRROV
)XUWKHUPRUHDQHYDOXDWLRQRIIDVWHQHUVHIIHFWKDVEHHQSURSRVHGIRUWKHKLJKLQWHUHVWRIWKHVH
IHDWXUHVLQWKHDHURVSDFHLQGXVWU\SURYLGLQJSURSHU$670PHFKDQLFDOWHVWLQJ
2QFHWKHFDOLEUDWLRQSKDVHLVRYHUDQH[WUDSRODWLRQIRUWKLFNHUODPLQDWHVKDVEHHQSURGXFHGWR
YHULI\ HYHQWXDO WKLFNQHVVGHSHQGHQW PDFURPHFKDQLFDO EHKDYLRXU IRU PRUH UHSUHVHQWDWLYH
PHFKDQLFDOWHVWV

2 MATERIALS AND METHOD

7KHFHUWLILFDWHGPDWHULDOREMHFWRIWKLVVWXG\LVFDUERQILEHUVUHLQIRUFHGHSR[LGHUHVLQLQIRUP
RI[WZLOOZRYHQIDEULFFXUHGDWVWDQGDUGPDQXIDFWXULQJFXUHF\FOH SUHVVXUHSURGXFHGE\
6DOYHUSDUWRI0$*URXS&RPSDQ\,QWKHFDVHRID[WZLOOZRYHQIDEULFWZRZDUSILEUHV
DOWHUQDWHO\ZHDYHRYHUDQGXQGHUWZRZHIWILEUHVLQDUHJXODUUHSHDWHGPDQQHU7KHFRPSOH[
WRSRORJ\VWUXFWXUHRIWKH'WZLOOZRYHQIDEULFKDVWREHPRGHOOHGDVIDLWKIXOO\DVSRVVLEOHWR
REWDLQ PRUH DFFXUDWH SUHGLFWLRQ  5HGXFLQJ FULPS WZLOO WH[WLOH SDWWHUQ DOVR KDV D VPRRWKHU
VXUIDFH DQG VOLJKWO\ KLJKHU PHFKDQLFDO SURSHUWLHV LQ SDUWLFXODU EDODQFHG ELGLUHFWLRQDO
SURSHUWLHVLQWKHIDEULFSODQHWKHVHFKDUDFWHULVWLFVJLYHULVHWRVWURQJHUVSHFLILFVWLIIQHVVDQG
VWUHQJWKFRPSDUHGWRXQLGLUHFWLRQDOWDSHFRPSRVLWHV
$OOWKHWHVWVKDYHEHHQSHUIRUPHGLQLWLDOO\LQ0DJQDJKL$HURQDXWLFDRI0$*URXS&RPSDQ\
WHVWODEWKHQWKHVDPHWHVWVKDYHEHHQYLUWXDOO\FRQGXFWHGWKURXJKVRIWZDUH06&'LJLPDW9$
UHVSHFWLQJ DOO WKH HQYLURQPHQWDO FRQGLWLRQV WHPSHUDWXUH DQG UHODWLYH KXPLGLW\  FRXSRQ
JHRPHWULFGLPHQVLRQVOD\XSVWDFNLQJVHTXHQFHVDQGPDWHULDOEDVLFSURSHUWLHVSUHVFULEHGE\
UHVSHFWLYH$670UHJXODWLRQV+\EULGVLPXODWLRQSK\VLFDOWHVWLQJDSSURDFKKDVEHHQIROORZHG
WRVXSSRUWGHVLJQSKDVHZLWKUHOLDEOHPDWHULDOGHVLJQDOORZDEOHVSUHGLFWLRQ
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6LPXODWLRQUHTXLUHVWZRLQSXWVDPDWHULDOPRGHODVZHOODVDILQLWHHOHPHQWPRGHOWRVHQGWR
WKH YLUWXDO ODE 0HFKDQLFDO SURSHUWLHV RI WKH [ WZLOO ZRYHQ IDEULF FRPSRVLWH PDWHULDO DUH
FDOFXODWHGE\ILQLWHHOHPHQWDQDO\VLVLQDVVRFLDWLRQZLWKWKHKRPRJHQL]DWLRQPHWKRGLQZKLFK
DYHUDJH KRPRJHQHRXV PDWHULDO SURSHUWLHV DUH UHSODFHG ZLWK WKH KHWHURJHQHRXV ZRYHQ
FRPSRVLWH PDWHULDO )URP VLPXODWLRQ JOREDO UHVXOWV VXFK DV FDOLEUDWHG VWUHVVVWUDLQ FXUYHV
VWLIIQHVVDQGVWUHQJWKDUHH[WUDFWHG
7KH EXLOGLQJEORFN DSSURDFK %%$  XVXDOO\ LQYROYHV WHVWLQJ RI WKRXVDQGV RI VSHFLPHQV WR
JHQHUDWH GHVLJQ DOORZDEOHV ZLWK FRQVHTXHQWO\ KXJHO\ LQFUHDVLQJ FRVWV WR WKH SRLQW WKDW WKH
LQWURGXFWLRQRIQHZPDWHULDOVLQDHURVSDFHSURJUDPVLVWRRRQHURXVWREHVXSSRUWHG7KLVSDSHU
PHHWVWKHLQGXVWULDOUHTXHVWVWRUHGXFHWKHQXPEHURIVSHFLPHQVUHTXLUHGWRSURYLGHPDWHULDO
GHVLJQDOORZDEOHVRYHU DUDQJHRIWHVW FRQGLWLRQV XVLQJWKH DYDLODEOHSUHGLFWLYHPRGHOVIRU
PHFKDQLFDOSURSHUWLHVDVSDUWRIQXPHULFDODQDO\VLV,QWKLVZD\ODERUDWRU\WHVWHGFRXSRQVPD\
EHGUDVWLFDOO\UHGXFHGHYHQLIWKHUHDOSXUSRVHLVQRWWRHOLPLQDWHWKHH[SHULPHQWDOZRUNEXW
RQO\ WR DFKLHYH D UREXVW QXPHULFDOPRGHO EDVHG RQ SUHVFULEHG )(0 FRXSRQV DFFRUGLQJ WR
$670  SRVWSURFHVVHG ZLWK D WLPH GHSHQGHQW DQDO\VLV 6FRSH RI WKH QXPHULFDO DSSURDFK
SUHVHQWHGLQWKLVSDSHULVWRDVVHVDUREXVWPHWKRGWRVXSSRUWFHUWLILFDWLRQWHVWLQJLQRUGHUWR
UHGXFH WKH QXPEHU RI FRXSRQV DV D FRPSOHPHQWDU\ SURFHGXUH IRU DOORZDEOHV GHILQLWLRQ DQG
ILQDOO\WRDOORZDQH[WUDSRODWLRQIRUWKLFNHUODPLQDWHV

2.1 Calibration of CRFP lamina

'HILQLWLRQRIWKHWHVWPDWUL[WRHVWLPDWHPDWHULDOEDVLFSURSHUWLHVKDVEHHQSURSRVHGLQ7DEOH
DFFRUGLQJWR0,/+'%.)GLIIHUHQWOD\XSVVWDNLQJVHTXHQFHVKDYHEHHQDQDO\VHGWRDOORZ
DIXOOPDFURPHFKDQLFDOEHKDYLRXUFKDUDFWHUL]DWLRQRI&)53ODPLQD

/DPLQDPHFKDQLFDOWHVWV
/D\XS
$670
:DUSWHQVLRQ
>@BV
'
:HIWWHQVLRQ >@BV '
:DUSFRPSUHVVLRQ >@BV '
:HIWFRPSUHVVLRQ >@BV '
,QSODQHVKHDU >@BV '
7DEOH7HVWPDWUL[DW5RRP7HPSHUDWXUH$PELHQW 57$ DERXWODPLQDOHYHO


,WLVQHFHVVDU\WRUHJDUGWKHPDWHULDOSURSHUW\RILQWHUHVWQRWDVDFRQVWDQWEXWDVD³UDQGRP
YDULDEOH´ D TXDQWLW\ WKDW YDULHV IURP VSHFLPHQ WR VSHFLPHQ DFFRUGLQJ WR VRPH ³SUREDELOLW\
GLVWULEXWLRQIRUWKLVUHDVRQWKH3UREDELOLW\'HQVLW\)XQFWLRQ3GIFXUYHVKDYHEHHQSORWWHGWR
FRQVLGHUUHVXOWVGLVWULEXWLRQDERXWDPHDQYDOXHXVLQJDQH[FHOVSUHDGVKHHWZLWKWKHLQEXLOW
QRUPDOGLVWULEXWLRQIXQFWLRQ
)LJXUH  E   F  DQG  G VKRZ WKH WHVW GDWD REWDLQHG DV DVHW RI FXUYHV UHSUHVHQWLQJWKH
QRUPDOSUREDELOLW\GHQVLW\IXQFWLRQ 3GI IRUWKHGLIIHUHQWWDEOHGWHVWVIRUERWKH[SHULPHQWDO
DQGQXPHULFDOUHVXOWVWKHFRHIILFLHQWRIYDULDWLRQLQ SHUFHQWDJHWHUPV KDV EHHQUHSRUWHGIRU
HDFK FDVH 3') FXUYHV VKRZ D SHUIHFW RYHUODS LQ GLVWULEXWLRQ UHVXOWLQJ DQ DGHTXDWH EDVLF
SURSHUWLHVHYDOXDWLRQ)RUWKHHLWKHUSK\VLFDOO\RUYLUWXDOO\H[HFXWHGWHQVLRQWHVWVWKHVWUHVV
VWUDLQ FXUYHV DUH HVVHQWLDOO\ OLQHDU WKLV EHKDYLRXU UHIOHFWV WKH ILEUH GRPLQDWHG QDWXUH RI WKH
ORDGLQJ VR WKDW WKH WHQVLOH VWUHQJWK LV UHSUHVHQWDWLYH RI WKH VWUDLQ WR IDLOXUH RI WKH PDWHULDO
KLJKHUVWUDLQWRIDLOXUHRIWKHVSHFLPHQVOHDGVWRDKLJKHUVWUHQJWKYDOXH)RUWHQVLOHWHVWVWKH
PRVWUHPDUNDEOHUHVXOWLVWKHGLIIHUHQFHLQWHUPVRIPHDQWHQVLOHVWUHQJWKYDOXHVEHWZHHQWKH
WZRDQDO\VHGFRQILJXUDWLRQV ZDUSDQGZHIW LWLVSUREDEO\GXHWRWKHSDUWLFXODUWZLOO
WDLORUHG SDWWHUQ ZKLFK LV QRW V\PPHWULF UHVSHFW WR WKH ORDGLQJ SODQH VXFK DV SODLQZRYHQ
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IDEULF ,QDGGLWLRQWKHWZLOOWH[WLOHSDWWHUQSUHVHQWVWKHZHIWILEHUVPRUHVWUDLQHGDQGVWUHVVHG
WKDQWKHZDUSRQHVEHFDXVHRIWKHFKDUDFWHULVWLFPDQXIDFWXULQJSURFHVVKHQFHWKHUHVXOWLQJ
GLIIHUHQFH LQ WHUPV RI PHDQ WHQVLOH VWUHQJWK YDOXH &RPSUHVVLYH VWUHQJWK YDOXHV KDYH QRW
UHSRUWHGWKHVDPHWUHQG WKHPHDQVWUHQJWKYDOXHIRUWKHWZRDQDO\VHGOD\XSVLVWKHVDPH DV
IDLOXUH RFFXUV EHFDXVH RI ORFDO ILEHU EXFNOLQJ XQGHU FRPSUHVVLRQ ORDGLQJ DZD\ IURP WKH
JULSSLQJUHJLRQ



)LJXUH([SHULPHQWDOYVQXPHULFDO D 0HDQVWUHQJWKYDOXHVUHVXOWVFRPSDULVRQLQWHUPVRI
SHUFHQWDJHHUURU E 3GIIRU817WHVWIRUGLIIHUHQWOD\XSV F 3GIIRU81&WHVWIRUGLIIHUHQWOD\XSV
G 3GIIRU,36WHVW


7KHDQDO\VLVKDYHVKRZQDYHU\JRRGPDWFKLQWHUPVRIPHDQVWUHQJWK HUURUZHOOZLWKLQ
IRUDOOWKHYDOXHV IRUGLIIHUHQWOD\XSVDWURRPWHPSHUDWXUHWKLVLVFOHDUHULQWKHVSLGHUGLDJUDP
LQ)LJXUH D 5HVXOWVIRULQSODQHVKHDUWHVWLQ)LJXUH D KDYHEHHQPDJQLILHGE\DIDFWRU
WRDOORZDUREXVWYLVXDOL]DWLRQRIUHVXOWVPDWFK

2.2 Calibration of CRFP laminate

'HILQLWLRQRIWKHWHVWPDWUL[WRHVWLPDWHPDWHULDOSURSHUWLHVDWODPLQDWHOHYHOKDVEHHQSURSRVHG
LQ7DEOHDFFRUGLQJWR0,/+'%.)GLVFXVVLRQDERXWUHVXOWVIROORZVWKHVDPHDSSURDFK
$OOWKHVSHFLPHQVFRQVLVWRIOD\HUVRIIDEULFZKLFKKDYHEHHQDQDO\VHGWRIXOO\FKDUDFWHUL]H
PDFURPHFKDQLFDO EHKDYLRXU RI &)53 ODPLQDWH ,Q DGGLWLRQ WR WKH XQQRWFKHG FRXSRQV WKH
PDWHULDOFKDUDFWHUL]DWLRQKDVEHHQSHUIRUPHGFRQVLGHULQJKROHIHDWXUHVSUHVFULEHGE\VWDQGDUG
$6705HVXOWVDUHDIIHFWHGE\WKHUDWLRRIVSHFLPHQZLGWKWRKROHGLDPHWHU IRURSHQILOOHG
KROHDQGEHDULQJWHVWV WKLVUDWLRLVPDLQWDLQHGDW$GLDPHWHURI´KDVEHHQFRQVLGHUHG
IRU GULOOHG VSHFLPHQV $ SURWUXGLQJ EROW DQG D FRXQWHUVXQN +LOLWH  KDYH EHHQ XVHG
UHVSHFWLYHO\IRUILOOHGKROHDQGVLQJOHVKHDUEHDULQJWHVW)LQDOO\DQH[WUDSRODWLRQIRUWKLFNHU
ODPLQDWHVKDVEHHQFDUULHGRXWWRR

/DPLQDWHPHFKDQLFDOWHVWV
/D\XS
$0/
$670
8QQRWFKHGWHQVLRQ >@BV 
'
8QQRWFKHGFRPSUHVVLRQ >@BV 
'
2SHQKROHWHQVLRQ >@BV 
'
2SHQKROHFRPSUHVVLRQ >@BV 
'
)LOOHGKROHWHQVLRQ >@BV 
'
)LOOHGKROHFRPSUHVVLRQ >@BV 
'
6LQJOHVKHDUEHDULQJGRXEOHIDVWHQHU >@BV 
'
7DEOH/DPLQDWHOHYHOPHFKDQLFDOSURSHUW\WHVWPDWUL[DW5RRP7HPSHUDWXUH$PELHQW 57$ 
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7KHGDPDJHRIFRPSRVLWHPDWHULDOVZKLFKFRQWDLQVGHIHFWVRUGDPDJHVRUGLVFRQWLQXLWLHVVXFK
DVKROHVLVFRPSOH[WRGHILQHEHFDXVHWKHYDULDWLRQLQGDPDJHSURSDJDWLRQDVWKHLQWHUODFLQJRI
WKHILEUH\DUQVSURYLGHVREVWDFOHVWRGDPDJHJURZWKKHQFHDKLJKHUQRWFKHGWHQVLOHVWUHQJWK
YDOXHVKDYHEHHQREWDLQHGUHVSHFWWRXQLGLUHFWLRQDOWDSHODPLQDWHV
)RUQRWFKHGFRXSRQVWKHSUHVHQFHRIWKHKROHJHQHUDWHVDVWUHVVFRQFHQWUDWLRQGHILQHGDVD
IDFWRU WKDW LV WKH UDWLR RI WKH ORFDO VWUHVV WR WKH IDU ILHOG VWUHVV $V H[SHFWHG PHDQ VWUHQJWK
YDOXHV IRU QRWFKHG FRXSRQV WHVWHG KDYH UHVXOWHG WR EH ORZHU WKDQ WKH XQQRWFKHG RQHV D
UHGXFWLRQRIKDVEHHQREVHUYHGLQWKHDQDO\VHGWHVWFDVHV7KHUHPDUNDEOHIHDWXUHWKDW
HPHUJHVLVWKDWWKHFRHIILFLHQWRIYDULDWLRQIRUQRWFKHGFRXSRQVWHVWHGLVPXFKVPDOOHUWKDQIRU
WKHXQQRWFKHGFRXSRQVKLJKOLJKWLQJDOHVVDSSUHFLDEOHGDWDVFDWWHULQJ&RXSRQIDLOXUHVRIWKH
XQQRWFKHG WHVWV DUH PDLQO\ DIIHFWHG E\ SURFHVV DQG WHVWLQJ YDULDELOLWLHV RQ WKH RWKHU VLGH
QRWFKHG IHDWXUHV YDULDELOLWLHV DV KROH WROHUDQFH DQG SRVLWLRQ GULOOLQJ GHODPLQDWLRQ  DUH QRW
FRQVLGHUHG QXPHULFDOO\ ZKLOH QRWFKHG FRXSRQV DUH VLJQLILFDQWO\ LQIOXHQFHG E\ VWUHVV
FRQFHQWUDWLRQKHQFHWKHUHVXOWLQJGLIIHUHQFHVLQGDWDVFDWWHULQJ
$VRXWOLQHGE\3GIVSORWWHGLQ)LJXUH E FDOLEUDWLRQRI&5)3ODPLQDWHWXUQVRXWWREHOHVV
LPPHGLDWHWKDQWKHSUHYLRXVDQDO\VHGFDVHLQYLHZRIWKHGLIILFXOWLHVFRQQHFWHGHLWKHUWRWKH
LQWURGXFWLRQRISOLHVRUWRWKHFRPSOH[GDPDJHSURSDJDWLRQPHFKDQLVPH[SHULHQFHGE\
WKHWZLOOZRYHQIDEULFWKXVLWUHTXLUHVHQJLQHHULQJDVVHVVPHQW
7KLVLVFOHDUIRUWKHHDVLHUWRUXQWHVWVWRRWKDWLQODPLQDFDOLEUDWLRQSKDVHKDYHVKRZQDSHUIHFW
RYHUODSZLWKH[SHULPHQWDOUHVXOWV7KHSO\VWDFNLQJVHTXHQFHDIIHFWVWKHFRPSRVLWHSURSHUWLHV
VLJQLILFDQWO\WKHUHGXFWLRQRIWHQVLOHDQGFRPSUHVVLYHVWUHQJWKYDOXHVLVFOHDUO\OLQNHGWRWKH
SHUFHQWDJHRISOLHVDW7KLVLVDFRPPRQWUHQGIRUERWKH[SHULPHQWDODQGQXPHULFDOUHVXOWV
)UDFWXUHLQ&5)3LVDVVRFLDWHGZLWKWKHFKDUDFWHULVWLFVRIWKHWKUHHIHDWXUHVILEHUVPDWUL[DQG
LQWHUIDFH6SHFLILFDOO\ILEHUDQGPDWUL[GHERQGLQJILEHUSXOORXWILEHUIUDFWXUHDQGIUDFWXUHRI
WKHPDWUL[DUHWKHHQHUJ\DEVRUELQJSKHQRPHQDPDJQLILHGE\XVLQJPXOWLRULHQWDWHGODPLQDWHV
ZKLFKFRQWULEXWHWRWKHIDLOXUHSURFHVVRIWKHWH[WLOHFRPSRVLWH

)LJXUHSOLHVODPLQDWHH[SHULPHQWDOYVQXPHULFDO D 0HDQVWUHQJWKYDOXHVUHVXOWVFRPSDULVRQLQ
WHUPVRISHUFHQWDJHHUURU E 3GIIRUXQQRWFKHG WHQVLRQDQGFRPSUHVVLRQ DQGQRWFKHGRSHQKROH
WHQVLRQDQGFRPSUHVVLRQ WHVWV




,QGXVWU\DQGGHVLJQHUVKDYHVKRZQSDUWLFXODULQWHUHVWLQFRPSRVLWHEROWHGMRLQWVIRUWKHLUZLGH
XVHLQDHURVSDFHDSSOLFDWLRQKHQFHWKHQHFHVVLW\RIUHDOL]LQJILOOHGKROHDQGEHDULQJPHFKDQLFDO
WHVWLQJHYDOXDWLRQ5HVXOWVKLJKOLJKWVWKDWILOOHGKROHWHQVLOHVWUHQJWKYDOXHVDUHFORVHWRRSHQ
KROHWHQVLOHVWUHQJWKUHVXOWVLQDGGLWLRQ)(0SUHGLFWLRQVXQGHUHVWLPDWHWKHVWUHQJWKYDOXHVIRU
WKH DQDO\VHG OD\XS WKH HUURU LV FRQVHUYDWLYH DV UHFRPPHQGHG LQ WKH DHURVSDFH SURJUDPV
3UHVHQFHRIWKHSURWUXGLQJEROWDGGVVSDWLDOFRQVWUDLQWVDQGWKHSUHORDGLQJLQWKHEROWLQWURGXFHV
WKURXJKWKLFNQHVVVWUHVVZKLFKLQIOXHQFHWKHVSHFLPHQIDLOXUH'XHWRWKHWKURXJKWKLFNQHVV
FRQVWUDLQWVILEHUIDLOXUHPHFKDQLVPGHYHORSVUDWKHUVORZO\WKDQLQWKHRSHQKROHFDVHDQGWKDW
FDXVHV WKH JOREDO UHVSRQVH WR KDYH D QRQOLQHDU RXWOLQHG EHKDYLRXU 7KH LPSRUWDQFH RI WKH
QXPHULFDO VLPXODWLRQ LV ZLGHO\ FRQQHFWHG WR WKH FKDOOHQJH LQ GHWHUPLQLQJ WKH UHODWLRQVKLS
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EHWZHHQ WZLOO ZRYHQ IDEULF SDWWHUQ DUFKLWHFWXUH DQG PHFKDQLFDO SURSHUWLHV FRQGXFWLQJ WHVWV
ZLWKSUHVFULEHGFRQILJXUDWLRQVDQGREVHUYLQJGDPDJHSURSDJDWLRQDWGLIIHUHQWORDGLQJOHYHOV
,QWKH)LOOHG+ROH&RPSUHVVLRQ )+& WKHIUDFWXUHRIWKHODPLQDWHLVPRVWO\FKDUDFWHUL]HGE\
WKH ILEHU FRPSUHVVLYH IDLOXUH $V VKRZQ E\ WKH H[SHULPHQWV DQG VLPXODWLRQV ILOOHG KROH
FRPSUHVVLRQVWUHQJWKLVKLJKHUWKDQWKHRSHQKROHFRPSUHVVLRQVWUHQJWKLQDFFRUGDQFHZLWK
$670UHJXODWLRQ7KLVKDVWREHH[SHFWHGDVWKHILEHUFRPSUHVVLYHIDLOXUHLVFKDUDFWHUL]HGE\
NLQNEDQGIRUPDWLRQRUORFDOEXFNOLQJRIFDUERQILEHUV,QDGGLWLRQWKHEROWSUHORDGLQWKHIRUP
RIWLJKWHQLQJWRUTXHFDXVHDGGLWLRQDOPDWUL[IDLOXUHLQWKHEROWUHJLRQZKLFKGRHVQRWRFFXULQ
WKHFRUUHVSRQGLQJRSHQKROHFRPSUHVVLRQWHVWFDVH
5HVXOWV KDYH UHYHDOHG WKDW DOO WKH FRPSUHVVLRQ WHVWV SUHVHQW D SHUFHQWDJH HUURU LQ WHUPV RI
QXPHULFDOO\FDOFXODWHGVWUHQJWKYDOXHVLJQLILFDQWO\KLJKHUWKDQWKHUHVSHFWLYHWHQVLOHRQHVWKLV
LVGXHWRWKHH[HFXWLYHGLIILFXOWLHVOLQNHGWRWKHFRPSUHVVLYHWHVWV7KLVLVHYLGHQWDQDO\VLQJ
H[SHULPHQWDOUHVXOWVZKLFKSUHVHQWDPDUNHGVFDWWHULQUHSRUWHGGDWD
,QGXVWU\DQGGHVLJQHUVKDYHVKRZQSDUWLFXODULQWHUHVWLQFRXQWHUVXQNFRPSRVLWHEROWHGMRLQWV
&%- IRUWKHLUZLGHXVHLQDHURVSDFHDSSOLFDWLRQDVFRXQWHUVXQNKROHVDUHXVHGIRUFUHDWLQJ
QRQSURWUXGLQJVPRRWKDHURG\QDPLFVXUIDFHV9HU\LQWHUHVWLQJUHVXOWVDUHSURYLGHGE\VLQJOH
VKHDUEHDULQJLQDGRXEOHIDVWHQHUFRQILJXUDWLRQ
)RUFRXQWHUVXQNFRPSRVLWHEROWHGMRLQWV &%- WKHGRPLQDQWGULYLQJPHFKDQLVPZLWKLQWKH
FRPSRVLWHSDUWVLVFRUUHODWHGWRWKHIDLOXUHFKDUDFWHULVWLFVRIWKHMRLQWV,QWKHTXDVLVWDWLFWHQVLOH
EHDULQJWHVWVWKHPDLQVRXUFHRIGDPDJHLQWKHMRLQWVZDVDQH[WHQVLYHEHDULQJGDPDJHDWWKH
FRXQWHUVXQNKROHZKLFKRFFXUUHGSULRUWRILQDOFDWDVWURSKLFIDLOXUH7KHPDLQIDLOXUHLQWZR
EROW&%-VLVEROWIDLOXUHSURPRWLQJIDVWHQHUSXOOWKURXJKDQGWKHFRXQWHUVXQNKDVEHHQREVHUYHG
FUXVKLQJLQWRWKHWRSVXUIDFHRIWKHODPLQDWH

2.3 Extrapolation for thicker laminates

&RQVLGHULQJUHVXOWVREWDLQHGE\WKHODPLQDWHFDOLEUDWLRQDQH[WUDSRODWLRQIRUWKLFNHUODPLQDWHV
KDVEHHQFRQVLGHUHGDVWKHQH[WUHPDUNDEOHVWHSWRDFKLHYHDFRPSOHWHHYDOXDWLRQRISUHGLFWHG
PDWHULDOGHVLJQDOORZDEOHVWRVXSSRUWDLUFUDIWGHVLJQ7KHSUHGLFWLRQIRUWKLFNHUODPLQDWHVKDV
EHHQFDUULHGRXWIRUVLQJOHVKHDUEHDULQJWHVWLQDGRXEOHIDVWHQHUFRQILJXUDWLRQ WDNLQJFDUHRI
XVLQJ DOZD\V WKH VDPH IDVWHQHU W\SH  DV WKH PRVW LQWHUHVWLQJ YDOXH UHVSHFW WR WKH RWKHUV
H[WUDSRODWLRQVKDYHEHHQH[HFXWHGDOVRIRURWKHUPHFKDQLFDOWHVWVKHUHQRWUHSRUWHG 7HVWV
KDYHEHHQSHUIRUPHGYDU\LQJWKHODPLQDWHWKLFNQHVVZLWKWKHVDPHGLDPHWHU7KHUHIRUHLIWKHUH
LVQRFKDQJHLQGLDPHWHUIURPEDVHOLQHYDOXHRI´RQO\WKLVNQRFNGRZQIDFWRU .WG VKRXOG
EHLQYHVWLJDWHG7HVWPDWUL[KDVEHHQVXPPDUL]HGLQ7DEOHIXUWKHUPRUHDGGLWLRQDOODERUDWRU\
WHVWVKDYHEHHQSHUIRUPHGLQRUGHUWRHQKDQFHDWUHQGLQUHVXOWV5HVXOWVPD\DOVREHDIIHFWHG
E\WKLFNQHVVRYHUKROHGLDPHWHUUDWLRZKLFKKDVEHHQDQDO\VHG5HVXOWVFRPSDULVRQVLQIRUP
RINQRFNGRZQIDFWRUDQG$0/HIIHFWKDYHEHHQSURSRVHGWRDOORZTXLFNHUUHVXOWVPDWFK

3OLHV
/D\XS
$0/
7KLFNQHVV'LDPHWHU

>@BV



>@



>@BV



>@BV



>@BV



>@BV



>@BV



>@BV



>@BV


7DEOH6LQJOH6KHDU%HDULQJLQDGRXEOHFRQILJXUDWLRQWHVWPDWUL[DW 57$ 
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)LJXUH)(0YV([SHULPHQWDOUHVXOWVRIGLIIHUHQWODPLQDWHVZLWKWKHVDPHKROHGLDPHWHUDQGIDVWHQHU
W\SH D NQRFNGRZQIDFWRU .WG  E $0/HIIHFW



([WUDSRODWHG UHVXOWV SUHVHQW D FOHDU WUHQG LQFUHDVLQJ WKH WKLFNQHVV WKH VWUHQJWK PHDQ YDOXH
GHFUHDVHV%ROWEHQGLQJHIIHFWLVWKHGULYLQJHIIHFWZKLFKDIIHFWVWKHDFWXDOVWUDLQGLVWULEXWLRQ
7KHUHOHYDQWNQRFNGRZQIDFWRUDUHDGLUHFWFRQVHTXHQFHRIIDVWHQHUOHQJWKDQGEROWWLJKWHQLQJ
WRUTXH &RQVLGHULQJ WKH VDPH $0/ YDOXH EXW LQFUHDVLQJ WKH WKLFNQHVV D UHGXFWLRQ RI PHDQ
VWUHQJWKYDOXHKDVEHHQREVHUYHG


3 CONCLUSIONS


&DOLEUDWLRQRI&5)3ODPLQDKDVVKRZQDSHUIHFWRYHUODSRIUHVXOWVKHQFHWKHEDVLFSURSHUWLHV
KDYHEHHQFRUUHFWO\HYDOXDWHG$WODPLQDWHOHYHOWKHFDOLEUDWLRQKDVRXWOLQHGJRRGUHVXOWVIRU
QRWFKHG FRXSRQV WRR HUURU ZLWKLQ   EXW LQ WKH ILOOHG KROH FRPSUHVVLRQ FDVH ZKLFK KDV
UHYHDOHGDPLVPDWFKLQUHVXOWV7KLVLVSUREDEO\GXHWRDQXPEHURIUHDVRQVDVWKHLPSRVVLELOLW\
RI VLPXODWLQJ WKH SURWUXGLQJ EROW SUHORDG HIIHFW DQG LWV JHRPHWU\ SUHFLVHO\ WKH GLIILFXOWLHV
DOUHDG\GLVFXVVHG DERXWWKHLQWURGXFWLRQ RISOLHVDWWKH GLIILFXOWLHV LQFDUU\LQJRXW WKH
FRPSUHVVLRQWHVW ZKLFKOHDGVWRDVLJQLILFDQWGDWDVFDWWHULQJ DQGILQDOO\ILEHUORFDOEXFNLQJ
0RUHRYHUYDULDELOLWLHVDVGULOOLQJGHODPLQDWLRQIOXVKQHVVWROHUDQFHZKLFKPD\DIIHFWUHVXOWV
DUHQRWQXPHULFDOO\FRQWHPSODWHGLQWKLVVWXG\)LQDOO\ILOOHGKROHFRPSUHVVLRQWHVWUHVXOWVLQ
SDUWLFXODUDUHDIIHFWHGE\WKHFOHDUDQFHDULVLQJIURPWKHGLIIHUHQFHEHWZHHQKROHDQGIDVWHQHU
GLDPHWHUV 3UHGLFWLRQV IRU VLQJOH VKHDU EHDULQJ WHVW LQ D GRXEOH IDVWHQHU FRQILJXUDWLRQ KDV
UHYHDOHGRSWLPXPUHVXOWVLQWHUPVRIPHDQEHDULQJVWUHQJWKYDOXHVVRPXFKWKDWH[WUDSRODWLRQV
IRUWKLFNHUODPLQDWHVPD\EHFRQVLGHUHGUHOLDEOH7RDVVHVVPDWHULDOGHVLJQDOORZDEOHVWKH%
%DVLVDW5RRP7HPSHUDWXUH$PELHQW 57$ VWUHQJWKYDOXHVKDYHEHHQHYDOXDWHGFRQVLGHULQJ
PHDQYDOXHDQGWKHVWDQGDUGGHYLDWLRQGLVWULEXWHGZLWKD:HLEXOOQRUPDORUORJQRUPDOPRGHO
IRU XQVWUXFWXUHG GDWD LQGLFDWLQJ QHJOLJLEOH EHWZHHQEDWFK PDWHULDO SURSHUW\ YDULDELOLW\  ,I
QRQHRIWKHVHPRGHOVDUHDFFHSWDEOH DVSUHVFULEHGE\$QGHUVRQ'DUOLQJJRRGQHVVRIILWWHVW
VWDWLVWLF QRQSDUDPHWULFEDVLVYDOXHVDUHGHWHUPLQHG6WUXFWXUHGGDWDDUHPRGHOOHGXVLQJOLQHDU
VWDWLVWLFDOPRGHOVLQFOXGLQJUHJUHVVLRQDQGWKH$1DO\VLV2I9$ULDQFH $129$ 
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ABSTRACT
Nano composite epoxy based composites were fabricated with different nano scale additives
with a commonly used weight percent (wt. %). The candidate additives are Multi-wall carbon
nano-tubes (MWCNTs), Alumina (AL2O3), and three different types of graphene (G-CD270,
G-33C and G-24N). Ultra-sonication and homogenization were used to uniformly disperse
the nano additives into epoxy. Herein, studying the effect of the exposed space threats on the
candidate nano composite materials, these space threats due to Low Earth Orbit (LEO) was
characterized by high vacuum (~5x10-5 Torr.), and atomic oxygen (AO), (flux ~1.5x1021
AO/cm2) in the presence of Vacuum Ultra-Violet (VUV) with a radiation intensity equals 410
mW/cm2 (around 10 Suns).
The mass loss (TML), collected volatile condensable materials (CVCM) and water vapor
regained (WVR) due to mention vacuum condition were measured. In addition, the mass loss
and erosion rate of the exposure to a synergetic effect of AO and VUV were evaluated, finally,
the various specimen were studied by Fourier Transmission Infra-Red spectroscopy (FTIR).
The candidate materials shows an improvement behavior under the LEO threats with the
nano additives, due to FTIR the released gasses from the materials are not critical so, the
materials with the nano additives with various values.
Keywords: Nano composite, Epoxy, Atomic Oxygen, Outgassing, Vacuum.
1.

INTRODUCTION

Polymers and polymer matrix composite (PMC) materials are widely used in the space
structure and space subsystems manufacture because of its high optical, mechanical, thermal
and electrical properties. These materials are exposed to the space environment threats,
especially in low earth orbit (LEO) where a large number of spacecraft (SC) included. The
LEO space environment constituents are very hazardous toward the polymers and PMCs that
composed of high vacuum, ultraviolet (UV) radiation, thermal cycles, atomic oxygen (AO),
charged particles, electromagnetic radiation, micrometeoroids, and space debris. [1] [2] [3]
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Not only reliable understanding of destructive space environment effects but development of
polymers and PMC in space application for next generation are thus of great concern.
Recently carbon nanotubes (CNTs) are of great interest in various fields of application such as
memory devices, electrodes, hydrogen storages, reinforcement of composites, etc. because of
their excellent mechanical and electromagnetic characteristics [1].
Due to the outstanding characteristics of nano particles reinforcement and the ability to be
dispersed evenly and uniformly in polymeric matrices, the use of different nano particles
reinforced polymer matrix nanocomposites are regarded herein as a new means to overcome
the disadvantage of the polymeric materials and PMC against such a destructive space
environment in space application. [1]
In this paper, a fabrication of multi-walled carbon nanotube (MWNT)/epoxy, Alumina
Al2O3/epoxy, Graphene/epoxy nanocomposites with dispersion methods is briefly introduced
and LEO space environment simulation was set up. Moreover, the synergistic LEO simulation
effects on nanocomposites in accordance with nano particles content as well as the
mechanisms of changes in properties are investigated and described.
2.

LEO SPACE ENVIRONMENT SIMULATION

A space environment facility that capable simulating the characteristics of LEO constituents
such as high vacuum, UV radiation, thermal cycling, and atomic oxygen atmosphere was
designed and manufactured to study the characteristics and degradation mechanisms of the
polymer matrix composite materials under LEO space environment.
The vacuum affected the space structures in LEO is 10-6~10-7 Torr. The vacuum in LEO
induces outgassing of polymers and PMCs and consequently results in surface contamination
and materials degradation. [4], [5]
The tested specimen placed in degreased container that has been previously weighed. After
this exposure, the boat and specimen are weighed and put in one of the specimen
compartments in a copper heating plate that is a part of the test apparatus. The copper heating
plate can accommodate a number of specimens for simultaneous testing. The vacuum
chamber in which the heating plate and other parts of the test apparatus are placed is then
sealed and evacuated to a vacuum of at least 5x10−5 mbar. The heating plate is used to raise
the specimen compartment temperature to 125°C. This causes vapor from the heated
specimen to stream from the hole in the specimen compartment, collector plate should be
maintained at 25°C. [3] [6] [7] [8]
The UV generator is a highly stable mercury-xenon lamp produced by HAMAMATSU
(model LC8 Lightning Cure). The system have high-intensity UV line spectra with an
elliptical reflector (UV cold mirror) having reflectivity higher than 90% in the UV range and a
quartz light guide with UV transmittance. The lamp works in a horizontal position in order to
have an optical system with low light loss. The spectral emittance field range is 200 to 600
nm with a maximum emission value of 365 nm. The radiation intensity of the lamp system is
410 mW/cm2 (around 10 Suns) at 60 mm distance with an aperture size of 20 mm [7]
All the samples are positioned inside a clean room and conditioned for 48h at a pressure of
260 mbar as required by ASTM E2089 for atomic oxygen tests. After such treatment the
samples are exposed to AO, till the final exposition time, expressed in Equivalent Sun Hours
(EHS) at a maximum effective fluence of 1.5×1021 Ao/cm2 (value based on the witness
sample erosion of Kapton HN, a material of known in-space erosion yield, as suggested by
ASTM E2089). The experimental apparatus is equipped by a high precision microbalance
(Mettler-Toledo, sensitivity 0.002 mg). The sample geometry is of 25x25x10 mm, but it can
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be adapted to custom requirements. The sample can be oriented at different angles of attack,
regarding both AO and UV fluxes. [3] [7] [8]
LEO AO simulation was generated through weakly ionized remote oxygen plasma using a
radio frequency (RF) plasma source. The plasma source was mainly operated through gas (O2
and Ar) supply and 600W, 13.56 MHz RF power supply. Plasma parameters such as O2 and
Ar gas flow rates, RF power (100-400 watt) and orifice hole size (26.55-191.64 mm2 of total
hole area) were used to determine the maximum AO flux through plasma discharge
simulation which was coded based on the rate constants for a restricted set of two body
reactions of interest in modeling low-pressure oxygen discharges. [9]
3.

EXPERIMENTAL

3.1.

Samples material

The Epoxy nanocomposites samples in this research were made using biresin two parts
matrix; ‘part A’ the resin CR82 and the hardener ‘part B’ with designation name CR80-6. The
matrix made by German company called “Sika Deutschland GmbH”. The properties of the
Epoxy will be investigated for different types of additives; these additives will be summarized
in the following paragraph.
Multiwall Carbon nanotubes (MWCNTs) were purchased from the Egyptian Petroleum
Research Institute (EPRI), this MWCNT’s were produced by a high-yield catalytic process
based on chemical vapor deposition (CVD) with an outer mean diameter of (8-10 nm) and
inner mean diameter of (4nm) and length from (5-10 μm). The purity of neat MWCNTs was
greater than 90%. The MWCNTs dispersed in the epoxy with a weight fraction 0.5%.
Sample made from graphene (G-24N) also called 4NG [please see full characterization in the
attached reference” Development of High-Performance Super capacitor based on a Novel
Controllable Green Synthesis for 3D Nitrogen Doped Graphene “]. It is N-doped reduced
graphene oxide with3D structure. Its atomic composition is 83.3 % C, 13.9 % O and 2.8 % N.
It is synthesized by thermal dissociation of PET waste bottles with urea at 800˚C for 5 hour.
Sample made from graphene (G-33C) was prepared as sample 9C [please see full
characterization in the attached reference” Green synthesis of graphene from recycled PET
bottle wastes for use in the adsorption of dyes in aqueous solution “] but not in the same
batch.
Graphene sample (G-CDB-270) is an N-doped multi-layered graphene Nano sheets. Its
atomic composition is 89 % C, 7.2 % O and 3.8 % N. The graphene Nano sheets are well
exfoliated. The doped N has dominated pyloric conformation followed by pyrdinic and lastly
graphitic. It is synthesized by hydrothermal treatment of glucose solution under mild
synthesis conditions. Images of the atomic Oxygen and outgassing samples under
investigation are shown in the following figure.
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Figure 1 Atomic Oxygen / UV samples before the test

Figure 2 One sample per category for the Outgassing test

3.2.

Sample manufacture

Firstly, the preparation of nanocomposite as mentioned in the previous attachment for the
production of the sheet. The carbon fiber selected is the fabric with a plain woven fabric with
the meshed bundles with angle 0/90°. The volume fraction of the composite material
manufactured for the sheet plate is about (55-60) % epoxy to (45-40) % fabric.
After laying up four plies with the epoxy resin between them the vacuum gears should be
used and sealed to evacuate the volume of curing to about -0.8 bar and increase the
temperature to about 50°C and maintain the vacuum and temperature for 24 hours.

Figure 3: Carbon fiber lay-up procedure Figure
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c

Figure 4: Vacuum bagging during curing process in vacuum oven

A foam layer was placed over the pre-cured CFRP sheet in order to absorb any excessive
amount of resin before curing. Plastic bag was located above all the previous to prevent
vacuum leakage during curing time, and then a vacuum connection was positioned in the
middle of the sheet approximately to apply the required vacuum. All of this assembly was
entered the oven and maintained at the temperature about 50°C for 24 hours.
The mechanical and thermal properties were testes to evaluate the sheet material in
accordance with ASTM related to the composite based polymeric matrix.
3.3.

Tests procedures and characterization
3.3.1. Outgassing

This test method covers a screening technique to determine volatile content of materials when
exposed to a vacuum environment. Two parameters are measured: total mass loss (TML) and
collected volatile condensable materials (CVCM). An additional parameter, the amount of
water vapor regained (WVR), has also been obtained. The test is always performed in
compliance with the following reference documents:
Ô ASTM E-595 "Standard Test Method for Total Mass Loss and Collected Volatile
Condensable Materials from Outgassing in a Vacuum Environment"
Ô ECSS-Q-ST-70-02C "Thermal vacuum outgassing test for the screening of space
materials"
The acceptance and rejection criteria is determined by the user and based upon specific
component and system requirements. Historically, TML of 1.00 % and CVCM of 0.1% have
been used as screening levels for rejection of spacecraft materials.
The test specimen is exposed to 23°C and 50 % relative humidity for 24 h in a preformed,
degreased container (boat) that has been previously weighed. After this exposure, the boat and
specimen are weighed and put in one of the specimen compartments in a copper heating plate
that is part of the test apparatus. The vacuum chamber in which the heating plate and other
parts of the test apparatus are placed is then sealed and evacuated to a vacuum of at least
(1.25x10−5 torr). The heating plate is used to raise the specimen compartment temperature to
125°C. This causes vapor from the specimen to stream from the hole in the specimen
compartment. A portion of the vapor passes into a collector chamber in which some vapor
condenses on a previously weighed and independently temperature controlled chromiumplated collector plate that is maintained at 25°C as requested by the mentioned standards.
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Each specimen compartment has a corresponding collector chamber that is isolated from the
others by a compartmented separator plate to prevent cross contamination. After 24h, the test
apparatus is cooled and the vacuum chamber is re-pressurized with dry nitrogen gas. The
specimen and the collector plates are weighed using a Mettler-Toledo XP26DR microbalance.
The reported values are an average of the three identical samples.
The specimen was stored for 24 h at 23°C and 50 % relative humidity to permit sorption of
water vapor. The specimen mass after this exposure was determined. From these results and
the specimen mass determined after vacuum exposure, the percentage WVR was obtained.
The facility and microbalance are located in an ISO-7 certified clean room.

Figure 6: Sample holders, collectors and
microbalance

Figure 5: Configurations of the facility

3.3.2. Atomic Oxygen and Vacuum Ultra-Violet
The OS-PREY Plasma Source, which is manufactured by Oxford Scientific Instruments, is a
radio frequency Inductively Coupled Plasma Source (ICPS); it is a device in which the
ionization of the oxygen molecules occurs, coupling the energy from a radio-frequency Power
Source (13.56MHz) to an ionized gas. The energy is transmitted to an inductive circuit
element (a copper coil) adjacent to a discharge region. The molecular gas changes in a plasma
and the plasma keeps itself in a limited zone of the chamber because of the high vacuum
pressure

Figure 7: The plasma chamber simulate the Atox and VUV

Plasma composition
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Operating conditions
Working pressure
Distance between sample
aperture
Energy of the neutral species
Flux
Atomic oxygen Fluence
Plasma Fluence
Beam Temperature
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99% (60% atoms O - 40% molecules O2)
1% ions O+
1E-5 mbar
and

emission

50 mm
5-25 eV
2.5E15 ns/cm2*s
Up to 1.463E21 atoms/cm2
Up tp 3.11E21 neutral species /cm2
200 °C

Table 3-1 the plasma composition and the operative conditions
UV lamp and UV controller; the UV generator is a highly stable mercury-xenon lamp
produced by HAMAMATSU (model LC8 Lightning Cure). The system have high-intensity
UV line spectra with an elliptical reflector (UV cold mirror) having reflectivity higher than
90% in the UV range and a quartz light guide with UV transmittance. The lamp works in a
horizontal position in order to have an optical system with low light loss. The spectral
emittance field range is 200 to 600 nm with a maximum emission value of 365 nm. The
radiation intensity of the lamp system is 410 mW/cm2 (≈10 Suns) at 60 mm distance with an
aperture size of 20 mm.
Atomic oxygen test; all samples are positioned inside a Clean Room and conditioned for 48h
at a pressure of 260 mbar as required by ASTM E2089 for atomic oxygen tests. After such
treatment the samples are exposed to AO, until the final exposition time, expressed in
Equivalent Sun Hours (EHS) at a maximum effective fluence of 1.5×1021 AO/cm2. For the
weight measurements, the experimental apparatus is equipped by a high precision
microbalance (Mettler-Toledo, sensitivity 0.002 mg). The maximum sample geometry is of
25x25x10 mm, but it can be adapted to custom requirements. The sample can be oriented at
different angles of attack, regarding both AO and UV fluxes.
3.3.3. Foriour Transfermation Infra-Red (FTIR)
The candidate materials were analyzed using the FTIR spectrometer "JASCO 4100". In this
technique, the FTIR spectrometer hits the investigated specimen(s) with the Infra-Red (IR)
radiation and receives its reflection. Both the chemical bonds and molecular compositions
could be presented because of the transmitted, absorbed and reflected portions of the IR
radiation. Because of the difficult recognition of the large number of peaks obtained by the
FTIR for the investigated composites all the FTIR analysis have been performed on the basic
constituents of each composite type. The attenuate total reflection (ATR) method was used in
this analysis all over the available wavelength [400- 4000 cm-1] with the average resolution of
4 cm-1. To sharpen the peaks profile and to improve the result resolution a Background scans
were performed to eliminate the spectrum noise.
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RESULTS AND DISCUSSIONS
4.1. Outgassing and Atomic Oxygen / UV test results

Neat

0.9103

Rejection
of TML%
1

MWCNT

0.7624

1

TML%

G-33C

0.8380

1

0.0687

Rejection of
CVCM%
0.1

Erosion
rate ER
3.23x10-29

Erosion
Yeld EY
6.94x10-25

Rejection of
Ey [10]
2.89x10-24

0.0765

0.1

3.10x10-29

6.66x10-25

2.89x10-24

0.1

6.26x10

-29

1.34x10-24

2.89x10-24

-29

-25

2.89x10-24

CVCM%

0.0753

G-24N

0.6933

1

0.0707

0.1

3.37x10

G-CD270

0.6130

1

0.0710

0.1

4.05x10-29

8.69x10-25

2.89x10-24

-29

5.85x10-25

2.89x10-24

Al2O3

0.6680

1

0.0660

0.1

2.73x10

7.23x10

Table 1: Outgassing and AO test summary with rejection values

Figure 8: The values of the TML of the
different candidate materials

Figure 9: The CVCM values of the different
candidate materials

Studying Table 1 and figures from Figure 8 to Figure 11 it is found that due to adding a
various additives the materials behavior improved with different percentage and keep in the
acceptance area. All the candidate materials show a good behavior in accordance with the
exposure data. Moreover, for the outgassing samples, no modification in shape and color have
been noticed, testifying the good inner structure of the material samples.
M OF TESTED MATERIALS
[mg]

Figure 10: The values of mass loss due to

AO exposure

EROSION RATE Ey
[cm3/atoms*s]

Figure 11: The erosion rate due to AO
exposure
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Mention that a change in color (the epoxy turned to a dark yellow color) happened for most of
the samples as an effect of both UV and Atox exposure of the samples. The images of the
samples after the test are shown hereafter.

Figure 3 Samples after Outgassing test

Figure 4 One sample per category after Atox / UV test. Most of the samples show off a dark
yellow color due to the exposures
4.2. Foriour Transfermation Infra-Red (FTIR)
The FTIR spectroscopy analyze the material chemical construction and drown a curve with
several peaks each peak indicate an individual chemical bond. Shown in Figure 5. This figure
will be used to clarify the outgassing test results. In accordance with Table 1 the first five
peaks (3418.21, 2925.48, 1607.38, 1509.03, and 1244.83) have insignificant change as well
the last three peaks (831.169, 560.22, and 443.547). In addition, two peaks are emerged in the
addition of MWCNTs to the CF/Epoxy; these peaks are (1182.15 and 1036.55) that indicate
[C-N] stretching and [-C-O-C-] hydroxyl group respectively). The formation of the new peaks
can be interpreted as an oxidation reaction. Since the addition of nano-additives occurs in the
room conditions, the oxidative reaction leads to the air absorption from the atmosphere caused
by irradiation and the content of the oxidation products increased [6], [11]
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Peak
No.
1
2
3
4
5
6
7
8
9
10

0
Wavenumber [cm-1]

Abs

3418.21
2925.48
1607.38
1509.03
1244.83

0.307483
0.345855
0.270697
0.333365
0.336984

831.169
560.22
443.547

0.234265
0.182786
0.249996

With Additives
Wavenumber [cm-1]
3412.42
2925.48
1607.38
1509.99
1245.79
1182.15
1036.55
829.241
563.112
433.905

Anwar et al

Abs
0.209242
0.323565
0.248327
0.481652
0.468222
0.355703
0.353
0.312325
0.234071
0.234385

Table 1 FTIR peaks wavenumber vs. absorptance

The new created peaks changed due to the space vacuum, temperature and exposure to
the AO in Low Earth Orbit (LEO) to carbon oxides and nitrogen oxides that are not critical
gasses as per slandered ECSS-Q-ST-70-02C

Neat
MWCNT
G-33C
G-24N
G-270
Alumina

Figure 5 FTIR of the different samples

5.

CONCLUSION

In this paper, the experimental characterization of nanocomposite materials by means of the
atomic oxygen and high vacuum simulator device available at DIAEE LSA-Lab of Sapienza
University of Rome was presented. The effectiveness of an in-house developed nanoreinforced by mentioned types in the epoxy matrix from the combined effects of atomic
oxygen and ultraviolet radiation was also tested and established. The results obtained
demonstrate that the proposed materials could be successfully employed for aerospace
applications, providing the multi-functional behavior required to deal with the severe space
environment conditions. The high vacuum and combined effect of AO and UV.
The reported results from FTIR lead to the conclusion that the loss gasses are not harmful for
the structure materials and the epoxy structure become more stable with the adding of the
nano-additives. Moreover, as ongoing research, the materials manufacturing process will be
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upgraded to gain production feasibility; in particular, it would be necessary to monitor the
dispersion quality of the nano particles inside the epoxy.
Further investigations will be then carried out in order to perform a full space environment
characterization of examined materials to be employed for spacecraft components and
subsystems.
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Atmospheric turbulence constitutes a hazard to aviation and has the potential to
cause injuries to crews and passengers and structural damage to aircraft. For these
reasons, turbulence avoidance is in focus of operational decision makers alongside other
safety-relevant aspects. This study represents a benefit analysis for an early flight
planning application of the Eddy Dissipation Parameter developed by the German
Weather Service. Plan trajectories from the European network management process are
applied, which are optimized using a continuous optimal control approach in order to
avoid turbulence areas exceeding a given intensity. Additionally, fuel consumption is
compared to costs associated with a flight entry into turbulence . Potential to reduce
flight time is assessed on the basis of specified intensity levels of moderate, severe and
extreme turbulence. Benefits of lateral pre-flight re-routing in case of avoidance of
extreme turbulence are provided. Total residence time of flights in such areas can be
reduced by about 80% at a fuel increase below 5% in average.
Keywords: clear air turbulence, flight planning, trajectory optimization, meteorology
1

INTRODUCTION

Apart from a major decrease of comfort, aviation turbulence can represent safety risks for
aircraft crews and passengers. There are many studies on the impact on aviation, concerning
climatological relationships, prediction as well as the application of turbulence information in
an operational context [7], [8], [1]. Due to complex forecasting of aviation turbulence, in-situ
turbulence reports play an important role, whereas mostly pilots act on turbulence by
requesting and reporting in-flight trajectory adaptation.
The integration of turbulence information into flight planning and flight execution
today has not yet been fully realised regarding common transparency of intensities and
location. On the one hand, this is due to the fact that turbulence information is currently not
available in the required quality and, on the other hand, no standardized process has been
defined and certified that covers all possible options for the use of turbulence data. The
German Weather Service (DWD) is therefore developing advanced turbulence information
which should be made available for improved use. This Clear Air Turbulence (CAT) data is
calculated based on the Eddy Dissipation Rate (EDR) representing the dissipation rate from
Turbulent Kinetic Energy (TKE) to internal energy (heat). TKE as a direct measure for
atmospheric turbulence is computed using an additional prognostic equation in the ICONGlobal model [10]. This equation has been supplemented with additional source terms (e.g.
wind shear) for improved turbulence prediction. As a result, the Eddy Dissipation Parameter
(EDP) maps the turbulence intensity in a suitable way, including further meteorological
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processes. Turbulence areas created on the basis of the EDR will be subjected to a benefit
analysis within the scope of this study by evaluating possible integration scenarios into the
flight planning process. The pilot's decision to choose between lateral and vertical flight
around turbulence areas and a combination of both is subject to a variety of influences, such
as air traffic control boundary conditions, flight performance aspects, individual mission
parameters and finally the turbulence distribution itself. Within the scope of the present study,
the avoidance of turbulence areas by lateral bypassing is considered exclusively.
2

EVALUATION FRAMEWORK

The following chapters provide information on operational use of turbulence data, and
moreover the evaluation framework describing the optimization concept developed within this
study. It is distinguished between qualitative and quantitative aspects for the integration
within an operational flight planning environment.
2.1

Evaluation Framework

In Germany, the German Weather Service continuously publishes turbulence data in
order to support flight planning and flight operations. Related weather products are
continuously updated to cover new aspects of operational application and to be adapted to
individual specifications. Flight planning today demands XML-based as well as GRIB2-based
turbulence (EDP) and meteorological data and is generally pre-processed in order to
guarantee consistency with user-operated visualization systems. EDP data is specified to
specific values on grid resolution, update rate, etc.
EDP data:
Data acquisition

Grid resolution 0.25°
Vertical coverage over 28FL
Update rate 12h
Time granularity 1h
Forecast horizon 36h

XML data

XML-based
turbulence
polygons

GRIB2 data

Met data
visualization

Processing:
Lateral Scaling
Propability density functions
Vertical allignment

Figure 1: Data processing of turbulence/meteorological data.

The provided data service can be called individually to update local databases.
Turbulence data updates are in most cases less frequent than those of meteorological data
types like e.g. wind data. Fig. 1 provides an overview on (turbulence) data processing.
More information on EDP data is provided in ch. 3.1.
2.2

Trajectory Optimization Concept

The optimization concept is based on the lateral flight route optimization during the
en-route flight segment. The focus is not on vertical avoidance, i.e. on tactical changes in
cruising altitude. This is based on two main reasons: i) in highly congested European airspace,
there is usually hardly any possibility of implementing short-term vertical re-routings. Such a
change of the flight profile would increase traffic complexity considerably in some cases, and
ii) the dependence on flight performance requirements, especially when flying over
turbulence, can prevent the feasibility of such a profile change. If necessary, fuel planning
would have to be adapted.
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Fig. 2 shows the
vertical section (about FL120 FL400)
of
an
exemplary
turbulence field and represents an
example in which a vertical
avoidance would not be possible
due to the large vertical extent of
the turbulence field. Lateral
turbulence avoidance is dependent
from different performance related
parameters during flight operations
like e.g. climb rate. On the cost
side, turbulence mitigation can be
accompanied by an extension of
Figure 2: Exemplary vertical turbulence section.
the mission distance. However,
this depends on trajectory design as well as on the extent and shape of the turbulence field. A
corresponding increase in fuel consumption and time is required accordingly. The benefit
side is represented by the reduction of effective flight time in a turbulence field. Within the
context of this study, we speak of "reduced EDP minutes", which in turn can be associated
with increased flight safety, increased passenger comfort and reduced maintenance and repair
costs.
Fig. 3 provides the applied trajectory optimization approach describing thelateral
routing concept with regard to turbulence avoidance. In an initial step, ToC (top ofclimb)
and ToD (top of descent) are determined using the reference trajectory from the DDR2 flight
plan trajectories (see ch. 3.1). Subsequently, a lateral optimization takes place on thecruise
flight segment between these two points to avoid turbulence areas.
The cost functional used is determined as the weighted sum between fuel consumption
and flight time in turbulence areas (see ch. 2.3). For the analysis of the sensitivities, the
respective weighting factors for fuel consumption and residence time in turbulence areas are
varied within wide limits.

fuel consumption [kg]

Origin
Fuel ↑ EDP ↓

Climb
Descent
EDP intensity areas

Destination
Cruise

X Reference
O Pareto-optimal

Reference
Pareto-optimal

EDP, integrated [m^(2/3)]

a) lateral route optimization

b) Pareto front

Figure 3: Schematic visualization of a) lateral route optimization and b) schematic visualisation of expected Pareto results.

Figure 3b) shows the expected results in the form of a Pareto front. The more
importance is assigned to turbulence avoidance, the higher the corresponding detour and
therefore also fuel consumption. Since the reference trajectory considers flight planning
constraints while optimized trajectories are determined using a continuous approach, the
reference trajectory does not necessarily have to be Pareto-optimal. In the shown case, flying
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the great circle between ToC and ToD would lead to both, a reduction of EDP minutes and
reduced fuel consumption. On the selected days (ch. 3.2), it is not possible to avoid turbulence
completely and efficiently by lateral re-routing measures due to large areas of low EDP
intensities. Instead, the EDP value is individually integrated along the trajectory and included
in the cost functional. The evaluation takes place on the basis of the defined EDP intensity
levels.
2.3

Trajectory Optimization Model (TOM)

This chapter describes the modeling of EDP optimized trajectories using the
Trajectory Optimization Module (TOM). For this purpose, an optimal control problem is
presented, which is adapted to the scope of this study. Finally, the solution generation of the
resulting optimization problem is briefly described. More information, e.g. on dynamic
constraints and additional boundary conditions is described in detail in Lührs et al. (2016) [4].
2.3.1 Optimal Control Problem
The movement of an airplane is described with the help of state variables x(t) and can
be influenced by control variables u(t). A trajectory is regarded as optimal if the temporal
course of the control variable u(t) results in the cost functional J being minimized according to
eq. (1). At the same time both, the dynamic boundary conditions according to eq. (2) and
restrictions with regard to the state and control variables (eq. (3) to (6)) have to be satisfied.
For further adaptation of the optimization problem, additional adjustments of a path vector
p(t) can be made according to eq. (7).
(1)
(2)
(3)
(4)
(5)
(6)
(7)

2.3.2 Cost Functional
The general cost functional according to eq. (1) contains a penalty function , which
as well as the initial and final state
can be a function of the start and end time
of the aircraft. Furthermore, depends on the time integral of another penalty
function
. Using the scaling factors
and , the penalty functions and
can be weighed against each other. Within the scope of this study, the cost functional
according to eq (8) and (9) is applied.
(8)
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2.3.3 Solution of the optimization problem
The resulting optimal control problem, which is described by the cost functional, the
dynamic constraints, initial and final boundary conditions and the limitations of the control,
state and path vectors (see eq. (1) to (7)), is solved using the MATLAB Toolbox GPOPS-II [6].
Based on a direct approach, GPOPS-II transforms the continuous optimal control problem
into a discrete nonlinear optimization problem and solves it using the solver IPOPT [9].
3

RESULTS AND DISCUSSION

This chapter describes the selected scenarios including an overview of the applied
data. Turbulence evaluations and related results on trajectory optimization are presented.
3.1

Data Base

3.1.1 Turbulence Data
The EDP predictions generated from the global ICON model are available globally
and are updated with a rate of six hours (00:00z, 06:00z, 12:00z and 18:00z). The forecast
period is 36 hours with one-hour forecast time steps. The vertical coverage comprises 28
flight levels between 150 hPa and 700 hPa with a vertical resolution of approx. 1200 ft. The
lateral grid resolution of the EDP map is 0.125°. The output of the EDP product can be either
in the form of continuous data fields or in the form of polygons. Regardless of this, a
threshold value definition is required for the application of the data, which allows different
turbulence intensity levels to be assigned. For this purpose, the EDP was re-scaled to adapt it
to the climatological "log-norm"- distribution of the EDR of a 5-year period from about 10
million measurements. This resulted in the following intensity levels:
-

EDP for moderate turbulence [m2/3/s]:
EDP for severe turbulence [m2/3/s]:
EDP for extreme turbulence [m2/3/s]:

=> 0.22
=> 0.34
=> 0.45

3.1.2 Traffic Plan Data
Operational flight plan data from the Eurocontrol Demand Data Repository (DDR2) [2] is
used. It contains mission-relevant information as well as flight profiles. These 4D-plantrajectories are divided into individual segments for each of which the corresponding
boundary points are defined. The data is generally available for network planning for capacity
control purposes. Principles of European capacity management are described in Lau et al.
(2014) [3]. Flight plan data of selected flights of the Airbus A320 family departing at
Frankfurt/Main (EDDF) had been made available for this study.
3.2

Scenarios

The selection of representative scenarios is based on both, meteorological and traffic
information, whereby the evaluation period with the months June, July and August 2016
refers to the summer season. Due to specific atmospheric properties, there is an increased
probability of turbulence occurring during this period, which is caused in particular by wind
shear and air mass movements over mountain ranges. Based on historical Significant Weather
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Charts (SigWx), five days were qualitatively selected on which turbulence areas exist from a
defined intensity level 4 in the upper airspace. Turbulence areas mainly cover Central Europe
and can reach a lateral extent of several hundred kilometers. Fig. 4 provides flight planroutes
and turbulence intensity levels on FL360 at 12:00z for two of the selected days.

a) 12.08.2016

b) 19.08.2016

Figure 4: Representative traffic scenarios and turbulence intensities on FL360 at 12:00z

There are hardly any similarities in the occurrence and location of turbulence areas
with high EDP intensities above 0.34 m2/3s-1. Moreover, there is no increased turbulence
activity over mountain regions. A qualitative examination of the EDP distributions suggests
that turbulence areas occur along atmospheric currents. Circulation areas are recognized,
which correspond in geometric form and scaling to high and low pressure areas.
3.3

Fuel Consumption and Turbulence Conditions

Tab. 1 provides turbulence statistics along the selected routes and days. Each of the
selected days included approximately 280 flights with about 11.000 cruise flight minutes. The
time weighted average EDP is between 0.037 and 0.073 m2/3s-1 and thus well below the EDP
threshold for the classification of moderate turbulence (0.22 m2/3s-1).

Parameter

Unit

09.06.2016

2/3 -1

mean EDP
EDP standard deviation

[m s ]
[m2/3s -1]

# total trajectories
# total trajectories moderate
# trajectories severe
# trajectories extreme

[-]
[-]
[-]
[-]

flight time
flight time
flight time
flight time

[min]
[min]
[min]
[min]

cruise total
cruise moderate
cruise severe
cruise extreme

16.07.2016

12.08.2016

19.08.2016

20.08.2016

0,037
0,022

0,040
0,042

0,040
0,041

0,054
0,048

0,073
0,061

293
3
1
0

278
27
13
5

276
11
7
4

276
45
10
1

274
61
23
4

11.169
3
0
0

11.187
114
26
8

11.310
78
25
11

11.089
201
15
0

11.422
400
44
4

Table 1: Turbulence statistics (cruise)

In addition to tab. 1, fig. 5 shows detailed bar charts of a) the relative number of
trajectories as a function of the maximum EDP value along the trajectories and the associated
cumulative values as well as b) the relative and cumulated flight time within turbulence areas
represented by the EDP value. Both diagrams show results for the selected flights on
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cumulated relative flight time [-]

relative flight time [-]

relative no. of trajectories [-]

cumulated relative no. of trajectories [-]

20.08.2016. Compared to the other days, there is a clear shift in EDP distribution towards
higher EDP maximum values.

max EDP [m2/3s-1]

EDP [m2/3s-1]

a) Rel. no. of trajectories over max EDP

b) Rel. flight time over EDP

Figure 5: Exemplary EDP statistics for 20.08.2016

Of the total of 1.397 routes considered, the 14 trajectories with extreme turbulence
along the flight path during cruise were optimized. Fig. 6a) provides the results for all 14
routes optimized in consolidated form, whereas fig. 6b) shows the optimization results for
a flight trajectory between Frankfurt and Rome on 16.07.2016. According to theapplied
optimization concept, the cruise flight segment of the planned route (black trajectory)between
ToC and ToD was first identified. To determine the maximum savings potential andthe
savings efficiency, a group of optimized trajectories is determined for each flight
connection (blue trajectories). The weighting factors for fuel consumption and turbulence
and the
intensity are varied in small steps between the fuel minimum (
. Results balance the avoidance of turbulence
turbulence minimum case (
and the associated additional fuel consumption (Pareto front, fig. Figure 6b). For each optimized
trajectory, the resulting fuel consumption during cruise and the integrated turbulence intensity
are normalized to the respective value of the reference trajectory with minimum fuel
consumption. Moreover, the corresponding EDP profiles c) to f) are provided.

a) Pareto fronts for all optimized flights

b) Exemplary results for route EDDF-LIFR

Figure 6: Trade-off between fuel consumption and EDP impact

In addition the fig. 6a), tab. 2 provides consolidated numerical values for
integrated EDP values along all optimized flight trajectories within airspaces exceeding EDP
thresholds. Fig. 6a) shows that a maximum savings potential of up to 65% of the
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integrated turbulence intensity can be achieved on individual routes (green stars). In contrast,
an unfavorable location of turbulence-intensive fields relative to the great circle connection
can lead to very low EDP savings potentials in the order of a few percent on some routes (red
stars). The saving efficiency also differs greatly between the routes, which are characterized
by the slope of the Pareto fronts: the flatter the Pareto front (starting from reference point 1/1),
the higher the saving efficiency. For example, the integrated EDP for the routes considered in
this study can be reduced between 1% (grey plus) and 27.5% (green stars), depending on the
route, by accepting an additional fuel consumption of 1%. In the second case, the savings
efficiency is 27.5 times higher.
Additional fuel
consumption

Integrated EDP

Flight time in turb.-fields
with EDP > EDPmod

Flight time in turb.-fields
with EDP > EDPsev

Flight time in turb.-fields
with EDP > EDPext

1,0 %

-13,02 %

-42,05 %

-27,87 %

-39,78 %

2,0 %

-17,73 %

-45,65 %

-40,43 %

-64,89 %

3,0 %

-20,82 %

-46,51 %

-45,08 %

-76,84 %

4,0 %

-22,65 %

-50,41 %

-51,83 %

-79,16 %

5,0 %

-23,71 %

-54,90 %

-61,77 %

-79,16 %

7,5 %

-25,85 %

-58,44 %

-66,25 %

-79,16 %

10,0 %

-27,64 %

-63,40 %

-66,72 %

-79,16 %

Table 2: Additional fuel consumption vs. reduced EDP flight time

In summary, an increase in fuel consumption of around 3 % can reduce flight time by
almost 80 % in areas with extreme turbulence. The flight time in areas with severe turbulence
can be reduced by approx. 65 % with an additional fuel consumption of 5.5 %.
4

CONCLUSION AND OUTLOOK

The present study provides the quantified efficiency potential for selected flight plan
routes, evaluated by measuring the relative fuel consumption increase through lateral rerouting to reduce en-route flight time in turbulence areas. The turbulence measure used for
this purpose is the EDP provided in the form of a continuous map. 14 turbulence-affected
flight routes were identified and examined in detail. The results show that the average
integrated EDP value can be reduced by a maximum of approx. 36% with an additional fuel
consumption of approx. 60%. The potential for reducing flight time was determined by the
specified intensity levels of moderate, severe, and extreme turbulence. Great benefit is evident
for the avoidance of extreme turbulence as the flight time in such turbulence areas can be
reduced by about 80 % already with a fuel increase of approx. 3 %. The flight time in areas
with strong turbulence can be reduced by approx. 65 % with an additional fuel consumption
of approx. 5.5 %. These results show that the use of EDP data permits the calculation of
detailed fuel saving potentials and can therefore be an essential component of flight planning.
The possibility of representing defined EDP intensity levels for EFB applications supplements
an efficient applicability for flight execution.
In order to exploit the efficiency potential in preliminary planning, it might make
sense to also apply an optimisation procedure for the three-dimensional adaptation of plan
trajectories for a larger number of turbulence-affected flights. The continuous optimization
can be supplemented by the integration of air traffic control boundary conditions in order to
achieve the most realistic trajectory possible. Such boundary conditions are mainly a result of
flying at certain pre-defined flight altitudes in the cruise flight segment ('step climbs') in order
to meet separation requirements. Another possibility is to specify certain cruise flight levels
along the trajectory, avoiding severe turbulence. However, it would have to be examined to
what extent flying on these flight levels over longer segments would influence fuel
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consumption and whether it would make sense to implement such a flight plan adaptation.
This question must be answered individually, but can only be answered with a larger number
of trajectories over a longer period of time.
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ACTIVE FLUTTER SUPPRESSION FOR PRANDTL PLANE
CONFIGURATION
'6DFFKHWWL 5%RPEDUGLHUL-6HUDILQL5&DYDOODUR*%HUQDUGLQL


8QLYHUVLWjGHJOLVWXGL5RPD7UH'HSDUWPHQWRIHQJLQHHULQJ9LD9LWR9ROWHUUD
5RPH,WDO\


8QLYHUVLGDG&DUORV,,,GH0DGULG'HSDUWPHQWRI%LRHQJLQHHULQJDQG$HURVSDFH
(QJLQHHULQJ$YHQLGDGHOD8QLYHUVLGDG/HJDQHV6SDLQ

VDFFKHWWLGDQ#JPDLOFRPURFFRERPEDUGLHUL#XFPHVMDFRSRVHUDILQL#XQLURPDLW
UDXQRFDYDOODUR#XFPHVJLRYDQQLEHUQDUGLQL#XQLURPDLW


ABSTRACT

In this work an active flutter suppression technique for a Prandtl Plane configuration is
presented. The Prandtl Plane aeroelastic model is based upon a modal approach, where the
natural modes of vibration of the structure are numerically evaluated through an accurate
FEM model of the wing, and the aerodynamic loads are evaluated through a doublet-lattice
method, suited for the analysis of translating bodies on compressible flows. The flutter is
controlled through actuation of the front wing control surfaces (aileron and/or elevator), and
an optimal control algorithm is applied to synthesize their control laws. Numerical
investigation is aimed at assessing the effectiveness and robustness of the proposed control
approach, as well as to compere the performances of different control strategies.
Keywords: 3UDQGWO3ODQH)OXWWHUVXSSUHVVLRQ2SWLPDO&RQWURO
1

INTRODUCTION

7KHUHLVFXUUHQWO\JUHDWLQWHUHVWWRZDUGVDPRUHVXVWDLQDEOHDQGJUHHQHUDYLDWLRQ*RYHUQPHQWV
DQGDHURVSDFHDJHQFLHVKDYHLQYHVWHGDFRQVLVWHQWDPRXQWRIPRQH\WRSXVKWKHUHVHDUFKLQ
VXFKGLUHFWLRQ
$FFRUGLQJWRVHYHUDOH[SHUWVWRUHDFKWKHH[SHFWHGJRDOVHWE\DYLDWLRQDJHQFLHV>@LQWHUPV
RIDLUSROOXWLRQUHGXFWLRQDQGHIILFLHQF\GLVUXSWLYHWHFKQRORJLHVQHHGWREHFRQVLGHUHG$PRQJ
WKHPUDGLFDOQHZDLUFUDIWFRQILJXUDWLRQLVDQRSWLRQ5HFHQWO\(8IXQGHGLQWKHIUDPHZRUN
RI +RUL]RQ  WKH 3DUVLIDO SURMHFW DLPLQJ DW VWXG\LQJ WKH %R[ :LQJ RU 3UDQGWO 3ODQH 
IHDWXULQJDFORVHZLQJV\VWHP>@)LJXUHVKRZVDUHQGHULQJRIWKHDLUFUDIWFRQVLGHUHGLQWKLV
SDSHUDVHDWVDQGQPUDQJHYHKLFOH&UXLVHDOWLWXGHLVPHWHUVDQGFUXLVH0DFK
LV7KHZLQJVSDQLVPHWHUVDQGWKH0D[LPXPWDNHRII:HLJKW 072: LVWRQV
>@ $HURHODVWLFLW\ RI VXFK FRQILJXUDWLRQ KDV QRW EHHQ ZLGHO\ \HW VWXGLHG VRPH UHIHUHQFHV
VXPPDUL]LQJWKHHIIRUWVFDUULHGRXWLQVXFKGLUHFWLRQFDQEHIRXQGLQ>@>@
,QSDUWLFXODULQ>@DQG>@WKHIOXWWHURQVHWZLWKLQWKHIOLJKWHQYHORSHZDVUHSRUWHGRQWKH%R[
:LQJ $ ZD\ WR FRXQWHUDFW VXFK LVVXHV FRXOG EH WKH DHURVWUXFWXUDO UHGHVLJQ RI WKH
FRQILJXUDWLRQ$OWHUQDWLYHO\LWLVSRVVLEOHWRSXUVXHIOXWWHUVXSSUHVVLRQE\PHDQVRISDVVLYHRU
DFWLYHGHYLFHV,QWKLVVWXG\WKHVHFRQGFKRLFHKDVEHHQDVVHVVHG
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)LJXUH5HQGHULQJRIWKH3UDQGWO3ODQHFRQILJXUDWLRQFRQVLGHUHGLQWKLVVWXG\>@


2

AEROELASTIC MODELING

,QWKLVZRUNWKHVWUXFWXUDOSUREOHPLVVROYHGWKURXJKD)LQLWH(OHPHQW0HWKRGZKHUHWKHZLQJ
VWUXFWXUHLVPRGHOOHGZLWKRQHGLPHQVLRQDOEHDPVZKLOHULJLGHOHPHQWVDUHXVHGWRFRQQHFWWKH
ZLQJHODVWLFD[LVWRSXQFWXDOPDVVHVUHSUHVHQWLQJWKHVWUXFWXUDOPDVVRIOHDGLQJHGJH$OOWKH
PHFKDQLFDODQGJHRPHWULFDOFKDUDFWHULVWLFVRIHDFKVWUXFWXUDOHOHPHQWRIWKHZLQJFRQVLGHUHG
LQWKLVSDSHUDUHWKHUHVXOWRIDQRSWLPL]DWLRQSURFHVVFDUULHGRXWLQWKHODVWWZHQW\\HDUVE\
)UHGLDQLDQGKLVFROODERUDWRUV>@,QWKHVWUXFWXUDOPRGHOWKHFRQWUROVXUIDFHVDUHPRGHOOHGDV
EHDPVFRQQHFWHGWRWKHZLQJWUDLOLQJHGJHWKURXJKULJLGHOHPHQWV
7KHDHURG\QDPLFVDQDO\VLVLVSHUIRUPHGWKURXJKD'RXEOHW/DWWLFH0HWKRG '/0 >@LQWKH
IUHTXHQF\GRPDLQZKLFKLVDEOHWRWDNHLQWRDFFRXQWFRPSUHVVLELOLW\HIIHFWV6WDQGDUGWR'/0
WKHVXUIDFHLVGLYLGHGLQWRVPDOOWUDSH]RLGDOSDQHOVLQDPDQQHUVXFKWKDWER[HVDUHDUUDQJHGLQ
WKHGLUHFWLRQSDUDOOHOWRWKHIUHHVWUHDP*LYHQDVHWRIUHGXFHGIUHTXHQFLHV WKH'/0JHQHUDWHV
ZKLFKLVVTXDUHDQGFRPSOH[7KHWDVNWR
DJHQHUDOL]HGDHURG\QDPLFIRUFHPDWUL[
REWDLQJHQHUDOL]HGDHURG\QDPLFIRUFHPDWUL[IRUDQ\UHGXFHGIUHTXHQF\WKDWOLHVLQWKHUDQJHRI
LQWHUHVWLVDFKLHYHGZLWKWKHXVHRIWKHDQDO\WLFDOUDWLRQDOPDWUL[DSSUR[LPDWLRQSURSRVHGE\
5RJHU>@7KLVPHWKRGDOORZVWRZULWHWKHDHURG\QDPLFIRUFHPDWUL[DVDFRPELQDWLRQRIUHDO
PDWULFHVRIWKHVDPHVL]H VHH(TXDWLRQ ZKLFKLVXVHIXOIRUFRPSXWDWLRQDOSXUSRVHV





:KHUH   DQG  DUH UHVSHFWLYHO\ WKH $HURG\QDPLF 6WLIIQHVV 0DWUL[ WKH $HURG\QDPLF
'DPSLQJ0DWUL[WKH$HURG\QDPLF0DVV0DWUL[DQG
ZKHUH DUHWKHODJWHUPV
WKDW WDNH LQWR DFFRXQW WKH G\QDPLFV RI WKH ZDNH 7KLV IRUP RI WKH DHURG\QDPLF PDWUL[ LV
SDUWLFXODUO\VXLWHGIRUVWDELOLW\DQDO\VLV E\VLPSO\SHUIRUPLQJWKHHLJHQDQDO\VLV RIWKHVWDWH
VSDFH PDWUL[  ,QGHHG UHFDVWLQJ WKH DHURHODVWLF HTXDWLRQV LQ D VWDWH VSDFH LQ WKH /DSODFH
GRPDLQZHKDYH





ZKHUHLQWRWKHYHFWRU DUHFROOHFWHGWKHPRGDODPSOLWXGHVODJWHUPVDQGWKHILUVWGHULYDWLYHV
RIERWK
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ZLWK
3




DQG GHILQLQJWKHJHQHUDOL]HGDHURHODVWLFPDVVGDPSLQJDQGVWLIIQHVVPDWULFHV
OPTIMAL CONTROL THEORY

,QWKLVZRUNWKHVXSSUHVVLRQRIIOXWWHULVSXUVHGE\WKHDFWLYDWLRQRIWKHFRQWUROVXUIDFHV IURQW
DLOHURQDQGIURQWHOHYDWRU RIWKHDLUFUDIW
2QFHWKHHTXDWLRQJRYHUQLQJWKHDHURHODVWLFUHVSRQVHRIWKHV\VWHPDUHUHFDVWLQWKHVWDWHVSDFH
IRUP VHH(TXDWLRQ WKHFRQWURODFWLRQVFDQEHLQWURGXFHGDVWKHSURGXFWRIWKHFRQWUROPDWUL[
DQGWKHFRQWUROYHFWRU ,QWKHWLPHGRPDLQWKHG\QDPLFHTXDWLRQVRIWKHFRQWUROOHGV\VWHP
DUHJLYHQE\





7KH DFWLYH VXSSUHVVLRQ LV JRYHUQHG E\ D FRQWURO ODZ LGHQWLILHG WKURXJK DQ 2SWLPDO &RQWURO
SURFHGXUH>@LWLVXVHGWRGHWHUPLQHD/LQHDU4XDGUDWLF5HJXODWRUVXFKWKDWWKHJDLQ  LV
JLYHQE\WKHPLQLPL]DWLRQRIWKHIROORZLQJFRVWIXQFWLRQ SHUIRUPDQFHLQGH[ 





:KHUH LVWKHYHFWRURIWKHFRQWUROYDULDEOHVWREHGHWHUPLQHG LVWKHYHFWRURIWKHTXDQWLWLHV
WREHUHGXFHGDQGWKHPDWULFHV DQG DUHWKHZHLJKWLQJPDWULFHVGHILQHGE\WKHGHVLJQHUWR
JHWWKHEHVWFRPSURPLVHEHWZHHQFRQWUROHIIHFWLYHQHVVDQGFRQWUROHIIRUW
,Q WKH SUHVHQW ZRUN FRQWDLQV WKH ULJLG PRGH DPSOLWXGH RI WKH FRQWURO VXUIDFH ZKHUHDV
FRQWDLQVWKHHODVWLFPRGHVWKHODJWHUPDQGWKHILUVWGHULYDWLYHRIERWK
7KH PLQLPL]DWLRQ RI WKH FRVW IXQFWLRQ LV REWDLQHG XQGHU WKH FRQVWUDLQW RI VDWLVI\LQJ WKH
JRYHUQLQJHTXDWLRQRIWKHFRQWUROOHGV\VWHP (TXDWLRQ &RPELQLQJWKHDERYHHTXDWLRQVDQG
PLQLPL]LQJWKHUHVXOWLQJSHUIRUPDQFHLQGH[\LHOGVWKHIROORZLQJDFWXDWLRQFRQWUROODZ





$OWKRXJKWKH/45UHTXLUHVWKHNQRZOHGJHRIWKHHQWLUHVWDWHLQUHDODSSOLFDWLRQVRQO\DOLPLWHG
VHWRIPHDVXUHPHQWVUHODWHGWRWKHVWDWHDQGFRQWUROVWKURXJKWKHUHODWLRQ





DUHDYDLODEOH+HUHD/XHQEHUJHUREVHUYHU>@KDVEHHQLQWURGXFHGWRREWDLQDQHVWLPDWLRQRI
WKHVWDWHWREHXVHGLQWKH/457KHHTXDWLRQRIWKHREVHUYHUSUREOHPLVWKHIROORZLQJ





ZKHUH  WKHREVHUYHUJDLQPDWUL[LVUHODWHGWRWKHG\QDPLFRIWKHHUURUEHWZHHQ DFWXDODQG
HVWLPDWHGVWDWHDQGLVFKRVHQQHZO\DSSO\LQJWKHRSWLPDOFRQWUROSUREOHP
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7KHILQDODHURHODVWLFREVHUYHUSUREOHPFDQEHWKHQIRUPXODWHGDV




4



SYNTHESIS AND VALIDATION OF CONTROL LAW FOR FLUTTER
SUPPRESSION

)ROORZLQJ)$5UHJXODWLRQV ZKLFKVWDWHVWKDWWKHFDOFXODWLRQIRUIOXWWHUVSHHGKDVWREHEDVHG
RQ($6 WKHREMHFWLYHVHWIRUWKHFRQWUROOHUZDVWRNHHSWKHDLUFUDIWIOXWWHUIUHHXSWRHQODUJLQJ
WKHIOLJKWHQYHORSHE\

4.1

Synthesis and verification of the control law: simplified aircraft model

7RV\QWKHVL]HWKHFRQWUROODZLWLVGHFLGHGWRUHO\RQYHU\VLPSOHPRGHOE\HOLPLQDWLQJWKH

HIIHFWRIWKHFRQWUROVXUIDFHG\QDPLFV ILUVWDQGVHFRQGGHULYDWLYHVRIWKHFRQWUROLQSXW
RQVWDWHVSDFHV\VWHP,QGHHGLQWKLVFDVHWKHV\VWHPEHFRPHV






 


7KH FRQWURO YDULDEOH FDQ EH H[SUHVVHG LQ IXQFWLRQ RI WKH V\VWHP YDULDEOH DV
ZKHUHWKHJDLQPDWUL[ LVWKHRSWLPDO/45 QRWHWKDWKHUHWKHIXOOVWDWHLVFRQVLGHUHG
PHDVXUDEOH ,WLVWKHQSRVVLEOHWRFUHDWHDFRQWUROVFKHPH )LJXUH WRVROYHWKHVWDWHVSDFH
HTXDWLRQDQGVWXG\WKHWLPHHYROXWLRQRIWKHYDULDEOHV




)LJXUH6LPXOLQNVFKHPHIRUWKHLGHDOFDVH

7R YHULI\ WKH HIIHFWLYHQHVV RI WKH V\QWKHVL]HG UHGXFHGVWDWH FRQWUROOHU LW LV DSSOLHG WR WKH
UHGXFHGVWDWHVSDFHDLUFUDIWPRGHO (TXDWLRQ WKURXJKDFORVHGORRSFRQWUROSURFHVVZKHUH
WKHIHHGEDFNVWDWHVDUHDOODVVXPHGWREHPHDVXUDEOH7KHFRQWUROOHUDFWLYDWHVWKHIURQWZLQJ V
DLOHURQ WKHFRQWUROVXUIDFHXVHGWRFRQWUROWKHV\VWHPLQWKLVDSSOLFDWLRQ RQFHWKHILUVWEHQGLQJ
PRGHDPSOLWXGHH[FHHGVWKHLPSRVHGWKUHVKROG)LJXUHV D DQG E GHSLFWWKHWLPHHYROXWLRQ
RI WKH GLVSODFHPHQW RI WKH HODVWLF D[LV SRLQWV DW WKH WLS RI WKH IURQW DQG UHDU ZLQJV DQG WKH
UHVSHFWLYHO\
GHIOHFWLRQRIWKHFRQWUROVXUIDFHDW
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D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW

 E 'HIOHFWLRQRIIURQWDLOHURQDW



$VVKRZQE\)LJXUH D WKHGLVSODFHPHQWRIPRQLWRUHGSRLQWVLQLWLDOO\GLYHUJHVEHFDXVHWKH
DLUFUDIWLVIO\LQJDWDYHORFLW\VOLJKWO\DERYHLWVIOXWWHUVSHHGEXWLWFRQYHUJHVWRWKHXQSHUWXUEHG
FRQGLWLRQLQDERXWVHFRQGVRQFHWKHFRQWUROLVDFWLYDWHG1RWHWKDW)LJXUH E VKRZVWKDWD
PD[LPXPDLOHURQGHIOHFWLRQOHVVWKDQGHJUHHLVVXIILFLHQWWRVXSSUHVVWKHLQVWDELOLW\RQFHWKH
GLVSODFHPHQWRIIURQWZLQJ VWLSH[FHHGVWKHDFWLYDWLRQFRQGLWLRQ
4.2

Assessment of the control law robustness to the model variation

,QWKHSUHYLRXVVHFWLRQWKHHIIHFWLYHQHVVRIWKHFRQWUROODZKDVEHHQYHULILHGDJDLQVWWKHPRGHO
XVHGIRULWVV\QWKHVLV,QWKLVVHFWLRQDQXPHULFDOLQYHVWLJDWLRQDLPHGDWDVVHVVLQJWKHUREXVWQHVV
RIWKHFRQWUROOHUZKHQDSSOLHGWRPRUHUHDOLVWLFFDVHVLVSUHVHQWHG
4.2.1 Robustness of control law to the inclusion of the flap dynamics
$VILUVWFDVHRIDPRUHUHDOLVWLFDLUFUDIWPRGHOWKHHIIHFWVRIWKHDLOHURQGLVSODFHPHQWGHULYDWLYHV
RQ WKH DHURG\QDPLF IRUFHV DFWLQJ RQ WKH DLUFUDIW DUH LQFOXGHG ,Q WKLV FDVH WKH VWDWH VSDFH
HTXDWLRQEHFRPHV


 




)LJXUH6LPXOLQNVFKHPHXVLQJWKHGHULYDWLYHRIWKHFRQWUROODZDVLQSXW

7KH6LPXOLQNVFKHPHXVHGIRUWKLVDQDO\VLVLVVLPLODUWRWKDWFRQVLGHUHGLQWKHSUHYLRXVFDVH
ZLWKWKHDGGLWLRQRIWKHGHULYDWLYHEORFNVDQGWKHYHFWRUFROOHFWRUWRFUHDWHDVLQJOHLQSXWYHFWRU
WRWKHVWDWHVSDFHEORFN
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D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW

 E 'HIOHFWLRQRIIURQWDLOHURQDW



)URPWKHDQDO\VLVRI)LJXUHLWLVHYLGHQWWKDWWKHLQWURGXFWLRQRIWKHIODSG\QDPLFVHIIHFWVRQ
WKHDLUFUDIWDHURHODVWLFHTXDWLRQVGRQRWGHJUDGHWKHFRQWUROOHUHIIHFWLYHQHVV7KLVLVFRQILUPHG
E\WKHUHVXOWVSUHVHQWHGLQ)LJXUH D DQG E ZKHUHDUHUHVSHFWLYHO\VKRZQWKHPRQLWRUHG
DQG FRQWURO YDULDEOHV IRU WKH DLUFUDIW PRGHO SUHVHQWHG LQ )LJXUH  ,Q WKLV FDVH WKH DLOHURQ
G\QDPLFVLVLQFOXGHG UHGER[LQ)LJXUH DQGWKHDFWXDWRUWRUTXHLVGHWHUPLQHGWKURXJKD3,'
FRQWUROOHU1RWHWKDWLQ)LJXUH E WKHQRQ]HURDLOHURQGHIOHFWLRQEHIRUHWKHDFWXDWLRQWLPHLV
GXHWRWKHDLOHURQG\QDPLFVUHVSRQVHZKHQWKH3,'FRQWUROOHUWULHVWRPDLQWDLQWKHGHVLUHG]HUR
GHIOHFWLRQ6LQFHWKHFRQWUROSHUIRUPDQFHVHHPVWREHZHDNO\DIIHFWHGE\WKHDLOHURQG\QDPLFV
LQWKHIROORZLQJWKHDLOHURQG\QDPLFVZLOOEHQHJOHFWHGDQGWKHDLOHURQGHIOHFWLRQ DQGLWVWLPH
GHULYDWLYHV ZLOOEHGLUHFWO\XVHGDVWKHFRQWUROLQSXW



)LJXUHSimulink VFKHPHIRUWRUTXHGULYHQDLOHURQFDVH



)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW
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4.2.2 Robustness of control law with the number of elastic modes
$IXUWKHUSRVVLEOHODFNLQWKHFRQWUROODZV\QWKHVLVSURFHVVFDQEHUHODWHGWRDSRRUGHVFULSWLRQ
RIWKHDLUFUDIWDHURHODVWLFPRGHO,QRUGHUWRDVVHVVWKHUREXVWQHVVRIWKHV\QWKHVL]HGFRQWUROODZ
WR WKLV DVSHFW LW LV DSSOLHG WKURXJK D FORVHGORRS FRQWURO SURFHVV WR DQ LPSURYHG DLUFUDIW
DHURHODVWLFPRGHOREWDLQHGE\XVLQJWZHQW\ILYHPRGHV QRWHWKDWDILYHPRGHPRGHOKDVEHHQ
XVHGIRUWKHFRQWUROV\QWKHVLV WRGHVFULEHLWVVWUXFWXUDOG\QDPLFV



D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW

 E 'HIOHFWLRQRIIURQWDLOHURQDW



$VVKRZQE\)LJXUHWKHPRQLWRUHGDQGFRQWUROYDULDEOHVSUHVHQWWKHVDPHEHKDYLRXUDVLQWKH
VLPSOLILHG DLUFUDIW DSSOLFDWLRQ FRQVLGHUHG EHIRUH VHH )LJXUH   GHPRQVWUDWLQJ DOVR LQ WKLV
FDVH WKH HIIHFWLYHQHVV RI WKH SURSRVHG FRQWURO DOJRULWKP +RZHYHU LW LV ZRUWK WR QRWH WKDW
DOWKRXJKWKHWLPHQHHGHGWRVXSSUHVVWKHLQFLSLHQWIOXWWHULVSUDFWLFDOO\XQFKDQJHGZLWKUHVSHFW
WRWKDWLQWKHSUHYLRXVDQDO\VHVWKHDPSOLWXGHRIWKHGLVSODFHPHQWDWWKHZLQJWLSPRQLWRUHG
SRLQWVLVLQFUHDVHGDVZHOODVWKHDLOHURQGHIOHFWLRQ ZKLFKDERXWJUHDWHUWKDQWKDWLQWKH
VLPSOLILHGFDVH DQGWKHFRQVHTXHQWDFWXDWLRQSRZHU
4.2.3 Robustness of the control law to measurement errors and system characteristics
uncertainties
)LQDOO\LQWKLVVXEVHFWLRQWKHUREXVWQHVVRIWKHFRQWUROODZWRWKHHIIHFWVRIERWKPHDVXUHPHQW
HUURUV DQG XQFHUWDLQWLHV RQ WKH DLUFUDIW PRGHOOLQJ UHODWHG WR WKH DHURG\QDPLF DQG VWUXFWXUDO
PRGHOVZKLFKDUHXQDEOHWRIDLWKIXOO\UHSURGXFHWKHUHDODHURHODVWLFEHKDYLRXURIWKHDLUFUDIW
DV ZHOO DV XQFHUWDLQWLHV RQ WKH GHILQLWLRQ RI LWV VWUXFWXUDO DQG LQHUWLDO FKDUDFWHULVWLFV  DUH
DQDO\VHG)RUWKLVSXUSRVHWKHPHDVXUHPHQWHUURUVDUHPRGHOOHGDVZKLWHQRLVHDQGWKHPRGHO
XQFHUWDLQWLHVDUHPRGHOOHGE\UDQGRPO\PRGLI\LQJE\
WKHHOHPHQWVRIWKHVWDWHVSDFH
PDWULFHVXVHGIRUWKHFRQWUROV\QWKHVLVLQWKH/45SURFHVV



D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW
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'HVSLWHWKHXQFHUWDLQWLHVDQGPHDVXUHPHQWHUURUVWKHV\VWHPLVVWLOOFRQWUROODEOHDVVKRZQLQ
)LJXUH7KHWLSGLVSODFHPHQWVDIWHUWKHFRQWURODFWLYDWLRQUHWXUQWRWKHXQSHUWXUEHGFRQGLWLRQ
ZLWKLQDSHULRGRQO\VOLJKWO\ORQJHUWKDQWKDWLQWKHSUHYLRXVFDVHV+RZHYHUDOVRLQWKLVFDVH
DODUJHUGHIOHFWLRQRIWKHFRQWUROVXUIDFH FRPSDUDEOHZLWKWKDWLQVXEVHFWLRQ LVUHTXLUHG
4.2.4 Control law sensitivity to non-observable states
7KHDLPRIWKLVDQDO\VLVLVWRFRQVLGHUDUHDOLVWLFVLWXDWLRQLQZKLFKMXVWIHZPHDVXUHPHQWVDUH
DYDLODEOH7KXVWKHRXWSXWQRZFRQVLVWVRQO\LQDFRXSOHRIOLQHDUDFFHOHUDWLRQV VLPXODWLQJWKH
SUHVHQFHRIDFRXSOHRIDFFHOHURPHWHUV 7KH/XHQEHUJHUREVHUYHU>@LVLQWURGXFHGWRHVWLPDWH
WKHVWDWHRIWKHV\VWHPIURPWKHVHWZRPHDVXUHPHQWV)RUWKLVDSSOLFDWLRQWKHVHPHDVXUHPHQW
SRLQWV DUH FKRVHQ WR FRLQFLGH ZLWK WKRVH XVHG LQ WKH SUHYLRXV DSSOLFDWLRQV WR PRQLWRU WKH
DWWHQXDWLRQRIZLQJVWUXFWXUHGHIOHFWLRQVLQGXFHGE\LQFLSLHQWIOXWWHU i.e.WKHSRLQWVORFDWHGRQ
WKHHODVWLFDWWKHWLSRIWKHIURQWDQGUHDUZLQJV $GHWDLOHGVFKHPHRIERWKV\VWHPDQGREVHUYHU
LVSUHVHQWHGLQ)LJXUH



D  E 
)LJXUH D 6LPXOLQNVFKHPHZLWKWKHREVHUYHU E 'HWDLORIWKHREVHUYHU





D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW

 E 'HIOHFWLRQRIIURQWDLOHURQDW



7KHUHVXOWVRIWKLVLQYHVWLJDWLRQDUHSUHVHQWHGLQ)LJXUHZKLFKFRQILUPVWKHHIIHFWLYHQHVVRI
WKHFRQWURODOVRLQWKLVFDVHWKHWLSGLVSODFHPHQWVVKRZDWLPHHYROXWLRQVLPLODUWRWKDWREVHUYHG
LQWKHSUHYLRXVFDVHVDOWKRXJKWKHUHDUHVRPHPLQRUGLIIHUHQFHVGXHWRWKHHVWLPDWLRQHUURU 
4.3

Synthesis of control law using two control surfaces

)LQDOO\ JLYHQWKHODUJHQXPEHURI3UDQGWO3ODQHFRQWUROVXUIDFHVDIXUWKHUFRQWUROVWUDWHJ\
EDVHG RQ WKH DFWXDWLRQ RI WZR FRQWURO VXUIDFHV IURQW HOHYDWRU DQG IURQW DLOHURQ  LV KHUH
LQYHVWLJDWHG%\WKLVFRQILJXUDWLRQWKHV\VWHPLVD0,02 0XOWLLQSXW0XOWLRXWSXW ZKHUH
WKHWZRLQSXWVDUHWKHXQFRXSOHGULJLGPRWLRQRIWKHWZRFRQWUROVXUIDFHV
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D  E 
)LJXUH D 'LVSODFHPHQWRIWKHWLSSRLQWVDW

 E 'HIOHFWLRQRIIURQWHOHYDWRUDQGDLOHURQDW



)URPWKHFRPSDULVRQRIWKHUHVSRQVHGHSLFWHGLQ)LJXUHDQGLWLVSRVVLEOHWRQRWLFHWKDW
WKHGXDOVXUIDFHFRQWUROUHVSRQVHLVDERXWPRUHSHUIRUPDQWWKDQWKHVLQJOHVXUIDFHFRQWURO
LQWHUPVRIGDPSLQJDQGWKHUHTXLUHGGHIOHFWLRQRIHDFKVXUIDFHLVVPDOOHU7KLVVXJJHVWVD
JUHDWHUHIILFLHQF\RIWKLVFRQWURODSSURDFK
5

CONCLUSION

,Q WKLV SDSHU DQ DFWLYH IOXWWHU VXSSUHVVLRQ FRQWURO V\VWHP IRU DQ LQQRYDWLYH 3UDQGWO 3ODQH
FRQILJXUDWLRQKDVEHHQSURSRVHG7KHFRQWUROVWUDWHJ\LVEDVHGXSRQWKHDFWXDWLRQRIWKHDLUFUDIW
FRQWUROVXUIDFHVDQGWKHFRQWUROODZLVV\QWKHVL]HGWKURXJKDQRSWLPDOFRQWURODSSURDFK7KH
RSWLPDO/LQHDU4XDGUDWLF5HJXODWRULVILUVWO\V\QWKHVL]HGRQWKHEDVHVRIDVLPSOLILHGDHURHODVWLF
PRGHORIWKHDLUFUDIWDQGWKHQDSSOLHGRQDPRUHUHDOLVWLFDLUFUDIWDHURHODVWLFPRGHOWKURXJKD
FORVHGORRS IHHGEDFN  FRQWURO DSSURDFK 7KH QXPHULFDO LQYHVWLJDWLRQ GHPRQVWUDWHV WKH
HIIHFWLYHQHVV RI WKH SURSRVHG FRQWURO VWUDWHJ\ LQ VXSSUHVVLQJ IOXWWHU DQG WKH SRVVLELOLW\ RI
HQODUJLQJWKH3UDQGWO3ODQHIOLJKWHQYHORSHRIDERXW0RUHRYHULWSURYHVWKHUREXVWQHVV
RIWKHSURSRVHGFRQWUROVWUDWHJ\WRPHDVXUHPHQWHUURUVPRGHOOLQJDFFXUDF\DQGXQFHUWDLQWLHV
RQWKHVWUXFWXUDODQGLQHUWLDOFKDUDFWHULVWLFVRIWKHDLUFUDIW)LQDOO\DSUHOLPLQDU\DQDO\VLVRQD
GXDOVXUIDFH/45LVSHUIRUPHGZKLFKUHVXOWHGLQDQDXJPHQWHGFRQWURODXWKRULW\+RZHYHU
GXH WR WKH UHGXQGDQF\ RI WKH 3UDQGWO 3ODQH FRQWURO VXUIDFHV D GHHS LQYHVWLJDWLRQ DLPHG DW
LGHQWLI\LQJWKHEHVWPXOWLVXUIDFHFRQWUROVWUDWHJ\LQWHUPVRIFRQWUROHIIHFWLYHQHVVDQGFRQWURO
HIIRUWZLOOEHWKHVXEMHFWRIIXWXUHZRUNV
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ABSTRACT
This talk summarizes what the Theory of Connections (ToC) is (functional interpolation) and summarizes the most important applications found (so far) on this research
area. ToC can be considered a general analytical framework to obtains constrained expressions, that is, analytical expressions describing all possible functions satisfying a set of
constraints. Constrained expressions are provided for a wide class of constraints, including
points and derivatives constraints, relative constraints, linear combination of constraints,
and components and integral constraints. The first application of ToC was to obtain leastsquares solutions of linear and nonlinear ordinary diﬀerential equations. Specifically, they
have been obtained with the following features: 1) analytical approximate solutions (this
allows easy subsequent analysis and further manipulation with derivative and integral), 2)
the proposed approach solves initial, boundary, or multi-value problems in the same way
(unified method), 3) the approach is very robust, with low condition number, 4) the solutions are usually provided at machine error accuracy, 5) the complexity is very low (solution
obtained at msec level, suitable for real-time applications), and 6) the constraint range
is independent from the integration range: solution accuracy is well maintained outside
the constraints range. The ToC has been recently extended to n-dimensions (Multivariate ToC). For instance, in 2-dimensional space the ToC provides all surfaces connecting
Dirichlet and Neumann boundary conditions. The main purpose of this extension is to
derive eﬃcient methods to solve partial and stochastic diﬀerential equations.
Keywords: Functional interpolation, Ordinary diﬀerential equations, and Linear optimization.

1

INTRODUCTION

The idea of the Theory of Connections (ToC) was originated while teaching Numerical
Analysis at Texas A&M University. The line passing through two points, [x1 , y1 ] and
[x2 , y2 ], can be written using Lagrange polynomials formalism,1
y(x) =

x − x1
x − x2
y1 +
y2 .
x1 − x2
x2 − x1

(1)

The key idea of this equation is that the coeﬃcients of y1 and y2 , become 0 or 1 when x
becomes x1 or x2 , and viceversa. This property can be actually obtained using any generic
function,
g(x) − g(x2 )
g(x) − g(x1 )
y(x) =
y1 +
y2 ,
(2)
g(x1 ) − g(x2 )
g(x2 ) − g(x1 )
1
The “Lagrange polynomials” formula was first discovered in 1779 by Edward Waring, then rediscovered
by Euler in 1783, and then published by Lagrange in 1795.
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and the main diﬀerence between these two formulations is, while Eq. (1) describes just a
line passing through the two points, Eq. (2) represents any function passing through the
two points!, provided that g(x1 ) and g(x2 ) are defined, and g(x1 ) ̸= g(x2 ).
Three diﬀerent formulations were found to describe all function passing through a
single point [1]. These are,
Linear :
y(x) = g(x)(x − x1 ) + y1 , where g(x1 ) ̸= ∞,
Additive : y(x) = g(x) + [y1 − g(x1 )], where g(x1 ) ̸= ∞,
g(x)
Rational : y(x) =
y1 ,
where g(x1 ) ̸= [0, ∞].
g(x1 )
In particular, the additive formulation has been generalized to describe all functions satisfying a set of n constraints given in terms of points, derivatives, or any linear combination
of them [1]. The resulting analytical formulae are called constrained expressions as they restrict the space of all functions to the subset of functions complying with the n-constraints.
These expressions can be derived using the following formalism,
y(x) = g(x) +

n
!

ηk pk (x)

k=1

where the pk (x) are n assigned linearly independent functions, where g(x) is a free function,
and where the coeﬃcients ηk are derived by imposing the n constraints. The resulting
constrained expression always satisfies all the constraints, as long as g(x) is defined and
nonsingular where the constraints are defined. In general, the ηk coeﬃcients are expressed
in terms of the independent variable and in terms of the g(x) function evaluated where the
constraints are defined. Note that, g(x) can be discontinuous, partially defined, and even
the Dirac delta function, as long as no constraint is specified where the delta function is
infinite.

1.1

Application to ODEs

Linear [2] and nonlinear [4] ODEs can be solved by least-squares using the Theory of
Connections. ToC allows to remove the constraints from the problem. This means, that
ToC reduces the entire search space to the search space made of admissible solutions,
only. This space is made of functions that are fully satisfying the constraints, only. The
flowchart of Fig. 1 describes the approach.

Figure 1: Using Theory of Connections to solve ODEs
#
"
Consider integrating the n-order (linear or nonlinear) ODE, L y (n) , · · · , y, x = 0,
subject to n constraints. These constraints can be absolute [e.g., y(x1 ) = y1 or y ′′ (x2 ) =
y ′′ ], relative [e.g., y(x0 ) = y(xf )], linear [e.g., πy(x1 ) + x1 = e y ′ (x2 )], or integral [e.g.,
$2 tf
y(τ ) dτ = −2], see Ref. [3]. Using a set of n linearly independent functions pk (x),
t0
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k = 1, n, the Theory of Connections allows to derive the constrained expression, y(x) =
n
!
ηk pk (x), where the n coeﬃcients, ηk , are functions of the independent variable,
g(x) +
k=1

x, and of the free functions, g(x), evaluated where the "constraints are# defined. Substituting
this expression in the original diﬀerential equation, L y (n) , · · · , y, x = 0, we obtain a new
"
#
diﬀerential equation of the same order and in terms of the free function, L g (n) , · · · , g, x =
0. This new diﬀerential equation has two important features: 1) it is not subject to any
constraints (the constraints, actually, are embedded into the diﬀerential equation), and 2)
it has a unique solution. The free function, g(x), is then expressed as a linear combination
of m linearly independent basis functions2 , g(x) = ξ T h(x). By doing this, the diﬀerential
equation becomes an equation of the independent variable and of the coeﬃcient expansion
vector, ξ, only. This equation must be satisfied at any values of x ∈ [x0 , xf ], where x0 and
xf define the integration range. Therefore, specifying this equation using N collocation
points (discretization) we obtain an over-determined system of equations in the unknown
vector, ξ, that can be solved using linear or nonlinear least-squares, depending whether
the initial diﬀerential equation is linear or nonlinear, respectively.

1.2

Application to Optimal Control

The indirect methods in optimal control, where the Pontryagin’s minimum principle (firstorder necessary conditions) is applied to the Hamiltonian dynamics, leads to a system of
diﬀerential equations written in terms of state and costate (Lagrange multipliers). The
constraints in this system of ODEs connect state and co-state through boundary-value
problems. Motivated by this important application the Theory of Connections has been
applied to ODEs subject to component constraints [12].
As example, the energy-optimal intersect problem is solved [13] by Applying the Pontryagin Minimum Principle and ToC. In this specific case, the optimal control is a function
of the velocity costate, only, and the following system of ODEs,
⎧
⎧
∂H
⎪
⎪
⎨ ṙ =
⎨ λ̇r = − ∂H = 0
=v
∂λr
∂r
and
∂H
∂H
⎪
⎪
⎩ v̇ =
⎩
= −λr
= g − λv
λ̇v = −
∂λv
∂v
connecting state and costate equations is then subject to a two-point boundary problem,
r(t0 ) = r0 ,

v(t0 ) = v0 ,

r(tf ) = rf ,

and

v(tf ) = vf .

ToC derives the following constrained expressions
t − tf
t − t0
[r0 − gr (t0 )] +
[rf − gr (tf )]
t0 − tf
t f − t0
t − tf
t − t0
v(t) = gv (t) +
[v0 − gv (t0 )] +
[vf − gv (tf )]
t0 − tf
tf − t 0
λr (t) = gλ r (t)
λv (t) = gλ v (t).
r(t) = gr (t) +

These expressions always satisfy the constraints, no matter what the free vectorial functions, gr (t), gv (t), gλ r (t), and gλ v (t), are.
Reference [14] also apply ToC to constrained guidance in relative motion and Ref. [15]
solves the fuel-optimal landing problem, which is more complicate that the energy-eﬃcient
problem due to discontinuity of the dynamics equation (bang-bang type of control).
2

These basis functions can be Fourier, Chebyshev or Legendre orthogonal polynomials, monomials, etc.
or a combinations of diﬀerent types.
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1.3

Extension to n-dimensions

The extension of the Theory of Connections to n-dimensions is based on a consideration
that is here explained for the 2-dimensional case. Consider c(x, y) be a function defining
the four boundary (Dirichlet) constraints in the (0, 1) × (0, 1) domain, that is, the four
functions c(0, y), c(1, y), c(x, 0), and c(x, 1). Coons in Ref. [16] proved that the function
⎫
⎡
⎤⎧
0
c(x, 0)
c(x, 1) ⎨ 1 ⎬
)
*
f (x, y) = 1, 1 − x, x ⎣c(0, y) −c(0, 0) −c(0, 1)⎦ 1 − y ,
⎩
⎭
c(1, y) −c(1, 0) −c(1, 1)
y
which can be written as,

f (x, y) = v T (x) M(c(x, y)) v(y),
where
⎡

⎤
0
c(x, 0)
c(x, 1)
M(c(x, y)) = ⎣c(0, y) −c(0, 0) −c(0, 1)⎦
c(1, y) −c(1, 0) −c(1, 1)

⎧
⎫
⎨ 1 ⎬
v(z) = 1 − z .
⎩
⎭
z

and

satisfies all four boundaries constraints, that is
f (0, y) = c(0, y),

f (1, y) = c(1, y),

f (x, 0) = c(x, 0),

and

f (x, 1) = c(x, 1).

This means that the following relationship
g(x, y) − v T (x) M(g(x, y)) v(y) = 0,
is certainly true at the boundaries for any g(x, y) function. Therefore, the following
function
f (x, y) = v T (x) M(c(x, y)) v(y) + g(x, y) − v T (x) M(g(x, y)) v(y),
is the generalization of Coons surface by representing all possible surfaces satisfying the
four boundary constraints.
Reference [5] describes the generalization of this concept by providing all possible
manifolds satisfying a set of constraints (on function and partial derivatives of any degrees
defined at any coordinates) along any orthogonal axis. This is done using n-dimensional
tensor formulations. Reference [6] provides examples clarifying how to derive such constrained expressions.

1.4

Application to QP and NLP

ToC has been applied to analytical linear optimization. In particular, a closed form
solution has been found to solve the Quadratic Programming (QP) subject to equality
constraints [7, 17]. This problem consists of finding the extreme of the quadratic function,
f (x), subject to m < n linear constraints,
2
3
1
(3)
QP : minn f (x) = xT Qx + cT x , subject to: A x = b,
x∈R
2
where f (x) : Rn → R1 , Q = QT ∈ Rn×n , c ∈ Rn , A ∈ Rm×n , and b ∈ Rm , are all
assigned, and rank(A) = m3 . The classic approach to solve this problem uses the Lagrange
3

If rank(A) = r < m, then Ref. [17] shows how to reduce the system, A x = b, to an equivalent systems,
A x = b′ , made of linearly independent rows, that is, with a full rank A′ .
′
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multipliers technique4 . This leads to the Karush-Kuhn-Tucker linear system,
4
52 3 2 3
Q
AT
x
−c
=
,
b
A 0m×m λ

(4)

where λ is a vector of Lagrange multipliers. This linear system provides a unique solution
(matrix in Eq. (4) is nonsingular) if and only if: 1) matrix rank(A) = m (full rank) and
2) the reduced Hessian N T QN is positive definite, where N = null(A).
For the constraint given in Eq. (3) the Theory of Connections provides the constrained
expression.
x = g + H η,
(5)
where H ∈ Rn×m is an assigned matrix with rank(H) = m, and η ∈ Rn is a vector of m
unknowns that are function of g. The expression of vector η is obtained by imposing the
equality constraints to Eq. (5). That is,
A(g + H η) = b

→

AHη = b − Ag

→

η = (AH)−1 b − (AH)−1 Ag.

Substituting this form of η for the one in Eq. (5), the constrained expression becomes
6
x0 = H(AH)−1 b
where
x = x0 + D g
D = In×n − H(AH)−1 A.
This expression shows that matrix H can be any matrix making the m × m matrix,
AH, nonsingular. This condition is satisfied, for example, if rank(A) = rank(H) = m.
Therefore, matrix H can simply be set as
8
7
or
H T = Im×m , 0m×(n−m) .
H = AT
Substituting this expression of x for the one in Eq. (3), we obtain
1
f (g) = (x0 + D g)T Q(x0 + D g) + cT (x0 + D g),
2
The problem of finding the extreme of Eq. (3) is now an unconstrained optimization
problem. Stationary condition implies
6
A = DT QD
A g + d = 0n×1
where
(6)
d = DT Qx0 + DT c.
The resulting matrix A is singular. However, the linear system given in Eq. (6) is consistent. Therefore, the solution can be found in the null space of A. This is provided
by the Moore-Penrose inverse matrix (pseudo-inverse). Let, A = C Λ C T , be the spectral
decomposition of A, where the eigenvector matrix, C, is orthogonal because matrix A is
symmetric. Therefore, the solution of the problem given in Eq. (3) is
x = x0 − D CΛ∗ C T d,

(7)

where the diagonal matrix Λ∗ contains the inverse of the nonzero eigenvalues and zero for
zero eigenvalues. Note that, the analytical solution provided by Eq. (7) does not require
Q to be symmetric, or positive definite, or the Hessian N T QN be positive definite, where
N = null(A).
Reference [17] provides an iterative least-squares procedure to solve the Non-Linear
Programming (NLP) subject to equality constraints. This is based of expanding the non4

The numerical algorithms implemented in MATLAB, the “trust-region-reflective” and the “interiorpoint-convex”, represent the current state-of-the-art to solve QP subject to equality and inequality constraints.
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linear function to minimize/maximize by Taylor series to 2nd order and use the closed-form
solution already developed for QP to initiate the iterative process. Studies are currently
performed to include inequalities constraints to QP and NLP.

1.5

Application to Calculus of Variations

One typical problem in the Calculus of Variations is to find the extreme of the integral
I(fs ) = min

$

b

F (x, f (x), f ′ (x)) dx

(8)

a

where x ∈ [a, b], f (x) is an unknown function (the solution to find) satisfying some constraints, like f (a) = fa and f (b) = fb , and F (x, f (x), f ′ (x)) is the functional. One extreme
of the integral given in Eq. (8), f0 (x), is represented by the solution of the Euler-Lagrange
equation,
4
5
#
#
∂F "
d ∂F "
′
′
x, f0 (x), f0 (x) =
(9)
x, f0 (x), f0 (x) .
∂f
dx ∂f ′

Note that, the solution f0 (x) of Eq. (9) is an extreme of Eq. (8). This means that the
solution of Eq. (9) is not necessarily the solution of Eq. (8). In other words, being a
solution of Eq. (9) is a necessary condition that may be not suﬃcient. In fact, f0 (x) can
be associated with some local minima, maxima, or saddle points. In order for f0 (x) to be
a solution of Eq. (8) the condition,
$

b
a

F (x, f0 (x), f0′ (x))

dx ≤ min

$

b

F (x, f (x), f ′ (x)) dx,

a

∀ f (x)

must be verified. This can be done, for example, by evaluating the second derivative
(Hessian) of F (x, f (x), f ′ (x)).
Reference [7] has solved using polar coordinates the two-point boundary problem arising from the Euler-Lagrange diﬀerential equation associated to the most classic problem
in Calculus of Variation: the Brachistochrone problem. The functional associated to the
Brachistochrone problem is
9
6
′2
y(0)
=0
1
+
y
F (x, y, y ′ ) =
,
2gy
y(x1 ) = y1
and the associated Euler-Lagrange equation is
2 y y ′′ + y ′2 + 1 = 0.

2

CONCLUDING REMARKS

The Theory of Connections (ToC) was introduced in Ref. [1] as a general analytical framework to obtains univariate constrained expressions, f (x). The constrained expressions are
functions containing a free function, g(x), and they always satisfy a set of constraints,
no matter what g(x) is. The only requirement is: g(x) must be defined and nonsingular where the constraints are specified. Beside this, g(x) can be any function, including,
discontinuous, delta, and also functions that are partially defined.
ToC provides constrained expressions for a wide class of constraints, including constraints on points and derivatives, relative and linear combination of constraints, as well
as integral constraints. Example of applications are solving diﬀerential and integrodiﬀerential equations (e.g., RLE circuits with time-varying parameters). In addition,
weighted constraints [8] and point constraints on continuous and discontinuous periodic
functions with assigned period, can also be obtained [1]. How to extend ToC to inequality
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and nonlinear constraints is a current work in progress [9].
ToC framework is, indeed, functional interpolation: rather than obtaining a class of
function (e.g., monomials) satisfying a set of constraints it provides all possible expressions
satisfying a set of constraints by spanning all possible g(x) functions. Constrained expressions allow to transform constrained optimization problems into unconstrained problems
or, equivalently, to reduce the search space to the space of admissible solutions, the space
of function fully complying with the constraints. Using these expressions fast least-squares
solutions of linear [2] and nonlinear [4] ODEs have been obtained at machine error accuracy and with low (or very low) condition number. Initial direct comparisons against
Chebfun have been performed on a small test of ODEs. ToC results are obtained with
order(s) of magnitude faster for the same level of required accuracy. In particular, ToC
approach to solve ODEs is a unified framework with no diﬀerences for initial, boundary,
and multiple-values problems.
A recent extension to solve diﬀerential equations subject to component constraints
[12] has open the possibility for ToC to solve, in real-time, some direct optimal control
problems, such as optimal landing or optimal intercept problems [13, 14, 15], where the
constraints connect state and co-state. Direct applications to classic astrodynamical problems provide already interesting results [10, 11].
Recently, ToC has been extended by tensor formulation to multivariate (n-D) case
[5]. The bivariate (2-D) extension, which generalizes the Coons surface [16], provides analytical constrained expressions, representing all possible surfaces with assigned boundary
constraints in terms of function and/or derivatives of any order on rectangular domain.
Similarly to the univariate case, these expressions contain a free function, g(x), and they
satisfy all constraints no matter what the g(x) is, where x is an n-dimensional vector.
Recently, ToC constrained expressions have been developed on triangular domains
under Dirichlet boundary conditions [7]. The application of ToC on triangular domains
is done to investigate the potential ToC contribution to finite elements methods. ToC
has been already applied in calculus of variations [7] to minimize functional where the
unknown function, f (t), satisfies fixed endpoint problems. This is done by solving the
boundary value problem associated to the Euler-Lagrange equation to obtain an extremal
solution. In addition, analytical, closed-form, solutions of some constrained analytical
optimization problems have been obtained using ToC and without using the Lagrange
multipliers technique [17]. This paper provides a current picture of the research done on
the Theory of Connections, by including the most important applications
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ABSTRACT
7KH VHPLDQDO\WLFDO WUHDWPHQW RI VSDFHFUDIW¶V SHUWXUEHG RUELWV FDQ EH XVHG WR LQWHUSUHW DQG
HYDOXDWH HIILFLHQWO\ LWV RUELW HYROXWLRQ 7KH SUHVHQW VWXG\ SURSRVHV D VHPLDQDO\WLFDO
PHWKRGRORJ\WRGHVLJQFRQWLQXRXVORZWKUXVWPXOWLUHYROXWLRQVPDQRHXYUHVLQWKHPHDQRUELWDO
HOHPHQWVSKDVHVSDFHLQWURGXFLQJDQDUWLILFLDOSHUWXUEDWLRQIRUPXODWHGDVGLVWXUELQJDYHUDJHG
SRWHQWLDO IXQFWLRQ 7KH PHWKRG SURSRVHG DLPV WR EH FRPSXWDWLRQDOO\ HIILFLHQW ERWK IRU DQ
RQERDUGLPSOHPHQWDWLRQRIWKHJXLGDQFHZLWKKLJKDXWRQRP\UHTXLUHPHQWVDQGIRUSUHOLPLQDU\
PLVVLRQGHVLJQ7KHORZWKUXVWLVPRGHOOHGLQWKHDYHUDJHGGRPDLQLQWURGXFLQJDSUHGHILQHG
VWHHULQJ ODZ ZKLFK ZLOO EH WXQHG RYHU PDQ\ UHYROXWLRQV WR REWDLQ WKH DUWLILFLDO SRWHQWLDO
SHUWXUEDWLRQHIIHFWV7KHSRWHQWLDOVLQWURGXFHGWRSHUWXUEWKHRUELWSKDVHVSDFHDUHH[SUHVVHG
LQ IXQFWLRQ RI FRQVWDQW SDUDPHWHUV DQG WKH WUDQVIHU SUREOHP LV WUDQVODWHG LQWR D SDUDPHWHU
RSWLPLVDWLRQSUREOHPWRVKDSHWKHDUWLILFLDOSRWHQWLDOIXQFWLRQ7KHPHWKRGRORJ\GHYHORSHGLV
SUHOLPLQDU\DSSOLHGWRWKHRUELWSODQDUG\QDPLFVUHGXFHGWRWKHHTXDWRULDOSODQHSHUWXUEHGE\
WKH(DUWK¶VREODWHQHVVVWXG\LQJWKHFRQVHUYDWLYHWUDQVIHUVIRUDWHVWFDVHDQKHOLRWURSLFFRQWURO
RIDVZDUPRIVDWHOOLWHVDQGDUHFRQILJXUDWLRQRIDQHOOLSWLFHTXDWRULDOFRQVWHOODWLRQZLWKHTXDOO\
VSDFHGRULHQWHGDSRJHHV

Keywords: 2UELWPDQRHXYUHVVHPLDQDO\WLFDOPHWKRGVSKDVHVSDFHORZWKUXVW
1

INTRODUCTION

0XOWLUHYROXWLRQVWUDQVIHUVFDQEHFXPEHUVRPHWRGHVLJQZLWKWKHWUDGLWLRQDOPHWKRGVXVHGWR
GHDOZLWKFRQWLQXRXVORZWKUXVW,QSDUWLFXODUWKHRSWLPDOFRQWUROPHWKRGVDUHFKDUDFWHULVHGE\
DVXEVWDQWLDOFRPSXWDWLRQDOHIIRUWQHHGHGWRFRPSXWHWKHORZWKUXVWDFWLRQDORQJWKHWUDMHFWRU\
)RU VDWHOOLWHV ZLWK OLPLWHG UHVRXUFHV DQG KLJK DXWRQRP\ UHTXLUHPHQWV VLPSOHU DQG
FRPSXWDWLRQDOO\ FKHDSHU PHWKRGV DUH RIWHQ SUHIHUUHG ,Q OLWHUDWXUH WKH VHPLDQDO\WLF
IRUPXODWLRQVRIWKHG\QDPLFVRYHURQHRUELWUHYROXWLRQKDYHEHHQH[SORLWHGWRVLPSOLI\WKHORZ
WKUXVWPXOWLUHYROXWLRQVWUDQVIHUSUREOHP>@>@>@>@)RUH[DPSOHLQ*DR>@DVXERSWLPDO
VWHHULQJODZLVHPSOR\HGDQGWXQHGXVLQJDGLUHFWRSWLPLVDWLRQPHWKRGERWKIRUWKHPLQLPXP
IXHO DQG PLQLPXP WLPH FDVHV LQ WKH DYHUDJH GRPDLQ %OHQGHG FRQWURO ODZV KDYH EHHQ DOVR
LQYHVWLJDWHGERWKZLWKGLUHFWRSWLPLVDWLRQPHWKRGV.OXHYHUDQG2OHVRQ>@RUZLWKFORVHG
ORRSWXQLQJEDVHGRQWKHHUURUVZLWKWKHWDUJHWVWDWH+XDQJHWDO>@&ORVHGORRSJXLGDQFH
VFKHPHVXVLQJ/\DSXQRYEDVHGFRQWUROVKDYHEHHQDOVRH[SORUHG>@>@IRUWKHUREXVWQHVVWR
WKHH[WHUQDOSHUWXUEDWLRQVXQFHUWDLQWLHVDQGHUURUV7KHSUHVHQWZRUNGHYHORSVDPHWKRGRORJ\
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%RUHOOL*1XJQHV0&RORPER&

IRUSODQQLQJWKHORZWKUXVWPDQRHXYUHLQWKHRUELWDOHOHPHQWVDYHUDJHGSHUWXUEHGSKDVHVSDFH
PDNLQJDQH[WHQVLYHXVHRIVHPLDQDO\WLFDOPHWKRGVWRUHGXFHWKHFRPSXWDWLRQDOHIIRUWLQWKH
WUDMHFWRU\ FRPSXWDWLRQ 7KH PHWKRG LV XVHIXO DV FKHDS DQG HIILFLHQW DOJRULWKP WR EH
LPSOHPHQWHG RQERDUG D KLJKO\ DXWRQRPRXV DQG ORZ UHVRXUFHV VSDFHFUDIW RU IRU SUHOLPLQDU\
PLVVLRQGHVLJQFRQVLGHUDWLRQVRQWKHORZWKUXVWPDQRHXYUH
2

GUIDANCE MODEL

2.1

Methodology description

7KHG\QDPLFVGHVFULELQJWKHORZWKUXVWDFWLRQLVVLPSOLILHGXVLQJWKHDYHUDJLQJSURFHGXUHRYHU
RQHRUELWDOUHYROXWLRQ







ZKHUHWKHUDWH
LVREWDLQHGDSSO\LQJWRWKHLWK*DXVV¶HTXDWLRQWKHDSSUR[LPDWLRQRQ
WKHUDWHRIHFFHQWULFDQRPDO\
YDOLGIRUVPDOOSHUWXUELQJDFFHOHUDWLRQVUHODWLYH
WR WKH SULPDU\ ERG\ VSKHULFDO JUDYLW\ >@ ,Q WKLV HTXDWLRQ Q LV WKH PHDQ PRWLRQ U LV WKH
RVFXODWLQJSRVLWLRQRIWKHVSDFHFUDIWDQGDWKHRUELWVHPLPDMRUD[LV7KHRUELWDOHOHPHQWVDUH
FRQVLGHUHG FRQVWDQW GXULQJ WKH LQWHJUDO RSHUDWLRQ 7KH
IXQFWLRQ UHSUHVHQWV WKH
DYHUDJHGVLPSOLILFDWLRQRIWKH*DXVV¶HTXDWLRQRIWKHLWKRUELWDOHOHPHQWREWDLQHGIURPWKH
NQRZOHGJHRIWKHDFFHOHUDWLRQYHFWRU
GHSHQGHQFHRQWKHIDVWYDULDEOHLHWKHHFFHQWULF
DQRPDO\ZLWKLQRQHUHYROXWLRQZLWKDQDO\WLFDOLQWHJUDWLRQRUZLWKTXDGUDWXUHPHWKRGV,QWKLV
ZRUN JUHDW FDUH LV SODFHG XSRQ WKH LQWURGXFWLRQ RI D VWHHULQJ ODZ
  DQDO\WLFDOO\
DYHUDJHDEOH7KH
YDULDEOHVZLOOUHSUHVHQWWKHSDUDPHWHUVWKDWGHILQHWKHVWHHULQJVFKHPH
RYHURQHUHYROXWLRQLHWKUXVWDQJOHVDQGEXUQDUFVZLGWKV
7KHNH\DVSHFWRIWKLVZRUNLVWRXVHWKHORZWKUXVWDYHUDJHGG\QDPLFVWRIROORZDWDUJHW
DUWLILFLDOSRWHQWLDOIXQFWLRQHYROXWLRQZKLFKLVWKHQXVHGWRSHUWXUEWKHORQJWHUPRUELWSKDVH
VSDFHLQWKHGHVLUHGIDVKLRQ,WLVZHOONQRZQWKDWWKHSHUWXUEHGORQJWHUPRUELWG\QDPLFVFDQ
EHH[SUHVVHGLQWKH/DJUDQJH¶VIRUPIURPWKHDYHUDJHGGLVWXUELQJSRWHQWLDOIXQFWLRQ 6XFK
IRUPXODWLRQKLJKOLJKWVWKHSURSHUW\RIWKHGLVWXUELQJSRWHQWLDOIXQFWLRQRIEHLQJDQLQWHJUDORI
PRWLRQ ZKHUH WKH LVRVXUIDFHV RI WKH SRWHQWLDO IXQFWLRQ LQ WKH RUELWDO HOHPHQWV SKDVH VSDFH
UHSUHVHQW WKH ORQJWHUP HYROXWLRQ RI WKH RUELW LQ WLPH ,Q WKLV ZRUN DQ DGGLWLRQDO DUWLILFLDO
 LV XVHG WR DFW RQ WKH SHUWXUEHG RUELWDO HOHPHQW SKDVH VSDFH

SRWHQWLDO IXQFWLRQ
LQGXFLQJGLIIHUHQWHYROXWLRQVE\PRGLI\LQJWKHRUELWSKDVHVSDFHWRSRORJ\








,Q(T  WKH IXQFWLRQVUHSUHVHQWWKH/DJUDQJH¶VH[SUHVVLRQRIWKHSHUWXUEHGG\QDPLFVIRU
 LWV
WKH LWK HOHPHQW >@ 7R REWDLQ DQ DUWLILFLDO SHUWXUEDWLRQ RQ WKH RUELW SKDVH VSDFH
G\QDPLFHIIHFWVZLOOEHLQWURGXFHGZLWKDORZWKUXVWVWHHULQJVFKHPH7KHPDSSLQJRIWKHWLPH
HYROXWLRQ RI WKH ORZ WKUXVW VWHHULQJ VFKHPH G\QDPLFV WR WKH RQH GHILQHG E\ WKH DUWLILFLDO
SRWHQWLDOIXQFWLRQLVUHGXFHGWRWKHFRQGLWLRQLQ(T  HTXDWLQJWKHDYHUDJHGG\QDPLFVRIWKH
DUWLILFLDOSRWHQWLDOIXQFWLRQZLWKWKHDYHUDJHGVWHHULQJVFKHPHG\QDPLFVRYHURQHUHYROXWLRQ
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3URYLGHGWKDWWKHDUWLILFLDOSRWHQWLDOLVNQRZQDQGWKHDYHUDJHRIWKHORZWKUXVWG\QDPLFVFDQ
EHREWDLQHGDQDO\WLFDOO\WKHFRQGLWLRQLQ(T  EHFRPHVDQDOJHEUDLFSUREOHPWREHVROYHG
HDFK RUELW UHYROXWLRQ E\ ILQGLQJ WKH SURSHU steer SDUDPHWHUV 7KH PHWKRGRORJ\ SURSRVHG
LQFOXGHVWKHVHDUFKRIDQDUWLILFLDOSHUWXUEDWLRQZKLFKDOORZVWKHIXOILOPHQWRIDQRUELWWUDQVIHU
LVLQWURGXFHGGHSHQGHQWRQWKHFRQWURO
)RUWKLVSXUSRVHDFDQGLGDWHQRQOLQHDUIXQFWLRQ
SDUDPHWHUVYHFWRU 7KHPDQRHXYUHGHVLJQLVWKHQWUDQVODWHGLQWRDSDUDPHWULFRSWLPLVDWLRQ
SUREOHPZKLFKVKDSHVWKHDUWLILFLDOSRWHQWLDOWRGULYHWKHRUELWWRWKHGHVLUHGFRQGLWLRQZKLOH
PLQLPLVLQJDWUDMHFWRU\SHUIRUPDQFHLQGH[$VSHUIRUPDQFHLQGH[WKHFXPXODWHG DORQJWKH
PDQRHXYUHLVFRQVLGHUHGLQWHJUDWLQJLWVDYHUDJHGUDWHRYHURQHUHYROXWLRQDVIROORZV








ZKHUH H LV WKH RUELW HFFHQWULFLW\ 7KH JHQHUDO IRUPXODWLRQ RI WKH RSWLPLVDWLRQ SUREOHP
DSSURDFKHGZLWKDVLQJOHVKRRWLQJVKRZQLQ)LJXUHLVDVIROORZV
PLQ{x}-  

DQG- ǻ9VXEMHFWWR

ZLWK

ZKHUHWKHORZWKUXVWRUELWG\QDPLFVSURSDJDWHGLQVLGHWKHFRVWIXQFWLRQDQGFRQVWUDLQWIXQFWLRQ
HYDOXDWLRQDUHGULYHQE\WKHDUWLILFLDOSRWHQWLDOLQWURGXFHG
E\LPSRVLQJWKHVROXWLRQRI
WKHDOJHEUDLFQRQOLQHDUSUREOHPRI(T  7KHSDUDPHWULFRSWLPLVDWLRQSUREOHPLVVROYHGZLWK
D PXOWLVWDUW DSSURDFK XVLQJ VLQJOH DQG PXOWLSOH VKRRWLQJ PHWKRGV 7KH QXPHULFDO URXWLQH
HPSOR\HG LV WKH LQWHULRUSRLQW DOJRULWKP HPEHGGHG LQ WKH 0$7/$% EXLOWLQ IXQFWLRQ
IPLQFRQP0XOWLSOHUXQVRIWKHRSWLPLVDWLRQSUREOHPDUHSHUIRUPHGWRLPSURYHWKHRSWLPDOLW\
DQGFRQYHUJHQFHRIWKHJUDGLHQWEDVHGVHDUFKQRWRULRXVO\VHQVLWLYHWRWKHLQLWLDOJXHVV,QWKH
PXOWLSOH VKRRWLQJ DSSURDFK WKH DUWLILFLDO SRWHQWLDO IXQFWLRQ LV GHILQHG SLHFHZLVH WR LPSURYH
FRQYHUJHQFHSURSHUW\DQGRSWLPDOLW\RIWKHSKDVHVSDFHWUDMHFWRU\7KHWLPHGLVFUHWLVDWLRQRI
WKHSKDVHVLVGRQHG\QDPLFDOO\LQIXQFWLRQRIWKH SDUDPHWHUVDFFRUGLQJWR(T  ZKHUH 
VWDQGVIRUWKHWLPHDWWKHHQGRIWKHMWKSKDVHZKLFKDUHWKHQLQFOXGHGDPRQJWKHRSWLPLVDWLRQ
YDULDEOHV,QWKHPXOWLSKDVHDSSURDFKWKHPXOWLSOHVKRRWLQJQRGHJXHVVHVRIRUELWDOHOHPHQWV
 DUH DOVR LQFOXGHG LQ WKH RSWLPLVDWLRQ YDULDEOHV YHFWRU ZKLFK EHFRPHV DV (T   DQG
FRQWLQXDWLRQHTXDOLW\FRQVWUDLQWVDUHLPSRVHGDWQRGHVIRUWKHRUELWDOHOHPHQWV






)LJXUH6FKHPHRIWKHSDUDPHWULFRSWLPLVDWLRQXVHGIRUWKHWUDQVIHUSUREOHP

460

/RZWKUXVWPDQRHXYUHVLQWKHSKDVHVSDFH



%RUHOOL*1XJQHV0&RORPER&

2QFH WKH SDUDPHWULF RSWLPLVDWLRQ LV VROYHG WKH SKDVH VSDFH WUDMHFWRU\ WR UHDFK WKH WDUJHW
ZKLFKUHSUHVHQWVWKH
FRQGLWLRQFRUUHVSRQGVWRWKHLVRVXUIDFHRIWKHSRWHQWLDOIXQFWLRQ
DQDO\WLFGHVFULSWLRQRIWKH GHVLUHGRUELW ORQJWHUP G\QDPLFV7KHSKDVHVSDFHWUDMHFWRU\ FDQ
WKHQEHLPSOHPHQWHGE\VROYLQJWKHORZWKUXVWPDSSLQJFRQGLWLRQRI(T  DWHDFKUHYROXWLRQ
UHVXOWLQJLQDFKHDSDQGKLJKO\DXWRQRPRXVRQERDUGJXLGDQFH7KHPHWKRGRORJ\LVWKRXJKWWR
EHDGYDQWDJHRXVIRUKLJKO\SHUWXUEHGHQYLURQPHQWVZKHUHWKHQDWXUDOHIIHFWVFDQEHH[SORLWHG
WR UHGXFH WKH PDQRHXYUH FRVW ,Q WKH SUHVHQW ZRUN WKH PHWKRGRORJ\ LV RQO\ DSSOLHG WR D
VLPSOLILHGPRGHOLQDORZSHUWXUEHGHQYLURQPHQWZLWKWKHDLPRIDVVHVVLQJLWVEHKDYLRXU
2.2

Simplified conservative model

7KHVLPSOLILHGPRGHOVWXGLHGGHVFULEHVWKHRUELWSODQDUG\QDPLFVFRQVWUDLQHGRQWRWKH(DUWK¶V
HTXDWRULDO SODQH DQG VXEMHFWHG RQO\ WR FRQVHUYDWLYH QDWXUDO DQG DUWLILFLDO SHUWXUEDWLRQV 7KH
V\VWHP LV IRUPXODWHG LQ URWDWLQJ HTXDWRULDO UHIHUHQFH IUDPH DW D FRQVWDQW IUHTXHQF\  ZLWK
UHVSHFW WR WKH JHRFHQWULF LQHUWLDO HTXDWRULDO IUDPH ,Q WKH RUELW PRGHO RQO\ FRQVHUYDWLYH
SHUWXUEDWLRQ HIIHFWV DUH DFFRXQWHG ERWK GHVFULELQJ WKH WKH QDWXUDO SHUWXUEDWLRQV DQG WKH
DUWLILFLDOFRQWUROSHUWXUEDWLRQVZLWKORZWKUXVW7KHUHIRUHWKHRUELWFDQEHGHVFULEHGZLWKWZR
VFDODUSDUDPHWHUVWKHHFFHQWULFLW\HDQGWKH DQJOHZKLFKGHVFULEHVWKHRULHQWDWLRQRIWKHRUELW
SHULFHQWUHZLWKUHVSHFWWRWKHURWDWLQJIUDPH7KHRULHQWDWLRQDQJOHLVGHILQHGLQ(T  DQGLW
LVIXQFWLRQRIWKHORQJLWXGHRISHULJHH GHILQHGIRUHTXDWRULDORUELWV>@DQGWKHIUHTXHQF\
RIURWDWLRQ 
$FFRUGLQJWRWKHPHWKRGRORJ\SUHVHQWHGDORZWKUXVWVWHHULQJVFKHPHVKRXOGEHLQWURGXFHGWR
DFWRQWKHRUELWORQJWHUPG\QDPLFV7KHVHOHFWHGVWHHULQJVFKHPHXVHVDVHTXHQFHRIEXUQDQG
FRDVWLQJ DUFV WR REWDLQ D QXOO HIIHFW RQ WKH VHPLPDMRU D[LV DQG WKH GHVLUHG HIIHFW RQ WKH
PDJQLWXGHDQGRULHQWDWLRQRIWKHHFFHQWULFLW\YHFWRURQWKHHTXDWRULDOSODQH,QWKLVZRUNWKH
VLPSOLILFDWLRQVRIFRQVWDQWWKUXVWDFFHOHUDWLRQPDJQLWXGHDQGGLUHFWLRQZLWKLQWKHEXUQDUFVLV
FRQVLGHUHGZKLFKDOORZVWKHDQDO\WLFDOVLPSOLILFDWLRQVLQWKHDYHUDJHSURFHGXUHRI(T  
8VLQJV\PPHWULFDUFVWKHFRQVHUYDWLYHFRQGLWLRQFDQEHIXOILOOHGZKLOHVWXGLHVRQWKH
VXERSWLPDOLW\RIWKHDFWLRQ RQWKHHDQG GLVFULPLQDWHGWKHGHFLVLRQRIORFDWLRQDQGWKUXVW
DQJOHVZLWKLQWKHEXUQDUFV>@7KHSURSRVHGFRQVHUYDWLYHVWHHULQJIHDWXUHVDSDLURIV\PPHWULF
DUFV FHQWUHG DW SHULDSVLVDSRDSVLV DQG RQH DW (  ^ ` ORFDWLRQV ZLWK DQ ³LQHUWLDO´
FRQWURODFFHOHUDWLRQGLUHFWHGUHVSHFWLYHO\SHUSHQGLFXODUDQGSDUDOOHOWRWKHVHPLPDMRUD[LVDV
VKRZQLQ)LJXUHE,WLVZRUWKQRWLFLQJWKDWWKHSRVVLELOLW\RIRWKHUVWHHULQJVFKHPHVWRDFWRQ
WKHSODQDUFRQVHUYDWLYHG\QDPLFVLVSRVVLEOHEXWLQWKLVZRUNWKHVHQVLWLYLW\RIWKHJXLGDQFH










D

E

)LJXUH D 5RWDWLQJUHIHUHQFHIUDPH E &RQVHUYDWLYHLQHUWLDOORZWKUXVWVWHHULQJVFKHPH
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ZLWKUHVSHFWWRGLIIHUHQWVWHHULQJVFKHPHGHILQLWLRQLVQRWSUHVHQWHG7KHDYHUDJHGG\QDPLFVRI
WKHVWHHULQJODZFRPSXWHGDQDO\WLFDOO\DSSO\LQJ(T  LVUHSRUWHGLQ(T  






ZKHUH DQG DUHWKHKDOIDUFVZLGWKVVKRZQLQ)LJXUHEZKLOH DQG DUHWKHFRQVWDQW
PDJQLWXGHVRIWKHWKUXVWDFFHOHUDWLRQVLQYROYHGLQWKHVWHHULQJVFKHPH
7KHFODVVRIDUWLILFLDOSRWHQWLDOVWRSHUWXUEWKHSKDVHVSDFHDUHLQWURGXFHGLQDVLPSOH
PDQQHUFRQVLGHULQJWKHIROORZLQJQRQOLQHDUSDUDPHWULVHGIXQFWLRQ

 




ZKHUHWKHHFFHQWULFLW\IXQFWLRQLVSUHOLPLQDU\FRQVLGHUHGRQO\DVDOLQHDUWHUP7KHVLPSOLFLW\
RI WKH QRQOLQHDU IXQFWLRQ KDV EHHQ IDYRXUHG DW WKLV HDUO\ VWDJH RI UHVHDUFK 7KH FRQWURO
SDUDPHWHUV  DQG XQLYRFDOO\GHILQHDIXQFWLRQWRSRORJ\RIWKHSKDVHVSDFHWRJHWKHU
ZLWKWKHQDWXUDOSHUWXUELQJHIIHFWV7KHQDWXUDOSHUWXUEDWLRQVRQWKHRUELWDOHOHPHQWVDFFRXQWHG
LQ WKLV ZRUN RQ WKH RUELW DUH WKH  HIIHFW GXH WKH (DUWK¶V REODWHQHVV DQG WKH IUDPH URWDWLRQ
FRQWULEXWLRQ 7KH WRWDO SHUWXUELQJ SRWHQWLDO UHSRUWHG LQ (T   UHVXOWV LQ WKH G\QDPLFV
H[SUHVVHGLQ(T  DSSO\LQJ(T  


 






 


8VLQJ WKH VWHHULQJ ODZ DQG SRWHQWLDO G\QDPLFV LQWURGXFHG WKH ORZ WKUXVW PDSSLQJ
FRQGLWLRQRI(T  UHGXFHVWR




 



7KHODWWHUDOJHEUDLFSUREOHPLVVROYHGGHWHUPLQLQJWKH DQG KDOIDUFVZLGWKVDWHDFKRUELW
HYROXWLRQDORQJWKHSURSDJDWLRQRIWKHRUELW7KHFRQVWDQWDFFHOHUDWLRQPDJQLWXGHLVWDNHQHTXDO
WR
 ZKHUH
 DQG
 DUH IUHH WR DVVXPH SRVLWLYH DQG QHJDWLYH YDOXHV
DFFRUGLQJWRWKHJXLGLQJSRWHQWLDOUDWHVUHTXLUHG
3

CONSTRVATIVE TRANSFERS RESULTS

3.1

Test case

7KHPHWKRGRORJ\LVDSSOLHGWRDWUDQVIHUWHVWFDVHLQWKHSODQDUHTXDWRULDOFRQVHUYDWLYH

SKDVHVSDFHZLWKLQLWLDODQGWDUJHWFRQGLWLRQVUHSRUWHGLQ7DEOH7KHURWDWLQJUHIHUHQFHIUDPH
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7KH
IUHTXHQF\LVFRQVLGHUHGHTXDOWRWKHDSSDUHQWPHDQPRWLRQRIWKH6XQRQWKHHFOLSWLF
URWDWLQJ IUDPH ZLOO WKHQ NHHS DSSUR[LPDWHO\ D FRQVWDQW RULHQWDWLRQ ZLWK UHVSHFW WR WKH 6XQ
GLUHFWLRQQHJOHFWLQJWKHREOLTXLW\RIWKHHFOLSWLF,QLWLDOFRQGLWLRQVDUHWDNHQFRQVLGHULQJWKH
6XQDWWKHVSULQJHTXLQR[DQGWKHIUDPHILUVWD[LVDOLJQHGLQVXFKGLUHFWLRQ)LJXUHVKRZVWKH
SKDVH VSDFH WUDMHFWRU\ FRPSXWHG ZLWK WKH VLQJOH DQG PXOWLSOH VKRRWLQJ PHWKRGV RI VKDSLQJ
DUWLILFLDO SRWHQWLDO SHUWXUEDWLRQ WRJHWKHU ZLWK WKH WRWDO SRWHQWLDO IXQFWLRQ LVROLQHV FRPSXWHG
IURPWKHVLQJOHVKRRWLQJVROXWLRQ,WFDQEHQRWLFHGIURP)LJXUHKRZWKHPXOWLSOHVKRRWLQJ
DOJRULWKPVZLWFKHVEHWZHHQGLIIHUHQWLVROLQHVZKLOHWKHVLQJOHVKRRWLQJSKDVHVSDFHWUDMHFWRU\
LQWHJUDORIPRWLRQ
IROORZVDVLQJOHLVROLQHIURPLQLWLDOWRWDUJHWFRQGLWLRQGHILQHGE\WKH
*UH\VKDGHGDUHDFRUUHVSRQGVWR FULWLFDOHFFHQWULFLW\YDOXHVWKDWUHVXOWVLQDSHULJHHDOWLWXGH
EHORZ  NP DERYH WKH (DUWK¶V VXUIDFH 7KH SLHFHZLVH WUDMHFWRU\ FRPSXWHG ZLWK PXOWLSOH
VKRRWLQJKDVEHHQGLVFUHWLVHGLQIRXUSKDVHVDQGWKHXSSHUERXQGDU\RIPDQRHXYUHWLPHLVVHW
WR KDOI D \HDU IRU ERWK VKRRWLQJ PHWKRGV )URP 7DEOH  WKH LPSURYHPHQW RI WKH PXOWLSOH
VKRRWLQJDSSURDFKWRWKHRSWLPDOLW\RIWKHSKDVHVSDFHWUDMHFWRU\LQWHUPRISHUIRUPDQFHLQGH[
LVHYLGHQW$VH[SHFWHGWKHFDSDELOLW\RIGHILQLQJDSLHFHZLVHSKDVHVSDFHLVROLQHZLWKPXOWLSOH
VKRRWLQJRYHUFRPHVWKHOLPLWDWLRQRIWKHILQLWHFODVVRIGLVWXUELQJIXQFWLRQVWRSRORJ\GHILQHG
ZKLFKPD\QRWEHDEOHWRGULYHWKHV\VWHPIRUWKHZKROHSKDVHVSDFHWUDMHFWRU\HIILFLHQWO\7KH
&38 WLPH IRU  DQG  UXQV UHVSHFWLYHO\ RI WKH PXOWLSOH DQG VLQJOH VKRRWLQJ SDUDPHWULF
RSWLPLVDWLRQSUREOHPVDUHUHSRUWHGLQ7DEOHZKHUHWZR,QWHO 5 &RUH 70 L8&38#
 *+] DUH XVHG LQ SDUDOOHO IRU WKH FRPSXWDWLRQV 7KH WUDQVIHU SUREOHP LV DOVR VROYHG
FRQVLGHULQJYDULRXVXSSHUOLPLWVIRUWKHWRWDOPDQRHXYUHWLPHDQGWKHVROXWLRQVLQWHUPVRI 
DQGPDQRHXYUHWLPHXVHGDUHVKRZQLQ)LJXUH



Initial Conditions




Target Conditions




Performance






)LJXUH3KDVHVSDFHWUDMHFWRULHVRIWHVWFDVHWUDQVIHU

7DEOH7HVWFDVHWUDQVIHU
FRQGLWLRQVDQGSHUIRUPDQFH


)LJXUH7HVWFDVHWUDQVIHUSUREOHPVROXWLRQVIRUGLIIHUHQWXSSHUOLPLWRIPDQRHXYUHWLPHV
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7KH VROXWLRQV DUH LQIOXHQFHG E\ WKH PDQRHXYUH WLPH OLPLW DQG VKRZ DQ LQFUHPHQWDO
LPSURYHPHQW LQ WKH PLQLPLVDWLRQ RI WKH SHUIRUPDQFH LQGH[ IRU WKH VROXWLRQV REWDLQHG ZLWK
XSSHUWLPHOLPLWEHORZ\HDUVUHSRUWHGLQ)LJXUH7KLVFKDUDFWHULVWLFLVDVVRFLDWHGZLWKD
JUHDWHUH[SORLWDWLRQRIWKHQDWXUDOUHJUHVVLRQRQWKH HOHPHQWWRPLQLPLVHWKHORZWKUXVWFRQWURO
DFWLRQ XVLQJ WKH ZKROH PDQRHXYUH WLPH DYDLODEOH 7KH SODWHDX UHJLRQ FRUUHVSRQGV WR WKH
VLWXDWLRQLQZKLFKWKHQDWXUDOUHJUHVVLRQRI ZLOOGULYHWKHRUELWRULHQWDWLRQSDVVHGWKHGHVLUHG
FRQGLWLRQIRUORQJHUPDQRHXYUHWLPHV
3.2

Heliotropic swarm control

7KHFRQVHUYDWLYHSKDVHVSDFHVKDSLQJPHWKRGIRUORZWKUXVWPDQRHXYUHVLVKHUHDSSOLHGWRWKH
FRQWURORIPXOWLSOHVSDFHFUDIWVWDUWLQJIURPGLIIHUHQWFRQGLWLRQVLQWKH
SKDVHVSDFHWRWKH
VDPHHFFHQWULFKHOLRWURSLFRUELWRQWKHHTXDWRULDOSODQH6WDEOHKHOLRWURSLFRUELWVPDLQWDLQWKH
DSRJHHRULHQWDWLRQIL[HGWRZDUGVWRWKH6XQGLUHFWLRQJXDUDQWHHLQJDXVHIXOFRYHUDJHRIWKH
(DUWK¶VVXUIDFHDWWKHVDPHORFDOKRXUEHLQJDGYDQWDJHRXVIRUWHOHFRPPXQLFDWLRQVDQG(DUWK
REVHUYDWLRQVPLVVLRQV>@>@7KHVDPHDSSUR[LPDWLRQGRQHLQWKHWUDQVIHUWHVWFDVHIRUWKH6XQ
GLUHFWLRQRQWKHHTXDWRULVXVHG7KHWDUJHWKHOLRWURSLFRUELWLVGHILQHGIL[LQJWKHHFFHQWULFLW\
DQGUHWULHYLQJWKHVHPLPDMRUD[LVIURPWKHIUR]HQFRQGLWLRQZLWKUHVSHFWWRWKH HIIHFWLQ(T
 REWDLQHGVHWWLQJWR]HURWKHQDWXUDOUDWHRI LQ(T  7KHWUDQVIHUSUREOHPLVVROYHG
ZLWKWKHPXOWLSOHVKRRWLQJPHWKRGXVLQJIRXUSKDVHVDQGXSSHUPDQRHXYUHWLPHOLPLWRI
\HDUV7KHSKDVHVSDFHWUDMHFWRULHVIRUDJULGRILQLWLDOFRQGLWLRQVDUHVKRZQLQ)LJXUHZKHUH
WKHFRORUPDSUHSUHVHQWVWKHUHTXLUHG RIHDFKWUDMHFWRU\
3.3

Elliptic constellation configuration

$W ODVW WKH FRQVHUYDWLYH JXLGDQFH LV DSSOLHG WR D UHFRQILJXUDWLRQ RI DQ HOOLSWLF HTXDWRULDO
FRQVWHOODWLRQ ZLWK HTXDOO\ VSDFHG DSRJHHV IURP WKH VDPH LQMHFWLRQ RUELW XVHG WR SURYLGH
HQKDQFHGFRYHUDJHIRUHTXDWRULDOFRXQWULHV>@,QWKLVFDVHWKHIUHTXHQF\RIURWDWLRQRIWKH
UHIHUHQFHIUDPHLVGHWHUPLQHGIURPWKHWDUJHWRUELWVHFFHQWULFLW\DQGVHPLPDMRUD[LVLPSRVLQJ
WKHIUR]HQFRQGLWLRQZLWKUHVSHFWWR RI(T  ,QVXFKDZD\UHJDUGOHVVRIWKHWLPHQHHGHG
WRSHUIRUPWKHWUDQVIHUIRUHDFKVDWHOOLWHWKHSHULJHHHTXLVSDFHGFRQGLWLRQLVJXDUDQWHHGIRUD
VLPXOWDQHRXV FRQWURO RI WKH ZKROH FRQVWHOODWLRQ ,QLWLDO DQG WDUJHW FRQGLWLRQV IRU WKH
FRQVWHOODWLRQDUHUHSRUWHGLQ7DEOHZKLOHWKHSKDVHVSDFHWUDMHFWRULHVFRPSXWHGZLWKDIRXU
SKDVHVPXOWLSOHVKRRWLQJDSSURDFKDUHVKRZQLQ)LJXUHZLWKDQXSSHUOLPLWRIPDQRHXYUH
WLPHVHWHTXDOWR\HDUV



)LJXUH3KDVHVSDFHWUDMHFWRULHVRIWKH
KHOLRWURSLFFRQWURORIPXOWLSOHVSDFHFUDIW
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Target Heliotropic Orbit




Elliptic Constellation Conditions (N=12 satellites)






7DEOH7DUJHWKHOLRWURSLFRUELW

7DEOH(OOLSWLFFRQVWHOODWLRQLQLWLDODQGWDUJHWRUELWV





4

CONLCUSION

$PHWKRGRORJ\IRUGHVLJQLQJRUELWWUDQVIHUSHUWXUELQJWKHDYHUDJHGSHUWXUEHGRUELWSKDVHVSDFH
ZDVGHILQHGLQWKLVZRUNXVLQJVHPLDQDO\WLFDOWHFKQLTXHV7KHPHWKRGFDQEHWKHEDVLVIRUDQ
RQERDUGDXWRQRPRXVJXLGDQFHLPSOHPHQWDWLRQRUFDQEHXVHGIRUPLVVLRQSUHOLPLQDU\VWXGLHV
WKDQNV WR LWV FRPSXWDWLRQDO HIILFLHQF\ 7KH DSSOLFDWLRQV WR D VLPSOLILHG RUELW PRGHO RI
FRQVHUYDWLYH SODQDU RUELW WUDQVIHU RQ WKH HTXDWRULDO SODQH DUH VWXGLHG LQ WKLV SDSHU 3RVVLEOH
IXWXUH GHYHORSPHQWV ZLOO DGGUHVV WKH H[WHQVLRQ WR WKH ' QRQFRQVHUYDWLYH RUELW G\QDPLFV
WRJHWKHUZLWK WKHDSSOLFDWLRQV LQ KLJKHU SHUWXUEHGHQYLURQPHQWVWR EHWWHU H[SORLW WKHQDWXUDO
SHUWXUELQJHIIHFWVUHGXFLQJWKHORZWKUXVWPDQRHXYUHFRVW
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ABSTRACT
A novel boundary element formulation for the evaluation of the effective properties of threedimensional polycrystalline aggregates with piezoelectric coupling is presented. The aggregates are modelled at the scale of their constituent crystals and are artificially generated
through Voronoi-Laguerre tessellations. The electro-mechanical behaviour of each crystal is
represented upon introducing an ad-hoc mesh of its boundary and a generalised integral representation of the governing equations of the piezoelectric problem. The behaviour of the whole
aggregate is then retrieved upon introducing a suitable set of electro-mechanical interface conditions at the grain boundaries. With respect to classic FE formulations, the present approach
has the advantages of: i) expressing the problems in term of boundary values only, thus allowing a natural expression of the interface conditions; ii) requiring the grain boundary mesh only,
thus reducing the meshing effort; iii) reducing the number of degrees of freedom of the problem,
which is highly desirable in three-dimensional problems. Numerical analyses are performed to
study the effect of the statistical distribution of the grains’ orientation on the effective properties
of BaTiO3 aggregates. The obtained results are consistent with theoretical estimates and the
results available in the literature, showing the potential and accuracy of the proposed formulation.
Keywords: Piezoelectric materials, Polycrystalline materials, Micromechanics, Boundary Element Method
1

Introduction

Piezoelectric materials are today frequently employed for the manufacturing of transducers and micro-electro-mechanical systems (MEMS) to be used in several engineering applications, including smart structures [7], structural health monitoring [21, 23] and energy harvesting
[20], thanks to their inherent coupling between mechanical and electrical behaviour.
In the design of effective piezoelectric devices, it is often important to understand and
consider the link between the material microstructure and the macroscopic materials properties:
such knowledge can be profitably exploited for the optimisation of the transducers performances
through the control of those microstructural features correlated with the relevant macroscopic
properties of interest [15].
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In the last few decades, remarkable advancements in microscopy and high performance
computing (HPC), have favoured enhanced experimental characterisation and computational
modelling of materials from the smallest to the largest application scales. Computational materials micro-mechanics, fed by experimental characterisation, is today a flourishing field of
investigation [14, 22].
The finite element method (FEM) is today one the most popular methods for micromechanical problems that can be adequately addressed through continuum mechanics [22]. In
this work, we describe a framework for continuum micro-mechanics based on the boundary element method (BEM) [2, 1]. In several applications the BEM allows computational savings due
to the fact that only the boundary of the analysed domain needs to be discretised, thus inducing
a reduction in the number of degrees of freedom necessary for the numerical treatment of a
given problem. This aspect may be attractive in computational micro-mechanics, which generally incurs in heavy computational costs, due to the need of retaining detailed morphological
and constitutive descriptions.
The BEM has been extensively employed for the analysis of problems involving piezoelectric solids see e.g. [16, 8, 19]. Recently, the method has been effectively used for polycrystalline micro-mechanics, both in 2D [18, 10, 11] as well as in 3D [3, 12, 4, 13, 6, 5].
Considering that piezoelectric ceramics present a polycrystalline microstructure, it may be of
interest to develop a BEM tool for the analysis of piezoelectric materials at the grain scale.
In this work, we describe the development of a boundary integral framework for the
computational homogenization of polycrystalline piezoelectric materials, i.e. for the computation of the effective properties of piezoelectric aggregates from the features of the individual
piezoelectric crystals. The framework is based on different key items. The artificial micromorphologies are generated through Voronoi-Laguerre tessellations. The piezoelectric crystals are modelled through generalised 3D boundary integral equations, numerically addressed
through a multi-region BEM. The continuity of the aggregate is enforced through suitable intergranular generalised displacements continuity and tractions equilibrium equations. Volume averages on aggregates subjected to generalised periodic boundary conditions eventually provide
the estimate of the effective properties. The obtained results were validated against available
literature.
2

Boundary element computational homogenization of piezoelectric polycrystals

In this study, the homogenization of piezoelectric polycrystalline materials is considered. The key items of the formulation are: a) the artificial representation of the micromorphology; b) the constitutive model for the bulk piezoelectric grains; c) the set of boundary
integral equations governing the electro-mechanics of the individual crystals; d) suitable interface continuity conditions; e) suitable macro boundary conditions, periodic in this work; f ) the
computation of volume averages of the micro-fields; Such key items are described in this Sectio
2.1

Artificial morphology generation

In this work, artificial 3D polycrystalline morphologies are generated resorting to LaguerreVoronoi tessellations, see e.g. Refs.[12, 5]. It is to be noted that, for computational homogenization purposes, we employ non-prismatic periodic 3D unit cells, as discussed in Ref.[12].
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2.2

Piezoelectric materials modelling
Linear piezoelectric materials can be modelled employing the constitutive laws
σi j = ci jkl γkl − eki j Ek
Di = eikl γkl + κi j E j

(1)

where i, j = 1, 2, 3, σi j and γkl are components of the stress and strain tensors, Di and Ei are
components of the electric displacement and electric field vectors and ci jkl , κi j and ei jk are
stiffness, dielectric and piezo-electric constants, respectively.
The strains γi j and the electric field Ei are linked with the mechanical displacements ui
and the electric potential φ by
γi j =

#
1"
ui, j + u j,i ,
2

Ei = −φ,i ,

(2)

where the comma in the subscripts denotes differentiation with respect to the coordinate identified by subsequent subscript.
The mechanical stresses σi j and the electric displacement Di fulfil the indefinite equations
σi j, j = 0,
Di,i = 0,
(3)
where repeated subscripts imply the Einstein’s summation convention.
For the solution of the piezoelectric problem, the above equations must be complemented by suitable mechanical and electrical boundary conditions, see e.g.
The form of Eqs.(1-3) suggests the definition of generalised piezoelectric quantities. In
particular, the components of generalised piezoelectric displacements Ui and tractions Ti are
defined by
2
2
ui , i ≤ 3
ti , i ≤ 3
Ui =
, Ti =
,
(4)
φ, i = 4
ω, i = 4

while the components of generalised piezoelectric stresses Σi j and strains Γi j are given by
2
2
σi j , i ≤ 3
γi j ,
i≤3
Σi j =
, Γi j =
.
(5)
D j, i = 4
−E j , i = 4
The definition of generalised quantities is the basis for the boundary integral formulation of the
piezoelectric problem.
2.3

Boundary integral equations

For each grain g of the aggregate the generalised displacements boundary integral equations can be written, in absence of body forces and free electric charge density, as
cigj (x)U jg (x) +

$

S

T̂ g (x, y)U jg (y)dS (y) =
g ij

$

Sg

Ûigj (x, y) T jg (y)dS (y)

i, j = 1, ..., 4 (6)

where g = 1, ..., Ng identifies the considered grain, bounded by the surface Sg , x, y ∈ Sg denote
the boundary collocation and integration points respectively, U jg and T jg are components of the
generalised displacements and tractions defined in Eq.(4), cigj are constants stemming from the
limiting boundary collocation process [2, 1] and Ûigj and T̂i gj are components of the generalised
three-dimensional fundamental solutions. In Eqs.(6), Sg = Seg ∪ Scg is the boundary of the gth grain, which is given by the union of external regions Seg , over which boundary conditions
may generally be applied, and contact regions Scg , over which suitable inter-granular interface
conditions, must be enforced.
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2.4

Inter-granular continuity interfaces

In this model, the initial pristine interface I ab between a and b can be thought as a zerothickness surface; the generic geometric point x ∈ I ab is thus shared between the grains and it
is simultaneously coincident with the two phisically distinct points xa ∈ Sa and xb ∈ Sb , which
identify an interface pair.
For a pristine interface pair, the generalised displacements continuity and generalised
tractions equilibrium equations are given by
6
6
δ ũ i = −ũ ai − ũ bi = 0
t˜ai − t˜bi = 0
and
,
(7a,b)
ω̃ a + ω̃ b = 0
δ φ = +φ a − φ b = 0
with i = 1, 2, 3. Eqs.(7a) express both mechanical and electrical continuity, so that the two physical points xa and xb share the same spatial location and exhibit the same electrical potential.
Eqs.(7b), on the other hand, express both mechanical and electrical equilibrium, which implies
that the two grains exchange the same mechanical tractions t˜ai = t˜bi through the interface at the
point x ∈ I ab and that no net free electric charge localises at the interface upon loading. It is
worth stressing that the over-tilde refers to quantities expressed in a reference system defined
over the individual interfaces, which motivates the signs in the above interface conditions.
2.5

Macro boundary conditions

We estimate the effective properties of piezoelectric aggregates using computational homogenization algorithms based on the developed multi-field grain-boundary formulation. For
the computation of the polycrystalline micro-fields, we employ non-prismatic periodic 3D unit
cells, as discussed in Ref.[12]. Different kinds of boundary conditions can be enforced on the
polycrystalline morphology. Here, periodic boundary conditions are considered as they provide
faster convergence to the effective properties with respect to Dirichlet or Neumann boundary
conditions. Considering two opposite and coupled external grain faces of the aggregate (also
in non-prismatic aggregates, couples of opposite conjugate grain faces can be identified), one is
assumed as the master face m while the other is denoted as the slave face s; the mechanical and
electric periodic boundary conditions are the implemented, in global coordinates, as follows
:
:
;
;
6
6
s − xm
s −φm
s − xm
usi − um
=
⟨γ
⟩
x
=
−⟨E
⟩
x
φ
ij
j
i
j
j
j
j
,
,
(8)
s
m
s
m
ti + ti
ω +ω
=0
=0
where ⟨γi j ⟩ and ⟨E j ⟩ are the prescribed components of macro- strain and electric field, respectively and the superscripts m and s denote field components of points belonging either to the
master or slave face.
2.6

Volume averages

Once the aggregate boundary value problem is solved, the homogenized stress and electric displacement components can be estimated by using the relationships
1
⟨σi j ⟩ =
V

$

S

1
⟨Di ⟩ =
V

ti x j dS,

$

S

ω xi dS,

(9)

which, being expressed in terms of integrals over the external surface S of the aggregate, can be
conveniently computed within the context of the developed framework. Once these quantities
are available, they can be matched with the applied macro boundary conditions to identify the
corresponding apparent macro constitutive properties. The apparent properties converge to the
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effective ones, as the unit cell attain representativity. In this work, the procedure employed in
Ref.[3] is used for computing the effective properties: volume averages are computed over sets
of many (100) morphological realisations, each realisation being provided by random LaguerreVoronoi tessellations. Ensemble averages are then computed over the apparent properties corresponding to individual realisations. The procedure configures a statistical homogenization, see
Ref.[3] for a deeper discussion.
3

Numerical experiments

We perform the computational homogenization of aggregates of BaTiO3 crystals. Material properties for BaTiO3 single crystals are reported in Table 1.
The analysis explores the role of poling on the effective properties of BaTiO3 aggregates.
Poling is enforced by constraining the angle β̂ formed between the material poling axis of the
individual crystals and a reference
for the overall aggregate. The grains orientation
: direction
;
is defined by the Euler angles α̂, β̂ , γ̂ , according to the ZXZ convention: α̂ and γ̂ represent
rotations around the Z axis, which is assumed coincident with the grain poling axis, and are
assumed to be uniformly distributed in the [0, 2π) interval; on the other hand, to account for the
either unpoled, partially poled or fully poled aggregates, the angle β̂ is assumed to be distributed
over the interval [0, βmax ) according to the following probability density function
p(x) =

sin x
2 sin2 (βmax /2)

(10)

where βmax denotes the maximum angle allowed between the poling axis and the x3 reference
direction. The condition βmax = π identifies unpoled aggregates, whereas βmax = 0 defines a
fully polarised state.
Fig.(1) reports the effective material properties of BaTiO3 aggregates versus βmax . The
computed material properties, computed following the above mentioned procedure (ensemble
averages over 100 realisations of volume averages computed over the individual realisations)
always fall in the are within the Voigt and Reuss bonds, shaded in the figure. It is interesting to
observe how isotropic macroscopic properties are retrieved when βmax = π, which corresponds
to unpoled aggregates.
Table 1: Material constants for barium titanate BaTiO3 [9] and transversely isotropic lead zirconate
titanate (PZT-4) [17].

Material property
Elastic constants

Component
c1111 , c2222
c3333
c1122
9
2
[10 N/m ]
c1133 , c2233
c2323 , c1313
c1212
Piezoelectric constants e113 , e223
[C/m2 ]
e333
e322 , e311
Dielectric constants
κ11 , κ22
[10−9 C/(V · m)]
κ33
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BaTiO3
275.1
164.9
179.0
151.6
54.3
113.1
21.3
3.7
-2.7
16.9
0.9

PZT-4
139.0
115.0
77.8
74.3
25.6
(c1111 − c1122 )/2
12.7
15.1
-5.2
6.5
5.6

(a)

(b)

(c)
Figure 1: Macroscopic constitutive properties of BaTiO3 piezoelectric polycrystals as a function of the
maximum polarisation angle βmax : (a) selected elastic constants, (b) selected piezoelectric constants, (c)
selected dielectric constants. The shaded regions around the curves are bounded by Voigt and Reuss
averages as a function of βmax . Dotted lines denote the single crystal constants and ε0 = 8.854 · 10−12
Fm−1 is the vacuum permittivity constant. Constants’ subscripts are given according to Voigt notation.

4

CONCLUSIONS

A framework for computational homogenization of three-dimensional piezoelectric polycrystalline aggregates has been described in this work. It is based on a boundary integral representation of the electro-mechanical problem for the individual grains of the aggregates and on the
employment of generalised intergranular continuity conditions. The method has been implemented and tested for the computation of the macroscopic properties of piezoelectric BaTiO3
polycrystals, providing accurate estimates.
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FIRST ORDER ANALYTICAL SOLUTION FOR DISTANT
RETROGRADE ORBITS IN THE CIRCULAR RESTRICTED
THREE-BODY PROBLEM
0DWWHR1LFROL &DPLOOD&RORPER(OLVD0DULD$OHVVL0DUWLQ/DUD


3ROLWHFQLFRGL0LODQR'HSDUWPHQWRI$HURVSDFH6FLHQFHDQG7HFKQRORJ\0LODQR±,WDOLD





PDWWHRQLFROL#PDLOSROLPLLW FDPLOODFRORPER#SROLPLLW

,VWLWXWRGL)LVLFD$SSOLFDWD³1HOOR&DUUDUD´±&RQVLJOLR1D]LRQDOHGHOOH5LFHUFKH6HVWR
)LRUHQWLQR±,WDOLDHPDOHVVL#LIDFFQULW

8QLYHUVLW\RI/RJURxR/RJURxR±6SDLQPODUD#JPDLOFRP

ABSTRACT
7KLVSDSHUSURSRVHVDQDQDO\WLFDOVROXWLRQRIWKHILUVWRUGHUIRUGLVWDQWUHWURJUDGHRUELWVLQWKH
&LUFXODU5HVWULFWHG7KUHH%RG\3UREOHP &5%3 7RWKLVHQGD0DFODXULQVHULHVH[SDQVLRQ
RQ WKH HTXDWLRQ RI PRWLRQV LV SHUIRUPHG REWDLQLQJ D ILUVWRUGHU PRGHO 6WDUWLQJ IURP WKH
+DPLOWRQLDQIRUPXODWLRQRIWKHSUREOHPZHDSSO\WKHWKHRU\RIFDQRQLFDOSHUWXUEDWLRQVE\
DGGUHVVLQJWKHQRQSHUWXUEHGDQGWKHSHUWXUEHGWHUPVVHSDUDWHO\7KHILUVWVWHSLVWRVLPSOLI\
WKH SUREOHP WKURXJK D FDQRQLFDO LQYHUWLEOH WUDQVIRUPDWLRQ IRU WKH QRQSHUWXUELQJ SDUW WKH
VHFRQGVWHSLVWRDSSO\WKH/LHWUDQVIRUPDWLRQWRWKHSHUWXUEHGSDUW7KLVSURFHGXUHDOORZVWR
REWDLQILUVWDPHDQ+DPLOWRQLDQWKDWFDQEHDQDO\WLFDOO\VROYHGWKHQWRREWDLQVKRUWSHULRGLF
FRUUHFWLRQV WKDW WDNH LQWR FRQVLGHUDWLRQ WKH VKRUWWHUP IOXFWXDWLRQV QHJOHFWHG GXULQJ WKH
DYHUDJLQJSURFHVV
7KHVROXWLRQVREWDLQHGDUHFRPSDUHGZLWKWKHQXPHULFDOVROXWLRQVLPXODWHGZLWKWKH&5%3
ERWKLQWHUPVRIPD[LPXPHUURUDQGLQWHUPVRIFRPSXWDWLRQDOVSHHG(YHQLIWKHVROXWLRQVKRZV
WREHFRPSXWDWLRQDOO\HIILFLHQWDQGDFFXUDWHWKHLPSURYHPHQWRYHUWKHVROXWLRQRI+LOORQWKH
VDPHSUREOHPLVQRWQRWLFHDEOHXQOHVVRQHFRQVLGHUVYHU\ORZPDVVUDWLRV7KHPRGXODWLRQRI
JHRPHWULF K\SRWKHVHV OLNH WKH UHODWLRQVKLS EHWZHHQ WKH VL]H RI WKH RUELW DQG WKH GLVWDQFH
EHWZHHQWKHSULPDULHVDOORZVWREHWWHUDSSUR[LPDWHWKHFRQWULEXWLRQRIWKHSULPDU\DWWUDFWRU
DQGWRLQFUHDVHWKHUDQJHRIYDOLGLW\RIWKHDQDO\WLFDOVROXWLRQ
Keywords: 'LVWDQW UHWURJUDGH RUELWV &LUFXODU UHVWULFWHG WKUHHERG\ SUREOHP &DQRQLFDO
SHUWXUEDWLRQWKHRU\/LHWUDQVIRUPDWLRQ
1

INTRODUCTION

7KH 'LVWDQW 5HWURJUDGH 2UELWV '52V  DUH UHWURJUDGH RUELWV WKDW DUH JHQHUDWHG GXH WR WKH
JUDYLWDWLRQDO LQWHUDFWLRQ RI WKH SULPDU\ ZLWK WKH VHFRQGDU\ 7KH\ KDYH EHHQ LGHQWLILHG DQG
FODVVLILHGIRUWKHILUVWWLPHE\+qQRQDVWKHIDPLO\I>@
7KH SHFXOLDULW\ RI '52V LV WKDW WKH\ DOZD\V UHPDLQ LQ WKH YLFLQLW\ RI WKH VHFRQGDU\
FRQVHTXHQWO\WKH\FDQEHH[SORLWHGIRUGLIIHUHQWSXUSRVHV,QUHFHQW \HDUV'52VKDYHEHHQ
WDNHQ LQWR FRQVLGHUDWLRQ WR H[SORLW WKHP LQ GLIIHUHQW DSSURDFKHV )RU H[DPSOH WR FUHDWH
FRQVWHOODWLRQVWKDWDOORZWRLQFUHDVHWKHUHDFWLRQWLPHLQWKHFDVHRIREMHFWVWKDWDUHGLUHFWHG
WRZDUGVWKH(DUWK>@,QUHFHQW\HDUV'52VKDYHEHHQFRQVLGHUHGIRUH[SORUDWLRQPLVVLRQVWR
ERWKWKH0DUVDQG-XSLWHUPRRQVDQGWRDVWHURLGV>@>@7KLVVWXG\VWDUWLQJIURPWKHZRUNE\
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)LUVW2UGHU$QDO\WLFDOVROXWLRQIRU'52



1LFROL&RORPER$OHVVL/DUD

/DUD >@ >@ ZKR DSSOLHG WKH &DQRQLFDO SHUWXUEDWLRQ WKHRU\ WR WKH +LOO PRGHO WR ILQG DQ
DSSUR[LPDWHDQDO\WLFVROXWLRQIRU'52V
,QWKLVZRUNZHZLOOFRQWLQXHZLWK/DUD VZRUNWRWU\WRILQGDPRUHUHILQHGVROXWLRQWRWKLV
SUREOHP DSSO\LQJ WKH &DQRQLFDO SHUWXUEDWLRQ WKHRU\ ZH ZLOO ILQG D ILUVW RUGHU DQDO\WLFDO
VROXWLRQ IRU '52V LQ WKH &LUFXODU 5HVWULFWHG 7KUHH%RG\ 3UREOHP &5%3  $Q DQDO\WLFDO
VROXWLRQEHFRPHVYHU\LPSRUWDQWLQWKHSUHOLPLQDU\SKDVHRIWKHPLVVLRQGHVLJQDVLWDOORZVWR
UHGXFHWKHFRPSXWDWLRQDO WLPHGXHWRWKHQXPHULFDO LQWHJUDWLRQ7KLV LV DGYDQWDJHRXVLQ WKH
RSWLPLVDWLRQSURFHVVXVHGWRJXDUDQWHHWKHUHTXLUHPHQWVRIWKHPLVVLRQ$QDQDO\WLFDOVROXWLRQ
DOORZV WR EHWWHU XQGHUVWDQG WKH JUDYLWDWLRQDO LQWHUDFWLRQV DV ZHOO DV WKH G\QDPLFV WKDW WKH
SULPDULHV JHQHUDWH 7KLV VROXWLRQ ZLOO DOVR HQDEOH WKH SUREOHP WR EH EHWWHU XQGHUVWRRG DW
GLIIHUHQW OHYHOV HJ LQ WKH SKDVH VSDFH  PDNLQJ LW SRVVLEOH WR LGHQWLI\ PRUH FRQYHQLHQW
PDQRHXYUHVDQGVWDWLRQNHHSLQJVWUDWHJLHV
2

DYNAMICAL MODEL

,QWKLVFRQWH[WWKH&LUFXODU5HVWULFWHG7KUHH%RG\3UREOHPGHVFULEHVWKHPRWLRQRIDPDVVOHVV
ERG\XQGHUWKHJUDYLWDWLRQDOLQIOXHQFHRIWZRPDVVLYHERGLHVFDOOHGWKHSULPDULHV
2.1

Circular restricted three-body problem

8QGHUWKHDVVXPSWLRQVWKDWWKHPDVVRIRQHRIWKHSULPDULHVLVPXFKODUJHUWKDQWKHPDVVRIWKH
RWKHU DQG WKH WZR SULPDULHV RUELW DURXQG WKHLU EDU\FHQWUH LQ D FLUFXODU RUELW WKH QRUPDOLVHG
HTXDWLRQVRIPRWLRQRIWKHPDVVOHVVERG\FDQEHGHULYHG




 


:KHUH  UHSUHVHQWWKHFDUWHVLDQFRRUGLQDWHRIWKHV\VWHP LVWKHQRQGLPHQVLRQDOPHDQ
PRWLRQDQG LVWKHPDVVUDWLRQRIWKHV\VWHP


 
 +DPLOWRQLDQIXQFWLRQ
7RREWDLQWKH+DPLOWRQLDQIXQFWLRQWKHYDULDWLRQDOSULQFLSOHFDQEHXVHG>@>@7KHHTXDWLRQV
DUHREWDLQHGE\SHUIRUPLQJWKH/HJHQGUHWUDQVIRUPDWLRQRIWKH/DJUDQJLDQIXQFWLRQXVLQJWKH
JHQHUDOLVHGYHORFLWLHVDVYDULDEOHV,QWKLVZD\WKHSKDVHVSDFHYDULDEOHVDUHLQWURGXFHGDQGWKH
G\QDPLFV JHQHUDWHG E\ D +DPLOWRQLDQ IXQFWLRQ LV GHVFULEHG &RQVHTXHQWO\ WKH +DPLOWRQLDQ
IXQFWLRQWXUQVRXWWREH


 

ZKHUH  UHSUHVHQWWKHFRQMXJDWHPRPHQWVDQG  UHSUHVHQWWKHGLVWDQFHRIWKHWKLUGERG\
IURPWKHSULPDU\DQGWKHVHFRQGDU\DWWUDFWRU
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1LFROL&RORPER$OHVVL/DUD

First order term of the circular restricted three-body problem

7KH&5%3LVQRWDQLQWHJUDEOHV\VWHP7RVLPSOLI\WKH&5%3DQGHQKDQFHWKHG\QDPLFVLQ
WKHYLFLQLW\RIWKHVHFRQGDU\ZHDVVXPHWKHPDVVRIWKHSULPDU\LVPXFKODUJHUWKDQWKDWRIWKH
VHFRQGDU\
 7KHSUHYLRXVK\SRWKHVLVLVNQRZQDV+LOODQGOHDGVWRWKHKRPRQ\PRXV
PRGHO7RREWDLQWKHQHZPRGHOXVHGLQWKLVVWXG\LWLVQHFHVVDU\WRPRYHWKHUHIHUHQFHV\VWHP
IURPWKHFHQWUHRIJUDYLW\RIWKHV\VWHPWRWKHVHFRQGDU\DWWUDFWRUQRUPDOLVLQJWKHYDULDEOHVE\
DVGHVFULEHGLQ>@>@WREHWWHUREVHUYHWKHG\QDPLFV
WKHFRHIILFLHQWSURSRUWLRQDOWRWKH
LQWKHYLFLQLW\RIWKHVHFRQGDU\)LQDOO\DVHULHVGHYHORSPHQWRI0FODXULQLVSHUIRUPHGRQWKH
YDULDEOH RIWKHHTXDWLRQVRIPRWLRQDUUHVWHGDWWKHILUVWRUGHU7KHQZHREWDLQWKHIROORZLQJ
+DPLOWRQLDQIXQFWLRQ



ZKHUH

 

UHSUHVHQWWKHGLVWDQFHEHWZHHQWKHSULPDULHV7KLVQHZPRGHOZLOOEHFDOOHG

&5%3
3

PERTURBATION APPROACH

7RDSSO\WKH&DQRQLFDOSHUWXUEDWLRQWKHRU\DVGRQHE\/DUDIRUWKH+LOO¶VSUREOHPZHQHHGWR
VHSDUDWHWKH+DPLOWRQLDQLQWRDQRQSHUWXUEHG DQGDSHUWXUEHGSDUW 



 

ZKHUH  LV D IRUPDO VPDOO SDUDPHWHU ZKLFK LV XVHG WR PDQLIHVW WKDW WKH HIIHFW RI
SHUWXUEDWLRQLVPXFKVPDOOHUWKDQ 
3.1

 WKH

Canonical transformation

7KHVWXG\RIWKHVROXWLRQVRIDV\VWHPRIGLIIHUHQWLDOHTXDWLRQVFDQWDNHSODFHWKURXJKWKHVHDUFK
IRUDWUDQVIRUPDWLRQRIFRRUGLQDWHVXQGHUZKRVHDFWLRQWKHV\VWHPDVVXPHVDSDUWLFXODUO\VLPSOH
IRUP)LUVWRIDOOWKHSUREOHPLVWRILQGDFODVVRIWUDQVIRUPDWLRQV

LQYHUWLEOHVXFKWKDWWKHV\VWHPRIWKH+DPLOWRQHTXDWLRQVUHODWLYHWRWKH+DPLOWRQLDQIXQFWLRQ
LVWUDQVIRUPHGLQWRWKHV\VWHPZULWWHQLQ&DQRQLFDOYDULDEOHV
 +DPLOWRQ-DFRELHTXDWLRQ
7KH PHWKRG RI WKH JHQHUDWLQJ IXQFWLRQ DOORZV WR ILQG D VXLWDEOH &DQRQLFDO WUDQVIRUPDWLRQ
VWDUWLQJ IURP WKH +DPLOWRQLDQ IXQFWLRQ 7R GHWHUPLQH DQ DSSURSULDWH JHQHUDWLQJ IXQFWLRQ D
SDUWLDOGLIIHUHQWLDOHTXDWLRQFDOOHG FRPSOHWH +DPLOWRQ-DFRELHTXDWLRQ>@±>@QHHGWREH
VROYHG,QRXUFDVHWKH+DPLOWRQ-DFRELHTXDWLRQIRUQRQSHUWXUEHGSDUWRQO\LV



:KHUH
DV


 

DUHWKH&DQRQLFDOFRQMXJDWHPRPHQWDVRWKHJHQHUDWLQJIXQFWLRQFDQEHZULWWHQ
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ZKLFKDOORZVWRJHQHUDWHWKHIROORZLQJ&DQRQLFDOWUDQVIRUPDWLRQ


ZKHUH
3.2

 

LVWKHQRUPDOLVDWLRQWHUP
Perturbed solution

7KH'52VKDYHDQHOOLSWLFDOVKDSHDQGWKHFHQWUHDWWKHIROORZLQJFRRUGLQDWHVZLWKUHVSHFWWR
WKHVHFRQGDU\PDVV



 

ZKHUH UHSUHVHQWWKH&DQRQLFDOFRRUGLQDWHLQWURGXFLQJWKHIROORZLQJDX[LOLDU\YDULDEOHV



 


ZKHUH LVWKHVHPLPLQRUD[LVRIWKH'52 LVWKHVHPLPDMRUD[LVLQ)LJXUHWKHUHDGHU
M
FDQVHHZKDWWKHJHRPHWULFLQWHUSUHWDWLRQRIWKHYDULDEOHVWKDWKDYHMXVWEHHQGHVFULEHGLV


)LJXUH*HRPHWULFLQWHUSUHWDWLRQRIWKHDX[LOLDU\YDULDEOHV

KHQFHWKH+DPLOWRQLDQWDNHVWKHIROORZLQJIRUP
ZLWK
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 /LHWUDQVIRUPDWLRQ

(TXDWLRQFDQEHH[SDQGHGLQWR0DFODXULQVHULHVIRU
DVVXPLQJDOVRWKDW
7KHVH DVVXPSWLRQV DUH GHILQHG LQ '52 EHFDXVH WKH DEVFLVVD RI WKH FHQWUH RI WKH HOOLSVH 
VXIIHUVDVPDOOYDULDWLRQVHFRQGO\ UHPDLQVOLPLWHGDQGOHVVWKDQ,QDGGLWLRQWRHQVXUHWKDW
WKHSHUWXUELQJWHUPLVRIDORZHURUGHUWKDQWKHQRQSHUWXUEDWLRQRQHZHLQWURGXFHWKHIROORZLQJ
DVVXPSWLRQ
:LWKWKHVHDVVXPSWLRQVZHFDQDSSO\WKHIROORZLQJUHSODFHPHQW



 


OLNH /DUD LQ >@ >@ ,Q DGGLWLRQ ZH DGG D K\SRWKHVLV FRQFHUQLQJ WKH GLVWDQFH EHWZHHQ WKH
SULPDULHVLQIDFWWKLVPXVWEHVXIILFLHQWO\ODUJHZLWKUHVSHFWWRWKHRVFLOODWLRQRIWKHFHQWUHRI
 1RZ
WKH RUELW 7KLV DVVXPSWLRQ LQ QRUPDOLVHG WHUPV WUDQVODWHV LQWR WKH IRUP
DSSO\LQJWKH/LHWUDQVIRUPDWLRQWKHPHDQ+DPLOWRQLDQ
WDNHVWKHIROORZLQJIRUP






 


ZKHUH

DQGZKHUH
DQG
UHSUHVHQWFRPSOHWHHOOLSWLFLQWHJUDOV
RIWKHILUVWDQGVHFRQGW\SHV UHSUHVHQWWKH&DQRQLFDOFRRUGLQDWHDQG
DUHWKH&DQRQLFDO
FRQMXJDWH PRPHQWD &RQVHTXHQWO\ WKH HTXDWLRQV RI PRWLRQ REWDLQHG IURP WKLV +DPLOWRQLDQ
WXUQRXWWREH



 


ZKHUH WKH QG LQ WKH WK HTXDWLRQV ZKLFK DUH FRXSOHG FDQ EH VROYHG E\ /LQGVWHGW3RLQFDUp
WHFKQLTXH>@>@REWDLQLQJ



 


$WWKHHQGWKHVWHTXDWLRQLVUHVROYHGE\TXDGUDWXUHDIWHUUHSODFLQJLQWKHSUHYLRXVRQHV
4

MODEL VALIDATION

:H ZLOO QRZ FRPSDUH ERWK QXPHULFDO DQG DQDO\WLFDO PRGHOV ZLWK UHVSHFW WR WKH QXPHULFDO
&5%3PRGHOWKDWLVWDNHQDVDUHIHUHQFHLQWKLVZRUN,QWKLVDQDO\VLVZHZLOOFRQVLGHUWKH
IDPLO\I RI RUELWV E\ +pQRQ >@ DOVR FDOOHG '52 LQ GLIIHUHQW V\QRGLF V\VWHPV 7R EHWWHU
XQGHUVWDQGWKHFRPSDULVRQWKHSUREOHPLVUHGXFHGE\UHSUHVHQWLQJLWLQD'JUDSK(DFKRUELW
LVUHSUHVHQWHGDVDSRLQWFRUUHVSRQGLQJWRWKHPD[LPXPHUURUDORQJDQRUELWDOSHULRGRIWKH
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DQDO\WLFDOPRGHOZLWKUHVSHFWWRWKHQXPHULFDORQH7RGRWKLVZHLQWURGXFHWKHIROORZLQJHUURU
YDULDEOHV
$EVROXWHHUURU,WUHSUHVHQWVWKHDEVROXWHHUURUREWDLQHGLQSRVLWLRQZLWKUHVSHFWWRWKH
FRUUHFWQXPHULFDOPRGHO &5%3 RYHURQHRUELWDOSHULRG


 

5HODWLYHHUURU,WUHSUHVHQWVWKHUHODWLYHHUURUREWDLQHGLQSRVLWLRQZLWKUHVSHFWWRWKH
FRUUHFWQXPHULFDOPRGHORYHURQHRUELWDOSHULRG


 

0D[LPXPHUURU,WUHSUHVHQWVWKHPD[LPXPRIWKHUHODWLYHHUURURYHURQHRUELW


4.1

 

Results for the model with the assumption

7KLV FDVH UHSUHVHQWV WKH VROXWLRQ SURSRVHG LQ WKH SUHYLRXV VHFWLRQ DVVRFLDWHG ZLWK WKH
7KLVDVVXPSWLRQJXDUDQWHHVDJRRGWUDGHRIIEHWZHHQWKHDFFXUDF\
DVVXPSWLRQ
RIWKHVROXWLRQDQGWKHIDFWWKDWLWDOORZVWRGHYHORSDORWRIWHUPVRIWKH/LHVHULHVZLWKRXW
HQFRXQWHULQJSUREOHPVLQWKHDQDO\WLFDOLQWHJUDWLRQHJWRGHWHUPLQHWKHPHDQ+DPLOWRQLDQRU
WKHJHQHUDWLQJIXQFWLRQ)LJXUHUHSUHVHQWVWKHWUHQGRIWKHPD[LPXPHUURUDORQJRQHRUELWDO
SHULRG,QSDUWLFXODUWKHEOXHOLQHVUHSUHVHQWWKHHUURUWKDWWKH+LOOPRGHOKDVZLWKUHVSHFWWR
&5%3LQVWHDGWKHUHGRQHVWKHHUURUWKDWWKH&5%3PRGHOKDVDOZD\VWRWKH&5%3
PRGHO,QSDUWLFXODUWKHGDVKGRWUHSUHVHQWWKHDQDO\WLFDOVROXWLRQ&RQVHTXHQWO\WKHPRGHOLV
SDUWLFXODUO\UHOLDEOHDQGXVDEOHIRUORZPDVVUDWLRV\VWHPVVRWKDWIRUIXUWKHUGHFUHDVLQJ WKH
PD[LPXPHUURUUHODWHGWRWKH&5%3PRGHO GDVKGRWUHGOLQH LVORZHUWKDQWKDWRI+LOO
GDVKGRWEOXHOLQH 
)RU)LJXUHWKHHUURUUHDFKHVDPLQLPXPRIDERXWIRU
WKHHUURUKDVD]RQH
DQG
ZKHUHLWUHPDLQVFRQVWDQWDQGWKHQLQFUHDVHVDJDLQLQWKHILUVW
EHWZHHQ
SDUW RQWKHOHIW WKHUHGOLQHIRUWKHDQDO\WLFDOVROXWLRQUHPDLQHTXDOWRWKHEOXHRQH


)LJXUH7UHQGRIWKHPD[LPXPHUURUDVWKHVL]HRIWKHRUELWIRU6XQ$ODXGDV\VWHP

LQFUHDVHVZLWKWKHDVVXPSWLRQ
4.2

Comparison between different assumptions

6HYHUDOPRGHOVZHUHSURGXFHGLQWKLVVWXG\,QDGGLWLRQWRWKHRQHSURSRVHGLQWKHSUHYLRXV
SDUDJUDSKPRGHOVZLWKWKHK\SRWKHVLV
WKH
DQG
ZHUH
FRQVLGHUHG 7KHVH K\SRWKHVHV ZHUH WHVWHG E\ REVHUYLQJ WKH YDOLGLW\ OLPLWV 7KH YHULILFDWLRQ
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SKDVHFRQVLVWHGLQVLPXODWLQJWKHGLIIHUHQWPRGHOVREWDLQHGIRUYDULRXVV\VWHPVLHZKHQWKH
PDVVSDUDPHWHU YDULHVLQSDUWLFXODUWKHYDOXHVFRUUHVSRQGLQJWRWKH6XQV\VWHP (DUWK0RRQ 
0DUV'HLPRV DERXW
DQG ILQDOO\ WR6XQ$ODXGD
7REHWWHU
DERXW
XQGHUVWDQGWKHYDOLGLW\RIWKHVHK\SRWKHVHVREVHUYHWKHFRPSDULVRQEHWZHHQWKHSDUDPHWHUVLQ
)LJXUH  7KHVH LPDJHV UHSUHVHQW WKH WUHQG RI WKH DVVXPSWLRQ
 SUHYLRXVO\
LQFUHDVHVDQGWKHPDVVSDUDPHWHU YDULHV7KHSORWV
UHSRUWHGZKHQWKHVL]HRIWKHRUELW
VKRZWKHWUHQGDQGDERYHDOOWKHLQWHQVLW\RIWKH%LJ2K\SRWKHVLV
ZKHQWKH
RUELWLQFUHDVHVLQVL]HLHDSSURDFKHVWKHSULPDU\DWWUDFWRU7KHFRORUVDUHDVVRFLDWHGZLWKWKH
RUGHUMEDVHGRQWKHK\SRWKHVLVXVHG)URPWKHVHILJXUHVZHFDQGHGXFHWKDWWKHPRUH LV
VPDOOWKHPRUHWKH
DVVXPSWLRQLVYHULILHG7KLVFDQEHH[SODLQHGE\WKHIDFWWKDWWKH
PRUHWKHRUELWLQFUHDVHVLQVL]HWKHFORVHULWJHWVWRWKHSULPDU\DWWUDFWRUDQGFRQVHTXHQWO\WKH
G\QDPLFVEULQJVWKHGHYLDWLRQRIWKHFHQWUHRIWKHRUELWWREHPRUHDQGPRUHFRPSDUDEOHZLWK
WKHGLVWDQFHEHWZHHQWKHSULPDULHVDQGQRORQJHUDIUDFWLRQRIWKHODWWHU

IRU6XQ$ODXGDV\VWHPDVWKHVL]HRIWKH
)LJXUH7UHQGRIWKHDVVXPSWLRQ
LQFUHDVHV IURPOHIWWRULJKW(DUWK0RRQ0DUV'HLPRVDQG6XQ$ODXGD 
RUELW
5

CONCLUSION

7KH PDWKHPDWLFDO PRGHO XVHG KHUH LV WKH SODQDU &5%3 LQ D VLPSOLILHG YHUVLRQ 7KLV QHZ
PRGHO OLWWOH GLVFXVVHG LQ WKH OLWHUDWXUH LV YHU\ LQWHUHVWLQJ DV LW DOORZV WR LPSURYH WKH +LOO
SUREOHPDQGFDQEHH[SORLWHGHYHQLQUHJLRQVFORVHUWRWKHSULPDU\DWWUDFWRU
7KHZRUNSURGXFHGDVHULHVRIDQDO\WLFDOVROXWLRQVIRUWKHILUVWWHUPRIWKH&5%3XVLQJYDULRXV
DVVXPSWLRQV ,Q SDUWLFXODU WKH K\SRWKHVLV WKDW SURGXFHV DQ LPSURYHPHQW LV WKDW LQYROYLQJ
 7KLV RFFXUV EHFDXVH WKH FRQWULEXWLRQ RI WKH SULPDU\ DWWUDFWRU HYHQ LI
DSSUR[LPDWHGPXVWEHFRQVLGHUHGSUHGRPLQDQWZLWKUHVSHFWWRWKHLQIOXHQFHRIWKHVHFRQGDU\
7KURXJKWKHDVVXPSWLRQWKH&DQRQLFDOSHUWXUEDWLRQWKHRU\DOORZVILUVWRIDOOWRFRQVLGHUWKH
FRQWULEXWLRQRIWKHSULPDU\LQDPRUHLQFLVLYHZD\ZLWKUHVSHFWWRWKHVHFRQGDU\6HFRQGO\WKH
DVVXPSWLRQJXDUDQWHHVWRDYRLGWKHFRXSOLQJEHWZHHQWKHHOOLSWLFDOLQWHJUDOVDOORZLQJWRVROYH
DQDO\WLFDOO\WKHSUREOHPE\FRQVLGHULQJGLIIHUHQWWHUPVRIWKHFDQRQLFDOSHUWXUEDWLRQWKHRU\
+RZHYHUWKHDQDO\WLFDOVROXWLRQSURSRVHGE\/DUDIRUWKH+LOOPRGHOFRPSDUHGWRWKHQHZ
VROXWLRQSURSRVHGLQWKLVVWXG\WXUQVRXWWREHYHU\VLPLODULQSDUWLFXODULQWKHYLFLQLW\RIWKH
VHFRQGDU\DWWUDFWRU7KLVKDSSHQVEHFDXVHJHWWLQJFORVHUWRWKHVHFRQGDU\WKHFRQWULEXWLRQRI
WKH SULPDU\ FDQ EH FRQVLGHUHG DV D GLVWXUEDQFH 2Q WKH RWKHU KDQG LQ WKH +LOO PRGHO WKH
FRQWULEXWLRQRIWKHSULPDU\DWWUDFWRULVFRUUHFWO\VROYHGDFFRUGLQJWRWKHZHOONQRZQ&ORKHVV\
:LOWVKLUH HTXDWLRQV >@ 8QIRUWXQDWHO\ WKLV GRHV QRW DSSHDU WR EH WUXH LQ WKH QHZ PRGHO
&5%3 ZKHUH WKH DGGLWLRQDO WHUPV UHODWLQJ WR WKH SULPDU\ DWWUDFWRU DUH FRQVLGHUHG DV
GHGXFWLRQVRIWKHSHUWXUEDWLRQV7KHUHIRUHWKHFORVHUWKHWKLUGERG\WRWKHSULPDU\DWWUDFWRUWKH
OHVVWKHVHWHUPVFDQEHFRQVLGHUHGDVSHUWXUEDWLRQV)URPWKHSUHYLRXVFRQVLGHUDWLRQVWKHPRVW
UHVWULFWLYHK\SRWKHVLVLVFHUWDLQO\WKDWRQ
7KLVDVVXPSWLRQLQYROYHVVHYHUDOFRXSOLQJVWKDW
PDNHWKHXVHRIWKH/LHWUDQVIRUPDWLRQFRPSOLFDWHGHYHQDWDORZOHYHORIWKHWKHRU\$VDOUHDG\
PHQWLRQHGDERYHWKHWHUPVRIWKH/LHWUDQVIRUP ZKLFKDUHDIXQFWLRQRILQFRPSOHWHHOOLSWLF
LQWHJUDOV RI WKH ILUVW DQG VHFRQG W\SH  DUH DOUHDG\ FRXSOHG DW ORZ RUGHUV RI WKH SHUWXUEDWLYH
WKHRU\7KLVFRXSOLQJPDNHVWKHDQDO\WLFDOLQWHJUDWLRQRIWKHVHHOOLSWLFDOLQWHJUDOVQRWIHDVLEOH
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UHGXFLQJWKHVWUHQJWKRIWKHWKHRU\LWVHOI+RZHYHUWKHPRGHOREWDLQHGLQWKLVVWXG\LVPRUH
DGYDQWDJHRXVIURPWKHSRLQWRIYLHZRIFRPSXWDWLRQDOWLPH+RZHYHULWLVVORZHGGRZQE\WKH
FDOFXODWLRQ RI HOOLSWLF LQWHJUDOV LQ SDUWLFXODU WKH LQFRPSOHWH RQHV ZKLFK QHHG LWHUDWLYH
DOJRULWKPVWREHVROYHG,QDQ\FDVHWKHHUURUVWKDWWKHDQDO\WLFDOPRGHOSURGXFHVZLWKUHVSHFW
WRWKHQXPHULFDORQHDUHDFFHSWDEOHZLWKUHVSHFWWRWKHQXPHULFDORQH0RUHRYHUWKHPRUHWKH
PDVVUDWLRGHFUHDVHVWKHPRUHWKHUDQJHRIYDOLGLW\RIWKHQHZPRGHO &5%3LQFUHDVHV
7KLV LPSURYHPHQW GHSHQGV RQ WKH IDFW WKDW WKH GLVWDQFH EHWZHHQ WKH SULPDULHV LV QR ORQJHU
LQILQLWH DVFRQVLGHUHGLQWKH+LOOPRGHO EXWILQLWHDQGWKHUHIRUHDSSOLFDEOHWRPRUHUHDOLVWLF
FDVHV
6
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ABSTRACT
6LQFHWKHEHJLQQLQJRIWKHKLVWRU\RIIOLJKWVLPXODWLRQKDVJDLQHGLQFUHDVLQJLPSRUWDQFHLQDOO
WKHOLIHVWDJHVRIDURWRUFUDIWSURMHFW0RGHUQIOLJKWVLPXODWLRQV\VWHPVFDQEHXVHGDPRQJ
RWKHU DFWLYLWLHV WR VWXG\ WKH SRVVLEOH RFFXUUHQFH RI DGYHUVH URWRUFUDIW SLORW FRXSOLQJV
RULJLQDWLQJIURPWKHLQWHUDFWLRQEHWZHHQSLORW¶VELRG\QDPLFVDXWRPDWLFFRQWUROV\VWHPVDQG
URWRUFUDIWG\QDPLFVWRUHSODFHRUFRPSOHPHQWUHDOIOLJKWWHVWLQJIRUZKDWFRQFHUQVPDFKLQH
FHUWLILFDWLRQUHTXLUHPHQWVLQWKRVHVLWXDWLRQVZKHUHWHVWLQJLWVHOISUHVHQWVKLJKULVNVRIGDPDJH
IRUSHRSOHDQGWKLQJVDQGDVSRZHUIXOFRQFHSWXDOGHVLJQWRROVWRH[SORUHERWKFRQYHQWLRQDO
DQGQRQFRQYHQWLRQDOFRQILJXUDWLRQV7KHZRUNFDUULHGRXWGHVFULEHVKRZLWLVSRVVLEOHWREXLOG
DUHDOWLPHIOLJKWVLPXODWRUGHVLJQHGWRLQYHVWLJDWHWKHVHUHVHDUFKILHOGVWKDWLVEDVHGRQRSHQ
VRXUFHVRIWZDUHFRVWHIIHFWLYHZLWKUHVSHFWWRWKHVROXWLRQVDFWXDOO\DYDLODEOHLQWKHDHURVSDFH
LQGXVWU\DQGZKLFKXVHV YLUWXDO UHDOLW\ 95 WR JLYHWKHSLORWIXOO LQYROYHPHQW LQWKHWHVWLQJ
HQYLURQPHQW7KHH[SHULPHQWDOFDPSDLJQVFDUULHGRXWKDYHGHPRQVWUDWHGWKHIXOILOPHQWRIDOO
WKHUHTXLUHPHQWVHVSHFLDOO\FRQFHUQLQJUHDOWLPHSHUIRUPDQFHVRIWKHV\VWHP

Keywords: 5RWRUFUDIW5HDO7LPH6LPXODWLRQ9LUWXDO5HDOLW\0XOWLERG\6LPXODWLRQ
1.

INTRODUCTION

6LQFH WKH EHJLQQLQJ RI DYLDWLRQ KLVWRU\ VLPXODWLRQ SUDFWLFH KDV EHHQ VWHDGLO\ LQFUHDVLQJ LWV
UHODWLYHLPSRUWDQFHZLWKUHVSHFWWRDLURSHUDWLRQVWKDQNVWRWKHXQGLVSXWHGFRQYHQLHQFHIRU
PDQXIDFWXUHUVDQGUHVHDUFKHUVWRKDYHLQVWUXPHQWVZLWKZKLFKWRVWXG\WKHDLUFUDIWEHKDYLRXU
LQSDUWLFXODUFRQGLWLRQVZLWKRXWEHLQJIRUFHGWRIO\DUHDOPDFKLQHKDQGLQKDQGZLWKFRPSXWHU
WHFKQRORJ\IOLJKWVLPXODWRUVKDYHHYROYHGLQWRDUWLFXODWHG\HWKLJKO\IOH[LEOHV\VWHPV,QWKH
\HDUV GHGLFDWHG VRIWZDUH KDYH EHHQ GHYHORSHG ERWK IRU FRPPHUFLDO DQG OHLVXUH DQG RIWHQ
SURGXFWVILUVWFRQFHLYHGIRUWKHODWWHUKDYHEHHQGHPRQVWUDWHGWREHSRZHUIXOLQVWUXPHQWVWKDW
HYHQWXDOO\HQGHGWREHXVHGE\SURIHVVLRQDOV7KHGLIIXVLRQRIRSHQVRXUFHSKLORVRSK\KDVOHG
WRWKHGHYHORSPHQWRIIXOO\FXVWRPL]DEOHFRQWHQW7RGD\¶VIOLJKWVLPXODWRUVDOORZWKHXVHUWR
VHW XS DG KRF PLVVLRQ VFHQDULRV DQG HYHQ ZRUN DV YLVXDOL]DWLRQ WRROV IRU H[WHUQDO IOLJKW
G\QDPLFVPRGHOVFUHDWHGZLWKWKHLQVWUXPHQWVRQHSUHIHUVZKHWKHUWKH\DUHSURSULHWDU\RUIUHH
,QSDUWLFXODUWKHXVHRI9LUWXDO5HDOLW\ 95 KHDGVHWVDUHVXEMHFWRILQFUHDVLQJLQWHUHVWLQIOLJKW
VLPXODWLRQUHVHDUFKIRUWKHLUSRWHQWLDOLQRIIHULQJDFFHVVWRKLJKO\LPPHUVLYHHQYLURQPHQWVLQ
DFRVWHIIHFWLYHZD\7KLVSDSHUGHVFULEHVDVXFFHVVIXOH[SHULHQFHLQGHYHORSLQJD95EDVHG
SODWIRUPIRUUHDOWLPHKHOLFRSWHUIOLJKWVLPXODWLRQEDVHGRQILUVWSULQFLSOHVDSSURDFKRIIHUHGE\
WKHIUHHPXOWLERG\G\QDPLFVVRIWZDUH0%'\Q>@>@ VRXUFHFRGHUHSRVLWRU\DFFHVVLEOHDW>@ 
LQWKHFRQWH[WRIWKH)5$0(6LPUHVHDUFKODERUDWRU\>@
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+HOLFRSWHUIOLJKWVLPXODWRU'DQLHOH=DQRQL0DVDUDWL4XDUDQWD


D )5$0(6LPSURMHFWLRQV\VWHP

E +7&9LYHKHDGVHW



)LJXUH)5$0(6LPSURMHFWLRQV\VWHP D DQG+7&9LYHKHDGVHW E 

1.1.

Virtual Reality approach

7KHPRVWZLGHVSUHDGVROXWLRQIRUIOLJKWVLPXODWLRQLVFROOLPDWHGVFUHHQSURMHFWLRQ7KLVLVDOVR
WKHFDVHRI)5$0(6LP )LJXUHD ,QVWUXPHQWVSDQHOVDUHORFDWHGRQDKDUGZDUHFRFNSLWLQ
IURQWRIWKHSLORWZKLOHWKHHQYLURQPHQWLVSURMHFWHGRQDVSKHULFDOVFUHHQ7KHVFUHHQVSDQV
LQ D]LPXWK DQG LQ HOHYDWLRQ:LWKUHVSHFW WR VFUHHQSURMHFWLRQ95KHDGVHWV
DOORZIXOOLPPHUVLRQLQWKHYLUWXDOHQYLURQPHQW95KHDGVHWDUHDEOHWRPDNHXSIRUVRPHRI
WKHVKRUWFRPLQJVRIFROOLPDWHGVFUHHQVWKH\DUHPXFKOHVVH[SHQVLYHOLJKWZHLJKWDQGPRVW
LPSRUWDQWDOORZWKHZHDUHUDILHOGRIYLHZZLWKRXWGLVWRUWLRQWKDQNVWRWKHIDFWWKDWWKH
SRLQWRIYLHZFDQEHFKDQJHGE\WXUQLQJWKHKHDGKRZHYHUWKH\SUHVHQWVRPHGLVDGYDQWDJHV
WRR$ERYHDOOWKHUHLVWKHVRFDOOHGPRWLRQVLFNQHVVWKLVSKHQRPHQRQKDSSHQVZKHQKXPDQ
EUDLQ YLVXDOO\ SHUFHLYHV PRWLRQ LQ GLVFRUGDQFH ZLWK WKH YHVWLEXODU V\VWHP V\PSWRPV DUH
QDXVHD DQG GLVRULHQWDWLRQ $ VHFRQG GLVDGYDQWDJH LV UHSUHVHQWHG E\ WKH OLPLWHG UHVROXWLRQ
RIIHUHGE\WKHGLVSOD\VIXUWKHUSUREOHPDWLFVLQFHWKH\DUHVLWXDWHGYHU\FORVHWRWKHSLORWH\HV
IRFDO SODQHV 7KLV OLPLWDWLRQ LV SDUWLFXODUO\ IHOW RQ WKH YLVXDOL]DWLRQ RI IOLJKW LQVWUXPHQWV
)XUWKHUPRUH95KHDGVHWVGRQRWPDNHSURYLVLRQVLQPRVWFDVHVIRUWKHYLVXDOL]DWLRQLQWKH
SURMHFWHGHQYLURQPHQWVRIWKHSLORWERG\DQGLQSDUWLFXODURIWKHSLORW VDUPVDQGKDQGV7KH
95KHDGVHWFKRVHQIRUWKLVSURMHFWLVWKH+7&9LYH )LJXUH 
2.

SIMULATION TEST CASE

7KH WDVN WKDW KDV EHHQ VHOHFWHG WR WHVW 95 VLPXODWLRQ FRQVLVWV LQ DQ DSSURDFK DQG ODQGLQJ
PDQHXYHURIDPHGLXPVL]HPXOWLUROHKHOLFRSWHUVLPLODUWRD/HRQDUGR+HOLFRSWHUV$:
RQWKHPRYLQJGHFNRID(XURSHDQ0XOWLSXUSRVH)ULJDWH )5(00)UHJDWDHXURSHDPXOWL
PLVVLRQH 7KHVFHQDULRDQGWKH0LVVLRQ7DVN(OHPHQWV 07(V KDYHEHHQVHOHFWHGERWKWR
SURYLGHDFKDOOHQJLQJVFHQDULRIRUWKHGLIIHUHQWFRPSRQHQWVRIWKHIOLJKWVLPXODWLRQIUDPHZRUN
VWLPXODWLQJ LWV GHYHORSPHQW DQG IRU WKH UHDVRQ LW UHSUHVHQWV DQ LGHDO WHVW FDVH IRU 95
HQYLURQPHQWYLVXDOFXHVDUHOLPLWHGDQGDFFXUDWHFXHLQJLVSDUDPRXQWWRWKHPLVVLRQVXFFHVV
2.1.

Ship model

7KH VKLS PRGHO KDV EHHQ GHYHORSHG XVLQJ 0DULQH 6\VWHP 6LPXODWRU 066 >@  D 0DWODE
6LPXOLQNOLEUDU\DQGUHDOWLPHVLPXODWRURIPDULQHV\VWHPVGHYHORSHGE\7,)RVVHQDQG7
3HUH]066DOORZVWRVLPXODWHYHVVHOVIRUORZVSHHGPDQHXYHULQJDQGVWDWLRQNHHSLQJLQVL[
GHJUHHV RI IUHHGRP EDVLQJ RQ IUHTXHQF\ GHSHQGHQW K\GURG\QDPLF GDWD 7KH VKLS PRGHO LV
EDVHGRQK\GURG\QDPLFGDWDIRUDVKLSZLWKVL]HFRPSDULQJIDYRXUDEO\WRWKDWRID)5(00
DQGLVJRYHUQHGE\DVHULHVRIFRQWUROOHUVWKDWSURYLGHJXLGDQFHDWWKHGHVLUHGFRXUVHDQGVSHHG
LQDVHDPRGHOGHULYHGIURPDGLUHFWLRQDOZDYHVSHFWUXPEDVHGRQVWDWLVWLFDOPRGHOVZKLFK
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FRQVLGHUVVLJQLILFDQWZDYHKHLJKWVPHDQZDYHGLUHFWLRQDQGZDYHVSUHDGLQJ$HURG\QDPLF
LQWHUDFWLRQEHWZHHQWKH QDYDO XQLWDQGWKHKHOLFRSWHUDQGWKHHIIHFW RIWKHKHOLFRSWHURQWKH
G\QDPLFVRIWKHQDYDOXQLWDUHDWSUHVHQWVWDJHGLVUHJDUGHG


D 1DYDOXQLWFUXLVHVSHHG



E 1DYDOXQLWKHDYHPRWLRQ



)LJXUH1DYDOXQLWFUXLVHVSHHG D DQGKHDYH E WLPHKLVWRULHV

2.2.

Helicopter model

7KH URWRUFUDIW PRGHO LV UHSUHVHQWDWLYH RI D PHGLXPZHLJKW PXOWLUROH KHOLFRSWHU DNLQ WR D
/HRQDUGR+HOLFRSWHUV$:IUHTXHQWO\HPSOR\HGLQRIIVKRUHDFWLYLWLHV7KHIOLJKWG\QDPLFV
PRGHOKDVEHHQEXLOWLQ 0%'\Q >@>@DIUHHPXOWLERG\VLPXODWLRQVRIWZDUHGHYHORSHGDW
3ROLWHFQLFRGL0LODQR'HSDUWPHQWRI$HURVSDFH6FLHQFHDQG7HFKQRORJ\0%'\QLVDEOHWR
SHUIRUPVLPXODWLRQV ZLWKUHDO WLPHVFKHGXOLQJEDVHGRQ326,;SULPLWLYHV RU57$, V\VWHP
FDOOV >@ 7KH KHOLFRSWHU KDV EHHQ PRGHOHG XVLQJ DV UHIHUHQFH D W\SLFDO FRQILJXUDWLRQ IRU D
6HDUFKDQG5HVFXH 6$5 PLVVLRQIXOOORDGDQGFHQWHURIJUDYLW\DIWRIWKHPDLQURWRUKXE
7KHIXVHODJHLVUHSUHVHQWHGE\DVLQJOHULJLGERG\ZLWKLQHUWLDSURSHUWLHVUHIHUUHGWRLWVFHQWHU
RIPDVV7DLOYHUWLFDODQGKRUL]RQWDOVWDELOL]HUKDYHEHHQPRGHOHGDVDHURG\QDPLFERGLHVZLWK
RQHLQWHJUDWLRQSRLQWHDFKDQG1$&$DLUIRLOV7KH$:ILYHEODGHPDLQURWRULVIXOO\
DUWLFXODWHGDQGXVHG%(53,9EODGHV>@,QWKHPXOWLERG\PRGHOWKHODWWHUKDYHEHHQUHSODFHG
E\UHFWDQJXODUEODGHV(DFKEODGHLVUHSUHVHQWHGE\DVLQJOHULJLGERG\ZLWKWKHFHQWHURIPDVV
SRVLWLRQHGDWKDOIWKHEODGHVSDQDORQJWKHIHDWKHULQJD[LVSRVLWLRQHGDWRIWKHEODGHFKRUG
 IURP URRW WR WLS
EODGH DLUIRLO LV 1$&$ ZLWK QHJDWLYH WZLVW DQJOH
$HURG\QDPLFVIRUHDFKEODGHDUHFRPSXWHGLQIRXULQWHJUDWLRQSRLQWVHTXDOO\VSDFHGDORQJWKH
VSDQ(DFKEODGHLVOLQNHGWRWKHKXEE\DVSKHULFDOKLQJHWKHODJGDPSHUVKDYHFRQVWDQWYDOXH
FRHIILFLHQW VL]HGVWDUWLQJIURPWKHHTXDWLRQRIODJJLQJPRWLRQIRUVPDOOODJDQJOH >@7KH
EODGHVDUHFRQQHFWHGWRWKHURWDWLQJVZDVKSODWHYLDSLWFKOLQNVPRGHOHGDVURGVZLWKVWLIIQHVV
 DQG GDPSLQJ FRHIILFLHQW
 WR DYRLG SRVVLEOH G\QDPLF
LQVWDELOLWLHVUHODWHGWRWKHFRLQFLGHQFHRIDHURG\QDPLFFHQWHUFHQWHURIPDVVDQGIHDWKHULQJ
D[LV7KHWDLOURWRULVPRGHOHGRQO\WKURXJKLVWKUXVWIRUFHFRPSXWHGLQFORVHGIRUPIROORZLQJ
WKHPRGHOSURSRVHGLQ>@$FWXDWRUGLVFWKHRU\GRHVQRWWDNHLQWRDFFRXQWGUDJDQGSURILOH
SRZHU DQG WKH PRGHO EXLOW GRHV QRW FRQVLGHU LQWHUIHUHQFH HIIHFWV JLYHQ E\ WKH YHUWLFDO
VWDELOL]HU WKXV UHVXOWLQJ LQ D RYHUHVWLPDWLRQ RI WKH SHUIRUPDQFHV RI WKH WDLO URWRU KRZHYHU
WKHVH OLPLWDWLRQV LQ WKH DHURG\QDPLF PRGHO DUH D FRPSURPLVH DFFHSWHG WR HQVXUH UHDO WLPH
SHUIRUPDQFHV
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2.3.

AFCS model

7KHFRQWUROSDUWFRQWDLQVWKHSULPDU\IOLJKWFRQWUROVLQSXWPDQDJHUDQGWKHPRGHOVRIWKH$)&6
HOHPHQWV $OO WKHVH VXEV\VWHPV KDYH EHHQ EXLOW LQ 6LPXOLQN HDFK RQH LV FRQFHLYHG DV DQ
LQGHSHQGHQWPRGXOHDQGHDFKFDQEHPDQDJHGUHPRYHGRUXSJUDGHGVHSDUDWHO\$OOWKH$)&6
HOHPHQWVLPSOHPHQWVDWXUDWLRQWRNHHSWKHFRQWUROFRUUHFWLYHDFWLRQLQVLGHWKHH[FXUVLRQOLPLWV
RIWKHDFWXDWRUV$WWKHFXUUHQWVWDWHRIWKHSURMHFWDFWXDWRUVG\QDPLFVLVQRWPRGHOHGEXWWKH
V\VWHPLVUHDG\WRDFFRPPRGDWHIXWXUHLPSURYHPHQWV
2.4.

Trim

7KHWULPSURFHGXUHQHHGHGWRVWDUWWKHVLPXODWLRQLQWKHGHVLUHGIOLJKWVWDWHLVSHUIRUPHGE\D
FKDLQRI3,'UHJXODWRUVVKRZQLQ)LJXUHDFWLQJLQFORVHGORRSZLWKWKHIOLJKWG\QDPLFVPRGHO
7KHFRQWUROOHUV¶VFKHPHLVGHULYHGIURPWKHDVVXPHGSLORWYHKLFOHORRSVWUXFWXUHIRUORZVSHHG
IOLJKWGHYHORSHGE\1$6$>@,PSOHPHQWDWLRQVRIWKLVPRGHOKDYHEHHQDOVRGHYHORSHGLQ
RWKHUSURMHFWVDW32/,0,'$(5>@




)LJXUH3,'FRQWUROOHUIRUWKHWULPSURFHGXUH

7KH 6WDELOLW\ $XJPHQWDWLRQ 6\VWHP 6$6  KDV EHHQ GHYHORSHG XVLQJ LQLWLDO JXHVV YDOXHV
FRPLQJIURPSXEOLVKHGGDWDUHODWHGWRWKH,$53XPDKHOLFRSWHU>@VXEVHTXHQWO\DGDSWHG
WRWKH$:FKDUDFWHULVWLFV7KH$)&6LVFRPSOHWHGE\DOWLWXGHKHDGLQJDQGFUXLVHVSHHG
KROGPRGHVDQGDVLPSOHJRYHUQRUDFWLQJRQDQDOJHEUDLFPRGHORIWKHHQJLQHWRUTXHRXWSXWLV
LQFKDUJHRINHHSLQJWKHDQJXODUVSHHGRIWKHURWRUDWWKHQRPLQDOYDOXH
2.5.

Contact model

)LJXUH5HDFWLRQIRUFHVFDOFXODWLRQIORZFKDUW




&RQWDFWV EHWZHHQ WKH VKLS GHFN SODQH DVVXPHG ULJLG DQG WKH ODQGLQJ JHDU ZKHHOV
DSSUR[LPDWHGE\VLQJOHFRQWDFWSRLQWVLVLPSOHPHQWHGWRJHWKHUZLWKWKHDVVRFLDWHGFRQWDFW
GHWHFWLRQ PRGXOH LQ D GHGLFDWHG 6LPXOLQN EORFN 7KH LQSXWV DUH SRVLWLRQ RULHQWDWLRQ DQG
YHORFLWLHVRIWKHGHFNSRVLWLRQYHORFLW\RIWKHODQGLQJJHDUSRLQW UHFHLYHGIURP0%'\QYLD
8'3VRFNHW DQGWKHGLPHQVLRQVRIWKHGHFN7KHWKUHHFRQWDFWIRUFHV QRUPDOUHDFWLRQDQG
IULFWLRQIRUFHVLQWKHGHFNSODQH DUHFRPSXWHGDFFRUGLQJWRWKHPRGHOSUHVHQWHGE\)ORUHVHW
$O>@DQGDUHVHQWWRWKH0%'\QPRGHOYLD8'3VRFNHW )LJXUH 7KHFRQWDFWVFKHPH

485

+HOLFRSWHUIOLJKWVLPXODWRU'DQLHOH=DQRQL0DVDUDWL4XDUDQWD
SURSRVHGLQWKHFLWHGOLWHUDWXUHZKLFKLVDOVRXVHGE\WKHFRQWLQXRXVFRQWDFW0%'\QPRGXOH
>@KDVEHHQDGDSWHGWRFRSHZLWKDILQLWHVXUIDFHPRYLQJLQ'VSDFH
2.6.

Visualization module

$OOWKHVLPXODWLRQUXQVKDYHEHHQFDUULHGRXWXVLQJ;3ODQH>@ZLWKWKHSLORWZHDULQJ95
KHDGVHW 7KH FRPPXQLFDWLRQ EHWZHHQ 0%'\Q DQG ;3ODQH KDV EHHQ HVWDEOLVKHG WKURXJK D
&;3ODQHSOXJLQSDVVLQJDLUFUDIWDQGVKLSGDWDYLD8'3VRFNHW7KHVLPXODWLRQVWDNHSODFH
LQRSHQVHDDFRQWH[WLQZKLFKWKHUHLVDVPDOOQXPEHURIYLVXDOFXHVH[FHSWWKHKRUL]RQWKH
VKLSLWVHOIDQGVRPHUHIHUHQFHQDYLJDWLRQSRLQWVLQWKHIRUPRIGLVWDQWRLOULJVDQGQDYDOWUDIILF
7KHVKLSPRGHOLWVHOISUHVHQWVPDUNLQJVWKDWFDQWREHXVHGDVYLVXDOFXHV$QDXJPHQWHGUHDOLW\
IHDWXUHZDVDGGHGLQWKHYLUWXDOUHDOLW\HQYLURQPHQWD+8'IROORZLQJSLORW VKHDGPRYHPHQWV
DQGDOORZLQJWKHPWRFKHFNLQVWUXPHQWVZLWKRXWORVLQJH\HFRQWDFWZLWKWKHODQGLQJVSRW




)LJXUH3LORW VYLHZGXULQJDSSURDFKJODVVFRFNSLWDQG+8'DUHYLVLEOH
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3.

EXPERIMENTS AND RESULTS



)LJXUH0LVVLRQSURILOHV


7KH PLVVLRQ SURILOH RI WKH VLPXODWRU UXQV LV VXPPDUL]HG LQ )LJXUH 7KH PLVVLRQ YDULDQWV
FRQVLGHUHGDUHIRXUDQGFRYHUVWDQGDUGRSHUDWLQJSURFHGXUHVIRUGHFNODQGLQJDSSURDFKZLWK
VKLSDWDQFKRUZLWKVKLSPRYLQJDWNWVVWUDLJKWDSSURDFKIURPVWHUQDQGODWHUDODSSURDFK
IURPSRUWTXDUWHU7KHODWWHULVGLUHFWO\UHODWHGWRWKHSRVLWLRQRIWKHSLORWZKRXVXDOO\VLWVRQ
WKHULJKWKDQGVHDW7KLVJXDUDQWHHVWKHEHVWYLVXDOFXHVE\PD[LPL]LQJWKHILHOGRIYLHZRIWKH
SLORW VHH)LJXUH 6HDVWDWHOHYHOKDVEHHQNHSWDWOHYHO>@UHSUHVHQWLQJWKHXSSHUOLPLWDW
ZKLFKODQGLQJVLQURXJKZDWHUVDUHXVXDOO\FDUULHGRXWZLWKQDYDOXQLWVRIWKLVVL]H7KHOLPLWLQJ
IDFWRUVWRGHFNDSSURDFKFDQEHLGHQWLILHGLQWKHUROOSLWFKDQGKHDYHRIWKHQDYDOXQLW,QUHDO
VLWXDWLRQVODQGLQJZRXOGEHGLVFRXUDJHGLIQRWIRUELGGHQZLWKWKHKXOOXQGHUJRLQJURWDWLRQVRI
RYHUDORQJ[DQG\D[HV7KHUHVXOWVUHSRUWHGKHUHDUHDERXWSRUWTXDUWHUDSSURDFKZLWKVKLS
DWNWVDWWKLVYHORFLW\WKHOLPLWLVH[FHHGHGIRUUROOGXULQJVKRUWSHULRGVEXWRQDYHUDJH
WKHWLPHKLVWRU\KDVEHHQFRQVLGHUHGDFFHSWDEOHIRUWKHH[SHULPHQWVEHFDXVHIURPWKHSRLQWRI
YLHZRIWKLVGHJUHHRIIUHHGRPWKHTXLHVFHQWSHULRGUHPDLQVXQGHUWKHERXQGDULHVGHILQHG
$IWHUWRXFKGRZQWKHURWRUFUDIWDQGWKHVKLSPRYHWRJHWKHU )LJXUH 

D



E 



)LJXUH+HOLFRSWHUYHUWLFDOIOLJKWSDWK D DQGVSHHG E GXULQJDSSURDFKDQGWRXFKGRZQ
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3.1.

Considerations on real-time performance

5HDOWLPHSHUIRUPDQFHUHTXLUHPHQWVDUHHQVXUHGE\FDUHIXOO\VHOHFWLQJWKHYDOXHVRIVHYHUDO
VHWWLQJVWKHILUVWLVWKHFKRLFHRIWKHOHYHORIGHWDLORIWKHIOLJKWG\QDPLFVPRGHO7KHQH[W
IDFWRULVWKHLQWHJUDWLRQWLPHVWHSZKLFKGHSHQGVGLUHFWO\RQWKHQRPLQDOYDOXHRIWKHDQJXODU
7KHIDFWRU
KDVEHHQFKRVHQ
YHORFLW\RIWKHPDLQURWRUDQGLVGHILQHGDVGW
WRJLYHWKHEHVWUHDOWLPHSHUIRUPDQFHVZLWKRXWFRPSURPLVLQJWKHQXPHULFDOFRQYHUJHQFHUDWH
2WKHUSHUIRUPDQFHHQKDQFLQJIDFWRUVLQFOXGHWKHVFKHGXOLQJRIWKHFRPPXQLFDWLRQZLWKWKH
YLVXDOL]DWLRQWRROVWRDYRLGJUDSKLFODJV7KHVFKHGXOLQJLVSHUIRUPHGWRREWDLQDUHFLSURFDO
SRVLWLYH HIIHFW YLVXDOL]DWLRQ SURFHVV LV &38WLPH FRQVXPLQJ EXW RSWLPDO UHIUHVK UDWH LV LQ
JHQHUDOORZHUWKDQWKHIOLJKWG\QDPLFVVLPXODWLRQIUHTXHQF\WKXVLWLVQRWQHFHVVDU\IRUWKH
YLVXDOL]DWLRQ WRRO WR UHFHLYH LQIRUPDWLRQ DW HDFK WLPH VWHS 7KLV SURFHGXUH LV LPSRUWDQW
HVSHFLDOO\ZKHQXVLQJWKH95KHDGVHW IRUZKLFKHYHU\FRQGLWLRQUHVXOWLQJLQXVHU VPRWLRQ
VLFNQHVVPXVWEHDYRLGHG7KHWXQLQJSURFHGXUHFRQVLVWVLQWKHFKRLFHRIWKHQXPEHURIVWHSV
GXULQJZKLFK0%'\QGRHVQRWVHQGLQIRUPDWLRQWRWKHYLVXDOL]DWLRQOD\HU

4.

CONCLUSIONS

7KHSXUSRVHRIWKLVZRUNZDVWRGHVFULEHKRZDKHOLFRSWHUIOLJKWVLPXODWRUEDVHGRQILUVW
SULQFLSOHVDSSURDFKRIIHUHGE\PXOWLERG\G\QDPLFVXVLQJ0%'\QDQGWRYDOLGDWHWKH
DSSURDFKRIHTXLSSLQJWKHSLORWZLWKD95KHDGVHW3DUWLFXODUFDUHKDVEHHQSXWRQWKH
YLVXDOL]DWLRQVLGHRIWKHPRGHOZKHUHWKHVWDQGDUGVL[LQVWUXPHQWVDQGWKHFRQWUROVKDYHEHHQ
UHFUHDWHGWRLPSURYHWKHLPPHUVLRQLQWKHVLPXODWLRQ$VHULHVRIWHVWVIRFXVLQJRQWKHKLJK
GHPDQGLQJWDVNRIDSSURDFKDQGODQGLQJRQWKHPRYLQJGHFNRIDQDYDOXQLWKDYHEHHQVHWXS
WRGHPRQVWUDWHWKHYDOLGLW\RIWKHZRUN7KH6KLSPRGHOEDVHGRQWKHIUHHVRIWZDUH066
UHOLHVRQDFWXDOK\GURG\QDPLFVGDWDDQGVWDWLVWLFDOZDYHPRGHOVEDVHGRQWUXHVHDVWDWHWR
UHFUHDWHUHDOLVWLFFRQGLWLRQV7KHKHOLFRSWHUKDVEHHQPRGHOHGDIWHUWKH$:ZLGHO\XVHG
WRSHUIRUPRIIVKRUHPLVVLRQVDQGRSHUDWLQJIURPQDYDOXQLWVDFFRPSDQLHGE\DFRPSOHWH
$)&6FUHDWHGLQ6LPXOLQN)RXUPLVVLRQOD\RXWVUHFUHDWHGVWDQGDUGRSHUDWLQJSURFHGXUHVIRU
GHFNDSSURDFKDQGODQGLQJ7KLVZRUNDOVRSURYHVWKDWLWLVSRVVLEOHWRFUHDWHORZFRVWKLJK
ILGHOLW\VLPXODWRUVQRWQHFHVVDULO\EXLOWWRZLWKWKHREMHFWLYHWREHXVHGRQO\DVWUDLQLQJ
GHYLFHVIRUSLORWVEXWGHGLFDWHGSULPDULO\WRWKHVWXG\RIWKHURWRUFUDIWGXULQJHDUO\GHVLJQ
VWDJHVDQGSURWRW\SHGHYHORSPHQW9LUWXDOUHDOLW\DOORZVIDVWDQGHDV\UHFRQILJXUDWLRQRIWKH
VLPXODWLRQGHYLFHZLWKRXWKDYLQJWRFRPPLWIXUWKHUFRVWVIRUDQHZVLPXODWRUIRUHDFKQHZ
URWRUFUDIWRUGLIIHUHQWGHVLJQVWXGLHV7KLVFRXOGDQWLFLSDWHWKHLQGLYLGXDWLRQRISUREOHPV
GXULQJWKHFRQFHSWXDOGHVLJQSKDVHOHYHUDJLQJYLUWXDOUHDOLW\VLPXODWLRQLQVXSSRUWWRWKH
HDUO\GHVLJQVWDJH
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XRWGRFXPHQWZPRFRGHKWP
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(0/HRQDUGL 03RQWDQL


)DFXOW\RI&LYLODQG,QGXVWULDO(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPHYLD(XGRVVLDQD
5RPH,WDO\





'HSDUWPHQWRI$VWURQDXWLFDO(OHFWULFDODQG(QHUJ\(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI
5RPHYLD6DODULD5RPH,WDO\
HOHRQDUGL#KRWPDLOLWPDXURSRQWDQL#XQLURPDLW

$%675$&7
7KHGHWHUPLQDWLRQRIPLQLPXPSURSHOODQWFRQVXPSWLRQWUDMHFWRULHVUHSUHVHQWVDFUXFLDOLVVXH
IRUWKHSXUSRVHRISODQQLQJURERWLFDQGKXPDQPLVVLRQVWRWKH0RRQLQWKHQHDUIXWXUH7KLV
ZRUNDGGUHVVHVWKHSUREOHPRILGHQWLI\LQJPLQLPXPIXHORUELWWUDQVIHUVIURPDVSHFLILHGORZ
(DUWK RUELW /(2  WR D ORZ 0RRQ RUELW /02  XQGHU WKH DVVXPSWLRQ RI HPSOR\LQJ KLJK
WKUXVWSURSXOVLRQ7KHSUREOHPDWKDQGLVVROYHGLQWKHG\QDPLFDOIUDPHZRUNRIWKHFLUFXODU
UHVWULFWHG WKUHHERG\ SUREOHP )LUVW WKH RSWLPDO WZRGLPHQVLRQDO /(2WR/02 WUDQVIHU LV
GHWHUPLQHG 6HFRQG WKUHHGLPHQVLRQDO WUDQVIHUV DUH FRQVLGHUHG LQ D G\QDPLFDO PRGHO WKDW
LQFOXGHV WKH &DVVLQL¶V ODZV RI OXQDU PRWLRQ 7KH SURSHOODQW FRQVXPSWLRQ DVVRFLDWHG ZLWK
WKUHHGLPHQVLRQDOWUDQVIHUVWXUQVRXWWREHUHODWLYHO\LQVHQVLWLYHWRWKHILQDORUELWLQFOLQDWLRQ
DQGH[FHHGVRQO\PDUJLQDOO\WKHYDOXHRIWKHJOREDOO\RSWLPDOWZRGLPHQVLRQDORUELWWUDQVIHU

.H\ZRUGV (DUWK0RRQ PLVVLRQV &LUFXODU UHVWULFWHG WKUHHERG\ SUREOHP OXQDU RUELW
G\QDPLFVVSDFHFUDIWWUDMHFWRU\RSWLPL]DWLRQ


,1752'8&7,21

,QUHFHQW\HDUVOXQDUPLVVLRQVDUHDWWUDFWLQJDQLQFUHDVLQJLQWHUHVWLQWKHFOHDUSHUVSHFWLYHRI
SODQQLQJ DQG FRPSOHWLQJ URERWLF DQG KXPDQ PLVVLRQV LQ WKH QHDU IXWXUH ,Q WKLV FRQWH[W
LGHQWLI\LQJ PLQLPXPSURSHOODQWFRQVXPSWLRQ SDWKV UHSUHVHQWV D FUXFLDO LVVXH (DUWK0RRQ
RUELW WUDQVIHUVKDYHEHHQLQYHVWLJDWHGE\PDQ\UHVHDUFKHUVLQ WKHODVW GHFDGHV 0RVWVWXGLHV
HPSOR\HGWKHSODQDUFLUFXODUUHVWULFWHGWKUHHERG\SUREOHP>@DVDUHDVRQDEO\DFFXUDWHPRGHO
WR LQYHVWLJDWH RUELWDO PRWLRQ XQGHU WKH VLPXOWDQHRXV JUDYLWDWLRQDO DWWUDFWLRQ RI (DUWK DQG
0RRQ$YDULHW\RIWUDQVIHURSWLRQVKDYHEHHQSURSRVHGDOVRXVLQJVSDFHPDQLIROGG\QDPLFV
>@RUORZWKUXVWSURSXOVLRQ>@
7KLV ZRUN LV DLPHG DW LGHQWLI\LQJ PLQLPXPIXHO WZR DQG WKUHHGLPHQVLRQDO RUELW WUDQVIHUV
IURPDVSHFLILHGORZ(DUWKRUELW /(2 WRDORZ0RRQRUELW /02 XQGHUWKHDVVXPSWLRQRI
HPSOR\LQJ KLJKWKUXVW SURSXOVLRQ 7KH LPSXOVLYH WKUXVW DSSUR[LPDWLRQ LV DGRSWHG WR PRGHO
VKRUWGXUDWLRQSRZHUHG DUFV 7KHSUREOHP DW KDQGLV VROYHGLQWKHG\QDPLFDO IUDPHZRUNRI
WKH FLUFXODU UHVWULFWHG WKUHHERG\ SUREOHP ZKLFK JXDUDQWHHV VDWLVIDFWRU\ DFFXUDF\ LQ
SUHOLPLQDU\PLVVLRQDQDO\VLVXQOLNHWKHSDWFKHGFRQLFDSSUR[LPDWLRQ)LUVWDIRUPXODWLRQRI
WKH RSWLPDO WZRGLPHQVLRQDO RUELW WUDQVIHU IURP /(2 WR /02 LV EHLQJ SUHVHQWHG DLPHG DW
GHILQLQJDQGLQYHVWLJDWLQJ DOOWKHIHDVLEOHSDWKV ZLWK WKHILQDO LQWHQWRIILQGLQJWKHJOREDOO\
RSWLPDO VROXWLRQ $V D VHFRQG VWHS WKUHHGLPHQVLRQDO WUDQVIHUV DUH EHLQJ FRQVLGHUHG LQ D
G\QDPLFDOIUDPHZRUNWKDWLQFOXGHVDOVRWKH&DVVLQL¶VODZVRIOXQDUPRWLRQ
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,Q WKH FLUFXODU UHVWULFWHG WKUHHERG\ SUREOHP &5%3  WZR SULPDU\ ERGLHV LH (DUWK DQG
0RRQLQWKLVVWXG\ GHVFULEHFRXQWHUFORFNZLVHFLUFXODURUELWVDURXQGWKHFHQWHURIPDVVRIWKH
>@ZKHUH*LVWKHXQLYHUVDO
V\VWHPZLWKFRQVWDQWDQJXODUVSHHG
JUDYLWDWLRQ FRQVWDQW 5(0  LV WKH FRQVWDQW GLVWDQFH EHWZHHQ WKH WZR SULPDULHV ZKHUHDV
UHSUHVHQWWKHPDVVHVRI(DUWKDQG0RRQUHVSHFWLYHO\7KH\DWWUDFWDWKLUGERG\
WKH VSDFHFUDIW  ZLWKRXW EHLQJ DWWUDFWHG E\ LW 7KLV PHDQV WKDW WKH PDVVHV 
 DQG 
IXOILOOWKHLQHTXDOLWLHV
!!
0RUHRYHUFDQRQLFDOXQLWVDUHHPSOR\HGLHWKH

WLPH XQLW 78  DQG WKH GLVWDQFH XQLW '8 GHILQHG DV  '8  5(0   DQG  78
 )RU WKH
(DUWK0RRQV\VWHP78 VDQG'8 NP0RUHRYHUWKHSDUDPHWHU
   IRU WKH V\VWHP DW KDQG  LV LQWURGXFHG DQG WKH JUDYLWDWLRQDO
SDUDPHWHUV RI WKH WZR SULPDULHV FDQ EH ZULWWHQ DV
  DQG
 LQ '878 
DQG
 '8 
7KHLUSRVLWLRQDORQJWKH[D[LVLVJLYHQE\
7KH V\QRGLF UHIHUHQFH IUDPH DVVRFLDWHG ZLWK XQLW YHFWRUV Ö ÖM  NÖ  URWDWHV WRJHWKHU ZLWK WKH
(DUWK0RRQV\VWHPDQGWKHVSDFHFUDIWLVVXEMHFWWRWKHIROORZLQJG\QDPLFVHTXDWLRQV



8
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[

[  \

8
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8
9[
]

[
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[

\



0

(

  


ZKHUH [\] DUHWKHSRVLWLRQFRRUGLQDWHVLQWKHV\QRGLFIUDPHZKHUHDV DQG GHQRWHWKH
LQVWDQWDQHRXV VSDFHFUDIW GLVWDQFH IURP WKH FHQWHU RI 0RRQ DQG (DUWK UHVSHFWLYHO\ 7KH
LQHUWLDO IUDPH DOLJQHG ZLWK WKH ULJKWKDQG VHTXHQFH RI XQLW YHFWRUV FÖ  FÖ  FÖ  LV VXFK WKDW

FÖ

NÖ  DQG FÖ  FÖ  FÖ

H[SUHVVLQJ

9[

[

WKH

\ 9\

Ö ÖM NÖ  DW D UHIHUHQFH WLPH VHW WR  7KLV FLUFXPVWDQFH DOORZV

FRPSRQHQWV

\

[ 9]

RI

WKH

LQHUWLDO

YHORFLW\

DORQJ

Ö ÖM  NÖ 

DV

]  0RUHRYHU LQ WKH &5%3 DQ LQWHJUDO H[LVWV >@ LH WKH

-DFRELLQWHJUDOZKRVHH[SUHVVLRQLV
,IWKH-DFRELLQWHJUDOHTXDOV


 '8 78 WKHQWKH]HURYHORFLW\FXUYHVFRQWDLQWKHLQWHULRUFROOLQHDUOLEUDWLRQ
SRLQW7KLVPHDQVWKDW
UHSUHVHQWVDOLPLWIRUIHDVLELOLW\RIWKHWUDQVIHUIURPWKH(DUWK
WRWKH0RRQ>@DQGWKHPLQLPXPLQLWLDOVSHHGLV YPLQ


8 [  \  ]

& 
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7KLV VHFWLRQLVGHYRWHGWR LGHQWLI\LQJWKHRSWLPDOWUDQVIHU IURP DFLUFXODU /(2 WR DFLUFXODU
FRSODQDU /02 ZLWK DOWLWXGHV RI  NP DQG  NP UHVSHFWLYHO\ 7KH /(2/02 RUELW
WUDQVIHUSUREOHPLVLQYHVWLJDWHGXQGHUWKHIROORZLQJDVVXPSWLRQV
D WKHVSDFHFUDIWWUDMHFWRU\OLHVHQWLUHO\RQWKH0RRQRUELWDOSODQH
E WKHWKLUGERG\SHUWXUEDWLRQVLQ/(2DQG/02DUHQHJOHFWHG
F WKHWUDQVIHUWUDMHFWRU\LQFOXGHVWZRLPSXOVLYHFKDQJHVRIYHORFLW\
IRUWUDQVOXQDURUELWLQMHFWLRQDQG
o DWDQJHQWLDOYHORFLW\FKDQJH
IRULQVHUWLRQLQWRWKHGHVLUHG/02
o DVHFRQGYHORFLW\FKDQJH
7KHRSWLPL]DWLRQSUREOHPFRQVLVWVRIPLQLPL]LQJWKHWRWDOYHORFLW\YDULDWLRQ

v/(2 DQG Y/02
v/02   
ZKHUH Y/(2
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0HWKRGRIVROXWLRQ

7KLVVXEVHFWLRQGHPRQVWUDWHVWKDWWZRSDUDPHWHUVDUHVXIILFLHQWWRLGHQWLI\DWZRGLPHQVLRQDO
/(2/02RUELWWUDQVIHULH Y/(2 DQGWKHDQJOH WKDWVHSDUDWHV Ö IURPWKHSRVLWLRQYHFWRU
RIWKHVSDFHFUDIWUHODWLYHWRWKH(DUWKFHQWHUDWWKHLQLWLDOWLPH$IWHUWKHILUVWYHORFLW\FKDQJH
WKHFRRUGLQDWHVRIWKHVSDFHFUDIWSRVLWLRQDQGYHORFLW\ UHODWLYHWRWKHV\QRGLFIUDPH DUH

[ [( 5/(2 FRV DQG\ 5/(2 VLQ    


[

5/(2 Y VLQ DQG\

Y

5/(2 FRV  Y

(

5/(2

Y/(2   


7KHVHYDOXHVUHSUHVHQWWKHLQLWLDOFRQGLWLRQVIRU(T  ZULWWHQLQWKHIRUPRIIRXUILUVWRUGHU
GLIIHUHQWLDO HTXDWLRQV DQG JRYHUQLQJ WKH WUDQVOXQDU WUDQVIHU DUF ,QWHUVHFWLRQ ZLWK WKH ILQDO
/02RFFXUVDW ZKHQWKHVSDFHFUDIWKDVFRRUGLQDWHV [ I  \ I DQGSRVLWLRQUHODWLYHWRWKH
0RRQ GHQRWHG ZLWK

[I

 DQG Ö  LV JLYHQ E\

 EHWZHHQ

5/02  7KH GHVLUHG YHORFLW\ FRPSRQHQWV [ I  \ I 
DIWHUWKHVHFRQGYHORFLW\FKDQJHFRUUHVSRQGWRWKHYHORFLW\DORQJDFLUFXODU/02

[I
\ I DQG\ I
[ I [0   
0 5/02 VLQ
0 5/02 FRV
VLQ

\ I 5/02 DQG FRV

 7KH DQJOH

[0


ZKHUH IRU WKH V\PEROV  H  WKH ILUVW DQG VHFRQG RSWLRQ FRUUHVSRQG UHVSHFWLYHO\ WR
FRXQWHUFORFNZLVH DQG FORFNZLVH OXQDU RUELWV 7KHUHIRUH LI [ I  \ I  GHQRWH WKH FRPSRQHQWV
EHIRUHWKHVHFRQGYHORFLW\FKDQJHWKHQ Y/02

[I

[I



\I

\I





,Q WKH HQG WKH (DUWK0RRQ WUDQVIHU LV SURYHQ WR EH LGHQWLILHG E\ D SDLU RI SDUDPHWHUV LH
Y/(2  7KH\DUHVRXJKWLQWKHIROORZLQJLQWHUYDOV

  

ZKHUHWKHORZHUERXQGIRU
LVREWDLQHGXVLQJWKHFRQGLWLRQ
 FI6HFWLRQ ZKLOH
WKHXSSHUERXQGFRUUHVSRQGVWRWKHHVFDSHYHORFLW\IURPWKH(DUWKJUDYLWDWLRQDOILHOG


1XPHULFDOUHVXOWV

$ SUHOLPLQDU\ JUDSKLFDO VWXG\ ZDV SHUIRUPHG LQ RUGHU WR GHWHUPLQH D SURSHU UDQJH IRU WKH
SDUDPHWHUV DURXQG WKH JOREDOO\ RSWLPDO VROXWLRQ )LJXUH  GHSLFWV WKH FRQWRXU SORW RI WKH
)LUVWRIDOODUHJLRQRIYDOXHVRI
DQG WKDW
REMHFWLYHIXQFWLRQLQWKHSODQH
DOORZWKHLQWHUVHFWLRQZLWKWKHGHVLUHGILQDORUELWFDQEHLGHQWLILHG7KHYDOXHVORFDWHGRXWVLGH
WKLVUHJLRQ\LHOGWUDMHFWRULHVWKDWGRQRWLQWHUVHFWWKH/02 DQGWKHREMHFWLYHIXQFWLRQLVQRW
GHILQHG DV D UHVXOW  0RUHRYHU LW LV DSSDUHQW WKDW WKH UHJLRQ ZKHUH WKH REMHFWLYH IXQFWLRQ
DVVXPHVKLJKHUYDOXHV KLJKOLJKWHGLQ\HOORZ LVVXUURXQGHGE\WZRQHLJKERULQJUHJLRQVZLWK
ORZHUYDOXHV LQEOXH (DFKRIWKHVHWZRUHJLRQVFRUUHVSRQGVWR DGLIIHUHQWGLUHFWLRQRIWKH
DQJXODU PRPHQWXP RI WKH /02 WKDW LV FRXQWHUFORFNZLVH RU FORFNZLVH RUELWV DVVRFLDWHG
UHVSHFWLYHO\ ZLWK WKH ORZHU DQG XSSHU ERXQG 7KH IDFW WKDW WKH RSWLPDO SDWKV OLH RQ WKH
ERXQGDU\ RI IHDVLEOH WUDMHFWRULHV LPSOLHV WKDW LQMHFWLRQ LQWR /02 LV SHUIRUPHG WDQJHQWLDOO\
DQDORJRXVO\WRZKDWRFFXUVIRUWKH+RKPDQQWUDQVIHULQWKHUHVWULFWHGWZRERG\SUREOHP

492

2SWLPDO7ZRDQG7KUHH'LPHQVLRQDO(DUWK0RRQ2UELW7UDQVIHUV

/HRQDUGL3RQWDQL






)LJXUH&RQWRXUSORWRIWKHREMHFWLYHIXQFWLRQ



$VDILQDOVWHSIRUHLWKHUFORFNZLVHRUFRXQWHUFORFNZLVH/02WKHJOREDOO\RSWLPDOVROXWLRQ
FRUUHVSRQGLQJ WR WKH PLQLPXP SURSHOODQW FRQVXPSWLRQ LV GHWHUPLQHG XVLQJ WKH SDUWLFOH
VZDUP DOJRULWKP >@ 7KH VROXWLRQ LV ORFDWHG DURXQG WKH ORZHVW YDOXHV RI
 DQG WKH
KLJKHVW YDOXHV RI  ,W LV ZRUWK UHPDUNLQJ WKDW LQ WKLV UHJLRQ H[WUHPHO\ FORVH YDOXHV RI WKH
REMHFWLYHIXQFWLRQFRUUHVSRQG WR UHODWLYHO\ GLIIHUHQW YDOXHVRI 7KLV UHGXFHGVHQVLWLYLW\RI
WKHREMHFWLYHIXQFWLRQKDV SUDFWLFDO LPSOLFDWLRQV EHFDXVHUHODWLYHO\GLIIHUHQW GLUHFWLRQV DQG
YHORFLW\YDULDWLRQV FDQEHFKRVHQDWGHSDUWXUHZLWKPRGHVWHIIHFWVRQWKHRYHUDOOSURSHOODQW
FRQVXPSWLRQ
7DEOH  FROOHFWV WKH UHVXOWV RI WKH RSWLPL]DWLRQ SURFHVV 7KHVH DUH H[WUHPHO\ FORVH WR WKRVH
IRXQGE\0LHOHDQG0DQFXVR>@LQWHUPVRI
DOWKRXJKWKH\GLIIHUZLWKUHVSHFWWRWKH
GHSDUWXUH DQJOH  +RZHYHU WKHVH UHVXOWV DUH VOLJKWO\ PRUH DFFXUDWH WKDQ WKRVH LQ 5HI 
ZKHUHWKHDXWKRUVLGHQWLILHGWKHFHQWHURIWKH(DUWKZLWKWKHFHQWHURIWKHHQWLUHV\VWHP)LJXUH
SRUWUD\VWKHWUDQVIHUWUDMHFWRU\IRUERWKFRXQWHUFORFNZLVHDQGFORFNZLVHDUULYDODW/02




)LJXUH3ORWRIWKH'WUDMHFWRU\LQ Ö ÖM  NÖ  D &ORFNZLVH/02 E &RXQWHUFORFNZLVH/02


&ORFNZLVH
&RXQWHUFORFNZLVH

 NPV 



 NPV 






7DEOH*OREDOO\RSWLPDOWZRGLPHQVLRQDO/(2/02RUELWWUDQVIHUV
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7KLVVHFWLRQDGGUHVVHVWKHGHWHUPLQDWLRQRIWKHRSWLPDOWKUHHGLPHQVLRQDORUELWWUDQVIHUIURP
DQLQLWLDO/(2WRDILQDO/02ERWKZLWKVSHFLILHGDOWLWXGHDQGLQFOLQDWLRQ6SHFLILFDOO\WKH
LQLWLDORUELWKDVDOWLWXGHRINPDQGLQFOLQDWLRQRIGHJZKHUHDVGLIIHUHQWILQDOFLUFXODU
OXQDU RUELWV DUH FRQVLGHUHG ZLWK FRPPRQ DOWLWXGH RI  NP DQG GLVWLQFW LQFOLQDWLRQV
$VVXPSWLRQV E DQG F RI6HFWLRQVWLOOKROGDQGWKHRSWLPL]DWLRQSUREOHPFRQVLVWVDJDLQRI
PLQLPL]LQJWKHFRVWIXQFWLRQGHILQHGLQ(T  


5HIHUHQFHIUDPHV

$VDILUVWVWHSWKH(DUWKFHQWHUHGLQHUWLDOIUDPH (&, DQGWKH0RRQFHQWHUHGLQHUWLDOIUDPH
0&,  DUH GHILQHG LQ UHODWLRQ WR WKH KHOLRFHQWULF LQHUWLDO IUDPH +&,  7KH ODWWHU UHIHUHQFH
V\VWHPLVDVVRFLDWHGZLWKWKHXQLWYHFWRUV FÖ  FÖ  FÖ ZKHUH FÖ LVWKHYHUQDOD[LV FRUUHVSRQGLQJ
WRWKHLQWHUVHFWLRQRIWKHHFOLSWLFSODQHZLWKWKH(DUWKHTXDWRULDOSODQH DQG FÖ SRLQWVWRZDUG
WKH (DUWK RUELW DQJXODU PRPHQWXP >@ 7KH (&,IUDPH LV DVVRFLDWHG ZLWK WKH XQLW YHFWRUV
(
(
FÖ (  FÖ(  FÖ( ZKHUH FÖ LVWKHYHUQDOD[LVDQG FÖ SRLQWVWRZDUGWKH(DUWKURWDWLRQD[LV>@
7KH (&,IUDPH DQG WKH +&,IUDPH DUH UHODWHG WKURXJK WKH HFOLSWLF REOLTXLW\ DQJOH
GHJ 
(



FÖ (


ZKHUH WKH QRWDWLRQ 5 M

FÖ(

7

FÖ(

5

(

FÖ

FÖ

FÖ

7





 UHIHUV WR DQ HOHPHQWDU\ FRXQWHUFORFNZLVH URWDWLRQ E\ DQJOH



DERXW D[LV M $FFRUGLQJ WR &DVVLQL¶V ODZV WKH 0RRQ¶V URWDWLRQ D[LV ]Ö0  LV FRSODQDU ZLWK WKH
0RRQ¶VRUELWDQJXODUPRPHQWXP h0 DQGWKHQRUPDOWRWKHHFOLSWLFSODQH FÖ 7KHWZRYHFWRUV

]Ö0 DQG h0 DUHORFDWHGDWRSSRVLWHVLGHVRIWKHHFOLSWLFSROH FÖ DQGERWKRIWKHPDUHVXEMHFWWR
0
FORFNZLVH SUHFHVVLRQ GXH WR WKH 6XQ ZLWK D SHULRG RI  \HDUV +HQFH D[LV FÖ  RI WKH

0&,IUDPH FDQ EH SURSHUO\ LGHQWLILHG DV WKH URWDWLRQ D[LV ]Ö0  DW D UHIHUHQFH HSRFK WUHI 
]Ö0 WUHI ,I

FÖ0

0

DQG

0

GHQRWHUHVSHFWLYHO\WKHSUHFHVVLRQDQJOHDQGWKH0RRQHTXDWRU

0

REOLTXLW\ VHSDUDWLQJ FÖ IURP FÖ WKHQ



FÖ 0


ZKHUH
0

UHI
0



FÖ0

FÖ0

7

5

UHI
0

5

0

FÖ

FÖ

FÖ

7





GHJ  UHSUHVHQWV WKH SUHFHVVLRQ DQJOH DW WUHI  VHW WR  -XQH   DQG

GHJ  %HFDXVH WKH /(2/02 WUDQVIHU FRPSOHWHV LQ D IHZ GD\V

FRQVWDQW DQG HTXDO WR

UHI
0

 0RUHRYHU WKH LQHUWLDO RUELWDO IUDPH

0

 LV DVVXPHG
 FDQ EH

LQWURGXFHG ZLWK XQLW YHFWRUV  DQG  DOLJQHG ZLWK WKH DVFHQGLQJ QRGH DQG WKH DQJXODU
PRPHQWXP RI WKH OXQDU RUELW DW WUHI  7KLV IUDPH LV UHODWHG WR
 WKURXJK WKH
LQFOLQDWLRQDQGWKH5$$1RIWKHOXQDURUELWDW WUHI 

7

5 L 5
1Ö
0Ö
KÖ
0

0

0



0
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)LQDOO\WKHV\QRGLFIUDPHDOLJQHGZLWK Ö ÖM  NÖ LV UHODWHGWR

WKURXJK DVLQJOH

W W ZKLFKPHDQVWKDWWKHVHWZRIUDPHV

FRXQWHUFORFNZLVHURWDWLRQDERXWD[LVE\DQJOH

 N
DUHDOLJQHGZKHQ W W N
7KHSUHYLRXVGHILQLWLRQVUHPRYHDOOWKHDVVXPSWLRQV
UHODWHGWRWZRGLPHQVLRQDOPRWLRQWKDWZHUHLQWURGXFHGLQ6HFWLRQ


0HWKRGRIVROXWLRQ

,Q WKLV VWXG\ WKH WKUHHGLPHQVLRQDO /(2/02 WUDQVIHU LV IRUPXODWHG LQ WHUPV RI WKUHH
 E  ULJKW DVFHQVLRQ RI /(2 /(2  DQG F  WKH LQLWLDO SKDVH DQJOH 
SDUDPHWHUV D 
EHWZHHQ WKH V\QRGLF UHIHUHQFH IUDPH Ö ÖM  NÖ  DQG WKH LQHUWLDO IUDPH
 ,I W 
L

WL W 
GHQRWHVWKHLQLWLDOWLPHWKHQ L
7KHILUVWWDQJHQWLDOLPSXOVHLVDSSOLHGDWRQHRIWKHWZRLQWHUVHFWLRQSRLQWVEHWZHHQWKH0RRQ
RUELWSODQHDQGWKH/(2ZLWKWKHLQWHQWRILQMHFWLQJWKHVSDFHFUDIWLQWR/02DWWKHRSSRVLWH
LQWHUVHFWLRQ SRLQW 7KH OLQH WKDW FRQWDLQV WKHVH WZR SRLQWV FDQ EH LGHQWLILHG XVLQJ WKH
GLUHFWLRQVRIWKHDQJXODUPRPHQWDDVVRFLDWHGZLWKWKH/(2DQGWKHOXQDURUELW0RUHRYHUWKH
LQLWLDO YDOXHV IRU WKH QXPHULFDO LQWHJUDWLRQ RI (T   FDQ EH REWDLQHG XVLQJ WKH SUHYLRXV
URWDWLRQVDQGWKHUHODWLRQVRI6HFWLRQZLWK
LQSODFHRI FÖ  FÖ  FÖ 7KHILQDO
FRQGLWLRQVDWLQMHFWLRQFRUUHVSRQGWRLQWHUVHFWLRQRIWKHWUDQVIHUDUFZLWKWKHVSKHUHFHQWHUHG
DW WKH 0RRQ DQG ZLWK UDGLXV HTXDO WR WKDW RI WKH ILQDO RUELW 7KH UHODWHG FRPSRQHQWV LQ WKH
V\QRGLF IUDPH DUH GHQRWHG ZLWK [ I  \ I  ] I  [ I  \ I  ] I  7KH SRVLWLRQ YHFWRU UHODWLYH WR WKH
0RRQFHQWHU r I  0 FDQEHH[SUHVVHGLQWKH0&,IUDPHDV



rI 0

[I

[0

\I

]I

7

$

I

 L0 

0



(



0



0

FÖ 0

FÖ0

FÖ0

7



 


ZKHUHPDWUL[$ZKRVHH[SUHVVLRQLVQRWUHSRUWHGIRUWKHVDNHRIFRQFLVHQHVVLVWKHUHVXOWRI
W  DQG W  UHSUHVHQWV WKH IOLJKW WLPH 7KH
VXEVHTXHQW HOHPHQWDU\ URWDWLRQV I
L
GHVLUHGRUELW SODQHKDV VSHFLILHGLQFOLQDWLRQ L I ZKHUHDVLWV5$$1

I

LV IRXQGE\VROYLQJ

WKHHTXDWLRQ rI 0 hI 0  DIWHUZULWLQJ hI  0 LQWHUPVRI L I DQG I ,QJHQHUDOWKHODWWHU
RUWKRJRQDOLW\FRQGLWLRQ\LHOGVWZRVROXWLRQVDQGWKHRQHDVVRFLDWHGZLWKWKHORZHUYDOXHRI
WKH REMHFWLYH IXQFWLRQ LV VHOHFWHG 2QFH WKH ILQDO RUELW KDV EHHQ GHWHUPLQHG WKH YHORFLW\
FRPSRQHQWV [ I  \ I  ] I  FDQ EH IRXQG XVLQJ VWHSV VLPLODU WR WKRVH GHVFULEHG LQ 6HFWLRQ 
7KHUHIRUH LI [ I  \ I  ] I  GHQRWH WKH FRPSRQHQWV EHIRUH WKH VHFRQG YHORFLW\ FKDQJH WKHQ
Y/02

[I

[I



\I

\I



]I

]I





,Q WKH HQG WKH (DUWK0RRQ WUDQVIHU LV SURYHQ WR EH LGHQWLILHG E\ WKUHH SDUDPHWHUV LH
Y/(2  /(2  L 7KH\DUHVRXJKWLQWKHIROORZLQJLQWHUYDOV

 NP V
Y/(2  NP V 
 
  
/(2
L

LVREWDLQHGDJDLQXVLQJWKHFRQGLWLRQ
 FI6HFWLRQ 
ZKHUHWKHORZHUERXQGIRU
ZKLOHWKHXSSHUERXQGFRUUHVSRQGVWRWKHHVFDSHYHORFLW\IURPWKH(DUWKJUDYLWDWLRQDOILHOG
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2SWLPDO7ZRDQG7KUHH'LPHQVLRQDO(DUWK0RRQ2UELW7UDQVIHUV


/HRQDUGL3RQWDQL

1XPHULFDOUHVXOWV

)RUWKHSUREOHPDWKDQGWKHSDUWLFOHVZDUPDOJRULWKPLVXVHGZLWKWKUHHXQNQRZQSDUDPHWHUV
7KHRSWLPL]DWLRQLVUHSHDWHGZLWKGLIIHUHQWYDOXHVIRUWKHLQFOLQDWLRQRIWKH
/02UDQJLQJIURPWRGHJ
)URP LQVSHFWLQJ WKH UHVXOWV LQ 7DEOH  LW LV HYLGHQW WKDW WKH RYHUDOO YHORFLW\ FKDQJH LV RQO\
PDUJLQDOO\JUHDWHUWKDQWKHYDOXHIRXQGIRUWKHWZRGLPHQVLRQDOWUDQVIHU8QVXUSULVLQJO\WKH
WRWDOYHORFLW\FKDQJHGHFUHDVHVZLWKWKHLQFOLQDWLRQRIWKHILQDOOXQDURUELW ,QIDFWUHDFKLQJ
OXQDU RUELWV ZLWK ORZHU LQFOLQDWLRQV UHTXLUHV LQWHUFHSWLQJ WKH 0RRQ DW ORZHU ODWLWXGHV
UHVXOWLQJLQDUHGXFHG
DWWUDQVOXQDULQMHFWLRQ,WLVZRUWKUHPDUNLQJWKDWWKHVHOHFWLRQRI
WKHLQLWLDORSWLPDO5$$1FDQWDNHDGYDQWDJHRIWKHRUELWSUHFHVVLRQPRWLRQGXHWRWKH(DUWK
REODWHQHVV 0RUHRYHU LI D ILQDO SRODU /02 ZLWK D VSHFLILF 5$$1 LV GHVLUHG WKLV FDQ EH
DFKLHYHGLQWKUHHVWHSVLH D VHOHFWLQJDILQDORUELWZLWKORZHULQFOLQDWLRQ HJGHJ  E 
ZDLWLQJ XQWLO SUHFHVVLRQ GXH WR 0RRQ REODWHQHVV  FKDQJHV WKH 5$$1 WR WKH GHVLUHG YDOXH
DQG F SHUIRUPLQJDILQDORXWRISODQHPDQHXYHUWRFKDQJHWKHLQFOLQDWLRQWRGHJ)LJXUHV
 DQG  SRUWUD\ WZR RSWLPDO /(2/02 WUDQVIHUV DVVRFLDWHG UHVSHFWLYHO\ ZLWK ILQDO OXQDU
SRODUDQGHTXDWRULDORUELWV


)LJXUH3ORWRIWKH'WUDMHFWRU\LQ Ö ÖM NÖ  ZLWKDUULYDODWSRODU/02LQWKHLQVHW 





)LJXUH3ORWRIWKH'WUDMHFWRU\LQ Ö ÖM NÖ  ZLWKDUULYDODWHTXDWRULDO/02LQWKHLQVHW 
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2SWLPDO7ZRDQG7KUHH'LPHQVLRQDO(DUWK0RRQ2UELW7UDQVIHUV
 GHJ 











 NPV 











 NPV 












/HRQDUGL3RQWDQL

 GHJ 























7DEOH5HVXOWVIRUWKHWKUHHGLPHQVLRQDO/(2/02RUELWWUDQVIHU



&21&/8',1*5(0$5.6

7KLV ZRUN DGGUHVVHV WKH SUREOHP RI LGHQWLI\LQJ PLQLPXPIXHO WZR DQG WKUHHGLPHQVLRQDO
RUELWWUDQVIHUVIURPDVSHFLILHGORZ(DUWKRUELW /(2 WRDORZ0RRQRUELW /02 XQGHUWKH
DVVXPSWLRQ RI HPSOR\LQJ KLJK WKUXVWSURSXOVLRQ 7KH SUREOHP DW KDQG LV VROYHG LQ WKH
G\QDPLFDO IUDPHZRUN RI WKH FLUFXODU UHVWULFWHG SUREOHP RI WKUHH ERGLHV )LUVW WKH RSWLPDO
WZRGLPHQVLRQDO RUELW WUDQVIHU IURP /(2 WR /02 LV IRUPXODWHG LQ WHUPV RI WZR XQNQRZQ
SDUDPHWHUV DQG DOO WKH IHDVLEOH WUDQVIHUV DUH LGHQWLILHG 7KHQ WKH JOREDOO\ RSWLPDO WZR
LPSXOVHWUDQVIHULVIRXQGDQGLVSURYHQWREHORFDWHGDWWKHERXQGDU\RIWKHIHDVLEOHUHJLRQRI
WKH VHDUFK VSDFH DVVRFLDWHG ZLWK (DUWK0RRQ WUDQVIHUV $V D VHFRQG VWHS WKUHHGLPHQVLRQDO
WUDQVIHUV DUH FRQVLGHUHG XVLQJ D G\QDPLFDO PRGHO WKDW LQFOXGHV DOVR WKH &DVVLQL¶V ODZV RI
OXQDU PRWLRQ 6HYHUDO WZRLPSXOVH RSWLPDO RUELW WUDQVIHUV DUH LGHQWLILHG FRUUHVSRQGLQJ WR
GLVWLQFWILQDOOXQDURUELWV6HOHFWLRQRIWKHLQLWLDORSWLPDO5$$1FDQEHQHILWIURPSUHFHVVLRQ
RIWKHRUELWSODQHGXHWR(DUWKREODWHQHVV7KHSURSHOODQWFRQVXPSWLRQDVVRFLDWHGZLWKWKUHH
GLPHQVLRQDO WUDQVIHUV WXUQV RXW WR EH UHODWLYHO\ LQVHQVLWLYH WR WKH ILQDO RUELW LQFOLQDWLRQ DQG
H[FHHGVRQO\PDUJLQDOO\WKHYDOXHRIWKHJOREDOO\RSWLPDOWZRGLPHQVLRQDORUELWWUDQVIHU
5()(5(1&(6
>@ 9 6]HEHKHO\ 7KHRU\ RI 2UELWV LQ WKH 5HVWULFWHG 3UREOHP RI 7KUHH %RGLHV $FDGHPLF
3UHVV/RQGRQ  
>@ 03RQWDQL37HRILODWWR3RO\KHGUDOUHSUHVHQWDWLRQRILQYDULDQWPDQLIROGVDSSOLHGWRRUELW
WUDQVIHUVLQWKH(DUWK0RRQV\VWHP$FWD$VWURQDXWLFD9ROSS  
>@ & $ .OXHYHU % / 3LHUVRQ 2SWLPDO (DUWK0RRQ WUDMHFWRULHV XVLQJ QXFOHDU HOHFWULF
SURSXOVLRQ -RXUQDO RI *XLGDQFH &RQWURO DQG '\QDPLFV 9RO  1R  SS 
 
>@ & $ .OXHYHU 2SWLPDO (DUWK0RRQ WUDMHFWRULHV XVLQJ FRPELQHG FKHPLFDOHOHFWULF
SURSXOVLRQ -RXUQDO RI *XLGDQFH &RQWURO DQG '\QDPLFV 9RO  1R  SS 
 
>@ 0 3RQWDQL % &RQZD\ 3DUWLFOH 6ZDUP 2SWLPL]DWLRQ $SSOLHG WR 6SDFH 7UDMHFWRULHV
-RXUQDORI*XLGDQFH&RQWURODQG'\QDPLFV9RO1RSS  
>@ $ 0LHOH 6 0DQFXVR 2SWLPDO 7UDMHFWRULHV IRU (DUWK0RRQ(DUWK )OLJKW $FWD
$VWURQDXWLFD9RO1RSS  
>@ $(5R\2UELWDO0RWLRQ,233XEOLVKLQJ/WG/RQGRQ  
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6,03/(0(7+2'72,'(17,)<)$0,/,(62)&<&/,1*
($57+0$5675$-(&725,(6
()RUQDUL 03RQWDQL


)DFXOW\RI&LYLODQG,QGXVWULDO(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPHYLD(XGRVVLDQD
5RPH,WDO\





'HSDUWPHQWRI$VWURQDXWLFDO(OHFWULFDODQG(QHUJ\(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI
5RPHYLD6DODULD5RPH,WDO\
IRUQDUL#VWXGHQWLXQLURPDLWPDXURSRQWDQL#XQLURPDLW

$%675$&7
&\FOHU PLVVLRQ DUFKLWHFWXUHV FRQVLGHU WKH XVH RI D ODUJH VSDFH YHKLFOH WKDW F\FOHV
FRQWLQXRXVO\EHWZHHQ(DUWKDQG0DUVGHVFULELQJDQHDUEDOOLVWLFSDWKWKDWLQFOXGHVIO\E\VDW
WKH WZR SODQHWV :KLOH WKLV ODUJH VSDFHFUDIW FDQ EH HTXLSSHG ZLWK WKH OLIH VXSSRUW V\VWHP
DSSURSULDWH IRU D ORQJ LQWHUSODQHWDU\ IOLJKW ZLWK D FUHZ WD[L YHKLFOHV RI UHGXFHG VL]H DUH
VXIILFLHQW WR HQVXUHWKHFRQQHFWLRQEHWZHHQWKHLQWHUSODQHWDU\ YHKLFOHDQGHDFKSODQHW7KLV
VWXG\ HPSOR\V WKH UHODWLRQV RI .HSOHULDQ PRWLRQ DQG SURSRVHV D PHWKRGRORJ\ FDSDEOH RI
LGHQWLI\LQJWKHHQWLUHVHWRIF\FOLQJSDWKVEHORQJLQJWRWZRGLVWLQFWIDPLOLHVZLWKRXWDQ\QHHG
RI VROYLQJ WKH /DPEHUW¶V SUREOHP 7KLV UHVXOW LV DFKLHYHG E\ UHGXFLQJ WKH SUREOHP WR WKH
VROXWLRQ RI D VLQJOH QRQOLQHDU HTXDWLRQ ZLWK RQO\ DQ XQNQRZQ TXDQWLW\ FRQVWUDLQHG WR D
SURSHU LQWHUYDO GLUHFWO\ UHODWHG WR IHDVLELOLW\ RI WKH F\FOHU 6RPH ZHOONQRZQ VROXWLRQV DUH
IRXQG DV VSHFLDO FDVHV WRJHWKHU ZLWK IXUWKHU UHPDUNDEOH F\FOLQJ WUDMHFWRULHV ZKLFK RIWHQ
H[KLELWYHU\LQWHUHVWLQJIHDWXUHVLHOLPLWHGWLPHRIIOLJKWRUUHGXFHGK\SHUEROLFYHORFLWLHV

.H\ZRUGV&\FOHU(DUWK0DUVPLVVLRQVK\SHUEROLFUHQGH]YRXVUHSHDWLQJWUDMHFWRULHV


,1752'8&7,21

0DUV H[SORUDWLRQ LV D FHQWUDO REMHFWLYH LQ WKH GHFDGHV WR FRPH ZLWK WKH SHUVSHFWLYH RI
HQDEOLQJ KXPDQ IOLJKW WR WKH UHG SODQHW DQG WKH SRVVLEOH HVWDEOLVKPHQW RI D SHUPDQHQW
VHWWOHPHQW LQ WKH IXWXUH (DUWK0DUV F\FOLQJ WUDMHFWRULHV KDYH EHHQ SURSRVHG DV D YDOXDEOH
RSWLRQIRU(DUWK0DUVWUDQVIHUV>@&\FOHUPLVVLRQDUFKLWHFWXUHVFRQVLGHUWKHXVHRIDODUJH
VSDFH YHKLFOH WKDW F\FOHV FRQWLQXRXVO\ EHWZHHQ (DUWK DQG 0DUV GHVFULELQJ D QHDUEDOOLVWLF
SDWKWKDWLQFOXGHVIO\E\VDWWKHWZRSODQHWV:KLOHWKLVODUJHVSDFHFUDIWFDQEHHTXLSSHGZLWK
WKHOLIHVXSSRUWV\VWHPDSSURSULDWHIRUDORQJLQWHUSODQHWDU\IOLJKWZLWKDFUHZWD[LYHKLFOHVRI
UHGXFHG VL]H DUH VXIILFLHQW WR HQVXUH WKH FRQQHFWLRQ EHWZHHQ WKH LQWHUSODQHWDU\ YHKLFOH DQG
HDFK SODQHW 0RVW UHFHQWO\ WKH FKDOOHQJLQJ SUREOHP RI WKH K\SHUEROLF UHQGH]YRXV ZLWK
F\FOLQJYHVVHOVZKLFKLVDFUXFLDOSKDVHIRUWKHVHPLVVLRQDUFKLWHFWXUHVZDVLQYHVWLJDWHGDV
ZHOO>@
3UHYLRXVUHVHDUFKHVRQ F\FOHUVDUHEDVHGRQ DQH[WHQVLYHXVHRIWKH /DPEHUW¶VWKHRUHP >@
+RZHYHU ZKHQ PXOWLSOH UHYROXWLRQV DUH FRPSOHWHG VHYHUDO FRPSOLFDFLHV DULVH ZKLFK PD\
UHTXLUHGHGLFDWHGHIILFLHQWDOJRULWKPVWRDFKLHYHDVROXWLRQ
7KLVVWXG\KDVWKHREMHFWLYHRIGHVFULELQJDQDOWHUQDWLYHPHWKRGRORJ\WDLORUHGWRLGHQWLI\LQJ
F\FOLQJWUDMHFWRULHVDQGEDVHGRQWKHIXQGDPHQWDOUHODWLRQVRI.HSOHULDQPRWLRQZLWKRXWDQ\
QHHG RI DSSO\LQJ WKH /DPEHUW¶V WKHRUHP 7ZR GLVWLQFW IDPLOLHV RI F\FOLQJ SDWKV DUH EHLQJ
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)DPLOLHVRIF\FOLQJ(DUWK0DUV7UDMHFWRULHV



)RUQDUL3RQWDQL

LQYHVWLJDWHGZLWKDQDUELWUDU\GXUDWLRQRIWKHRYHUDOOUHSHWLWLRQSHULRG DQGDUELWUDU\QXPEHU
RIUHYROXWLRQVRI(DUWKDQG0DUV 7KHXOWLPDWHSXUSRVHRIWKLVZRUNLVWKXVLQWKHGHILQLWLRQ
DQGDSSOLFDWLRQRIWKLVJHQHUDOPHWKRGRORJ\ZKLOHDVFHUWDLQLQJLWVFDSDELOLW\RIGHWHFWLQJWKH
HQWLUH VHW RI IHDVLEOH F\FOHUV RQFH VRPH FKDUDFWHULVWLF SDUDPHWHUV VWULFWO\ UHODWHG WR WKH
RYHUDOOUHSHWLWLRQSHULRGKDYHEHHQVSHFLILHG


)$0,/<,2)&<&/,1*75$-(&725,(6

)DPLO\ , LQFOXGHV WKH F\FOHU RULJLQDOO\ SURSRVHG E\ $OGULQ HW DO >@ ,Q JHQHUDO WKUHH PDLQ
HYHQWVFKDUDFWHUL]HWKHPLVVLRQDORQJWKLVW\SHRIWUDMHFWRULHV
 LQMHFWLRQDORQJWKHF\FOHUDWWLPHWFRUUHVSRQGLQJWRWUXHDQRPDO\I
 HQFRXQWHUZLWK0DUVDWWLPHWFRUUHVSRQGLQJWRWUXHDQRPDO\I
 UHWXUQWR(DUWKDWWLPHWFRUUHVSRQGLQJWRWUXHDQRPDO\I
0DUVIO\E\FDQEHSURYHQWRKDYHQHJOLJLEOHHIIHFWRQWKHVSDFHFUDIWWUDMHFWRU\>@WKHUHIRUH
WKHKHOLRFHQWULFSDWKLQWKHLQWHUYDO>WW@LVDVLQJOHHOOLSWLFDUF$WWKHILQDOWLPH(DUWKIO\E\
KDV LQVWHDG WKH HIIHFW RI URWDWLQJ WKH VSDFHFUDIW KHOLRFHQWULF YHORFLW\ VR WKDW WKH SRVWIO\E\
HOOLSVH KDV UHODWLYH RULHQWDWLRQ ZLWK UHVSHFW WR (DUWK DQG 0DUV LGHQWLFDO WR WKDW DW WKH LQLWLDO
WLPH ,QRUGHUWKDWWKLVFRQGLWLRQ EHIHDVLEOHLWLV DSSDUHQWWKDW WW PXVWHTXDO DQLQWHJHU
QXPEHU N RI V\QRGLF SHULRGV
 ZKHUH
   GD\V  7KH IOLJKW WLPH WW  LV D
FUXFLDOSDUDPHWHUIRUWKHDQDO\VLVRIWKLVNLQGRIWUDMHFWRULHVHVSHFLDOO\IRUPDQQHGPLVVLRQV
EHFDXVH D VKRUWHU IOLJKW WLPH QRW RQO\ H[SRVHV WKH FUHZ WR D ORZHU UDGLDWLRQ GRVH EXW DOVR
UHGXFHVWKHHIIHFWVRIWKHVSDFHHQYLURQPHQWLWVHOI3KDVH  PD\KDYHORQJHUGXUDWLRQDQGLV
VSHQWRQWKHF\FOLQJWUDMHFWRU\XQWLOWKHHQFRXQWHUZLWK(DUWKWDNHVSODFH


3DUDPHWHUVDQGJRYHUQLQJHTXDWLRQV

7KHSDUDPHWHUVWKDWGHVFULEHWKHF\FOHUVRI)DPLO\,DUHWKHLQWHJHUQXPEHUVNODQGP$V
SUHYLRXVO\ VWDWHG N UHSUHVHQWV WKH QXPEHU RI V\QRGLF SHULRGV WKDW FRPSRVH WKH UHSHWLWLRQ
SHULRG O DQG P DUH UHVSHFWLYHO\ WKH QXPEHU RI FRPSOHWH UHYROXWLRQV RI WKH (DUWK DQG WKH
QXPEHURIFRPSOHWHRUELWVRIWKHF\FOHUGXULQJWKHUHSHWLWLRQSHULRG
8QGHU WKH DVVXPSWLRQ WKDW ERWK (DUWK DQG 0DUV GHVFULEH FLUFXODU RUELWV DERXW WKH 6XQ WKH
IROORZLQJ HTXDWLRQV PXVW EH VROYHG WR LGHQWLI\ DOO WKH UHOHYDQW TXDQWLWLHV WKDW FKDUDFWHUL]H
F\FOHUVRI)DPLO\,













ZKHUH LVWKH6XQJUDYLWDWLRQDOSDUDPHWHU 5(  D( DQG50  D0 DUHWKHUDGLLRI(DUWK
DQG0DUV FLUFXODU RUELWVZKHUHDVDHQGHGHQRWHWKHVHPLPDMRUD[LVDQGHFFHQWULFLW\RIWKH
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)DPLOLHVRIF\FOLQJ(DUWK0DUV7UDMHFWRULHV



)RUQDUL3RQWDQL

F\FOHU LVWKHHFFHQWULFDQRPDO\DVVRFLDWHGZLWK  N  (TV  WKURXJK  UHSUHVHQW
IXQGDPHQWDO UHODWLRQV RI .HSOHULDQ PRWLRQ LH WKH HTXDWLRQV IRU WKH UDGLL DW VSHFLILF WLPHV
.HSOHU¶V HTXDWLRQV IRU WLPLQJ DQG WKH HTXDWLRQV WKDW UHODWH WUXH DQRPDO\ DQG HFFHQWULF
DQRPDO\7KHVWHSVWKDWFRPSRVHWKHVROXWLRQSURFHVVDUH
XVLQJ(T  
ILQG LQWHUPVRIVSHFLILHGRUNQRZQTXDQWLWLHV ON
H[SUHVV LQWHUPVRI  REWDLQHGDWWKHSUHYLRXVSRLQW DQGHXVLQJ(T D 
H[SUHVVDDVDIXQFWLRQRIHDQG XVLQJ(T D DQG
VROYH(T  IRUH
7KHUHPDLQLQJVWHSVFRQVLVWLQILQGLQJ  IURP(T E   IURP(T E DQG  IURP(T
  )LQDOO\ IRU FRUUHFW SKDVLQJ WKH LQLWLDO DQJXODU SRVLWLRQ RI 0DUV 0   WDNHQ
FRXQWHUFORFNZLVHIURPWKHSHULDSVHGLUHFWLRQRIWKHF\FOHU LVJLYHQE\


0

I

D0 W 

$OGULQ¶VF\FOHU

,INDQGODUHERWKVHWWRWKH$OGULQVROXWLRQ>@LVIRXQGFRUUHVSRQGLQJWR H DQG
GHJ 
D HNP FIDOVRWKHILUVWURZRI7DEOH 7KHPLVVLRQVWDUWVDW I 
DQGHQFRXQWHUZLWK0DUVRFFXUVZKHQI GHJDIWHUDIOLJKWWLPHRIGD\V7KH
$OGULQ¶V F\FOHU SRUWUD\HG LQ )LJ  KDV WKH PLQLPXP SHULRG DPRQJ DOO WKH VROXWLRQV
EHORQJLQJ WR IDPLO\ , 7KH PDLQ VKRUWFRPLQJ LV WKDW WKH $OGULQ¶V F\FOHU KDV UHODWLYHO\ KLJK
H[FHVVYHORFLWLHVLHDQGNPV0RUHRYHUWRREWDLQDIO\E\DOWLWXGHRINPDW
(DUWK D PRGHVW  FRUUHFWLRQ PDQHXYHU LV QHHGHG LQ WKH SUR[LPLW\ RI WKH (DUWK :LWK WKLV
UHJDUG VHYHUDO RSWLRQV FDQ EH SURYHQ WR H[LVW 7ZR V\PPHWULF PDQHXYHUV ZLWK RYHUDOO
YHORFLW\ FKDQJH RI  PV  SHUIRUPHG DW WKH (DUWK VSKHUH RI LQIOXHQFH ZKLOH DSSURDFKLQJ
DQGZKLOHOHDYLQJWKH(DUWK  WXUQRXW WR EHVXIILFLHQW IRUWKHSXUSRVHRIUDLVLQJWKHSHULJHH
DOWLWXGHXSWRNP7KHLQWHUSODQHWDU\DUFLVVXEVWDQWLDOO\XQDOWHUHG




)LJXUH$OGULQ¶VF\FOHU



2WKHUUHPDUNDEOHF\FOHUV

$QH[WHQVLYHSDUDPHWULFVWXG\ZDVSHUIRUPHGE\YDU\LQJNLQWKHUDQJHIRUHDFKNWKH
UHPDLQLQJ SDUDPHWHUV DUH YDULHG LQ UDQJHV WKDW DUH FRPSDWLEOH ZLWK WKH UHSHWLWLRQ SHULRG
7KHVROXWLRQVDUHWKHQILOWHUHGXVLQJVRPHIHDVLELOLW\FRQVWUDLQWVIRUWKHF\FOHU
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)DPLOLHVRIF\FOLQJ(DUWK0DUV7UDMHFWRULHV



)RUQDUL3RQWDQL

D LWV VHPLPDMRU D[LV PXVW QRW H[FHHG WKH YDOXH RI H  DVWURQRPLFDO XQLW  WR
DYRLGDQ\JUDYLWDWLRQDOLQIOXHQFHE\RWKHUFHOHVWLDOERGLHV
E LWVHFFHQWULFLW\PXVWEHERXQGHGEHWZHHQWKHYDOXHRIWKH+RKPDQQWUDQVIHUDQG
F WKHSHULDSVHUDGLXVPXVWQRWH[FHHGWKH(DUWKRUELWUDGLXVDQGWKHDSRDSVHUDGLXVPXVWEH
JUHDWHUWKDQ0DUVRUELWUDGLXVVRWKDWWKHHQFRXQWHUZLWKERWKSODQHWVFDQRFFXU
G WKHIO\E\DOWLWXGHDW(DUWKPXVWEHORZHUWKDQWKHUDGLXVRIWKHVSKHUHRILQIOXHQFH
$IWHULQFOXVLRQRIWKHVHFRQVWUDLQWVWKHVROXWLRQVWHSVGHVFULEHGLQWKHSUHYLRXVVXEVHFWLRQOHG
WR LGHQWLI\LQJ  F\FOHUV 7DEOH  UHSRUWV VRPH UHPDUNDEOH VROXWLRQV WKDW KDYH GHVLUDEOH
IHDWXUHV 7KH WLPH W DQG WKH K\SHUEROLF H[FHVV YHORFLWLHV DW (DUWK DQG DW 0DUV  DUH
SDUWLFXODUO\ PHDQLQJIXO $OWKRXJK DOO WKH VROXWLRQV KDYH D SHULRG JUHDWHU WKDQ WKH $OGULQ¶V
F\FOHU VRPH VROXWLRQVH[KLELW FOHDUDGYDQWDJHVLQ WHUPVRIK\SHUEROLFH[FHVV YHORFLWLHV DQG
IOLJKW WLPH WR 0DUV ,W LV ZRUWK QRWLQJ WZR VROXWLRQV D  N  P  DQG O  ZLWK D
UHGXFHG (DUWK0DUV IOLJKW WLPH RI  GD\V H[FHVV YHORFLWLHV RI  DQG  NPV 
DQG E N P DQGO ZLWKUHGXFHGK\SHUEROLFH[FHVVYHORFLWLHV DQG
NPV DQGIOLJKWWLPHRIGD\V&\FOHU E LVSRUWUD\HGLQ)LJ



)LJXUHUHPDUNDEOHF\FOHURI)DPLO\, N P O  
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)DPLOLHVRIF\FOLQJ(DUWK0DUV7UDMHFWRULHV




)RUQDUL3RQWDQL

)$0,/<,,2)&<&/,1*75$-(&725,(6

:LWK UHVSHFW WR )DPLO\ , WKH F\FOHUV EHORQJLQJ WR )DPLO\ ,, >@ KDYH D PRUH FRPSOH[
VWUXFWXUH7KLVLVFRPSRVHGRIWZRGLVWLQFWHOOLSWLFDUFVDQGIRXUPDLQHYHQWVFDQEHLGHQWLILHG
LQDUHSHWLWLRQSHULRG
 LQMHFWLRQDORQJWKHF\FOHUDWWLPHWFRUUHVSRQGLQJWRWUXHDQRPDO\I
 HQFRXQWHUZLWK0DUVDWWLPHWFRUUHVSRQGLQJWRWUXHDQRPDO\I
 VOLQJVKRW DW (DUWK DW WLPH W FRUUHVSRQGLQJ WR WUXH DQRPDO\ I DQG LQMHFWLRQ LQ D
VHFRQGHOOLSWLFDUFDQG
 DUULYDODW(DUWKDWWLPHW
7KH VHFRQG HQFRXQWHU DQG IO\E\ ZLWK WKH (DUWK   KDV WKH HIIHFW RI UHFRYHULQJ WKH LQLWLDO
PXWXDOSRVLWLRQVDPRQJWKHVSDFHFUDIW0DUVDQGWKH(DUWK


3DUDPHWHUVDQGJRYHUQLQJHTXDWLRQV

7KH SDUDPHWHUV WKDW GHVFULEH WKH F\FOHU DUH N O O P DQG V N UHSUHVHQWV WKH QXPEHU RI
V\QRGLF SHULRGV WKDW FRPSRVH WKH RYHUDOO UHSHWLWLRQ SHULRG RI WKH F\FOHU O DQG O DUH WKH
QXPEHUVRIIXOOUHYROXWLRQVFRPSOHWHGE\WKH(DUWKZKHQWKHF\FOHUGHVFULEHVUHVSHFWLYHO\WKH
ILUVWDQGWKHVHFRQGHOOLSWLFDUFPDQGVUHSUHVHQWWKHQXPEHURIFRPSOHWHUHYROXWLRQVRIWKH
F\FOHUZKLOHWUDYHOLQJWKHILUVWDQGVHFRQGHOOLSWLFDUFUHVSHFWLYHO\
7KHHTXDWLRQV WKDWGHVFULEHWKHVHFRQGIDPLO\RI F\FOHUV LQFOXGHWKHHTXDWLRQVIRUWKHUDGLL
IRU WUXH DQRPDOLHV DQG HFFHQWULF DQRPDOLHV WRJHWKHU ZLWK WKH .HSOHU¶V HTXDWLRQV DW VSHFLILF
WLPHV















ZKHUH
 DQG
 GHQRWH WKH VHPLPDMRU D[HV DQG HFFHQWULFLWLHV RI WKH WZR HOOLSWLF
DUFVZKHUHDV LVWKHHFFHQWULFDQRPDO\DVVRFLDWHGZLWK  N  (TV  WKURXJK  
UHSUHVHQWDPLQLPDOVHWRIIXQGDPHQWDOUHODWLRQVWKDWDOORZLGHQWLI\LQJF\FOHUSDWKVRI)DPLO\
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)RUQDUL3RQWDQL

,,0RUHVSHFLILFDOO\WKHIROORZLQJVWHSVDUHDLPHGDWH[SUHVVLQJDOOWKHXQNQRZQTXDQWLWLHV
DVIXQFWLRQVRIRQO\ 
(T D LVXVHGWRREWDLQ LQWHUPVRI DQG 
LVZULWWHQDVDIXQFWLRQRI DQG E\PHDQVRI(T D 
LQVHUWLRQRI DQG LQWR(T  OHDGVWRILQGLQJ DVDIXQFWLRQRI 
LVZULWWHQLQWHUPVRI XVLQJ(T E WKHQ LVREWDLQHGIURP(T E 
LVH[SUHVVHGLQWHUPVRI E\PHDQVRI(T  
(T  LVXVHGWRILQG WKHQ LVREWDLQHGIURP(T  LQWHUPVRI  DQG 
LQVHUWLRQRI
LQWR(T  OHDGVWRREWDLQLQJ DVDIXQFWLRQRI  DQG 
XVLQJ

DQG
(T  DOORZVILQGLQJ LQWHUPVRI 
7KH HFFHQWULFLW\  ZKLFK LV WKH RQO\ UHPDLQLQJ IUHH SDUDPHWHU LV DJDLQ FRQVWUDLQHG WR D
 FRUUHVSRQGLQJ WR WKH (DUWK0DUV +RKPDQQ WUDQVIHU
SURSHU LQWHUYDO ZLWK ORZHU ERXQG
DQGXSSHUERXQG
VHWWR+RZHYHUDIXUWKHUFRQGLWLRQPXVWEHIXOILOOHGLQRUGHUWKDW
WKH(DUWKIO\E\±ZLWKWKHGHVLUHGIHDWXUHVLGHQWLILHGDIWHUVROYLQJWKHSUHYLRXVHTXDWLRQV±EH
IHDVLEOHDWWLH

9L  9( 99
9 I 9( 9 I 9( FRV I

L ( FRV L

ZKHUH 9L DQG 9 I DUHUHVSHFWLYHO\WKHKHOLRFHQWULFYHORFLW\PDJQLWXGHVEHIRUHDQGDIWHUWKH
(DUWK IO\E\ ZKHUHDV

L

 DQG

I

 DUH WKH UHVSHFWLYH DQJXODU GLVSODFHPHQWV WDNHQ

FRXQWHUFORFNZLVH IURP WKH KRUL]RQWDO GLUHFWLRQ 9(  GHQRWHV WKH PDJQLWXGH RI WKH (DUWK
KHOLRFHQWULFYHORFLW\%HFDXVH 9L  9 I  L DQG I FDQEHH[SUHVVHGDVIXQFWLRQVRI >@WKH
QXPHULFDOVROXWLRQRI(T  LQWKHUDQJH
SURYLGHVWKHVHWRIDFFHSWDEOHYDOXHV
RI 7KHQDOOWKHTXDQWLWLHVWKDWGHVFULEHWKHF\FOHUG\QDPLFVFDQEHGHULYHG XVLQJ(TV  
WKURXJK   LQFOXGLQJ  WKURXJK WKH .HSOHU¶V HTXDWLRQ  DQG WKH LQLWLDO SRVLWLRQ RI 0DUV
0   E\HPSOR\LQJDSKDVLQJFRQGLWLRQLGHQWLFDOWRWKDWGHVFULEHGIRUIDPLO\, 


&\FOHU6/

:LWKWKHSDUDPHWHUVN O O P DQGV WKH6/F\FOHU>@LVREWDLQHG DQG
VKRZQLQ)LJ DQGFRUUHVSRQGVWRD HNPH D HNP



)LJXUHF\FOHU6/
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)RUQDUL3RQWDQL

DQG H   $PRQJ DOO WKH F\FOHUV RI )DPLO\ ,, WKH 6/ F\FOHU KDV WKH PLQLPXP
UHSHWLWLRQ SHULRG (QFRXQWHU ZLWK WKH UHG SODQHW RFFXUV DIWHU D IOLJKW WLPH RI  GD\V DW
I GHJ7KHILUVW HQFRXQWHUZLWK WKH(DUWKRFFXUVDIWHUGD\V 7KHK\SHUEROLF
H[FHVVYHORFLWLHVHTXDODQGNPVERWKFRQVLGHUDEO\VPDOOHULQFRPSDULVRQZLWK
WKH $OGULQ VROXWLRQ 2Q WKH RWKHU KDQG WKH UHSHWLWLRQ SHULRG LV WZLFH WKDW RI WKH $OGULQ¶V
F\FOHU


2WKHUUHPDUNDEOHF\FOHUV

$SDUDPHWULFVWXG\ZDVSHUIRUPHGE\YDU\LQJNLQWKHUDQJHIRUHDFKNWKHUHPDLQLQJ
SDUDPHWHUV DUH YDULHG LQ UDQJHV WKDW DUH FRPSDWLEOH ZLWK WKH UHSHWLWLRQ SHULRG
 7KH
VROXWLRQVDUHWKHQILOWHUHGXVLQJVRPHIHDVLELOLW\FRQVWUDLQWVIRUWKHF\FOHU
D WKHVHPLPDMRUD[HV DQG PXVWQRWH[FHHGWKHYDOXHRIH DVWURQRPLFDO
XQLW WRDYRLGDQ\JUDYLWDWLRQDOLQIOXHQFHE\RWKHUFHOHVWLDOERGLHV
E WKHHFFHQWULFLWLHV DQG PXVWQRWH[FHHGDQGEHVXFKWKDW
D DORQJ DUF  WKH SHULDSVH UDGLXV LV OHVV WKDQ WKH (DUWK RUELW UDGLXV DQG WKH
DSRDSVHUDGLXVLVJUHDWHUWKDQWKH0DUVRUELWUDGLXVDQG
E DORQJ DUF  WKH SHULDSVH UDGLXV LV OHVV WKDQ WKH (DUWK RUELW UDGLXV DQG WKH
DSRDSVHUDGLXVLVJUHDWHUWKDQWKH(DUWKRUELWUDGLXV
F WKHIO\E\DOWLWXGHDW(DUWKPXVWEHORZHUWKDQWKHUDGLXVRIWKHVSKHUHRILQIOXHQFH
$IWHULQFOXVLRQRIWKHVHFRQVWUDLQWVWKHVROXWLRQVWHSVGHVFULEHGLQWKHSUHYLRXVVXEVHFWLRQOHG
WR LGHQWLI\LQJ  F\FOHUV ,W LV ZRUWK QRWLQJ WKH VROXWLRQ GHVFULEHG E\ WKH SDUDPHWHUV N 
O O P DQGV  FI)LJ DVVRFLDWHGZLWKUHGXFHGYDOXHVRIH[FHVVYHORFLWLHV
LHDQGNPVDQGDQRXWERXQGIOLJKWWLPHWR0DUVRIRQO\GD\VPRUHRYHU
WKH IO\E\ DOWLWXGH LV UHODWLYHO\ ORZ \HW ZHOO RXWVLGH WKH DWPRVSKHUH XQOLNH ZKDW RFFXUV IRU
RWKHUVROXWLRQVUHSRUWHGLQ7DEOH:LWKWKLVUHJDUGDVROXWLRQH[LVWVZLWKDIO\E\DOWLWXGHRI
NP,QWKLVFDVHWKHSHULJHHUDLVLQJPDQHXYHUFRQVLVWVDJDLQRIWZRYHORFLW\FKDQJHVDWWKH
(DUWKVSKHUHRILQIOXHQFH ZLWKQRHIIHFWRQWKHKHOLRFHQWULFDUF 7KHRYHUDOOYHORFLW\FKDQJH
DVVRFLDWHGZLWKWKLVPDQHXYHUHTXDOVPV





)LJXUHUHPDUNDEOHF\FOHURI)DPLO\,, N O O P V  



504

)DPLOLHVRIF\FOLQJ(DUWK0DUV7UDMHFWRULHV



)RUQDUL3RQWDQL

N

O

O

P

V

W 
>GD\V@





























































)O\E\
DOWLWXGH
>NP@










9LQI
(DUWK
>NPV@










9LQI
0DUV
>NPV@










7DEOH6RPHUHPDUNDEOHF\FOHUVEHORQJLQJWR)DPLO\,,
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7KLVVWXG\HPSOR\VWKHEDVLFUHODWLRQVRI.HSOHULDQPRWLRQZLWKWKHILQDODLPRILGHQWLI\LQJD
ODUJHQXPEHURIF\FOLQJWUDMHFWRULHV EHORQJLQJWRWZRGLVWLQFWIDPLOLHV7KHPHWKRGDWKDQG
GRHV QRW XVH WKH /DPEHUW¶V WKHRUHP ,QVWHDG DOO WKH UHODWLRQV WKDW JRYHUQ WKH VSDFHFUDIW
G\QDPLFV DUH VHTXHQWLDOO\ UHGXFHG WR D VLQJOH QRQOLQHDU HTXDWLRQ ZKLFK LQYROYHV D VLQJOH
XQNQRZQTXDQWLW\7KLVLVFRQVWUDLQHGWRDZHOOGHILQHGLQWHUYDOGLUHFWO\UHODWHGWRIHDVLELOLW\
RIWKHF\FOHU$VDUHVXOWRIWKHVROXWLRQSURFHVVWKHHQWLUHVHWRIF\FOLQJSDWKVLVLGHQWLILHG
RQFHWKHQXPEHUVRIKHOLRFHQWULFUHYROXWLRQVDUHVSHFLILHG7KLVPHWKRGRORJ\OHDGVWRILQGLQJ
VRPHZHOONQRZQUHPDUNDEOHVROXWLRQVDVVSHFLDOFDVHVDVZHOODVIXUWKHUF\FOLQJWUDMHFWRULHV
ZKLFKRIWHQH[KLELWYHU\LQWHUHVWLQJIHDWXUHVLHOLPLWHGWLPHRIIOLJKWRUUHGXFHGK\SHUEROLF
YHORFLWLHV DW WKH WZR SODQHWV 7KH VWXG\ DW KDQG UHSUHVHQWV WKH QHFHVVDU\ SUHPLVH IRU
VXEVHTXHQW QXPHULFDO UHILQHPHQW ZLWK WKH XVH RI SODQHWDU\ HSKHPHULGHV 0RUHRYHU WKH
H[LVWHQFHRIPXOWLSOHF\FOLQJSDWKVZLWKGLIIHUHQWUHSHWLWLRQSHULRGVGLVFORVHVWKHSRVVLELOLW\RI
GHVLJQLQJ D QHWZRUN RI F\FOLQJ YHVVHOV LQ WKH SHUVSHFWLYH RI DQ LQWHJUDWHG VSDFH WUDYHO
DUFKLWHFWXUHIRU(DUWK0DUVFRQQHFWLRQV
5()(5(1&(6
>@'9%\UQHV-0/RQJXVNL%$OGULQ&\FOHU2UELWEHWZHHQ(DUWKDQG0DUV-RXUQDORI
6SDFHFUDIWDQG5RFNHWV9ROSS  
>@770F&RQDJK\') /DQGDX&+RQJ<DP -0 /RQJXVNL1RWDEOH7ZR6\QRGLF
3HULRG(DUWK0DUV&\FOHU-RXUQDORI6SDFHFUDIWDQG5RFNHWV9ROSS  
>@770F&RQDJK\-0/RQJXVNL'9%\UQHV$QDO\VLVRID%URDG&ODVVRI(DUWK0DUV
&\FOHU7UDMHFWRULHV3DSHU$,$$  
>@03RQWDQL%$&RQZD\2SWLPDO7UDMHFWRULHVIRU+\SHUEROLF5HQGH]YRXVZLWK(DUWK
0DUV&\FOLQJ6SDFHFUDIW-RXUQDORI*XLGDQFH&RQWURODQG'\QDPLFV9ROSS
 
>@03RQWDQL2SWLPDO/RZ7KUXVW+\SHUEROLF5HQGH]YRXVIRU(DUWK0DUV0LVVLRQV$FWD
$VWURQDXWLFDRQOLQH)HEUXDU\  
>@-(3UXVVLQJ%$&RQZD\ 2UELWDO0HFKDQLFVQGHG2[IRUG8QLYHUVLW\3UHVV1HZ
<RUN&KDSWHU  
>@ 0 3RQWDQL 6SDFHIOLJKW 0HFKDQLFV /HFWXUH 1RWHV 6DSLHQ]D 8QLYHUVLWj GL 5RPD 5RPH
,WDO\  
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LONG-TERM ORBIT EVOLUTION OF DECOMMISSIONED
GEOSTATIONARY SATELLITES
63URLHWWL 03RQWDQL


)DFXOW\RI&LYLODQG,QGXVWULDO(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPHYLD(XGRVVLDQD
5RPH,WDO\





'HSDUWPHQWRI$VWURQDXWLFDO(OHFWULFDODQG(QHUJ\(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI
5RPHYLD6DODULD5RPH,WDO\
VLPRQHSURLHWWL#JPDLOFRPPDXURSRQWDQL#XQLURPDLW

ABSTRACT
This work investigates the long-term orbit evolution of decommissioned geostationary
satellites, under the assumption that the final disposal maneuver does not occur, due to
failure of the propulsion system. Orbit dynamics is modeled by including all the major orbit
perturbations, i.e. (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and
Moon gravitational pull as third bodies. For geostationary satellites the J22 term, related to
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion
and the Earth rotation. In addition, the third body perturbation due to Sun and Moon is
proven to be responsible of two major effects: (a) precession of the orbit plane, and (b)
chaotic longitudinal dynamics. This work proposes an analytical approach for prediction of
the overall precession motion. Moreover, this research demonstrates the existence of a
chaotic longitudinal dynamics (effect (b)). In fact, repeated and unpredictable migrations
toward different longitudinal regions are proven to occur, and this is in contrast with what
would take place with the only perturbative effect due to J22.
Keywords: JHRVWDWLRQDU\ VDWHOOLWHV (DUWK RUELW SHUWXUEDWLRQV QRQVLQJXODU HTXLQRFWLDO
HOHPHQWVVSDFHGHEULV
1

INTRODUCTION

,QWKHODVWGHFDGHVWKHVSDFHGHEULVSRSXODWLRQKDVJURZQFRQWLQXRXVO\DQGWKLVFLUFXPVWDQFH
UHSUHVHQWVDVHULRXVKD]DUGIRUIXWXUHVSDFHPLVVLRQVDVZHOODVIRUVSDFHFUDIWEHLQJSODFHGLQ
VRPH VSHFLILF RUELWV 7R GDWH PXOWLSOH VWXGLHV KDYH DSSHDUHG LQ WKH VFLHQWLILF OLWHUDWXUH WKDW
DGGUHVV WKH SUREOHP RI VSDFH GHEULV PLWLJDWLRQ DQG UHPRYDO 0RUHRYHU WKH ,QWHUQDWLRQDO
$FDGHP\ 'HEULV &RPPLWWHH KDV VXSSOLHG VHYHUDO UHFRPPHQGDWLRQV WR VSDFH YHQWXUHV DQG
DJHQFLHV>@ZLWKWKHLQWHQWRIDYRLGLQJWKHLQFUHDVLQJGHWHULRUDWLRQRIWKHVSDFHHQYLURQPHQW
6SHFLILFDOO\WZRUHJLRQVDUHFULWLFDOO\FURZGHG D WKHVSKHULFDOVKHOOFRUUHVSRQGLQJWRORZ
(DUWKRUELWVDWDOWLWXGHVUDQJLQJIURPWRNPDQG E WKHFLUFXODUULQJFRUUHVSRQGLQJ
WR WKH JHRVWDWLRQDU\ RUELW 7KH ODWWHU KRVWV VDWHOOLWHV WDLORUHG WR WHOHFRPPXQLFDWLRQV DQG
ZHDWKHUIRUHFDVW7KHVHVSDFHFUDIWDUHXVXDOO\HTXLSSHGZLWKDSURSHOODQWDPRXQWWKDWVXIILFHV
WRUHDFKSURSHUGLVSRVDORUELWVDWWKHHQGRIWKHLUOLIHWLPH
7KLV ZRUN LQYHVWLJDWHV WKH ORQJWHUP RUELW HYROXWLRQ RI GHFRPPLVVLRQHG JHRVWDWLRQDU\
VDWHOOLWHVXQGHUWKHDVVXPSWLRQWKDWWKHILQDOGLVSRVDOPDQHXYHUGRHVQRWRFFXUGXHWRIDLOXUH
RI WKH SURSXOVLRQ V\VWHP (TXLQRFWLDO RUELW HOHPHQWV DUH HPSOR\HG IRU ORQJWHUP RUELW
SURSDJDWLRQV 0RUHRYHU RUELW G\QDPLFV LV PRGHOHG E\ LQFOXGLQJ WKH PDMRU RUELW
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SHUWXUEDWLRQVQDPHO\ L DUHOHYDQWQXPEHURI(DUWKJUDYLWDWLRQDOKDUPRQLFVDQG LL 6XQDQG
0RRQ JUDYLWDWLRQDO SXOO DV WKLUG ERGLHV ,Q WKH QXPHULFDO SURSDJDWLRQV WKH HSKHPHULGHV RI
(DUWK 0RRQ DQG 6XQ DUH HPSOR\HG )RU JHRVWDWLRQDU\ VDWHOOLWHV WKH - WHUP UHODWHG WR
HOOLSWLFLW\RIWKH(DUWKHTXDWRUKDVDGRPLQDQWHIIHFWGXHWRUHVRQDQFHRIWKHRUELWDOPRWLRQ
DQGWKH(DUWKURWDWLRQ7KLVHIIHFWLVDVVRFLDWHGZLWKWKHH[LVWHQFHRIWZRVWDEOHHTXLOLEULXP
SRVLWLRQV DQG WZR XQVWDEOH HTXLOLEULXP SRVLWLRQV FRUUHVSRQGLQJ WR VSHFLILF JHRJUDSKLFDO
ORQJLWXGHV $V D UHVXOW WKH SHUWXUEHG PRWLRQ GXH RQO\ WR - LV FRPSOHWHO\ SUHGLFWDEOH DQG
ZRXOG FRQVLVW RI QRQOLQHDU RVFLOODWLRQV DERXW WKH HTXLOLEULXP SRVLWLRQV +RZHYHU WKH WKLUG
ERG\SHUWXUEDWLRQGXHWR6XQDQG0RRQLQWURGXFHVIXUWKHUFRPSOH[LW\DQGWRJHWKHUZLWKWKH
HIIHFW RI WKH (DUWK REODWHQHVV LV UHVSRQVLEOH RI WKH RUELW SUHFHVVLRQ PRWLRQ >@ 7KH RUELW
LQFOLQDWLRQ DQG ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH DUH VXEMHFW WR UHOHYDQW YDULDWLRQV DV D
UHVXOW7KLVZRUNSURSRVHVDJHRPHWULFDODQDO\WLFDSSURDFKDLPHGDWPRGHOLQJWKLVHIIHFWDQG
FRPSDUHV LW ZLWK WKH UHVXOWV REWDLQHG WKURXJK QXPHULFDO SURSDJDWLRQV 0RUHRYHU WKLV VWXG\
LQYHVWLJDWHV WKH RYHUDOO ORQJLWXGLQDO G\QDPLFV DV D UHVXOW RI WKH FRPELQHG DFWLRQ RI - DQG
WKLUG ERGLHV ZLWK WKH LQWHQW RI DVFHUWDLQLQJ LI WKH VSDFHFUDIW G\QDPLFV UHWDLQV WKH UHJXODU
SUHGLFWDEOHEHKDYLRUGXHWRWKHRQO\HIIHFWRI-
2

EARTH GRAVITATIONAL FIELD

'XH WR LUUHJXODU PDVV FRQFHQWUDWLRQV WKH (DUWK JUDYLWDWLRQDO SRWHQWLDO GLIIHUV FRQVLGHUDEO\
IURPWKDWJHQHUDWHGE\DVSKHULFDOPDVVGLVWULEXWLRQ$VDUHVXOWWKHJUDYLWDWLRQDOJHRSRWHQWLDO
PD\ EH ZULWWHQ LQ WHUPV RI VSKHULFDO KDUPRQLFV >@ DVVRFLDWHG ZLWK FRHIILFLHQWV -OP DQG
/HJHQGUH SRO\QRPLDOV Plm,, DQG GHSHQGLQJ RQ WKH LQVWDQWDQHRXV VSDFHFUDIW ODWLWXGH 
JHRJUDSKLFDOORQJLWXGH gDQGUDGLXVr _U_LIUGHQRWHVWKHSRVLWLRQYHFWRUWDNHQIURPWKH
(DUWK¶V FHQWHU  ,Q WKLV UHVHDUFK JHRVWDWLRQDU\ RUELWV DUH LQYHVWLJDWHG ,Q RUGHU WR SURYLGH
UHDOLVWLFUHVXOWVKDUPRQLFVXSWR-DUHLQFOXGHGLQWKHG\QDPLFDOPRGHOLQJDOWKRXJKWKHPDLQ
HIIHFWVDUHGXHWR-DQG-DVVRFLDWHGUHVSHFWLYHO\ZLWKWKH(DUWKREODWHQHVVDQGHTXDWRULDO
HOOLSWLFLW\ ,Q SDUWLFXODU WKH - VHFWRULDO WHUP LV FRQVLGHUHG EHFDXVH LW \LHOGV D UHVRQDQW
SHUWXUELQJHIIHFWUHODWHGWRSKDVLQJRIWKH(DUWKURWDWLRQDQGWKHVSDFHFUDIWRUELWDOPRWLRQ
7KHLQHUWLDO(DUWKFHQWHUHGIUDPH (&, KDVRULJLQDWWKH(DUWK¶VFHQWHUDQGLVDVVRFLDWHGZLWK
WKHULJKWKDQGVHTXHQFHRIXQLWYHFWRUV , , ZKHUH DQG OLHLQWKH(DUWK¶VHTXDWRULDO
SODQH,QSDUWLFXODU LVWKHYHUQDOD[LVDOLJQHGZLWKWKHLQWHUVHFWLRQRIWKLVSODQHZLWKWKH
HFOLSWLF SODQH ZKLOH  SRLQWV WRZDUG WKH (DUWK URWDWLRQ D[LV 7ZR DGGLWLRQDO IUDPHV DUH
LQWURGXFHG D  , , ZLWK DOLJQHGZLWKU GLUHFWHGDORQJWKHORFDO(DVWGLUHFWLRQDQG
DOLJQHGZLWKWKHORFDO1RUWKGLUHFWLRQDQG E  , , DOVRUHIHUUHGWRDVWKHORFDOYHUWLFDO
ORFDOKRUL]RQWDOIUDPH /9/+ ZLWK DOLJQHGZLWKWKHSURMHFWLRQRIWKHVDWHOOLWHYHORFLW\ Y
LQWR WKH ORFDO KRUL]RQWDO SODQH DQG  SRLQWLQJ WRZDUG LWV DQJXODU PRPHQWXP 7KHVH WZR
IUDPHVDUHUHODWHGWKURXJKDURWDWLRQPDWUL[WKDWGHSHQGVRQWKHVSDFHFUDIWLQFOLQDWLRQiULJKW
DVFHQVLRQRIWKHDVFHQGLQJQRGH 5$$1  DQGDUJXPHQWRIODWLWXGH,I
GHQRWHVWKH
*UHHQZLFK DEVROXWH ORQJLWXGH WKHQ WKH VSDFHFUDIW DEVROXWH ORQJLWXGH LV a=
+ g 7KH
JUDYLWDWLRQDODFFHOHUDWLRQLVJLYHQE\

EÖ
NÖ
rÖ
DJ 
U ZKHUH



r r FRV
r
g

$IWHUH[SUHVVLQJ , , LQWHUPVRI , , DSSO\LQJ(T  WRWKHJUDYLWDWLRQDOSRWHQWLDO
r
h
H[SUHVVLRQ >@ OHDGV WR REWDLQLQJ WKH WKUHH FRPSRQHQWV aJ   aJ   aJ   RI WKH JUDYLWDWLRQDO
DFFHOHUDWLRQLQWKH/9/+IUDPHIRUVXEVHTXHQWXVHLQWKHG\QDPLFVHTXDWLRQV
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Average effect of harmonic J2

7KHDYHUDJHHIIHFWRIWKH-SHUWXUEDWLRQ\LHOGVQRYDULDWLRQRIWKHRUELWLQFOLQDWLRQZKHUHDV
WKHRUELWSODQHSUHFHGHVDERXWWKH(DUWKURWDWLRQD[LVZLWKWKHIROORZLQJDQJXODUUDWH>@
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hÖsat ācÖ cÖ ZKHUHn

E

a






ZKHUHWKHV\PERO-GHQRWHVWKH(DUWKREODWHQHVVFRHIILFLHQW RE DQG ( DUHUHVSHFWLYHO\WKH
(DUWKUDGLXVDQGJUDYLWDWLRQDOSDUDPHWHUZKHUHDVDDQGSUHSUHVHQWWKHRUELWVHPLPDMRUD[LV
DQG VHPLODWXV UHFWXP
 LV WKH XQLW YHFWRU DOLJQHG ZLWK WKH RUELW DQJXODU PRPHQWXP
%HFDXVH
LVSDUDOOHOWR IRUDQHTXDWRULDORUELW FI)LJ D KDUPRQLF-DORQHGRHVQRW
DOWHUWKHPRWLRQRIDJHRVWDWLRQDU\VDWHOOLWH7KHQHJDWLYHVLJQLQWKH(T  LQGLFDWHVWKDWWKH
PDLQ]RQDOKDUPRQLFZRXOGFDXVHDFORFNZLVHSUHFHVVLRQDERXWD[LV cÖ ZLWKSHULRGRI
\HDUV LQ WKH SUHVHQFH RI D K\SRWKHWLFDO VPDOO LQFOLQDWLRQ  +RZHYHU WKH H[LVWHQFH RI RWKHU
SHUWXUEDWLRQVLQSDUWLFXODUWKHOXQLVRODUJUDYLWDWLRQDODWWUDFWLRQDOWHUVWKHLQFOLQDWLRQ FI)LJ
 E  DQG LQWURGXFHV DQ DGGLWLRQDO FRQWULEXWLRQ WR WKH UHDO SUHFHVVLRQ H[SHULHQFHG E\ D
JHRVWDWLRQDU\VDWHOOLWH6HFWLRQDGGUHVVHVWKLVSKHQRPHQRQLQGHWDLO


D  E 
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2.2

Analytical approach for harmonic J22
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+&:  HTXDWLRQV >@ ZKLFK UHSUHVHQW WKH ILUVWRUGHU DSSUR[LPDWLRQ RI WKH QRQOLQHDU
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WKHQRPLQDOJHRVWDWLRQDU\RUELWDQGWKH+&:HTXDWLRQVDUH
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THIRD BODY PERTURBATION

7KH SUHVHQFH RI IXUWKHU FHOHVWLDO ERGLHV RWKHU WKDQ WKH (DUWK  UHSUHVHQWV DQRWKHU VRXUFH RI
RUELWDOSHUWXUEDWLRQV$SSUHFLDEOHHIIHFWVRQWKHJHRVWDWLRQDU\RUELWDUHSURGXFHGE\WKH0RRQ
DQGWKH6XQ7KHLUJUDYLWDWLRQDOLQIOXHQFHLVGXHWRWKHGLIIHUHQWLDODFWLRQ WKDWWKH\H[HUWRQ
WKHVDWHOOLWHDQGRQ(DUWK,QJHQHUDOWKHSHUWXUELQJDFFHOHUDWLRQGXHWR DWKLUGERG\FDQEH
H[SUHVVHGDV>@
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8QGHUWKHDVVXPSWLRQWKDWWKHVSDFHFUDIWLVSODFHGLQDFLUFXODURUELWRIUDGLXV5

Rgeo DQG

WKDWWKHWKLUGERG\GHVFULEHVDFLUFXODURUELWDERXWWKH(DUWK DWDFRQVWDQWGLVWDQFH r WKH
GRXEOH DYHUDJLQJ RI WKH *DXVV HTXDWLRQV IRU SHUWXUEHG RUELWV \LHOGV WKH IROORZLQJ YHFWRU
URWDWLRQUDWHRIWKHRUELWSODQH>@


3.1

 B R Ö Ö Ö
hsat āh B h B 
 hsat r

ȦB





Analysis of the orbit precession
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4

LONG-TERM ORBIT EVOLUTION

7KHVDWHOOLWHLV VXSSRVHGWR EH SODFHG LQ JHRVWDWLRQDU\RUELW DW WZR UHIHUHQFH HSRFKVZKLFK
DUH VHW WR  -DQXDU\  DQG  -XQH  LQ WKLV VWXG\ 'LIIHUHQW YDOXHV IRU WKH LQLWLDO
JHRJUDSKLFDO ORQJLWXGH DUH FRQVLGHUHG LQ RUGHU WR SRLQW RXW VRPH UHSHDWHG DQG DSSDUHQWO\
XQH[SHFWHGPLJUDWLRQV WRZDUGGLIIHUHQWORQJLWXGLQDOUHJLRQV ZKLFKRFFXUZKHQWKHVDWHOOLWH
LVFORVHWRDQXQVWDEOHSRLQW
4.1

Equinoctial elements

$Q RUELW LV FRPSOHWHO\ GHVFULEHG E\ WKH FODVVLFDO RUELW HOHPHQWV LH VHPLPDMRU D[LV a
HFFHQWULFLW\ e LQFOLQDWLRQ i 5$$1  DUJXPHQW RI SHULJHH  DQG HFFHQWULF DQRPDO\ E 
+RZHYHUWKHSHUWXUEDWLRQHTXDWLRQVIRURUELWHOHPHQWVEHFRPHVLQJXODUIRUFLUFXODU e  RU
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HTXDWRULDORUELWV i  +HQFHIRUWKHVWXG\RIJHRVWDWLRQDU\RUELWVQRQVLQJXODUHTXLQRFWLDO
HOHPHQWV P  P  Q  Q DQGFDUHLQWURGXFHG>@7KHVL[WKHOHPHQWLVWKHVHPLPDMRUD[LVa
FRPPRQWRERWKVHWVFLVWHUPHGHFFHQWULFORQJLWXGH 7KHWLPHHYROXWLRQRIWKHHTXLQRFWLDO
RUELW HOHPHQWV LV JRYHUQHG E\ WKH /DJUDQJH SODQHWDU\ HTXDWLRQV LQ WKH *DXVV IRUP  ZKLFK
DFFHSWVDUELWUDU\SHUWXUELQJDFFHOHUDWLRQVZULWWHQLQWHUPVRIWKHLUFRPSRQHQWVLQWKH/9/+
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7KHDX[LOLDU\IXQFWLRQVwWKURXJKwGHSHQGRQ P  P DQGF>@
4.2

Precession of the orbit plane

7KHRXWRISODQHEHKDYLRURIWKHVDWHOOLWHDVGHVFULEHGLQVHFWLRQLVVWULFWO\UHODWHGWRWKH
WKLUGERG\HIIHFWFRPELQHGZLWKWKDWRIKDUPRQLF-)LJXUHVKRZVWKHORQJWHUPHYROXWLRQ
RI WKH RUELW LQFOLQDWLRQ DQG 5$$1 ZKLFK LV FRPPRQ WR DOO GHFRPPLVVLRQHG JHRVWDWLRQDU\
VDWHOOLWHVUHJDUGOHVVRIWKHLULQLWLDOORQJLWXGH)URPLQVSHFWLRQRI)LJLWLVDSSDUHQWWKDWWKH
DQDO\WLF DSSURDFK GHYHORSHG LQ 6HFWLRQ  H[KLELWV H[FHOOHQW DJUHHPHQW ZLWK WKH DFFXUDWH
WLPHHYROXWLRQVREWDLQHGWKURXJKQXPHULFDOSURSDJDWLRQ




)LJXUH,QFOLQDWLRQ D DQG5$$1 E WLPHKLVWRU\ J :-DQ 
1XPHULFDO EOXHOLQH DQGDQDO\WLFDO UHGOLQH WLPHKLVWRULHVDUHVKRZQ

511

Orbit evolution of decommissioned geostationary satellites
4.3

Proietti, Pontani

Migration effect

,I WKH RQO\ HIIHFW RI -LV FRQVLGHUHG WKH VDWHOOLWH ZRXOG RVFLOODWH DURXQG WKH QHDUHVW VWDEOH
ORQJLWXGH +RZHYHU WKH OXQLVRODU JUDYLWDWLRQDO SXOO DIIHFWV RUELWDO PRWLRQ WRJHWKHU ZLWK
KDUPRQLF-$FFRUGLQJWRWKHLQLWLDOFRQGLWLRQVDQGUHIHUHQFHHSRFKGLIIHUHQWW\SHVRIRUELW
HYROXWLRQVDUHSURYHQWRH[LVW
 WKHVDWHOOLWHFRQWLQXHVWRRVFLOODWHDURXQGWKHVWDEOHSRLQW
 WKH VDWHOOLWH FRYHUV D JUHDWHU ORQJLWXGLQDO UDQJH SDVVLQJ UHJXODUO\ WKURXJK D VLQJOH
XQVWDEOHSRLQW
 WKHVDWHOOLWHSDVVHVFKDRWLFDOO\WKURXJKDVLQJOHXQVWDEOHHTXLOLEULXPSRLQW
 WKHVDWHOOLWHSDVVHVFKDRWLFDOO\WKURXJKERWKWKHXQVWDEOHSRLQWV
7DEOH  VXPPDUL]HV DOO WKHVH FDVHV )LJXUHV  WKURXJK  SRLQW RXW WKDW WKHVH LUUHJXODU
WUDQVLWLRQVDUHDSSDUHQWO\UHODWHGWRWHPSRUDU\DOWHUDWLRQVRIWKHRUELWVHPLPDMRUD[LVLQGXFHG
E\WKHOXQLVRODUSHUWXUEDWLRQ
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D  E 
)LJXUH/RQJLWXGLQDOPRWLRQ W\SH VWDUWLQJDW: D DQG: E 
UHIHUHQFHHSRFK-DQ 


)LJXUH/RQJLWXGLQDOPRWLRQ W\SH VWDUWLQJDW( UHIHUHQFHHSRFK-DQ 
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)LJXUH/RQJLWXGLQDOPRWLRQ W\SH VWDUWLQJDW: UHIHUHQFHHSRFK-XQ 

)LJXUH/RQJLWXGLQDOPRWLRQ W\SH VWDUWLQJDW( UHIHUHQFHHSRFK-XQ 
CONCLUDING REMARKS

7KLV UHVHDUFK DGGUHVVHV WKH ORQJWHUP RUELW HYROXWLRQ RI GHFRPPLVVLRQHG JHRVWDWLRQDU\
VDWHOOLWHVXQGHUWKHDVVXPSWLRQWKDWQRGLVSRVDOPDQHXYHURFFXUV5HVRQDQFHLVUHODWHGWRWKH
VHFWRULDO KDUPRQLF - RI WKH (DUWK JUDYLWDWLRQ ILHOG DQG ZRXOG \LHOG SUHGLFWDEOH QRQOLQHDU
RVFLOODWLRQVDERXWWKHHTXLOLEULXPSRVLWLRQV+RZHYHUWKHWKLUGERG\SHUWXUEDWLRQGXHWR6XQ
DQG 0RRQ SURGXFHV WZR PDMRU HIIHFWV D  SUHFHVVLRQ RI WKH RUELW SODQH DQG E  FKDRWLF
ORQJLWXGLQDO G\QDPLFV 7KLV ZRUN SURSRVHV DQ HIIHFWLYH DQG DFFXUDWH DQDO\WLFDO DSSURDFK
FDSDEOHRIPRGHOLQJHIIHFW D 0RUHRYHUWKLVUHVHDUFKSURYHVWKHH[LVWHQFHRIIRXUW\SHVRI
ORQJLWXGLQDO WLPH HYROXWLRQV 7ZR RXW RI IRXU WLPHEHKDYLRUV WXUQ RXW WR EH FKDRWLF HIIHFW
E  DQGH[KLELWPXOWLSOHPLJUDWLRQVWRZDUGGLIIHUHQWORQJLWXGLQDOUHJLRQV,QFRQFOXVLRQLQ
WKH DEVHQFH RI SURSHU GLVSRVDO PDQHXYHUV WKH HQGRIOLIH FRQGLWLRQV RI GHFRPPLVVLRQHG
JHRVWDWLRQDU\ VDWHOOLWHV FHUWDLQO\ GHVHUYH WKRURXJK DQDO\VLV LQ RUGHU WR SUHGLFW WKHLU RUELW
HYROXWLRQDQGSURYLGHDFRUUHFWHYDOXDWLRQRQWKHLPSDFWULVNDWVSHFLILFORQJLWXGHV
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ABSTRACT
As part of the "product development" activities, Telespazio proposes the strategic expansion
of its infrastructures for the management of space assets. In this scenario, Telespazio has
identified lines of action to strengthen its space centres and allow the creation of an
innovative networks and services targeted to customers in the research and commercial
sectors. In particular, the U-DRAGON project is the Telespazio's answer to the emerging
micro-satellite market, able to meet the needs of the institutional sector and to intercept the
demands of new commercial and scientific trends. In this project, TPZ proposes the creation
of a network of satellite mini-stations to be offered, on a commercial basis, as a
communication infrastructure for the control of microsatellites and cubesat. U-Dragon is
therefore the first step for TPZ in defining a Ground Segment no longer dedicated to single
missions, but capable of satisfying in parallel multiple users with different requirements.
Therefore a Ground Segment capable of modulating its services on commercial requests,
without the need for ad-hoc developments or major upgrades, but using the existing
infrastructure with a plug and play approach. This paper provides an overview on the project
objectives, status and outlook.
Keywords: Cubesat, Ground Segment, Ground As A Service, Satellite Services
1

INTRODUCTION

As response to a large-scale R&D projects call of the Italian Minister for Economic
Development (MISE) in 2016 related to "Digital Agenda" Telespazio created a new project
aimed to supply communication services to the emerging nano/micro satellites market,
through the development of a dedicated distributed ground stations network, called U-Dragon.
The reference market is different from the classic institutional and governmental one, which is
usually looking at big missions, big satellites and requires big investments not only on the
satellite side, but also on the ground infrastructures for satellite operations, that are developed
ad hoc and are mission specific. On the contrary, small satellites (< 50 kg) are usually cheap

514

U-DRAGON: Unified - DistRibuted Advanced Global Operative Network for nano and micro satellite operations

Fortezza

objects, developed as university research items with the objective to demonstrate/validate
space technologies. Also in this case the ground infrastructure is usually developed ad hoc,
but is composed of few small ground stations (one or two depending on the available budget)
usually installed at the research team site and providing limited satellite access possibility.
U-Dragon wants to overcome this limitation, having as long term goal the provision of an
infrastructure composed of a large number of ground stations, world-wide distributed, to be
made available on commercial basis to the nano/micro satellites players at a price of the
development or the acquisition of one single dedicated station.
The main objectives of the U-DRAGON project are to:
• Facilitate the access of the nano/microsatellite owner to the satellite operations with the
introduction of the ground network worldwide distributed accessible with a simply plugand-play approach. With this approach, the satellite owner does not need to
procure/develop its ground station (and even the s/w for satellite monitoring and control),
but rather he has access to his satellite through a virtual ground segment accessible via a
simply internet access;
• Increase the satellite visibility and therefore the interactions possibility with the satellite.
In fact, being connected to U-Dragon means being potentially able to use all the stations
regardless of where they are located. U-Dragon ensures the temporary and timely
assignment of the ground station to the customer by means of an optimization process
managed by one of its subsystems.
• Optimize and enhance the satellite control, monitoring and communication functions
using the capabilities of the broadband connectivity of the last generation of the new
terrestrial networks and the diffusion of the concept of “full Internet”;
In addition U-Dragon will propose also new paradigm for satellite communication by means
of the development of a low data rate communication on board unit (named Space Twitter)
that is able to automatically and autonomously send to ground a short message using the UDragon network.
Having said that, U-Dragon stands as a research and development project having the objective
to develop a first part of the infrastructure, with a limited number of ground stations, as test
platform to verify the requirements of the new space actors, identify criticalities and collect
lesson learned in view of the implementation of the entire ground infrastructure.
In other words, U-Dragon represents a first step toward the integration of a wider Distributed
Ground Station Network, and a first step toward the development of new commercial services
based on the concept of Ground as a Service (GaaS)
2

THE U-DRAGON CONCEPT

The idea of U-Dragon is to provide a "ground segment service" to several users in parallel,
and able to cope with many missions, each of them with different requirements. Using this
new Communication Service the User could control its own spacecraft/payload without the
need to procure or build up a dedicated and expensive infrastructure. To do that, the system
will be based on a network of micro/mini stations instead of a single small ground station,
geographically distributed, and conceived to satisfy the requirements of the nano-micro
satellites markets, in terms of bands and frequencies, protocols, data-rates, etc.
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Figure 1: The U-DRAGON Concept

The core of the system is the Network Control Center implementing the most part of the
functionalities required by the U-Dragon network, as for example the customer connection
and management, as well as the management of the network itself. One of the main function
is the dynamic assignment of the ground stations to the satellite players by using a specific
scheduler tool. The U-Dragon system is able to elaborate the request of several customers in
parallel and, considering the satellite and ground stations specifications, it is able to define the
so-called ground stations assignment plan, which define the daily tasks of each U-Dragon
component. Based on this plan, the U-Dragon system is able to dynamically configure the
ground stations and the ground network to correctly interact with the satellite, and receive and
forward the mission data as required.
U-Dragon also provides a tool for TM/TC management. This tool is intended to provide a
Human Computer Interface (HCI) for the visualization of the satellite telemetries and for
sending tele-commands. It is a designed to be a flexible tool to be easily customized on the
user needs. However, to provide even more flexibility, the access to the satellite will be also
allowed with the tools developed by the customer for other activities, as for example the
EGSE SW developed to support ground testing activities. Dedicated interfaces will be
provided to the customer, supporting pre-defined protocols. Protocol adapters will be
developed ad hoc for those customers’ applications not immediately connectable to the UDragon network.
Finally, the U-Dragon network will provide two additional features.
•

•

The possibility to federate ground stations of other satellite services providers or even of
the customer. Such possibility will allow the improvement of the service (as for example
in terms of frequencies and or communication protocols covered, or in terms of satellite
visibility increase) without the need to deploy new stations.
the provision of additional and complementary data to the customer. In its final
configuration U-Dragon will be part of the Telespazio network, and that will allow for
data exchange within this platform. For example a customer that is doing EO with his
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cubesat could be interested in comparing his images with other images taken by other
satellites managed by Telespazio.
2.1

Subsystems description

The following subsystems are foreseen in the U-Dragon infrastructure:
Network Control Centre
NCC
• Network Protocol Management (NPM)
• U-Dragon Monitoring and Control (UMC)
• Scheduler (SCH)
NMS
Network Management System
MCC
Mission Control Centre
GSF
Ground Stations Fixed Antennas
GST
Ground Stations Tracking Antennas
STW
Space Twitter
Table 1: U-DRAGON Subsystems
The Network Control Centre represents the core of U-Dragon, able to manage all the
information needed to establish a link between each User and the requested satellite to access
the data/telemetry and to send commands. It hosts the Service Management Platform and the
System Management Platform.
The Service Management Platform is the system that manages the customer connection and
activities. It provides the capability to interact with the U-Dragon network, in terms of
services and/or change requests, ground stations assignment plan visualization, ground station
status, statistics provision (like for example data traffic, connection duration, etc.)
The System Management Platform is the system that manages the operability of the
network, in terms of activities scheduling and system configuration and monitoring. It is
composed of several components:
• Network Protocol Management System. It represents the system in charge of ensure the
proper data flow from the User via the NCC up to the Ground station and vice versa
taking care of the different protocols used for each specific links the data have to pass
through. It shall contain also protocol conversion capabilities to allow, from one side, the
User to connect to U-Dragon using its own MCC and, on the other side, the federation of
existing ground stations.
• U-Dragon Monitoring and Control System. It is the system in charge of centralizes the
Monitor and Control of all the ground station (including their own internal systems) and
provides automatically the availability/unavailability of ground station services.
• Scheduler. The scheduler is the system used to assign, on a temporary basis, each station
to a certain satellite requesting the service available in the visibility cone. The algorithm
running into the scheduler shall maximize the overall throughput considering the
requirements and constraints. The algorithm used by the Scheduler foresees the same
contact result at any different running that maintains the same characteristics.
Network Management System. The NMS is dedicated to establish the secure links, via
internet through VPNs, between the ground stations and the different users, performs the
traffic routing, analyse the data flow, monitors all the equipment in each network.
Mission Control Centre it’s the tool managed by the User to interact with the Satellite. It is
used to acquire, store and display the data, provide threshold analysis, provide alarm
signalling and plot the data. It is also used to build and send commands to the satellite. The
MCC Software suite is a software platform provided by U-Dragon to the User and usually
installed at their home basis.
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Ground Stations. The Ground station is the element used to establish the communication link
between ground and the satellite. It is equipped with all the components to modulate the telecommand received by the users and demodulate the telemetry and send it to the users. The
Ground Station will be equipped with Fixed Antenna (GSF) for low data rate communication
or Tracking Antennas (GST) for high data rate links using different antennas to cope with the
different bands requested.
A sketch of the U-Dragon Architecture is illustrated in Figure 2

Figure 2: U-DRAGON Architecture Concept

3

SPACE TWITTER

In addition to the ground infrastructure, the development of a flight communication element
has been included in the program as a way to simplify the communication with the microsatellite. Space Twitter is therefore a flight communication system, with low bit rate
capabilities able to operate in automatic mode using the dedicated ground network (which is
the fixed antenna micro-stations part of U-Dragon). On the basis of the satellite position,
acquired via its own internal
navigation board, and the location
of the dedicated ground stations,
stored into its system memory, it
elaborates the visibility slots and
it activates the bi-directional link
at the appropriate time. Space
Twitter system is therefore a bidirectional
space-to
ground
communication system and on the
basis
of
the
information
transferred it could provide
several types of services. For
instance if it sends the telemetry
could be used as a secondary
Figure 3 : The Space Twitter Concept
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communication channel, if it transmits Health & Status data could be an efficient satellite
beacon, because it is activated only when the station can receive the signal, if it send satellite
alarm and warning messages could be considered an early failure detection system, if it
transmits a message containing satellite identification, position and orbital data could be used
as "Space Transponder" similar to the "Aeronautical" one and so on. A sketch of the Space
Twitter unit and related data flow is illustrated in Figure 3.
4

THE PROJECT TIMELINE

U-DRAGON has the intermediate objective to develop a platform to test and validate the
concept. This platform in its final configurations will be composed of 5 fixed VHF/UHF
stations and 3 Motorized station in the VHF/UHF and S-Band. The project follows an
incremental approach that foresees several phases as described below:
•

Phase_1: Design, development, testing and validation of the U-Dragon system with basic
functionality for new services of automatic short messages transmitted by the satellite to
micro-ground stations equipped with fixed antennas using only UHF / VHF Bands.
Available cubesat with beacon could be used in passive mode to test the services of
stations and of Network The same stations also have the ability to transmit commands to
the satellites identified by the received messages (agreement with sat owner are required o
test this service)

•

Phase_2: Design, development, testing and validation of the U-Dragon system by adding
the scheduler, the planning functions, optimization of sat passes and tracking stations to
increase the duration of the link. Some of the developed stations will also be equipped
with additional bands such as S-band

•

Phase _3: Integration of the network and Ground station developed in phase_1 and
Phase_2. In this case many stations have their visibility cone overlapped with other
stations and this feature could be used to test new services as the reconstruction of
telemetry stream

Phase 1: Ground Network for short message service
Period: 2018-2019
Elements to be developed:
• Automatic ground stations with
fixed antenna
• Orbital propagation station for
calculating the steps on the stations
• NCC with basic functions: or
message acquisition from the
stations or message transfers to the
end user or command request
acquisition or sorting required at
active stations
• Prototype of the on board
communication board (whose
launch could exploit IOV / IOD
opportunities offered by EC and
ESA

Figure 4: UHF/VHF network with possible localization
of automatic ground station at European TPZ sites
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Number of stations to be developed: 5 and identification of their location

Possible services provided by the network of short message land stations:
•
•
•
•
•

Automatic primary communication for cubesat
Secondary communication for micro-sat and small-sat in LEO
Self-identification and auto-tracking systems for satellites (defined as “Space
Transponder”)
Command to change orbit (propulsion or braking) for collision avoidance
Event communications (scientific event, malfunction, interference, jamming, etc.)

The Figure 4 summarizes a possible location of the stations installed at TPZ centres
distributed in Europe. While awaiting the launch of the satellite communication prototype,
which could certainly, take advantage of various IOV / IOD opportunities provided by ESA
and EU, for the test phase it will be possible to use the UHF / VHF beacons installed on many
cubesat operating in orbit.
Phase 2: Ground network UHF-VHF-S
Period: 2019-2020
Elements to be developed:
• UHF-VHF and S (or even upper bands) ground stations with broadband SDR
• Orbital propagation station for the calculation of precision of the passages on the stations
• NCC with standard functions:
o telemetry and data acquisition from
the stations
o telemetry and data transfers to the
end user
o request acquisition of commands
o sorting of requests at the stations of
the next pass
o Planning system with optimizer
Number of stations to be developed: three
and identification of their location
Possible services provided by the ground
stations system:
Primary communication for cubesat Figure 5: UHF/VHF/S network with possible localization
of mini ground station at European TPZ sites
and micro-sat
• Network for demonstration reception of systems for VHF services (e.g. VDES)
• Network for micro-sat secondary communication systems (Platinum, Pioneeer, etc.)
• Possible demonstration Ground segment for small constellation of small sat for IOD/IOV
services
The Figure 5 summarizes a possible location of the stations installed at TPZ centres
distributed in Europe.
•
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Phase 3: Ground Network Integrated Service
Period: 2020-2021
Elements to be developed:
• Extend Orbital propagation
capabilities for the precision
calculation of transitions over
the stations
• NCC with advanced functions:
o Insertion into the network of
all existing stations as a
single network
o Management of several
stations on a single site
o Acquisition of telemetries
with overlapping from
micro- and mini-stations
o Merging of the data acquired
Figure 6: Phase 3 - Combined Network formed by merging of
to consolidate the telemetry
the Phase1 (micro-stations) & Phase2 (mini-stations) networks
• Scheduler system with
optimizer able to manage of several stations (with fixed and tracking antennas) located on
the same site
• NMS access to other public and TPZ-owned networks to inject queries and
derive/extract/collect complementary data to be provided to the User as additional service
Number of stations to be developed: none
Possible services provided by the ground stations system:
• Primary/secondary communication for micro-sat
• Network for demonstration reception for micro-sat services at standard (9K6) data rates
• Network for secondary communication systems for mini-sat
• Network for sat requiring extended communication on several stations even contiguous
• New Capabilities: new services generated by simultaneous acquisition of sat telemetries
by different sites (complementary acquisition by other stations in case of unavailability or
bad-meteo conditions)
The Figure 6 summarizes a possible location of the stations installed at TPZ centres
distributed in Europe integrated for the phase 3.
5

CONCLUSIONS

U-Dragon represents a first step in the development of a ground network for the nano/micro
satellite market to be offered on commercial basis to this new class of operators with an easy
plug and play approach. This infrastructure has higher performance than those obtainable with
a single owned ground station, at a cost that is comparable with that required for the
procurement of one of these ground station. The project objective is to realize a test platform
for requirement verification and lesson learned collection in view of future development of
the complete infrastructure to provide the service. An incremental approach is foreseen in
order to gradually increase the complexity of the system, and to have preliminary network
ready and operative since the beginning to be offered to the operators that would want to try
it. Both the U-Dragon project and the sat operator could benefit from that. The first having the
possibility to carry out realistic tests in real environment, the second increasing the number of
contacts of their satellite and the overall data exchanged with the space platform.
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ABSTRACT
For long duration missions energy balance maintenance is a crucial point to preserve
astronaut’s wellness and quality of life in Space. Human spaceflight highlights the relevance of
nutritional intervention to counteract the microgravity detrimental effect on skeletal muscle mass
and metabolism.
NutrISS (Nutrition monitoring for the International Space Station) is an Italian Space Agency
(ASI) biomedical experiment investigating patho-physiology of changes in body composition
during long-term spaceflight. The goal of this proof-of-concept is to monitor the body
composition of astronauts and, if needed, to provide nutritional advices during the mission. It
will be executed on the ISS (July-January 2019) and sponsored by ESA.
The payloads selected for the mission “BEYOND” are funded and coordinated by ASI, resulting
from a public call open to the industrial and scientific research communities. ASI, in the frame of
its national mission of promoting and fostering the culture of space across the Country, provides
access to the ISS as a laboratory in space to the Italian research community. The utilization
support services is ensured by Argotec/Telespazio (UTISS Team) providing supports to safety
evaluation, to payload manifesting, to qualification process, leading towards a safe and efficient
delivery, utilization, integration on board the ISS, and recovery of the payload.
The Italian astronaut Luca Parmitano will be subjected to baseline data collections. Body
composition, anthropometric evaluation and energy and metabolic assessment will be performed
by the scientific team. Body composition will be assessed with a Bio-Impedance Analyser (BIA)
device manufactured by Akern and modified by Kayser Italia. It can estimate Fat-Free Mass
(FFM) considering resistance/reactance to low intensity current.
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In order to maintain crew in near neutral energy balance, the science team will monitor monthly
the astronaut body mass during the entire space flight period. Changes will trigger advices to the
astronauts for changing the energy intake, discussed with the nutritional community.
Keywords: Body Impedance, BIA, ISS, Nutrition in Space,
Acronyms/Abbreviations
BioImpedance Analysis (BIA); Body Mass Measuring Device (BMMD); Commercial Off The
Shelf (COTS); European Nutritional Assessment (ENA); Fat-Free Mass (FFM); Fat Mass (FM);
Phase Angle (PA);
1.

INTRODUCTION

1.1
Aims and key objectives
This scientific and operational proof of concept aims to shed light on pathophysiology of changes
in body composition during long-term spaceflight. This study aimed at:
• Defining programs to implement timely nutritional suggestions during the long-term
spaceflights, based on body composition values
• The time course of in-flight musculoskeletal changes will allow an evaluation of the
effectiveness of such feedback
• Optimization of astronauts’ performance and quality of life
• Speed-up and improve the astronaut re-conditioning phase
1.2
Background
Long term space-flight induces relevant changes in body composition and almost invariably
leads to a 1-to-5 % loss of body mass. Results from bed rest research, a model simulating the
microgravity condition in space, and from a few studies during human spaceflight, showed the
importance and the efficacy of nutritional intervention to counteract or limit the detrimental effect
of microgravity on metabolism and skeletal muscle [1-3]. Changes in fat mass (either loss or
deposition) can accelerate muscle atrophy in microgravity [1,2].
A diet maintaining a near-neutral energy balance and/or increasing protein intake can limit
microgravity-induced bone and muscle loss [1,2] and insulin resistance [3]. Moderate protein
supplementation is currently prescribed to ISS crew while energy requirements are typically
estimated using standard equations, including the World Health Organization (WHO) [4] and
Dietary Reference Intake (DRI) [5], using a “moderately active” or “active” adjustment for
activity level for these 2 equations, respectively. Monitoring changes in musculoskeletal fitness
and body composition during spaceflight is crucial to optimize feedback nutritional suggestions
aimed to counteract microgravity negative effects.
To the best of our knowledge the literature about this topic is limited to few experiences. The
bio-impedance analysis has been utilized by a Russian research group [6-8] to monitor the
modification of body fluids compartment and dynamics and body composition during an ISS 6month spaceflight. This technology, however, was never used to monitor and prescribe
countermeasures during spaceflight.
Optimal monitoring and feedback tuning of nutrition would allow a sustainable metabolic
control of microgravity drawbacks on musculoskeletal systems in astronauts.
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1.3
Relevance to future explorations
The achievements that will stem from this study will improve physical performance and
quality of life of the astronaut during spaceflight and optimize the astronaut recovery-phases on
Earth after landing. Moreover, the obtained experimental data could implement clinical
management of malnourished and/or obese immobilized patients, therefore improving quality of
human life on Earth.
2.

MATERIAL AND METHODS

2.1
Mission Scenario and Study Design
The proposed research would involve 1 astronaut of the ISS. In the pre and post- flight phases we
will evaluate astronaut body composition, energy expenditure and anthropometrics as well as
baseline determination of insulin, glucose and lipid pattern, oxidative stress and inflammation. A
diet interview will be assessed by an expert dietician.
Monthly, during flight, a regular and personalized monitoring of mass and body composition will
be performed on the selected ISS crew member in order to maintain energy balance during the
whole long-term spaceflight.
The periodical assessment of body mass (1 measurement per month) will be acquired by using
the Russian Body Mass Measuring Device (BMMD) already present on the ISS while the
periodical assessment of body composition (i.e. Fat Mass – FM, Fat-Free Mass – FFM and phase
angle - PA) will be carried out with a Bio-Impedance Analysis (BIA) device.
Bio Impedance Analysis (BIA) is a reliable tool to assess changes in body composition (see
Figure 1). Basically, FFM can be estimated by appropriate equations considering
resistance/reactance to low intensity current, delivered by electrodes and passing through the
human body. FM is derived by subtracting FFM from total body weight.

(a)

(b)

Figure 1: Body Impedance Analysis Device used for NutrISS (courtesy from Akern):
(a) the Flight Unit; (b) the transportation bag with device electrodes and cables

The BIA device will be used following the manufacturer operative manual; the astronaut will be
trained on ground. The device will be a commercial-off-the-shelf (COTS) that uses 4 electrodes
to be applied 2 (positive and negative) on the right hand and 2 (positive and negative) on the right
foot, according to the manufacturer specification, to measure body resistance and reactance to be
analysed through a specific software on ground. The device (NutriLab from Akern) has been
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modified for its utilization on board ISS; the screen has been protected by a special film, the
internal batteries has been replaced by AA high energy batteries available on ISS pantry has been
Figure 2 depicts the astronaut's posture during the measurement.

Figure 2: Astronaut during the BIA measurement

Data from body composition will be transmitted to the nutritional study team on Earth via the
ESA EveryWear application. Data from body mass will be transmitted to the NutrISS team via
ESA Med Ops. Transmitted data will allow to calculate Fat Mass and Fat-Free Mass (in kg and %)
during the flight. Changes in crew member energy intake will be recommended when there is a
significant difference in fat mass. Changes will be made in order to maintain a neutral energy
balance. Diet adjustment will be triggered by a difference in fat mass equal or greater than 1000g
(in agreement with manufacturer instructions) from the baseline.
Assuming 1g of body fat 7 Cal, then 1000g of body fat 7000 Cal. Therefore, a
reduction/increase of 7000 Cal/month equals to 230 Cal per day adjustment.
Based on these data, the nutritional team will provide energy intake change recommendations (if
needed) to the crew member, in order to maintain his/her energy balance. The strategy for
nutritional plan will be discussed and harmonized with the nutritional community and the flight
surgeons. The crew will perform monthly ESA Nutritional Assessment (ENA) session providing
the team all the data related to the Crew diet during the entire week (6 sessions of which 3
associated to the NutrISS experiment and the other three via data sharing with ESA MedOps)
The new nutritional recommendations for energy intake, if needed, will be made through changes
of the energy delivering macronutrients such as carbohydrates and lipids initially supplied to the
astronauts in the EveryWear app running on the iPad. Updated nutritional recommendations will
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be mentioned within a pop-up window on the main page of the Everywear application once it was
updated.
In case nutritional recommendations need to be updated, a list of potential food items with which
the new recommendations could be achieved will be provided to the crew, on one hand to help
find adequate food items and on the other hand to fulfil personal preferences.
If needed, a change in the nutritional recommendations shall be provided to the crew within 5
working days after Body Mass and BIA measurement, via the Everywear App.
The crew exercise prescription and exercise log during the scheduled ENA sessions (i.e. the
schedule of the exercise actually performed) are requested to correlate the experiment data with
crew energy daily consumption. It is planned to carry out 6 sessions of measurements during the
entire astronaut mission, one every month and each of them will be combined with an ENA
session. The overall NutrISS Experiment Time plan is illustrated in Figure 3.

Figure 3: NutrISS Experiment Time Plan

2.2
Statistics
Statistical analysis is not applicable for such a protocol involving just one observation. Area
Under the Curve of both composition (i.e. Fat Mass, FM; Fat Free Mass, FFM, Body Mass, BM;
etc.) and energy intake data will be calculated. These data will be eventually compared with data
obtained from previous study of experimental bed-rest on Earth.
A comparison between pre, during and post flight data will be evaluated.
3.

RESULTS

This scientific and operational achievement would be important especially during re-conditioning
phases on Earth, after long term spaceflight
Results from this pilot study could be the base for future guidelines for the management of
individualized dietary suggestions during long-term spaceflight
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Additionally, this proposal would contribute to improve quality of human life on Earth providing
appropriate metabolic and clinic management of malnourished or obese immobilized patients.
4.

CONCLUDING REMARKS

At present, approaches integrating the monitoring of metabolic responses to microgravity in
astronauts are lacking.
Results from bed rest study, a model simulating the microgravity condition in space, and fewer
studies during human’s spaceflight, seem to confirm the importance and the efficacy of
nutritional and endurance/resistive exercise intervention to counteract or limit the detrimental
effect of microgravity on metabolism and skeletal muscle and bone loss. Microgravity effects on
musculoskeletal system can be minimized maintaining dietary neutral energy balance and
increasing protein intake.
Results could be optimized by a careful monitoring of body composition and physical
performance during spaceflight, that would allow dietary and physical activity prescription tuned
to the individual astronaut conditions.
The present proposal aims at defining programs to implement feedback nutritional and exercise
prescriptions before, during (every 15 days) and after the spaceflight. The time course of in-flight
musculoskeletal changes, will allow an evaluation of the effectiveness of such feedback. This
scientific and operational achievement will be important especially during reloading phases after
long term spaceflights and will contribute to improve quality of human life on Earth through a
better clinic management of malnourished and/or obese immobilized patients.
5.
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ABSTRACT
In recent years, there has been a great research interest on green propulsion, both for
environmental, cost and ease-of-use considerations. Hydrogen peroxide is a green and
versatile propellant. This paper describes the research performed on hydrogen peroxide
based propulsion by the University of Padua and its spin-off T4i. The primary peculiarity of
this research is the use of stabilized hydrogen peroxide concentrated in-situ from commercial
feedstock. A distillation plant capable of concentrating 1 kg/hour of hydrogen peroxide from
60% to 90% has been developed. The plant runs autonomously 24/7. Compared to the MILgrade hydrogen peroxide classically used in propulsion applications, the so obtained grade
contains much more stabilizers. The propulsion group in Padua has been able to find suitable
catalysts that operate successfully with the stabilized propellant. A 10 N flight-weight
monopropellant thruster has been successfully designed and tested. A 300 N liquid
bipropellant motor that burns the monopropellant exhausts with diesel fuel has also been
developed. Both thrusters make extensive use of additive manufacturing. The hydrogen
peroxide technology has also been applied on hybrid propulsion, which is the main expertise
of the Padua University propulsion group. Hundreds of tests have been performed at labscale, mainly with paraffin wax and polyethylene as fuels, with burning time up to 80 seconds.
The motors are able to start, stop and restart multiple times. A cavitating pintle valve has
been developed in house in order to control the oxidizer mass flow. With this valve, the hybrid
motors are able to throttle the thrust in a range of 1:12.6. Finally, dozens of test have been
performed at 5-10 kN scale up to 50 seconds.
Keywords: &KHPLFDO3URSXOVLRQ+\GURJHQ3HUR[LGH
1

INTRODUCTION

7KHFKHPLFDOSURSXOVLRQJURXSDW8QLYHUVLW\RI3DGXDZDVHVWDEOLVKHGDURXQG6LQFHWKH
EHJLQQLQJWKHDFWLYLW\KDVEHHQFRPSOHWHO\IRFXVHGRQJUHHQSURSHOODQWVERWKIRUHFRQRPLFDO
DQG ORJLVWLFDO OLPLWDWLRQV DQG EHFDXVH RI WKH UHFHQW LQFUHDVHG LQWHUHVW LQ WKH SURSXOVLRQ
FRPPXQLW\ WR UHSODFH FRQYHQWLRQDO WR[LF SURSHOODQWV 7KH 3DGXD SURSXOVLRQ JURXS VWDUWHG
GHYHORSLQJK\EULGURFNHWVEDVHGRQQLWURXVR[LGHDVR[LGL]HU$OPRVWLPPHGLDWHO\WKHIRFXV
RQWKHIXHOVKLIWHGWRSDUDIILQZD[WKDQNVWRLWVKLJKUHJUHVVLRQUDWHZKLFKDOORZIRUDVLQJOH
SRUW GHVLJQ ,Q D WLPHIUDPH RI RQO\  \HDUV WKH JURXS GHYHORSHG IURP VFUDWFK DQG WHVWHG
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GR]HQV RI WLPHV D  N1 12SDUDIILQ ERRVWHU IRU 5$72 5RFNHW $VVLVWHG 7DNH 2II 
DSSOLFDWLRQV WKH ODUJHVW K\EULG WR KDYH EHHQ HYHU WHVWHG DQG IORZQ LQ ,WDO\ WR GDWH >@ $
YHUVLRQZLWKDEDWWOHVKLSFRPEXVWLRQFKDPEHUIOHZLQZKLOHDOLJKWZHLJKWIXOOFRPSRVLWH
YHUVLRQIOHZLQ$IWHUWKDWH[SHULHQFHWKHUHVHDUFKFRQWLQXHGDWODEVFDOHZLWK*2;DQG
12DVR[LGL]HUVDQGSDUDIILQQ\ORQRU+'3(DVIXHOV>@






)LJXUHN112SDUDIILQERRVWHUIRU5$72DSSOLFDWLRQVUHQGHU OHIW DQGILULQJWHVW ULJKW 

)URP  WR  WKH JURXS ZRUNHG ZLWKLQ WKH + 63$57$1 SURMHFW >@ ,Q WKDW
IUDPHWKHJURXSGHYHORSHGDJDVJHQHUDWRUDEOHWRVLPXODWHGHFRPSRVHGK\GURJHQSHUR[LGH
7KHJDVJHQHUDWRUZDVFRPSRVHGE\DK\EULGWRUFKWRSURYLGHWKHKHDWDQGPL[LQJFKDPEHU
ZKHUH R[\JHQ DQG ZDWHU ZKHUH KHDWHG XS DQG PL[HG SULRU WR LQMHFWLRQ LQ WKH ILQDO K\EULG
PRWRU7KHILQDOK\EULGPRWRUXVHGJUDLQVSURYLGHGE\1$002DQGVKRZHGWRPDWFKWKHLU
SHUIRUPDQFHHYHQZLWKRXWXVLQJWKHUHDOSHUR[LGH'XULQJWKH63$57$1SURJUDPWKHJURXS
RI3DGXDDOVRWHVWHG%UDGIRUGSLQWOHYDOYHZLWKVWDQGDUGJUDGH+2SURYLGHGE\6ROYD\
$IWHU WKRVH H[SHULHQFHV WKH JURXS GHFLGHG WR VWDUW UHVHDUFKLQJ RQ FRQFHQWUDWHG K\GURJHQ
SHUR[LGH7KHFKRLFHZDVPRWLYDWHGE\VHYHUDOUHDVRQV
7KHRQO\FRPPHUFLDOJUHHQOLTXLGR[LGL]HUVDUH/2;12DQG+2
/2;LVFU\RJHQLFDQGVXLWHGRQO\IRUDVPDOOQLFKHRIDSSOLFDWLRQV PDLQO\ODXQFKHUV 
+2LVYHU\YHUVDWLOHEHFDXVHLWFDQEHGHFRPSRVHGUHODWLYHO\HDVLO\LQOLTXLGSKDVH
DQGFDQEHXVHGLQ UHVWDUWDEOHDQGWKURWWOHDEOHOLTXLG PRQRSURSHOODQWV ELSURSHOODQWV
K\EULGVDQGJDVJHQHUDWRUV
$WUDGHRIIEHWZHHQ+2DQG12VKRZHGWKHILUVWWREHJHQHUDOO\KLJKHUSHUIRUPLQJ
LQ GHPDQGLQJ DSSOLFDWLRQV ZKLOH WKH VHFRQG LV EHWWHU LQ VLPSOH DSSOLFDWLRQV LQ VHOI
SUHVVPRGH 



)LJXUH+\EULGWRUFKIRUWKH+63$57$1SURMHFW
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7KH PDLQ LVVXH UHJDUGLQJ +2 LV LWV DYDLODELOLW\ 12 DQG /2; DUH DYDLODEOH LQ SXUH IRUP
ZKLOH +2 LV DYDLODEOH LQ DTXHRXV VROXWLRQV &RPPHUFLDO VROXWLRQV RI +2 DUH ODUJHO\
DYDLODEOH DQG FKHDS EXW WKHLU FRQFHQWUDWLRQ FDQ UHDFK RQO\  D YDOXH WRR ORZ IRU KLJK
SHUIRUPDQFH )HZ FRPSDQLHV SURYLGH KLJKHU JUDGHV OLNH (YRQLN 3URSXOVH  EXW WKH
SURFXUHPHQWLVPRUHGLIILFXOWDQGH[SHQVLYHWKDQWKHFRPPHUFLDOLQGXVWULDOJUDGHV
2

HYDROGEN PEROXIDE CONCENTRATION

,QRUGHUWRVLPSOLI\WKHSURFXUHPHQWRIWKHK\GURJHQSHUR[LGHWKHJURXSGHFLGHGWRXVHWKH
FRPPHUFLDOJUDGHSURYLGHGE\6ROYD\ FRQFHQWUDWLRQ DQGFRQFHQWUDWHLWDERYH)RU
WKDWSXUSRVHDGLVWLOODWLRQSURFHVVKDVEHHQGHYHORSHG$WILUVWDVPDOOODEXQLWXVLQJDEDWFK
SURFHVVKDVEHHQGHYHORSHGDQGXVHGH[WHQVLYHO\7KHXQLWFRQWDLQVLQLWLDOO\DURXQGNJRI
VWDQGDUGJUDGHSHUR[LGHDQGSURGXFHVDURXQGNJRISHUR[LGHLQDGD\ZLWKZDVWHZDWHU
DWFRQFHQWUDWLRQ0HDQZKLOHDPRUHVRSKLVWLFDWHGXQLWKDVEHHQGHYHORSHGLQSDUWQHUVKLS
ZLWK:(3$7HFKQRORJLHV 3HWHU:HXWD 7KHXQLWLVFRPSOHWHO\DXWRQRPRXVZLWKLQWHJUDWHG
VDIHW\FRQWUROVDQGUHPRWHO\FRQWUROOHGDQGLVDEOHWRFRQFHQWUDWHFRQWLQXRXVO\DURXQGNJRI
K\GURJHQSHUR[LGHDERYHKRXUVDGD\GD\VDZHHNZLWKZDVWHFRQFHQWUDWLRQ
7KHSRVVLELOLW\WRSURGXFHWKHFRQFHQWUDWHGK\GURJHQSHUR[LGHLQVLWXVLPSOLILHVVLJQLILFDQWO\
WKHWUDQVSRUWDWLRQLVVXHVDQGNHHSVFRVWVGRZQ0RUHRYHULWLVSRVVLEOHWRKDYHGLUHFWFRQWURO
RQWKHFRQFHQWUDWLRQOHYHO LQRUGHUWRLQFUHDVHSHUIRUPDQFHRUORZHULQJWKHIUHH]LQJSRLQW 








)LJXUH6PDOOVFDOH OHIW DQGPHGLXPVFDOH FHQWHUDQGULJKW FRQFHQWUDWLRQXQLWV

3

FACILITY

7KHH[SHULPHQWDODFWLYLWLHVSHUIRUPHGDWODEVFDOHEHIRUHZHUHORFDWHGLQDVPDOOIDFLOLW\
LQ5RVVDQR9HQHWR 9, )LUHVRIWKHN1ERRVWHUZHUHSHUIRUPHGLQRSHQDLULQDSODFHRQ
WKH$OSV 6RYHU]HQH%/ IRUQRLVHUHDVRQV7KHSODFHZDVHPSW\DQGDOOWKHHTXLSPHQWZDV
WUDQVSRUWHG HYHU\ WLPH IRUP 3DGXD IRU D GDLO\ WHVW 7KH VHWXS KDG D PLQLPXP IRRWSULQW
IDFLOLWDWHGE\WKHHDVHRIXVHRIVHOISUHVVQLWURXVR[LGH,QRUGHUWRXVHK\GURJHQSHUR[LGHDQG
LQFUHDVH DQG IDFLOLWDWHV WKH WHVWLQJ DFWLYLWLHV D QHZ IDFLOLW\ ZDV EXLOW VWDUWLQJ LQ  LQ D
SUHPLVH RI 3DGXD 8QLYHUVLW\ 7KH QHZ IDFLOLW\ LV FRPSRVHG E\ WZR FRQWDLQHUV RQH IRU WKH
SHUR[LGH FRQFHQWUDWLRQ DQG WKH RWKHU IRU URFNHW WHVWLQJ 7KH WHVW EHG KDV D VLOHQFHU IRU WKH
ODUJHUWHVWVZLWKZDWHUDGGLWLRQLQRUGHUWRFXWWKHQRLVHGRZQIURPG%WROHVVWKDQG%
7KHWZRFRQWDLQHUVDUHSODFHGLQVLGHHPEDQNPHQWV([WHUQDOO\WKHUHLVDFRQWUROURRPZHUH
WKH WHVWLQJ DFWLYLW\ LV UHPRWHO\ FRQWUROOHG 3HRSOH OHDYH WKH SURWHFWHG DUHD EHIRUH
SUHVVXUL]DWLRQRIWKHWHVWLWHPV$VPDOOZDUHKRXVHDQGDORFNHUURRPDUHDOVRSUHVHQW
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)LJXUH2SHQDLUWHVWIDFLOLW\LQ6RYHU]HQHGXULQJDILULQJWHVWRIWKHN1ERRVWHU WRS DQGWHVW
IDFLOLW\LQ3DGXDGXULQJDVLOHQFHGILULQJWHVWRIWKHPHGLXPVFDOHK\EULGPRWRU ERWWRP 

4

CATALYST DECOMPOSITON

$ SHFXOLDULW\ RI WKH K\GURJHQ SHUR[LGH SURGXFHG DW 3DGXD LV WKDW LW FRQWDLQV D YHU\ ODUJH
DPRXQW RI VWDELOL]HUV DQG LPSXULWLHV  FRPSDUHG WR WKH RQH JHQHUDOO\ DGRSWHG LQ WKH
SURSXOVLRQILHOG 0,/67$1'$5') OLNH(YRQLN3URSXOVH7KLVSURYLGHVDSRWHQWLDO
VDIHW\DGYDQWDJHKRZHYHULWPDNHVPRUHGLIILFXOWWR GHFRPSRVHWKHSHUR[LGHRQDFDWDO\VW
EHG ,W LV DVVXPHG WKDW FODVVLFDO VLOYHU FDWDO\VWV ZLOO EH SRLVRQHG YHU\ UDSLGO\ E\ VXFK
SHUR[LGH7KHJURXSDW3DGXDZDVDEOHWRILQGIHZFDWDO\VWEHGVDEOHWRRSHUDWHIRUH[WHQGHG
WLPH XS WR V  7KLV LV D YHU\ JRRG IRU VHYHUDO DSSOLFDWLRQV EXW QRW VXIILFLHQW IRU ORQJ
EXUQLQJLQVSDFHHQJLQHV0RUHRYHUWKHFDWDO\VWEHGLVDEOHWRFROGVWDUW



)LJXUH&DWDO\VWUHDFWRUVHWXS
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MONOPROPELLANT

7R GHPRQVWUDWH WKH FDSDELOLW\ WR GHFRPSRVH WKH VWDELOL]HG K\GURJHQ SHUR[LGH WKH JURXS
GHYHORSHG D EDWWOHVKLS OLTXLG PRQRSURSHOODQW HQJLQH RI  1 RI WKUXVW DURXQG WKH HQG RI
 6HYHUDO KXQGUHGV RI WHVW LQ PRQRSURSHOODQW PRGHV KDYH EHHQ SHUIRUPHG XS WR QRZ
5HFHQWO\ D QHDU IOLJKWZHLJKW ' SULQWHG  1 WKUXVWHU KDV EHHQ GHYHORSHG DQG WHVWHG >@
7KH HQJLQH LV DEOH WR FROG VWDUW DQG UXQ IRU V KDV DQ HIILFLHQF\ DERYH  DQG FDQ EH
RSHUDWHG LQ SXOVHG PRGH DOWKRXJK DW IHZ +] EHFDXVH RI WKH FRPPHUFLDO YDOYHV XVHG $Q
LPSURYHGYHUVLRQLVIRUHVHHQLQWKHIXWXUH



)LJXUH'SULQWHG1PRQRSURSHOODQWWKUXVWHU

6

LIQUID BIPROPELLANT

$URXQG  WKH JURXS VWDUWHG GHYHORSLQJ SHUR[LGH EDVHG OLTXLG WKUXVWHUV 6PDOO OLTXLG
HQJLQHV DUH SUHIHUDEOH WR K\EULGV IRU DSSOLFDWLRQV UHTXLULQJ YHU\ ORQJ EXUQLQJ WLPH DQG ORZ
WKUXVWV 7KH JURXS GHYHORSHG DQG WHVWHG D EDWWOHVKLS  1 +2'LHVHO OLTXLG HQJLQH 7KH
'LHVHO IXHO LV LQMHFWHG RQ WKH FDWDO\VW EHG H[KDXVWV LJQLWLQJ VSRQWDQHRXVO\ ,Q WKLV ZD\ LW LV
SRVVLEOH WR GHVLJQ D UHVWDUWDEOH QRQ K\SHUJROLF OLTXLG HQJLQH ZLWKRXW D VHSDUDWH LJQLWLRQ
V\VWHP UHGXFLQJ WKH LVVXHV RI FODVVLFDO OLTXLG R[OLTXLG IXHO LQMHFWLRQ WKUXVWHUV 7KH OLTXLG
HQJLQHKDVEHHQWHVWHGGR]HQVRIWLPHZLWKGLIIHUHQWIXHOLQMHFWRUVDQGUHDFKHGF HIILFLHQFLHV
ZHOODERYH%HLQJXQFRROHGWKHPRWRUZDVDEOHWRRSHUDWHIRUIHZGR]HQVRIVHFRQGV$W
WKHPRPHQWWKHJURXSLVWHVWLQJDPRUHDGYDQFHGDQGOLJKWHU'SULQWHGYHUVLRQZLWKDQHZ
FKDPEHUGHVLJQDQGWKHSRVVLELOLW\RIUHJHQHUDWLYHFRROLQJ



)LJXUH1EDWWOHVKLSELSURSHOODQWWKUXVWHU
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HYBRID

7KH PDLQ H[SHUWLVH RI WKH FKHPLFDO SURSXOVLRQ JURXS DW 3DGXD KDV EHHQ DOZD\V UHODWHG WR
K\EULGSURSXOVLRQ$VWKHJURXSVKLIWHGWR+2WKHEXONRIWKHUHVHDUFKUHPDLQVRQK\EULG
SURSXOVLRQ )LUVW RIDOO WKH1FDWDO\VW EHGKDV EHHQWHVWHG LQD1 EDWWOHVKLSK\EULG
URFNHW7KHK\EULGURFNHWLVGHVLJQHGIRUWKUXVWXSWRN1WKHPDVVIORZEHLQJOLPLWHGE\WKH
FDWDO\VWEHGFDSDFLW\7KHPRWRUVKRZHGWKHFDSDELOLW\WRFROGVWDUWWRUXQVWDEOHWRVWRSDQG
UHVWDUWPXOWLSOHWLPHV7KHPRWRUKDVEHHQILUHGIRUEXUQLQJWLPHVXSWRVHFRQGVHYHQZLWK
SDUDIILQZD[DVIXHO>@DOWKRXJKWKHORQJHVWRQHVLQIXHOULFKFRQGLWLRQV



)LJXUH1EDWWOHVKLSK\EULGURFNHWPRWRUILULQJWHVW

$FDYLWDWLQJYHQWXULYDULDEOHSLQWOHIORZFRQWUROYDOYHKDVEHHQGHYHORSHGLQKRXVH>@7KH
YDOYH LV DEOH WR FKRNH WKH R[LGL]HU PDVV IORZ DQG GHFRXSOH WKH IHHG V\VWHP IURP WKH
FRPEXVWLRQFKDPEHUG\QDPLF$IWHUZDUGVDVWHSSHUHOHFWULFPRWRUKDVEHHQFRQQHFWHGWRWKH
PRYDEOHIORZFRQWUROYDOYH>@:LWKWKLVVHWXSDQRXWVWDQGLQJUHDOWLPHWKURWWOLQJUDWLRRI
 KDV EHHQ DFKLHYHG VKRZLQJ WKH SRVVLELOLW\ WR SHUIRUP GLIIHUHQW WKUXVW SURILOHV RQ
GHPDQG>@$UHPRWHO\FRQWUROOHGKXPDQPDQXDOWKURWWOLQJWHVWKDVEHHQDOVRSHUIRUPHG






)LJXUH3OXPHFRPSDULVRQGXULQJWKURWWOLQJWHVWR[LGL]HUULFKXQGHUH[SDQGHGIODPHGXULQJKLJK
WKUXVWRI1 OHIW DQGIXHOULFKRYHUH[SDQGHGIODPHGXULQJORZWKUXVWRI1 ULJKW 

7KH JURXS KDYH VXFFHHGHG DOVR WR GHPRQVWUDWH VWDEOH EXUQLQJ ZLWK IXOO OLTXLG LQMHFWLRQ RI
+2DYHU\VLJQLILFDQWDFKLHYHPHQW7KHPRWRUKDVEHHQLJQLWHGERWKZLWKVROLGLJQLWHUVDQG
DOVR ZLWK D FRQVXPDEOH FDWDO\VW 7KH FRQVXPDEOH FDWDO\VW GLVDSSHDUV LQ IHZ VHFRQGV 7KH
DFWLYLW\RIWKHFRQVXPDEOHFDWDO\VWDQGWKHGHVLJQRIWKHLQMHFWLRQSODWHDUHYHU\LPSRUWDQWWR
DYRLGKDUGVWDUWV7KHVLWXDWLRQRIWKHVROLGLJQLWHUVLVHYHQPRUHVXVFHSWLEOHWRKDUGVWDUWVLQ
FDVHWKHLJQLWLRQVHTXHQFHLVQRWSURSHUO\VHWDQGS\URVLJQLWLRQWLPHVDUHQRWUHSHDWDEOH
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)LJXUH+\EULGURFNHWPRWRUILULQJWHVWZLWKVROLGLJQLWHU

$WWKHHQGRIDODUJHUN1K\EULGPRWRUKDVEHHQGHYHORSHG7KHPRWRUKDVEHHQILUHG
PRUH WKDQ  WLPHV GHPRQVWUDWLQJ LJQLWLRQ ERWK ZLWK WKH VROLG FDWDO\VW EHG RU FRQVXPDEOH
FDWDO\VW 6WDEOHEXUQLQJZLWK HIILFLHQFLHVDERYHKDYHEHHQGHPRQVWUDWHG %XUQLQJWLPH
XS WR  V KDYH EHHQ SHUIRUPHG WKH ILUVW OLPLW EHLQJ WKH YROXPH RI WKH R[LGL]HU UHVHUYRLU
DURXQGNJRI +2FRQVXPHG  7KHPDWHULDO XVHGIRU QR]]OHDQGWKHUPDO SURWHFWLRQLV
YHU\VLPSOHDQGORZFRVWIRUWKHPRPHQW7KHIXHOLVSDUDIILQIRUD[LDOLQMHFWLRQZKLOHZLWK
WKHVROLGFDWDO\VWLWLVSRVVLEOHWRXVHYRUWH[LQMHFWLRQWRJHWKHUZLWKDORZHUUHJUHVVLQJ+'3(
IXHO WKDQNV WR WKH LQFUHDVH RI UHJUHVVLRQ SURYLGHG E\ WKH YRUWH[ LQMHFWLRQ  1H[W VWHS LV WR
VWXG\ EHWWHU DQG SURSHU WKHUPDO SURWHFWLRQV DQG QR]]OH PDWHULDOV LQ RUGHU WR LQFUHDVH WKH
EXUQLQJWLPHXSWRDURXQGV



)LJXUHN1K\EULGURFNHWPRWRUILULQJWHVW

8

CONCLUSIONS

+\GURJHQ SHUR[LGH LV D YHU\ YHUVDWLOH JUHHQ SURSHOODQW WKDW FDQ EH XVHG IRU D YDULHW\ RI
DSSOLFDWLRQV 7KH FKHPLFDO SURSXOVLRQ JURXS DW 3DGXD VWDUWHG WR ZRUN ZLWK WKLV FKHPLFDO LQ
DIWHUDORQJVXFFHVVIXOH[SHULHQFHZLWKQLWURXVR[LGHDQGDWUDGHRIIEHWZHHQGLIIHUHQW
JUHHQR[LGL]HUV$IWHU\HDUVWKHJURXSKDVGHPRQVWUDWHGDVLJQLILFDQWSDUWRIWKHSRWHQWLDORI
WKLV SURSHOODQW EXLOGLQJ DQG WHVWLQJ VXFFHVVIXOO\ KXQGUHGV RI WLPHV OLTXLG PRQRSURSHOODQWV
OLTXLG ELSURSHOODQWV DQG K\EULG URFNHWV FDSDEOH WR VWDUW ZLWK WKUHH GLIIHUHQW LJQLWLRQ
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WHFKQLTXHV7KHPRWRUVDUHVWDEOHHIILFLHQWDQGUHVWDUWDEOHPXOWLSOHWLPHVDQGFDQEHWKURWWOHG
RQGHPDQGLQDUDQJHXSWR+\EULGURFNHWVKDYHEHHQVFDOHGXSWRN1RIWKUXVWDQG
 V RI EXUQ $ SHFXOLDULW\ RI WKH ZRUN GRQH LQ 3DGXD LV WKH XVH RI VWDELOL]HG K\GURJHQ
SHUR[LGH FRQFHQWUDWHG LQ VLWX IURP FRPPHUFLDO VWDQGDUG JUDGHV ZLWK DQ DXWRQRPRXV
GLVWLOODWLRQXQLWFDSDEOHRINJDGD\
9

ACNOWLEDGMENTS
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NEIGHBORING OPTIMAL GUIDANCE AND
PROPORTIONAL-DERIVATIVE ATTITUDE CONTROL
APPLIED TO LOW-THRUST ORBIT TRANSFERS



03RQWDQL )&HODQL


'HSDUWPHQWRI$VWURQDXWLFDO(OHFWULFDODQG(QHUJ\(QJLQHHULQJ±6DSLHQ]D8QLYHUVLW\RI
5RPHYLD6DODULD5RPH,WDO\





6FKRRORI$HURVSDFH(QJLQHHULQJ±6DSLHQ]D8QLYHUVLW\RI5RPHYLD6DODULD
5RPH,WDO\
PDXURSRQWDQL#XQLURPDLWIDELRFHODQL#XQLURPDLW

ABSTRACT
This work presents a unified guidance and control architecture, termed VTD-NOG & PD-RM,
and describes its application to low-thrust orbit transfer from a low Earth orbit to a
geostationary orbit. The variable time-domain neighboring optimal guidance (VTD-NOG) is
a feedback guidance technique based upon minimizing the second differential of the objective
function along the perturbed trajectory, and was proven to avoid the numerical difficulties
encountered with alternative neighboring optimal algorithms. VTD-NOG identifies the
trajectory corrections assuming the thrust direction as the control input. A proportionalderivative attitude control based on rotation matrices (PD-RM) is used to drive the actual
thrust direction toward the desired one, determined by VTD-NOG. Reaction wheels are
employed to perform the attitude control action. In the dynamical simulations, thrust
oscillations, errors on the initial conditions, and gravitational perturbations are considered.
Extensive Monte Carlo simulations point out that orbit injection occurs with very satisfactory
accuracy, even in the presence of nonnominal flight conditions.
Keywords: /RZWKUXVWRUELWWUDQVIHUVQHLJKERULQJRSWLPDOJXLGDQFHSURSRUWLRQDOGHULYDWLYH
DWWLWXGHFRQWURO
1

INTRODUCTION

/RZWKUXVW SURSXOVLRQ LV JDLQLQJ DQ LQFUHDVLQJ XVH LQ VSDFH PLVVLRQV GXH WR LWV HIILFLHQF\
UHODWHGWRKLJKVSHFLILFLPSXOVHV,QIDFWZLWKUHJDUGWRWKHRYHUDOOSURSHOODQWPDVVORZWKUXVW
V\VWHPVDUHSURYHQWRRXWSHUIRUPKLJKWKUXVWHQJLQHVLQDZLGHYDULHW\RIPLVVLRQVFHQDULRV
+RZHYHUGHYLDWLRQVIURPWKHQRPLQDOWUDMHFWRU\UHODWHGHLWKHUWRWKHLPSHUIHFWPRGHOLQJRI
WKH VSDFH YHKLFOH RU WR XQSUHGLFWDEOH HQYLURQPHQWDO FRQGLWLRQV DIIHFW WKH UHDO G\QDPLFV
'ULYLQJDVSDFHFUDIWDORQJDVSHFLILHGSDWKWKXVUHTXLUHVGHILQLQJWKHFRUUHFWLYHDFWLRQVDLPHG
DW FRPSHQVDWLQJ WKH QRQQRPLQDO EHKDYLRU GXH WR WKHVH GHYLDWLRQV ZKLOH PLQLPL]LQJ WKH
DGGLWLRQDOIXHOUHTXLUHGWRSHUIRUPWKHFRUUHFWLYHPDQHXYHUV1HLJKERULQJ2SWLPDO*XLGDQFH
12*  LV DQ LPSOLFLW JXLGDQFH FRQFHSW WKDW UHOLHV RQ WKH DQDO\WLFDO VHFRQG RUGHU RSWLPDOLW\
FRQGLWLRQV DQG DVVXPHV WKH PLQLPXPWLPH RSWLPDO WUDQVIHU DV WKH QRPLQDO WUDMHFWRU\ $
FRPPRQ GLIILFXOW\ HQFRXQWHUHG LQ LPSOHPHQWLQJ 12* FRQVLVWV LQ WKH IDFW WKDW WKH JDLQ
PDWULFHV EHFRPH VLQJXODU ZKLOH DSSURDFKLQJ WKH ILQDO WLPH $V D UHVXOW WKH UHDOWLPH
FRUUHFWLRQ RI WKH WLPH RI IOLJKW FDQ OHDG WR QXPHULFDO GLIILFXOWLHV VR UHOHYDQW WR FDXVH WKH
IDLOXUHRIWKHJXLGDQFHDOJRULWKP
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7KLVUHVHDUFKLVIRFXVHGRQWKHRULJLQDOFRPELQDWLRQRIWZRWHFKQLTXHVDSSOLHGWRORZWKUXVW
RUELW WUDQVIHUV LH L  WKH UHFHQWO\LQWURGXFHG >@ YDULDEOHWLPHGRPDLQ QHLJKERULQJ RSWLPDO
JXLGDQFH 97'12* DQG LL DSURSRUWLRQDOGHULYDWLYHDSSURDFKEDVHGRQURWDWLRQPDWULFHV
3'50  DV WKH DWWLWXGH FRQWURO DOJRULWKP 97'12* EHORQJV WR WKH FODVV RI IHHGEDFN
LPSOLFLW JXLGDQFH DSSURDFKHV $ IXQGDPHQWDO RULJLQDO IHDWXUH RI 97'12* LV WKH XVH RI D
QRUPDOL]HGWLPHVFDOHDVWKHGRPDLQLQZKLFKWKHQRPLQDOWUDMHFWRU\DQGWKHUHODWHGYHFWRUV
DQG PDWULFHV DUH GHILQHG 97'12* LGHQWLILHV WKH WUDMHFWRU\ FRUUHFWLRQV E\ DVVXPLQJ WKH
WKUXVWGLUHFWLRQDVWKHFRQWUROLQSXW%HFDXVHWKHWKUXVWGLUHFWLRQLVIL[HGZLWKUHVSHFWWRWKH
VSDFHFUDIW 97'12* LWHUDWLYHO\ JHQHUDWHV WKH GHVLUHG DWWLWXGH ZKLFK FDQ EH HYHQWXDOO\
GLVFRQWLQXRXVDFURVVVXEVHTXHQWJXLGDQFHLQWHUYDOV7KLVFLUFXPVWDQFHLPSOLHVWKDWWKHDFWXDO
RULHQWDWLRQ ZKLFK LV VXEMHFW WR WKH VSDFHFUDIW DWWLWXGH G\QDPLFV GRHV QRW FRLQFLGH ZLWK WKH
GHVLUHG RULHQWDWLRQ +HQFH WKH DWWLWXGH FRQWURO V\VWHP PXVW EH FDSDEOH RI PDLQWDLQLQJ WKH
DFWXDO VSDFHFUDIW RULHQWDWLRQ VXIILFLHQWO\ FORVH WR WKH GHVLUHG RQH 5HDFWLRQ ZKHHOV DUH
FRQVLGHUHG DV WKH DFWXDWRUV WKDW SHUIRUP DWWLWXGH FRQWURO 7KH FRQWURO ODZ EHLQJ DGRSWHG LV
SURSRUWLRQDOGHULYDWLYHOLNHDQGXVHVGLUHFWO\WKHURWDWLRQPDWULFHV 3'50 
7KLVVWXG\GHVFULEHVWKHDSSOLFDWLRQRI97'12* 3'50WRWKHORZWKUXVWRUELWWUDQVIHU
WKDWVWDUWV IURPDORZ(DUWKRUELW /(2 DQG HQGV DW LQMHFWLRQLQWR DFRSODQDU JHRVWDWLRQDU\
RUELW *(2  6HYHUDO GHYLDWLRQV IURP QRPLQDO IOLJKW FRQGLWLRQV DUH DVVXPHG LH L 
JUDYLWDWLRQDO SHUWXUEDWLRQV LL  HUURUV RQ WKH LQLWLDO FRQGLWLRQV DQG LLL  XQSUHGLFWDEOH
RVFLOODWLRQV RI WKH SURSXOVLYH WKUXVW 7KH\ DUH EHLQJ PRGHOHG LQ WKH FRQWH[W RI H[WHQVLYH
0RQWH&DUORVLPXODWLRQVZLWKWKHILQDODLPRISURYLQJWKDWWKHXQLILHGDUFKLWHFWXUHEDVHGRQ
WKHMRLQWXVHRI97'12*DQG3'50LQGHHGUHSUHVHQWVDQHIIHFWLYHJXLGDQFHDQGFRQWURO
DSSURDFK FDSDEOH RI GHWHUPLQLQJ SUHFLVH DQG IXHOHIILFLHQW ORZWKUXVW RUELW WUDQVIHUV LQ WKH
SUHVHQFHRIQRQQRPLQDOIOLJKWFRQGLWLRQV
2

NOMINAL TRAJECTORY

7KLVSDSHUDGGUHVVHVWKHSUREOHPRIGULYLQJDVSDFHFUDIWIURPDQHTXDWRULDOFLUFXODUORZ(DUWK
RUELW /(2  DW DOWLWXGH RI  NP WR D ILQDO FRSODQDU JHRVWDWLRQDU\ RUELW *(2  LQ WKH
SUHVHQFHRIQRQQRPLQDOIOLJKWFRQGLWLRQV%RWKWUDMHFWRU\DQGDWWLWXGHG\QDPLFVRIWKHVSDFH
YHKLFOH DUH PRGHOHG 7KLV VHFWLRQ LV GHYRWHG WR GHILQLQJ WKH QRPLQDO WUDQVIHU SDWK ,Q WKLV
FRQWH[W WKH VSDFH YHKLFOH LV PRGHOHG DV D SRLQW PDVV 6XEVHTXHQWO\ DWWLWXGH G\QDPLFV LV
FRQVLGHUHGZLWKWKHILQDOLQWHQWRIGHWHUPLQLQJWKHDSSURSULDWHDWWLWXGHFRQWURODFWLRQ
&RQWLQXRXVORZWKUXVWSURSXOVLRQLVHPSOR\HGWRSHUIRUPWKHWUDQVIHUDWKDQG/HW cDQG n 
GHQRWH WKH HIIHFWLYH H[KDXVW YHORFLW\ RI WKH SURSXOVLYH V\VWHP DQG WKH LQLWLDO WKUXVW
DFFHOHUDWLRQ$VWKHWKUXVWPDJQLWXGHLVFRQVWDQWWKHWKUXVWDFFHOHUDWLRQLV aT nc c nt 
ZKHUH t LV WKH DFWXDO WLPH 7KH IROORZLQJ QRPLQDO YDOXHV DUH DVVXPHG n

DQGc  NP VHF  g
2.1

g  

 P VHF 

Formulation of the problem

7KHVSDFHFUDIWPRWLRQFDQEHGHVFULEHGLQWKH(DUWKFHQWHUHGLQHUWLDOIUDPHZKHUH cÖ LVWKH
YHUQDO D[LV DQG cÖ  SRLQWV WRZDUG WKH (DUWK URWDWLRQ D[LV 7KH WZR WHUPLQDO RUELWV OLH RQ WKH
cÖ  cÖ SODQH LH WKH HTXDWRULDO SODQH FI )LJ  D  7KH WLPHYDU\LQJ SRVLWLRQ FDQ EH

LGHQWLILHG E\ WKH IROORZLQJ WKUHH YDULDEOHV UDGLXV r DEVROXWH ORQJLWXGH  DQG ODWLWXGH 
7KHVSDFHFUDIWYHORFLW\FDQEHSURMHFWHGLQWRWKHURWDWLQJIUDPH rÖ tÖ nÖ ZKHUH rÖ LVDOLJQHG
ZLWK WKH SRVLWLRQ YHFWRU U DQG tÖ  LV SDUDOOHO WR WKH cÖ  cÖ SODQH DQG LQ WKH GLUHFWLRQ RI WKH
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VSDFHFUDIW PRWLRQ FI )LJ  D  7KH UHODWHG FRPSRQHQWV DUH GHQRWHG ZLWK vr  vt  vn  DQG
WHUPHGUHVSHFWLYHO\UDGLDOWUDQVYHUVHDQGQRUPDOYHORFLW\FRPSRQHQW7KHVWDWHYHFWRU[RI
WKHVSDFHFUDIWLQFOXGHVWKHYDULDEOHVDVVRFLDWHGZLWKWKHSRVLWLRQDQGYHORFLW\YHFWRUVDQGLV
T

JLYHQ E\ [ 

r
vr vt vn  7KH VSDFHFUDIW LV FRQWUROOHG WKURXJK WKH WKUXVW
GLUHFWLRQGHILQHGE\WKHLQSODQHDQJOH DQGWKHRXWRISODQHDQJOH ERWKLOOXVWUDWHGLQ
)LJ  E  LQ ZKLFK TÖ  LV DOLJQHG ZLWK WKH WKUXVW GLUHFWLRQ  7KXV WKH FRQWURO YHFWRU LV
T
T
7KHVWDWHHTXDWLRQVJRYHUQWKHG\QDPLFVRIWKHFHQWHURIPDVVDQG
X  u u
DUH ZULWWHQ LQ FRPSDFW IRUP DV d[ dt I [ X t  7KH DVVRFLDWHG VFDODU HTXDWLRQV >@ QRW
UHSRUWHGIRUWKHVDNHRIFRQFLVHQHVVLQFOXGHRQO\WKHPDLQJUDYLWDWLRQDO WHUPDQGWKHWKUXVW
DFFHOHUDWLRQ DV H[WHUQDO DFWLRQV LH QR SHUWXUEDWLRQ LV DVVXPHG 7KH ERXQGDU\ FRQGLWLRQV
FRUUHVSRQG WR WHUPLQDO FLUFXODU RUELWV DQG FDQ EH ZULWWHQ LQ FRPSDFW IRUP DV
ȥ [  [ f  t f
0  7KH SUREOHP DW KDQG LV WKHQ UHIRUPXODWHG E\ XVLQJ WKH GLPHQVLRQOHVV
QRUPDOL]HG WLPH  t t f 

[









f

 DQG WKH VWDWH HTXDWLRQV DUH UHZULWWHQ DV

I [ X t f  t 

$V WKH VSDFH YHKLFOH XVHV FRQWLQXRXV WKUXVW PLQLPL]LQJ WKH SURSHOODQW FRQVXPSWLRQ LV
HTXLYDOHQW WR PLQLPL]LQJ WKH WLPH RI IOLJKW t f t  7KXV DV t  LV VHW WR  WKH REMHFWLYH
IXQFWLRQLV J

t f 


)LJXUH5HIHUHQFHIUDPHV D DQGWKUXVWDQJOHV E 

2.2

Minimum-time transfer trajectory

,QRUGHUWRVWDWHWKHQHFHVVDU\FRQGLWLRQVIRURSWLPDOLW\D+DPLOWRQLDQHDQGDIXQFWLRQRIWKH
ERXQGDU\FRQGLWLRQV DUHLQWURGXFHGDV


 H [ X t f   ȜT I DQG [  [ f  t f  t f ȣT ȥ   
ZKHUH Ȝ   DQG ȣ  UHSUHVHQW UHVSHFWLYHO\ WKH DGMRLQW YDULDEOH FRQMXJDWH WR WKH G\QDPLFV
HTXDWLRQVDQGWRWKHERXQGDU\FRQGLWLRQV7KHVHWRIWKHQHFHVVDU\FRQGLWLRQV>@LQFOXGH
WKHDGMRLQWHTXDWLRQVIRU Ȝ LQFRQMXQFWLRQZLWKWKHUHVSHFWLYHERXQGDU\FRQGLWLRQV
WKH3RQWU\DJLQPLQLPXPSULQFLSOHOHDGLQJWRILQGLQJXLQWHUPVRI Ȝ DQG
WKHWUDQVYHUVDOLW\FRQGLWLRQZKLFKUHGXFHVWRDQLQHTXDOLW\FRQVWUDLQW
,Q WKH IRUPXODWLRQ RI WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP WKH (DUWK JUDYLWDWLRQDO ILHOG LV
DVVXPHGVSKHULFDO$VQRIXUWKHUH[WHUQDOIRUFHDIIHFWVWKHVSDFHFUDIWPRWLRQDQGWKHWHUPLQDO
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RUELWVOLHRQWKH cÖ  cÖ SODQHWKHRSWLPDOWUDQVIHUSDWKFDQEHDVVXPHGWROLHRQWKH cÖ  cÖ 
SODQH DV ZHOO 7KLV PHDQV WKDW
 vn  DQG
 DORQJWKHRSWLPDOSDWK7KHODWWHU LV
IRXQGWKURXJKWKHLQGLUHFW KHXULVWLFPHWKRG>@DQGWKH RSWLPDOWLPHKLVWRULHV RI WKHUDGLXV
DQGWKUXVWSRLQWLQJDQJOHDUHSRUWUD\HGLQ)LJ



)LJXUH5DGLXV D DQGWKUXVWSRLQWLQJDQJOH E IRUWKHRSWLPDOWUDQVIHU


3

VARIABLE-TIME-DOMAIN NEIGHBORING OPTIMAL GUIDANCE

1HLJKERULQJ RSWLPDO JXLGDQFH 12*  EHORQJV WR WKH FODVV RI LPSOLFLW JXLGDQFH DSSURDFKHV
DQG UHOLHV RQ WKH VHFRQGRUGHU VXIILFLHQW FRQGLWLRQV IRU RSWLPDOLW\ LQ RUGHU WR ILQG WKH
FRUUHFWLYHFRQWURODFWLRQVLQWKHQHLJKERUKRRGRIWKHUHIHUHQFHWUDMHFWRU\7KLVLVDQRSWLPDO
SDWKWKDWVDWLVILHVWKHVHFRQGRUGHUVXIILFLHQWFRQGLWLRQVIRURSWLPDOLW\
7KLVSDSHUDSSOLHVWKHYDULDEOHWLPHGRPDLQQHLJKERULQJRSWLPDOJXLGDQFHDOJRULWKP 97'
12*  GHVFULEHG LQ IXOO GHWDLO LQ 5HIV  DQG  WR WKH ORZWKUXVW RUELW WUDQVIHU RI LQWHUHVW
97'12*UHTXLUHVVHYHUDORIIOLQHVWHSVVSHFLILFDOO\
D GHWHUPLQDWLRQRIWKHRSWLPDOSDWKWRJHWKHUZLWKDOOWKHUHODWHGTXDQWLWLHV
E QXPHULFDOYHULILFDWLRQRIWKHVHFRQGRUGHUVXIILFLHQWFRQGLWLRQVIRURSWLPDOLW\
F LQWHJUDWLRQ RI WKH PRGLILHG VZHHS HTXDWLRQV WR FDOFXODWH WKH WLPHYDU\LQJ JDLQ
PDWULFHVDQG
G LQWHUSRODWLRQRIDOOWKHQRPLQDOTXDQWLWLHVDVVRFLDWHGZLWKWKHQRPLQDO RSWLPDO SDWK
,WHUDWLYH UHDOWLPH FRPSXWDWLRQV VWDUW DW SUHVFULEHG VDPSOLQJ WLPHV DQG DUH DLPHG DW ILQGLQJ
WKH FRQWURO FRUUHFWLRQ DQG WKH IOLJKW WLPH XSGDWH VXFK WKDW WKH VHFRQG GLIIHUHQWLDO RI WKH
REMHFWLYH IXQFWLRQ LV PLQLPL]HG ZKLOH VDWLVI\LQJ WKH ILUVWRUGHU H[SDQVLRQV RI D  WKH VWDWH
HTXDWLRQV E WKHDGMRLQWHTXDWLRQV F WKHSDUDPHWHUFRQGLWLRQDQG G WKHFRQWUROFRQGLWLRQ
1RYHO IHDWXUHV RI 97'12* ZLWK UHVSHFW WR IRUPHU 12* VFKHPHV DUH L  WKH XVH RI D
YDULDEOH WLPH GRPDLQ LL  QHZ XSGDWLQJ ODZ IRU WKH WLPH RI IOLJKW LLL  QHZ WHUPLQDWLRQ
FULWHULRQ DQG LY QHZVZHHSHTXDWLRQV7KHVHRULJLQDOIHDWXUHVDOORZRYHUFRPLQJWKHPDLQ
GLIILFXOWLHV UHODWHG WR WKH XVH RI IRUPHU 12* VFKHPHV LQ SDUWLFXODU WKH RFFXUUHQFH RI
VLQJXODULWLHVLQWKHJDLQPDWULFHVZKLOHDSSURDFKLQJWKHILQDOWLPHDQGWKHODFNRIDQHIILFLHQW
ODZIRUWKHLWHUDWLYHUHDOWLPHXSGDWHRIWKHWLPHRIIOLJKW7KHVHGHVLUDEOHFKDUDFWHULVWLFVDUH
PDLQO\ UHODWHG WR WKH XVH RI D QRUPDOL]HG WLPH GRPDLQ  FRQVWUDLQHG WR   )LJXUH 
SRUWUD\VDEORFNGLDJUDPWKDWLOOXVWUDWHVWKHVDPSOHGDWDIHHGEDFNVWUXFWXUHRIWKH97'12*
DOJRULWKP LQ ZKLFK WKH FRQWURO DQG IOLJKW WLPH FRUUHFWLRQV GHILQLWHO\ GHSHQG RQ WKH VWDWH
GLVSODFHPHQW [  HYDOXDWHG DW VSHFLILHG GLVFUHWH WLPHV  WKURXJK WKH WLPHYDU\LQJ JDLQ
PDWULFHVZKLFKDUHFRPSXWHGRIIOLQHDQGVWRUHGRQERDUG7KHDWWLWXGHFRQWUROORRS HQFLUFOHG
E\WKHGRWWHGOLQH LVEHLQJRXWOLQHGLQWKHIROORZLQJ
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)LJXUH%ORFNGLDJUDPRI97'12* 3'50


4

ATTITUDE CONTROL

:LWK UHIHUHQFH WR )LJ  97'12* \LHOGV WKH FRUUHFWHG FRQWURO X LH WKH GHVLUHG WKUXVW
GLUHFWLRQ +RZHYHU WKH DFWXDO WKUXVW GLUHFWLRQ LV DOLJQHG ZLWK WKH ORQJLWXGLQDO D[LV RI WKH
VSDFHFUDIW DQG WKH VSDFHFUDIW LQVWDQWDQHRXV RULHQWDWLRQ LV DVVRFLDWHG ZLWK WKH ERG\ IUDPH
xÖb  yÖb  zÖb ZKHUH xÖb LVDOLJQHGZLWKWKHORQJLWXGLQDOD[LV7KXVXLGHQWLILHVWKHFRPPDQGHG
c
c
c
GLUHFWLRQ RI xÖb GHQRWHGZLWK xÖb 7KHUHPDLQLQJ FRPPDQGHGXQLWYHFWRUV yÖb DQG zÖb DUH

FKRVHQVR WKDWLQ QRPLQDO IOLJKW FRQGLWLRQV zÖb OLHV LQ WKHHTXDWRULDO SODQH DQGKDVSRVLWLYH
FRPSRQHQWDORQJWKHORFDOQDGLUGLUHFWLRQGXULQJWKHHQWLUHWLPHRIIOLJKW%DVHGRQWKHODWWHU
FKRLFHV 97'12* GHWHUPLQHV XQHTXLYRFDOO\ WKH FRPPDQGHG URWDWLRQ PDWUL[ R c  ZKLFK
c

c
c
c
UHODWHV cÖ  cÖ  cÖ WR xÖb  yÖb  zÖb 

7R HQIRUFH FRQYHUJHQFH RI WKH DFWXDO DWWLWXGH UHSUHVHQWHG E\ URWDWLRQ PDWUL[ R WRZDUG WKH
FRPPDQGHG DWWLWXGH UHSUHVHQWHG E\ URWDWLRQ PDWUL[ R c  WKH IROORZLQJ 3'OLNH DWWLWXGH
FRQWURODFWLRQLVDSSOLHG>@

 0c



Kp


i 

Hi R c RT Hi

K d Ȧ   

,QWKHSUHYLRXVHTXDWLRQ0FDUHWKHERG\FRRUGLQDWHVRIWKHFRQWUROWRUTXHJHQHUDWHGE\WKH
UHDFWLRQ ZKHHO DVVHPEO\ K p GLDJ k px  k py  k pz  DQG K d GLDJ kdx  kdy  kdz  DUH SRVLWLYH
FRQWURO JDLQV Hi

i 

 IRUP WKH  E\  LGHQWLW\ PDWUL[ H H

H  DQG

FRRUGLQDWHVRIWKHVSDFHFUDIWDQJXODUYHORFLW\ZLWKUHVSHFWWR cÖ  cÖ  cÖ 
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VTD-NOG & PD-RM APPLIED TO LEO-GEO TRANSFER

'XULQJWKHRUELWWUDQVIHUWKHVSDFHFUDIWLVDIIHFWHGE\WKH(DUWKJUDYLWDWLRQDOILHOG+RZHYHU
WKH(DUWKJUDYLWDWLRQDOSRWHQWLDOGLIIHUVWRVRPHH[WHQWIURPWKDWJHQHUDWHGE\DVSKHULFDOPDVV
GLVWULEXLWLRQ $VDUHVXOWVRPHVLJQLILFDQW KDUPRQLFVRIWKH(DUWK JUDYLWDWLRQDO SRWHQWLDO >@
DUH WR EH LQFOXGHG LQ WKH G\QDPLFDO PRGHO LQ RUGHU WR \LHOG PRUH UHDOLVWLF UHVXOWV IURP
VLPXODWLRQV7KXVDOOWKHKDUPRQLFVZLWKPDJQLWXGH J lm   DUHLQFOXGHGLQWKHG\QDPLFDO
VLPXODWLRQVLH J   J   J   J  DQG J  0RUHRYHUDOVRWKHJUDYLWDWLRQDOSHUWXUEDWLRQVGXH
WR0RRQDQG6XQDVWKLUGERGLHV>@PXVWEHWDNHQLQWRDFFRXQW
7KHVSDFHFUDIWKDVLQLWLDOPDVV m NJ DQGPD[LPDOWRUTXHJHQHUDWHGE\WKHUHDFWLRQ
ZKHHOV DERXW HDFK ERG\ D[LV M x

My

PRPHQWV I x  I y DQG I z DUHJRYHUQHGE\


 I x I x  I xt  I y
ZKHUH
Iy

I x  NJP I x

1P  ZKHUHDV WKH WLPHYDU\LQJ LQHUWLD

Mz

I y

I yt  I z

I z

   NJ P VHFI y 

I zt   
I y

NJP  

DQG

   NJ P VHF 0RUHRYHUWKHIROORZLQJYDOXHVDUHVHOHFWHGIRU97'12*

Iz

3'507KHVDPSOLQJLQWHUYDO t S LVVHWWRPLQZKHUHDVWKHFRQWUROJDLQVDUHVHOHFWHG
XVLQJ D WULDO DQG HUURU DSSURDFK DQG VHW WR WKH IROORZLQJ YDOXHV k px   kdx  

k py k py   kdy kdz  
$QRWKHUUHDVRQIRUWKHH[LVWHQFHRIGHYLDWLRQVIURPQRPLQDOIOLJKWFRQGLWLRQVLVUHODWHGWRWKH
IDFWWKDWWKHFRPPDQGHGDWWLWXGHGRHVQRWFRLQFLGHZLWKWKHDFWXDODWWLWXGH7KLVFLUFXPVWDQFH
LV SRLQWHG RXW DOVR LQ )LJ  ZKLFK LOOXVWUDWHV FOHDUO\ WKDW WKH FRUUHFWHG FRQWURO X GRHV QRW
FRLQFLGHZLWKWKHDFWXDOFRQWURO Xa ZKLFKDIIHFWVWKHUHDOG\QDPLFVRIWKHFHQWHURIPDVV
0RUHRYHUIRUWKHLQLWLDOFRQGLWLRQVHUURUVRQWKHLQLWLDOUDGLXVDQGODWLWXGHDUHDVVXPHGZLWK
*DXVVLDQGLVWULEXWLRQ]HURPHDQYDOXHDQGVWDQGDUGGHYLDWLRQ r  IRU r DQG   IRU  
HTXDO WR  NP DQG GHJ  UHVSHFWLYHO\ 7KH ODWWHU YDOXH FRUUHVSRQG WR DQ RXWRISODQH
GLVSODFHPHQWRINP 0RUHRYHUGLVSODFHPHQWVIRUWKHYHORFLW\FRPSRQHQWVDUHVLPXODWHG
DV ZHOO6SHFLILFDOO\DYHORFLW\PDJQLWXGHGLVSODFHPHQWZLWK ]HURPHDQYDOXHDQGVWDQGDUG
GHYLDWLRQ v
 P VHF  LV DVVXPHG ZKLOH WKH YHORFLW\ GLUHFWLRQ KDV XQLIRUP GLVWULEXWLRQ
RYHU D XQLW VSKHUH $ GLIIHUHQW DSSURDFK LV FKRVHQ IRU WKH SHUWXUEDWLRQ RI WKH WKUXVW
DFFHOHUDWLRQ,QIDFWXVXDOO\WKHWKUXVWDFFHOHUDWLRQH[KLELWVVPDOOIOXFWXDWLRQV,I t f GHQRWHV
WKHRSWLPDOWLPHRIIOLJKWWKLVEHKDYLRULVPRGHOHGWKURXJKDWULJRQRPHWULFVHULHV


7KHFRHIILFLHQWV ak





k  

KDYHDUDQGRP*DXVVLDQGLVWULEXWLRQFHQWHUHGDURXQGWKH]HURDQG

k 

ak  FRV

k t
tf

n 

k 

ak VLQ

k t
tf

 np

  

D VWDQGDUG GHYLDWLRQ HTXDO WR  $W WKH HQG RI 97'12*  3'50 WZR VWDWLVWLFDO
TXDQWLWLHVDUHHYDOXDWHGLHWKHPHDQYDOXHDQGWKHVWDQGDUGGHYLDWLRQIRUDOORIWKHRXWSXWVRI
LQWHUHVW ,Q7DEOHZKLFKVXPPDUL]HVWKHVWDWLVWLFVEDVHGRQ0RQWH&DUORVLPXODWLRQV
WKH V\PEROV

BBBB

 DQG

 GHQRWH WKH PHDQ HUURU ZLWK UHVSHFW WR WKH QRPLQDO YDOXH  DQG
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VWDQGDUG GHYLDWLRQ RI  KHQFHIRUWK )LJXUH  SRUWUD\V WKH WLPH KLVWRULHV RI WKH VWDWH DQG
FRQWUROWRUTXHVREWDLQHGLQWKH0RQWH&DUORFDPSDLJQ7KHQXPHULFDOUHVXOWVSURYHWKDW97'
12*  3'50 \LHOGV H[FHOOHQW UHVXOWV LQ WHUPV RI DFFXUDF\ DW RUELW LQMHFWLRQ ZLWK RQO\
PRGHVWGLVSODFHPHQWVRIWKHSHUWXUEHGWLPHVRIIOLJKWZLWKUHVSHFWWRWKHQRPLQDOYDOXH



)LJXUH6WDWHDQGDWWLWXGHFRQWURODORQJSHUWXUEHGSDWKV
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BBB
f
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 GHJ 

f

 GHJ 
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BBBB

vr f  P VHF 


BBBB

vt f  P VHF 

BBBB
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vn f  P VHF 

t f  VHF 





vrf  P VHF 
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7.DWKLUDYDQ03DULVVH


6FKRRORI$HURVSDFH(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPH9LD6DODULD
5RPH
WKDQJDYHO#VWXGHQWLXQLURPDLW
PDXUL]LRSDULVVH#XQLURPDLW



ABSTRACT
6PDOOVSDFHFUDIWOLNH&XEH6DW¶VKDYHQRZGHPRQVWUDWHGVXFFHVVLQGULYLQJXQLYHUVLW\
EDVHG DQG RWKHU VPDOOVFDOH PLVVLRQV :KLOH VXFK VSDFHFUDIW DUH KHUDOGHG IRU WKHLU VKRUW
GHYHORSPHQW WLPHV DQG UHODWLYH VLPSOLFLW\ WKHLU WKHUPDO V\VWHPV FDQ EH D GHPDQGLQJ WDVN
EHFDXVH RI WKH GHQVLW\ RI DSSOLDQFHV LQVLGH D VPDOO YROXPH $ VROLG DQG DXWKHQWLF WKHUPDO
DQDO\VLVLVQHHGHGWRWKHVXFFHVVRIDQ\VSDFHFUDIWPLVVLRQDQGLVWKXVDQLPSRUWDQWSDUWRIWKH
GHYHORSPHQW F\FOH 7KHUPDO PDQDJHPHQW LV FUXFLDO WR VSDFHFUDIW GHVLJQ LQ WKDW PRVW RI WKH
VXEV\VWHPVDUHHOHFWURQLFGHYLFHVDQGHOHFWURQLFGHYLFHVQHHGWRZRUNLQDVSHFLILFWHPSHUDWXUH
UDQJHWRDVVXUHWKHSHUIRUPDQFH7KHIROORZLQJSDSHUSURYLGHVDQLVRWKHUPDOWKHUPDODQDO\VLV
ZLWKHPSKDVLVRQVPDOOVSDFHFUDIW67(&&2D83RFNHW&XEH6DWHOOLWHGHYHORSHGE\6FKRRO
RI$HURVSDFH(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPH7KHVSDFHFUDIWKDVDSULVPDWLFVKDSH
DQGZLOOEHSODFHGRQDVXQV\QFKURQRXVRUELW,QRUGHUWRIDPLOLDUL]HZLWKWKHPDLQIHDWXUHV
RIWKHGLIIHUHQWKHDWORDGVDFWLQJRQWKHVSDFHFUDIWDQGZLWKWKHSXUSRVHWRHVWLPDWHLWVJURVV
WHPSHUDWXUHDORQJWKHRUELWDVLQJOHPDVVPRGHOKDVEHHQDGRSWHG:HFRKHUHQWO\VXSSRVH
WKDWWKHVSDFHFUDIWLV LVRWKHUPDO DQGLJQRUHWKHLQQHU WKHUPDOIOX[HVGXH WR FRQGXFWLYHDQG
UDGLDWLYHFRXSOLQJDPRQJKRWWHUDQGFROGHUSDUWV

Keywords: 7KHUPDO$QDO\VLV3RFNHW&XEH,VRWKHUPDO67(&&2
List of Symbols
D $OEHGRIDFWRUQRPLQDOO\
$ DUHDP
$S SURMHFWHGDUHDP
& VRODUFRQVWDQW:P
F 6SHFLILFKHDWNJPVí.í
,[ HNJP
,\ ,] HNJP
P PDVVNJ
4,5 (DUWK5DGLDWLRQDYHUDJH:P
5( (DUWKUDGLXVDYHUDJH.P
VF 6SDFHFUDIW
7 WHPSHUDWXUH.RU&
W WLPHVHFRQG
Į DEVRUSWLYLW\
į VXQHOHYDWLRQGHJUHH
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İ HPLVVLYLW\ KRWFDVHDQGIRURWKHUFDVHV 
ȗ WUXHDQRPDO\GHJUHH
ȝ( (DUWKJUDYLWDWLRQDOSDUDPHWHUNPVHF
ı 6WHIDQ%ROW]PDQQFRQVWDQW :P.
Ȧ( (DUWKURWDWLRQUDWH 6HF
1

INTRODUCTION

7KHUPDO PDQDJHPHQW LV H[WUHPHO\ FRPSOLFDWHG VLQFH DOO VXEV\VWHPV DUH UHTXLUHG WR
ZRUN LQ D VSHFLILF WHPSHUDWXUH UDQJH ,I WKH WHPSHUDWXUH H[FHHGV WKH RSHUDWLQJ WHPSHUDWXUH
UDQJHVWKHQWKHSHUIRUPDQFHRIWKHGHYLFHVGURS(YHQZRUVHLVWKDWLIWKHWHPSHUDWXUHLVRXWVLGH
WKHVXUYLYDOWHPSHUDWXUHUDQJHWKHGHYLFHVMXVWFUDVKDQGWKHZKROHPLVVLRQPD\IDLO7KHPDLQ
WDVN RI WKHUPDO PDQDJHPHQW LV WR NHHS WKH WHPSHUDWXUH ZKHUH WKH VXEV\VWHPV ZRUN LQ WKH
DSSURSULDWHUDQJH7RDFKLHYHWKLVPDQ\IDFWRUVKDYHWREHWDNHQLQWRDFFRXQW
7KHVSDFHFUDIWJHRPHWU\
7KHVSDFHFUDIWVWUXFWXUHPDWHULDOV
7KHFRQQHFWLRQV IDVWHQHUV EHWZHHQDOOVXEV\VWHPV
7KHZDVWHKHDWJHQHUDWHGE\WKHVXEV\VWHPV
7KHKHDWSDWKWRDEVRUERUGLVVLSDWHKHDW
,PSOHPHQWLQJWHPSHUDWXUHFRQWUROZLWKLQDVSDFHFUDIWLVGHPDQGLQJWRWKHVXFFHVVRID
VDWHOOLWHPLVVLRQ(DFKSD\ORDGFRPSRQHQWDQGEXVRIWKHVSDFHFUDIWKDVFHUWDLQOLPLWDWLRQVWR
WHPSHUDWXUH 7KH PDLQ HOHPHQW PD\ LQFOXGH RSHUDWLRQ DQG D UDQJH RI VXUYLYDO WHPSHUDWXUH
ZKLFKLILWJRHVEH\RQGZLOOUHVXOWLQSHUIRUPDQFHUHGXFHGDQGRUSHUPDQHQWGDPDJHWRWKH
VSDFHFUDIW FRPSRQHQW 'XH WR RYHUKHDWLQJRYHUFRROLQJ (OHFWULFDO GHYLFHV ZLOO QRW ZRUN
SURSHUO\RUPD\KDYHDVKRUWHQHGOLIHVSDQ,IWKHWHPSHUDWXUHLVRIIQRPLQDORULIWKHUHLVD
VLJQLILFDQW WHPSHUDWXUH GLIIHUHQFH EHWZHHQ EDWWHU\ FHOOV WKHUH ZLOO EH D GHFUHDVH LQ %DWWHU\
HIILFLHQF\ +LJKWHPSHUDWXUH JUDGLHQWV FDQ DOVR GHIRUP WKH VSDFHFUDIW VWUXFWXUH SRVVLEO\
OHDGLQJWRPRPHQWRXVSRLQWLQJHUURUV,IWHPSHUDWXUHVDUHOHIWXQFRQWUROOHGWKHVHDUHWKHIHZ
SRVVLEOH PLVVLRQNLOOLQJ SUREOHPV WKDW ZLOO RFFXU $ WKHUPDO DQDO\VLV RU SUHGLFWLRQ RI NH\
FRPSRQHQW WHPSHUDWXUHV UDQJHV VKRXOG EH SHUIRUPHG WKURXJKRXW WKH YDULRXV VWDJHV RI WKH
VSDFHFUDIWGHVLJQSURFHVV
2

SPACECRAFT HEAT TRANSFER

%DVLFDOO\WKHVSDFHFUDIWLV UDGLDWLYHO\FRXSOHGZLWK WKHVSDFHHQYLURQPHQW)LJXUH
ZKLOHWKHKHDWWUDQVIHULQVLGHLWLVUXOHGE\FRQGXFWLRQDQGUDGLDWLRQWKURXJKFRQGXFWLYHDQG
UDGLDWLYHSDWKVWKHVHODWWHUGHILQHGZLWKDVXLWDEOHVPDUWGLVFUHWL]DWLRQ 

)LJXUH6SDFH7KHUPDO(QYLURQPHQW
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2.1

SOLAR RADIATION

7KH6XQFRQWULEXWHVWKHPRVWWRWKHKHDWLQJRIDVSDFHFUDIWLQRUELWDURXQG(DUWKDQGLWLVFRQVLGHUHG
WREHDEODFNERG\UDGLDWLQJDWDWHPSHUDWXUHRI.>@7KLVUHVXOWVLQLQFRPLQJVRODUUDGLDWLRQWR
(DUWKRUWRDVSDFHFUDIWLQWKHQHDUYLFLQLW\RIDPHDQIOX[RI:P7KHVRODUUDGLDWLRQWR(DUWK
YDULHVDERXWGXHWRWKHYDU\LQJGLVWDQFHEHWZHHQWKH6XQDQGWKH(DUWKZLWKDPD[LPXPIOX[RI
:PDQGDPLQLPXPIOX[RI:P>@

2.2

ALBEDO - REFLECTED SOLAR RADIATION

:KHQDPDWHULDOLVVWUXFNE\HQHUJ\LQWKHIRUPRIHOHFWURPDJQHWLFZDYHLWFDQHLWKHUDEVRUE
WUDQVPLWRUUHIOHFW6LQFHWKH(DUWKLVRSDTXHWKHUDGLDWLRQZLOOEHUHIOHFWHGRIIWKHVXUIDFHWKLVLVFDOOHG
DOEHGR$SRUWLRQRIWKLVHQHUJ\ZLOOKLWWKHVSDFHFUDIWRUELWLQJWKH(DUWK+RZHYHULWLVYHU\KDUGWR
SUHFLVHO\VD\KRZPXFKRIWKHLQFRPLQJUDGLDWLRQWRWKH(DUWKLVUHIOHFWHGVLQFHHDFKPDWHULDOUHIOHFWV
GLIIHUHQWO\7KDWPHDQVWKDWWKHDOEHGRLVGHSHQGHQWRQVHYHUDODVSHFWVIRUH[DPSOHRQ WKHZHDWKHU
ZKHUHWKHIRUPDWLRQDQGGHQVLW\RIWKHFORXGVSOD\DFUXFLDOUROH6QRZLVDQRWKHUIDFWRUDVLWVDOEHGR
FDQYDU\EHWZHHQIRUQHZO\IDOOHQVQRZDQGGRZQWRIRUPHOWLQJVQRZ>@MXVWWRPHQWLRQDIHZ
H[DPSOHV)RUHVWVDQGZDWHUDUHFRQVLGHUHGWRKDYHYHU\ORZDOEHGRLQVSLWHRIWKHKLJKUHIOHFWLYLW\RI
ZDWHUDWKLJKDQJOHVRIWKHLQFLGHQWOLJKW2QDYHUDJHWKH(DUWKDQGLWVDWPRVSKHUHKDYHDFRPELQHG
DOEHGRRIDERXW>@

2.3

EARTH INFRARED RADIATION

)RUDERG\WREHLQWKHUPDOHTXLOLEULXPLWLVQHFHVVDU\WRUHUDGLDWHWKHVDPHDPRXQWRIHQHUJ\
WKDWLVDEVRUEHG7KHHQHUJ\UDGLDWHGIURPDERG\LVGHSHQGHQWRQWKHWHPSHUDWXUHLWKDV(DUWKUHHPLWV
HQHUJ\ZKLFKLVLQWKHLQIUDUHGVSHFWUXPDQGWKHHQHUJ\FKDQJHVIRUGLIIHUHQWORFDWLRQVRQ(DUWKGXHWR
WKHGLIIHUHQWWHPSHUDWXUHVDURXQGWKHJOREH$OVRDSRUWLRQRIWKLVHQHUJ\ZLOOKLWWKHVSDFHFUDIWDQG
DIIHFWWKHWHPSHUDWXUHRILW+RZHYHUE\FRQVLGHULQJ(DUWKDVDEODFNERG\UDGLDWRUDW&WKH(DUWK
IOX[LVJLYHQWREH:P>@ZKLFKLVDQDYHUDJHYDOXHWKDWZLOOGLIIHUE\ :P>@

3

THERMAL MATHEMATICAL MODEL (TMM)

)RUDSUHOLPLQDU\DQDO\VLVZLWKPDQ\GHWDLOVVWLOOWREHGHILQHGDQLVRWKHUPDOPRGHOL]DWLRQ
FDQEHFRQVLGHUHGWKHILUVWVWHSWRDFKLHYHDURXJKHYDOXDWLRQRIWKHDYHUDJHWHPSHUDWXUHDORQJ
WKH RUELW 6XFK DQ HOHPHQWDU\ DSSURDFKDOWKRXJK XQDEOH WR SURYLGH D UHDOLVWLF WKHUPDO ILHOG
RQERDUG KDV QHYHUWKHOHVVWKH DGYDQWDJH RI VLPSOLFLW\ WR KLJKOLJKW WKH UHODWLRQ EHWZHHQ WKH
DYHUDJHWHPSHUDWXUHRIWKHVSDFHFUDIWDQGLWVDWWLWXGHDQGORFDWLRQGXULQJWKHRUELWDOPRWLRQ)RU
VXFKDVLPSOLILHGPRGHODVLQJOHWKHUPDOEDODQFHHTXDWLRQZLOOEHZULWWHQ

7KHILUVWPHPEHURIWKHHTXDWLRQUHSUHVHQWVWKHFDSDFLWLYHWHUPDQGLWWDNHVLQWRDFFRXQWWKH
HQHUJ\VWRUHGLQVLGHWKHVSDFHFUDIWDVWKHYDULDWLRQRILWVWHPSHUDWXUH7KHSDUDPHWHUVPDQGF
DUHUHVSHFWLYHO\WKHPDVVDQGWKHVSHFLILFKHDWRIWKHVSDFHFUDIW7KLVWHUPLVWKHUHVXOWRIWKH
LQFRPLQJDQGRXWJRLQJIOX[HVGXHWRWKH6XQ 4V WKH(DUWK 4H WKH$OEHGR 4D WKHSRZHU
JHQHUDWHGRQERDUG 3 DQGWKHHQHUJ\UHHPLWWHGE\WKHVDWHOOLWHVXUIDFH 4U (DFKRQHRIWKH
DERYHIOX[HVKDVLWVRZQH[SUHVVLRQZKLFKZLOOEHJLYHQZLWKRXWSURRI
,QDVLQJOHQRGHPRGHOL]DWLRQLQIDFWWKHH[WUHPHO\UHGXFHGGLVFUHWL]DWLRQDIIHFWVWKHVF
RQO\ ZKLOH WKH VSDFH HQYLURQPHQW ZLWK LWV UDGLDWLYH VRXUFHV LVKRZHYHU DFFXUDWHO\
PRGHOOHG,QWKHIROORZLQJWKHDQDO\VLVZLOOEHVSOLWLQWRWZRGLVWLQFWDQGVXFFHVVLYHVWDJHVLQ
WKHILUVWVWDJHMXVWDIWHUWKHUHOHDVHDQGLQMHFWLRQLQWRWKHQRPLQDORUELWLWLVDVVXPHGDUDQGRP
DWWLWXGHPRWLRQIRUWKHWLPHQHFHVVDU\WRWKHILQDODFTXLVLWLRQ2QFHWKHH[FHVVRINLQHWLFHQHUJ\
KDVEHHQGLVVLSDWHGWKHVHFRQGVWDJHEHJLQVWKHVFLVFDSWXUHGLQWRWKHQRPLQDODWWLWXGHDQG
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VWDELOL]HGE\PHDQVRIJUDYLW\JUDGLHQWWRUTXHZLWKWKHD[LVRIPLQLPXPLQHUWLDRVFLOODWLQJLQ
WKHRUELWDOSODQHYHU\FORVHWRWKHORFDOYHUWLFDO
3.1

TMM Stage 1

'XH WR WKH XQSUHGLFWDELOLW\ RI WKH DWWLWXGH WKH WDVN ZLOO EH WR ILQG WKHFRQGLWLRQV
FRUUHVSRQGLQJWRWKHPD[LPXPDQGPLQLPXPKHDWORDGLQRUGHUWRHVWDEOLVKWKHXSSHUDQGORZHU
YDOXHV RI WKH WHPSHUDWXUH 6XFK FRQGLWLRQVDUH UHVWULFWLYH VLQFH WKH\ FRXOG DOVR QHYHU EH
PHW)RUDVFRQD/(2DOOWKHHQYLURQPHQWDOUDGLDWLYHVRXUFHVPXVWEHFRQVLGHUHGWKHILUVW
RQHWKHPRVWLPSRUWDQWLVWKHKHDWORDGFRPLQJIURPWKH6XQ6XFKDORDGLVGHSHQGLQJRQWKH
VFDWWLWXGHWKDWLVRQLWVSURMHFWHGDUHDRQWRDSODQHQRUPDOWRWKH6XQGLUHFWLRQ




)LJXUHD67(&&2,VRPHWULF9LHZ)LJXUHE5HODWLRQVKLSEHWZHHQWKHSURMHFWDUHD
RIWKHSULVPDWLFERG\DQGWKHVXQGLUHFWLRQ
:LWKUHIHUHQFHWR)LJEWKH6XQYHUVRU LVGHILQHGLQWKHERG\UHIHUHQFHIUDPHE\WKH
DQJOHV Ȗ DQG ȕ 7KH VF SURMHFWHG DUHD $S ZLOO EH WKH VXP RI WKH WKUHH SURMHFWHG DUHDV
FRQWHPSRUDU\LOOXPLQDWHGE\WKH6XQWKHQRUPDOWRWKHVHVXUIDFHVDUHMXVWWKHYHUVRUV   
RIWKH[\DQG]D[HV%\FRPSXWLQJWKHFRVLQHVEHWZHHQWKHYHUVRUVDQG LWLVIRXQG
$S $[VLQȕFRVȖ$\VLQȕVLQȖ$]FRVȕ
:LWK$\ $]

,WLVLPPHGLDWHWRILQGWKHORZHVWYDOXHRIWKHIXQFWLRQ$S ȕȖ ZKLFKFRUUHVSRQGVWR
Ȗ DQGȕ  LQWKLVFDVH$SPLQ $[7KHKLJKHVWYDOXHLVREWDLQHGE\GHULYLQJ$S ȕȖ LW
LVIRXQG
Ȗ DUFWDQ

WDQȕ FRVȖVLQȖ
%\UHSODFLQJWKHQXPHULFDOYDOXHV$[ PDQG$\ $] PWKHDQJOHVDUH
Ȗ DQGȕ DQGWKHH[WUHPHVRI$S ȕȖ 
$SPLQ P$SPD[ PZLWK$SPD[$SPLQ 
,WLVHYLGHQWIURPWKHUDWLRRIWKHSURMHFWHGDUHDVWKDWWKHKHDWORDGIURPWKH6XQDVZHOO
DVWKHWHPSHUDWXUHRIWKHVFFDQFKDQJHGUDPDWLFDOO\DFFRUGLQJWRWKHLQVWDQWDQHRXVDWWLWXGH
,WLVZRUWKZKLOHWRREVHUYHIRUVXFFHVVLYHFRQVLGHUDWLRQVWKDWWKHSURMHFWHGDUHDFRUUHVSRQGLQJ
WRȖ DQGȕ LV      PSUDFWLFDOO\FRLQFLGHQWZLWKWKHPD[LPXP
YDOXH
$VIDUDVWKHLQIUDUHG(DUWKUDGLDWLRQLVFRQFHUQHGWKHDVVRFLDWHGKHDWORDGKDVEHHQ
HYDOXDWHGE\XVLQJWKHZHOONQRZQ&XQQLQJKDP>@IRUPXODVWKHPD[LPXPYDOXHRIWKH(DUWK
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YLHZIDFWRU)HFRUUHVSRQGVWRDQDWWLWXGHLQZKLFKWKH(DUWKGLUHFWLRQLQWKHERG\UHIHUHQFH
IUDPHRI)LJELVFROOLQHDUZLWKWKH\RU]D[LV
:LWKWKLVDWWLWXGHWKHVFUHFHLYHVDQKHDWIOX[DFURVVILYHRILWVVL[VXUIDFHVRQHUHFWDQJXODU
VLGHKDVWKHQRUPDOSRLQWLQJWRZDUGWKH(DUWKDQGLVDOLJQHGZLWKWKHORFDOYHUWLFDOWKHRWKHU
IRXUVLGHVKDYHWKHQRUPDOPDNLQJDQDQJOHRIZLWKWKHORFDOYHUWLFDOWKHVHODVWFDQVHH
RQO\KDOIRIWKH(DUWKFDS
,Q WKH IROORZLQJ FRPSXWDWLRQV QHYHUWKHOHVV D GLIIHUHQW DWWLWXGH ZLOO EH WDNHQ LQWR
FRQVLGHUDWLRQDQGSUHFLVHO\WKHRQHGHILQHGE\Ȗ DQGȕ WRWKLVDWWLWXGHFRUUHVSRQGV
DYLHZIDFWRUZKLFKLVRQO\VPDOOHUWKDQWKHPD[LPXPEXWWKHKHDWORDGIURPWKH6XQLV
DOORZHGWREHFORVHUWRLWVPD[LPXP
7KHODVWHQYLURQPHQWDOUDGLDWLYHVRXUFHLVWKHDOEHGRWKHLPSRUWDQFHRIVXFKDQLQSXW
LVJUHDWO\GHSHQGLQJDSDUWRWKHUIDFWRUVRQWKHHOHYDWLRQRIWKH6XQZLWKUHVSHFWWRWKHRUELWDO
SODQHDQGSUHVHQWO\WKLVDQJOHKDVQRW\HWEHHQHVWDEOLVKHG)RUWKHHYDOXDWLRQRIWKHPD[LPXP
DQGPLQLPXPWHPSHUDWXUHVWKHVFHQDULRZLWKį  ZLOOEHFRQVLGHUHG&RUUHVSRQGLQJO\WKH
HFOLSVHGXUDWLRQLV WKHORQJHVW VRWKDWWKHVFZLWKVXLWDEOHLQLWLDOFRQGLWLRQV PD\ UHDFKWKH
PLQLPXPWHPSHUDWXUH:KHQLQVXQOLJKWWKHVFZLOOSDVVWKURXJKWKHVXEVRODUSRLQWZKHUHWKH
DOEHGR LV PD[LPXP E\ VHOHFWLQJ GLIIHUHQW DWWLWXGHV LW LV SRVVLEOH WR KDYH DQ LGHD DERXW WKH
WHPSHUDWXUHUDQJH
 +RW&DVH
7KHWKHUPDOLQHUWLDRIWKHVFLVDVVXPHGVXIILFLHQWO\VPDOOWRGLVUHJDUGWKHFDSDFLWLYH
WHUP RI WKH WKHUPDO EDODQFH HTXDWLRQ 7KH WHPSHUDWXUH IROORZV DOPRVW LQVWDQWDQHRXVO\ WKH
YDULDWLRQRIWKHH[WHUQDOORDGVDQGWKHGLIIHUHQWLDOHTXDWLRQUHGXFHVWRDQDOJHEUDLFHTXLOLEULXP
HTXDWLRQ WKLV ODWWHU KDV EHHQ ZULWWHQ DVVXPLQJ WKH VF ORFDWHG LQ WKH VXEVRODU SRLQW ZLWK DQ
DWWLWXGHVXFKWKDWWKH[D[LVRIWKHERG\UHIHUHQFHIUDPHEHQRUPDOWRWKHORFDOYHUWLFDODQGWKH
6XQGLUHFWLRQLQWKHIUDPHLVGHILQHGE\WKHDQJOHVȕ DQGȖ 7KHVDPHYLHZIDFWRU
RIWKH(DUWKKDVEHHQDVVXPHGIRUWKHDOEHGR


%\UHSODFLQJWKHQXPHULFDOYDOXHV

.

7PD[

7KLVYDOXHLVOLNHO\WREHKLJKHUZKHQWKHRQERDUGSRZHUSUHVHQWO\QRW\HWNQRZQZLOOEH
LQFOXGHG LQ WKH EDODQFH 1HYHUWKHOHVV D OHVV SHQDOL]LQJ PRGHOL]DWLRQ LQFOXGLQJ D UHDOLVWLF
WKHUPDO LQHUWLD SURYLGHV ORZHU YDOXHV RI WKH WHPSHUDWXUH )RU VDNH RI EUHYLW\ WKH FRPSOHWH
GLIIHUHQWLDOHTXDWLRQLVQRWGLVSOD\HGEXWLWVQXPHULFDOLQWHJUDWLRQSURYLGHVDVPD[LPXPYDOXH
RIWKHWHPSHUDWXUH7 .
 &ROG&DVH
7KHRSSRVLWHH[WUHPHRIWKHWHPSHUDWXUHZLOOEHDWWDLQHGDWWKHHQGRIWKHHFOLSVHSKDVH
$WDQDOWLWXGHRINPZLWKį WKHGXUDWLRQRIWKHHFOLSVHLVVDERXWWKHRIWKH
RUELWDOSHULRGZKLFKLVV7RJHWWKHPLQLPXPYDOXHRI7WKHVFLVVXSSRVHGWRKDYHDQ
DWWLWXGH ZKLFKPLQLPL]HWKHUDGLDWLYH(DUWKIOX[WKDWLV WKH[ D[LVLV DOLJQHGDORQJ WKHORFDO
YHUWLFDO7KHLQLWLDOFRQGLWLRQRIWKHFRROLQJSKDVHLVREWDLQHGDVHTXLOLEULXPWHPSHUDWXUHDWWKH
HFOLSVHHQWUDQFH$WWKHFRUUHVSRQGLQJORFDWLRQRQWKHRUELWWKH6XQGLUHFWLRQPDNHVDQDQJOH
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RIZLWKWKH[D[LVDQGWKHPLQLPXPSURMHFWHGDUHDLVP7KHDOJHEUDLFDOEDODQFH
HTXDWLRQSURYLGHV7 .7KHFRROLQJSKDVHLVUXOHGE\WKHHTXDWLRQ

:KHUH H LQGLFDWHV WKH (DUWK YLHZ IDFWRU RI WKH FXUUHQW DWWLWXGH 7KH HTXDWLRQ DOWKRXJK
QRQOLQHDULVDQDO\WLFDOO\LQWHJUDEOH DQGSURYLGHVWKHWUHQGLQWKHSORW

)LJXUH(FOLSVH&RROLQJ
3.2



TMM STAGE 2

7KHVFLVILQDOO\FDSWXUHGLQWRWKHILQDOQRPLQDODWWLWXGHDUHVLGXDOOLEUDWLRQࣀ W WDNHV
SODFHLQWKHRUELWDOSODQHGXHWRWKHJUDYLW\JUDGLHQWWRUTXH7KHSLWFKG\QDPLFVLVUXOHGE\WKH
VLPSOHHTXDWLRQ


:KHUH RLVWKHDQJXODURUELWDOYHORFLW\7KHOLEUDWLRQIUHTXHQF\LV

DQGWKHVROXWLRQLV

$OVRLQWKLVFDVHWKHHOHYDWLRQRIWKH6XQLVDVVXPHGį WRPD[LPL]HWKHHIIHFWVRIWKHDOEHGR
DQGFRROLQJ7KHWUXHDQRPDO\ȗ  WLVPHDVXUHGZLWKUHVSHFWWRWKHGLUHFWLRQ(DUWK6XQ$W
WLPHW WKHVFLVORFDWHGLQWKHVXEVRODUSRLQWZKHUHȗ ZLWKDQDWWLWXGHVXFKWKDWࣀ 
DQG  

)LJXUH(FOLSVH'XUDWLRQDQJOH

559



:LWKUHIHUHQFHWR)LJWKHWKHUPDOEDODQFHHTXDWLRQFDQEHZULWWHQ





:KHUHVZIDQGVZIDUHVZLWFKIXQFWLRQVZKRVHYDOXHVDUHRUVZIJRYHUQVWKH
6XQUDGLDWLRQLWVYDOXHLV]HURLQVKDGRZZKHQ
DQGLQVXQOLJKWVZIJRYHUQV
WKH$OEHGRUDGLDWLRQLWVYDOXHLVZKHQ LVLQWKHUDQJH DQG]HURHOVHZKHUH

)LJXUH'D\1LJKW&\FOHRI67(&&2



7KHIOXFWXDWLRQVRIPD[LPDDQGPLQLPDDUHGXHWRWKHGLIIHUHQWRUELWDODQG OLEUDWLRQ
IUHTXHQFLHV 7KH YDULDWLRQ RI WKH H[SRVHG DUHD RI WKH VF LV WDNHQ LQWR DFFRXQW IRU WKH 6XQ
UDGLDWLRQRQO\
7KHKHDWUHMHFWHGWRZDUGGHHSVSDFHDFFRUGLQJWRWKH6WHIDQ%ROW]PDQQODZKDVEHHQ
FRDUVHO\ PRGHOOHG 6WULFWO\ VSHDNLQJ EHFDXVH RI WKH ORZ DOWLWXGH WKH ILHOG RI YLHZ RI VRPH
IDFHWVRIWKHVFLVLQODUJHSDUWRFFXSLHGE\WKH(DUWKVXUIDFHZKRVHWHPSHUDWXUHLVPXFKKLJKHU
WKDQGHHSVSDFHDFWXDOO\WKHVFZLOOORVHOHVVUDGLDWLYHHQHUJ\DQGLWVWHPSHUDWXUHZLOOEHLQ
VRPHZD\KLJKHU
4

CONCLUDING REMARKS

7KHSXUSRVHRIWKLVSDSHUZDVWREHJLQZLWKDVHWRIUHTXLUHPHQWVIRUDVDWHOOLWHWKHUPDO
FRQWURO V\VWHP WKURXJK WR FRPSOHWLQJ WKH WKHUPDO DQDO\VLV DQG GHVLJQ 7R HQVXUH V\VWHP
UHOLDELOLW\7KHUPDOFRQWUROZLOOEHQHFHVVDU\67(&&26DWHOOLWHWKHUPDOFRQWUROVXEV\VWHPLV
SDVVLYHEHFDXVHRIWKHPRVWHOHFWURQLFVFRPSRQHQWVFODVVLILHGDVORZSRZHUFRQVXPSWLRQ)URP
WKHWKHUPDODQDO\VLVSRLQWRIYLHZWKHUPDOFRQWURORSWLRQVDYDLODEOHIRUQDQRVDWHOOLWHOLNHWKH
3RFNHW&XEH6DWLVOLPLWHG$KXJHDPRXQWRIVSDFHDQG(OHFWULFSRZHUDUHUHTXLUHGIRUWKH
DFWLYHWKHUPDOFRQWUROV\VWHPZKHUHDVDSDVVLYHWKHUPDOFRQWUROV\VWHPPLJKWQRWEHDGHTXDWH
IRUFHUWDLQRSHUDWLQJFRQGLWLRQVRIWKHVSDFHFUDIW7KHUHIRUHLWLVLPSRUWDQWWRFRQWLQXDOO\XSGDWH
WKH WKHUPDO PRGHO DV WKH GHVLJQ FKDQJHV WDNH SODFH WR GHWHUPLQH WKH EHVW SRVVLEOH WKHUPDO
FRQWURORSWLRQV7KLVSURFHVVZRXOGHQVXUHWKDWWKHV\VWHPZLOOIXQFWLRQSURSHUO\DQGWKDWWKH
RYHUDOOV\VWHPLVZHOORSWLPL]HGZLWKUHVSHFWWRPDVVDQGSRZHUEXGJHWV7KHPDLQLPSRUWDQW
LVVXHVRIWKHUPDOGHVLJQDUHFRVWSHUIRUPDQFHDQGUHOLDELOLW\7KHHOHFWURQLFGHYLFHVEHFRPH
PRVWFRPSOLFDWHGDQGPRUHSRZHULVUHTXLUHGIRUSUDFWLFDODSSOLFDWLRQVWKHUPDODQDO\VLVXVLQJ
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ILQLWH HOHPHQWV WRROV EHFRPH DQ LQGLVSHQVDEOH WRRO IRU WKH GHVLJQ HQJLQHHUV 7KH SDSHU LV
GHGLFDWHGWR DYHU\SUHOLPLQDU\WKHUPDODQDO\VLVRI67(&&2ZLWKPDQ\SDUDPHWHUVVWLOOWR
GHILQH7KHVWXG\KDVWKHREMHFWLYHWRZULWHDQGWXQHVRPHEDVLFPDWKHPDWLFDOPRGHOVWRXVH
VXFFHVVLYHO\ DV URXWLQH DQDO\VHV IRU FKHFNLQJ WKH HIIHFWV RQ WKH VF WHPSHUDWXUH FDXVHG E\
FKDQJLQJRUELWDOWKHUPDODQGWKHUPRRSWLFDOSDUDPHWHUV
REFERENCES
>@ 'DJPDU %XGLNRYD $OEHGR 7KH (QF\FORSHGLD RI (DUWK 0D\  85/
KWWSZZZHRHDUWKRUJYLHZDUWLFOH
>@5REHUW'.DUDP3URJUHVVLQ$VWURQDXWLFVDQG$HURQDXWLFV6DWHOOLWH7KHUPDO&RQWUROIRU
6\VWHPV(QJLQHHUV$PHULFDQ,QVWLWXWHRI$HURQDXWLFVDQG$VWURQDXWLFV
>@ &RXUWQH\ 6HOLJPDQ %ODFN ERG\ UDGLDWLRQ DQG VWHOODU VSHFWUD 85/
KWWSFVHOLJPDQFRPWH[WVXQEODFNERG\KWPO
>@0LNH/HJDWW'DYH+DXWK&KXFN+LVDPRWR7KHUPDO$QDO\VLV8QLYHUVLW\RI0LQQHVRWD
8QLRQ6WUHHW6(0LQQHDSROLV01$SULO
>@'.+DOODQG-0DUWLQHF5HPRWHVHQVLQJRILFHDQGVQRZ
>@   'U $QGUHZ .HWVGHYHU /HFWXUH QRWHV 6WUXFWXUHV DQG 7KHUPDO &RQWURO 0$( 
8QLYHUVLW\ RI &RORUDGR DW &RORUDGR 6SULQJV  $XVWLQ %OXIIV 3DUNZD\ &RORUDGR
6SULQJV&26SULQJ
>@)*&XQQLQJKDP³3RZHU,QSXWWRD6PDOO)ODW3ODWHIURPD'LIIXVHO\5DGLDWLQJ6SKHUH
:LWK$SSOLFDWLRQWR(DUWK6DWHOOLWHV´1$6$7'±$XJXVW
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PRANDTLPLANE AIRCRAFT LEAST-WEIGHT DESIGN:
A MULTI-SCALE OPTIMISATION STRATEGY
03LFFKL6FDUGDRQL 0,,]]L(3DQHWWLHUL00RQWHPXUUR


$UWVHW0pWLHUV3DULV7HFK,0&156805)7DOHQFH)UDQFH

8QLYHUVLW\RI3LVD'HSDUWPHQWRI&LYLODQG,QGXVWULDO(QJLQHHULQJ$HURVSDFH6HFWLRQ
9LD*&DUXVR3LVD 3, ,WDO\




%RWKDXWKRUVFRQWULEXWHGHTXDOO\WRWKLVZRUN

PDUFRSLFFKLVFDUGDRQL#LQJXQLSLLWPLFKHOHLDFRSRL]]L#HQVDPHX


HQULFRSDQHWWLHUL#HQVDPHXPDUFRPRQWHPXUUR#HQVDPHX

ABSTRACT
The PrP civil transport aircraft least-weight design strategy is presented in this work. The
design problem is formulated as a constrained non-linear programming problem (CNLPP), by
integrating static, buckling, fatigue and manufacturability requirements, under different
loading conditions. The solution search is carried out by means of a suitable multi-scale
optimisation approach (MSOA). The main optimisation problem is formulated by considering
a two-phase modelling approach which involves the use of super-elements to model the
mechanical behaviour of regions of the PrP model. During the first phase, only the optimisation
of the lifting system is carried out, by considering a reference configuration for the fuselage.
The second step deals with the optimisation of the fuselage, by considering the optimised
architecture of the wing-box resulting from the previous step. For each of the two sub-problems,
the structural responses involved into the CNLPP formulation are evaluated at a global
architecture level (macroscopic scale) and at the stiffened panels level (component scale). The
scale transition is ensured by means of suitable global-local modelling approach, while the
CNLPP is solved by means of a special genetic algorithm able to deal with optimisation
problems defined over a domain of variable dimension.
Keywords: 3UDQGWO3ODQH2SWLPLVDWLRQ$LUFUDIW6WUXFWXUHV
1

INTRODUCTION


:RUOGDLUWUDIILFKDVFRQVWDQWO\LQFUHDVHGLQWKHODVW\HDUV ZLWKDQLPSUHVVLYHELOOLRQ
SDVVHQJHUV FDUULHG E\ DLU LQ  7KH IRUHFDVWV IRU WKH QH[W  \HDUV SRLQW RXW D IXUWKHU
VLJQLILFDQWJURZWKZLWKDUHPDUNDEOHLQFUHDVHRIWKHDLUWUDIILFLQWKH$VLD3DFLILFDUHDDQGRI
WKHHPHUJLQJFRXQWULHV>@7KLVLQFUHDVLQJDLUWUDIILFGHPDQGPXVWIDFHFUXFLDOFKDOOHQJHVVXFK
DVILQGLQJDEDODQFHEHWZHHQWKHSDVVHQJHUQHHGVHQYLURQPHQWVDIHJXDUGLQJDQGRSWLPLVLQJ
WKHXVHRIWKHDOUHDG\H[LVWLQJJURXQGLQIUDVWUXFWXUH
7KH 3$56,)$/ SURMHFW DLPV DW SURYLGLQJ DQ LQQRYDWLYH VROXWLRQ WR IDFH WKHVH FKDOOHQJHV
WKURXJKWKHLQWURGXFWLRQRIWKH3UDQGWO3ODQH 3U3 DLUFUDIWDUFKLWHFWXUH7KHIRFXVLVWKHGHVLJQ
RI D 3U3 FRPPHUFLDO DLUFUDIW FDSDEOH WR WUDQVSRUW  SDVVHQJHUV RQ FRQWLQHQWDO URXWHV
DGRSWLQJ D OLIWLQJ V\VWHP ZLWK D PD[LPXP VSDQ OLPLWHG WR  PHWHUV LQ RUGHU WR SURYLGH D
SUHOLPLQDU\HYDOXDWLRQRIWKHEHQHILWVRIWKH3U3DUFKLWHFWXUHZLWKUHVSHFWWRDLUSODQHVVXFKDV
WKH%DQGWKH$>@
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7KHSURMHFWDGGUHVVHVWKHVWXG\RIWKH3U3FRQILJXUDWLRQWKURXJKDPXOWLGLVFLSOLQDU\DSSURDFK
ZKLFK JDWKHU VRFLRHFRQRPLF DVSHFWV DHURG\QDPLF VWXGLHV IOLJKW FRQWURO DQG QRLVHFRQWURO
HYDOXDWLRQDQGVWUXFWXUDOGHVLJQRIWKH3U3DUFKLWHFWXUH
7KLV SDSHU IRFXVHV RQ WKH VWUXFWXUDO GHVLJQ VWUDWHJ\ RI WKH DLUFUDIW 'XH WR WKH SDUWLFXODU
FRQILJXUDWLRQRIWKHZLQJOLIWLQJV\VWHPWKHXVXDODSSURDFKHVXVHGWRGHVLJQWUDGLWLRQDODLUFUDIW
FRXOGQRWEHUHOLDEOH>@,QSDUWLFXODUDPXOWLVWHSDQGPXOWLVFDOHRSWLPLVDWLRQVWUDWHJ\KDV
EHHQGHYHORSHGLQRUGHUWRILQGWKHODVWZHLJKWVROXWLRQVRIWKH3U3DUFKLWHFWXUHXQGHUVHYHUDO
RSWLPLVDWLRQ FRQVWUDLQWV WDNLQJ LQWR DFFRXQW VWDWLF EXFNOLQJ IDWLJXH DQG PDQXIDFWXUDELOLW\
UHTXLUHPHQWVXQGHUGLIIHUHQWORDGLQJFRQGLWLRQV
7KHSDSHULVRUJDQLVHGDVIROORZV,Q6HFWLRQWKHGHYHORSHGRSWLPLVDWLRQVWUDWHJ\KLJKOLJKWLQJ
WKHPXOWLSOHVWHSVGHYLVHGWRVSOLWWKHRSWLPLVDWLRQSUREOHPDQGWKHVWUXFWXUDOVFDOHVXVHGWR
LPSRVHWKHRSWLPLVDWLRQFRQVWUDLQWV7KHGHVLJQFULWHULDDQGWKHPRGHOOLQJK\SRWKHVHVDVZHOO
DVWKHIRUPXODWLRQRIWKHRSWLPLVDWLRQSUREOHPDUHWKHQSUHVHQWHG
6HFWLRQDQG6HFWLRQGHDOZLWKWKHSUHVHQWDWLRQRIWKHZLQJER[RSWLPLVDWLRQDQGWKHIXVHODJH
RSWLPLVDWLRQUHVSHFWLYHO\6HFWLRQIRFXVHVRQWKHQXPHULFDOVWUDWHJ\GHYHORSHGLQRUGHUWR
LGHQWLI\WKH FULWLFDO UHJLRQVWR EH DQDO\VHGWURXJKGHGLFDWHG HQULFKHG)(PRGHOV 7KHSDSHU
FRQFOXGHVZLWK6HFWLRQZKHUHPHDQLQJIXOFRQFOXVLRQVDQGSHUVSHFWLYHVDUHGLVFXVVHG
2

OPTIMISATION STRATEGY

7KHDLUFUDIWRSWLPLVDWLRQLVSHUIRUPHGYLDDPXOWLVFDOHRSWLPLVDWLRQ 062 VWUDWHJ\VSOLWLQWR
D PXOWLVWHS DQDO\VLV PDNLQJ XVH RI D JOREDOORFDO */  )LQLWH (OHPHQW )(  PRGHOOLQJ
DSSURDFK LQ RUGHU WR SURSHUO\ WDNH LQWR DFFRXQW IRU GLIIHUHQW VWUXFWXUDO SKHQRPHQD DW WKHLU
SHUWLQHQWVFDOHV
7KHRSWLPLVDWLRQUHJLRQVDUHVKRZQLQ)LJXUH
WKHFHQWUDOIXVHODJHUHJLRQORFDWHGEHWZHHQWKHWZRZLQJVIXVHODJHFRQQHFWLRQ]RQHV
WKHOLIWLQJV\VWHPFRQVLVWLQJLQWKHIURQWZLQJWKHUHDUZLQJDQGWKHYHUWLFDOZLQJ
7KHFRFNSLWDQGWKHWDLOUHJLRQDUHPRGHOOHGWKURXJKFRQFHQWUDWHGPDVVHVDWWKHFRUUHVSRQGLQJ
FHQWUHVRIJUDYLW\7KHZLQJIXVHODJHFRQQHFWLRQUHJLRQVDUHPRGHOOHGWKURXJKVXSHUHOHPHQWV
6(V FRQQHFWHGWRWKHDGMDFHQWUHJLRQVRIWKHDLUFUDIW
,Q RUGHU WR OLPLW ERWK WKH FRPSXWDWLRQDO FRVWV DQG WKH QXPEHU RI GHVLJQ YDULDEOHV WKH
RSWLPLVDWLRQ VWUDWHJ\ LQYROYHV WZR PDLQ RSWLPLVDWLRQ VWHSV ,QHDFK RI WKH VWHSV RQH RI WKH
RSWLPLVDWLRQUHJLRQVLVPRGHOOHGH[SOLFLWO\YLDDGHGLFDWHGSDUDPHWULF$QV\V$3'/VFULSWZKLOH
WKHRWKHURQHLVPRGHOOHGYLDDSUHYLRXVO\JHQHUDWHGVXSHUHOHPHQW
7KHUHIRUH DW WKH JHQHULF LWHUDWLRQ RI WKH PDLQ RSWLPLVDWLRQ SUREOHP WZR VXESUREOHPV DUH
VROYHGFRQVHFXWLYHO\
LSOiter/LIWLQJV\VWHPRSWLPLVDWLRQZLWKDIL[HGIXVHODJH6(IURPLWHUDWLRQiter-1
FUOiter)XVHODJHRSWLPLVDWLRQZLWKDIL[HGOLIWLQJV\VWHP6(IURPFXUUHQWLWHUDWLRQ.
7KHLWHUDWLYHORRSLVUHSHDWHGXQWLOWKHFRQYHUJHQFHFULWHULRQLVDFKLHYHG)LJXUHLOOXVWUDWHV
WKHRSWLPLVDWLRQVWUDWHJ\
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Figure 1: Aircraft structure division.



7KH/62LWHULVFKDUDFWHULVHGE\WKHIROORZLQJSKDVHV
L
7KHJHQHWLFDOJRULWKP(5$6086>@>@>@>@JHQHUDWHVWKHLQSXWILOHFRQWDLQLQJ
WKHYDOXHVRIWKHGHVLJQYDULDEOHV
LL
7KHJOREDO)(PRGHO *)(0 RIWKHZLQJLVFUHDWHGZKLOHWKHIXVHODJHLVPRGHOOHG
DVD6(
LLL
0RVW FULWLFDO ]RQHV RI LQWHUHVW =2,V  DUH GHWHFWHG YLD VXLWHG FULWHULD IRU WKH
FRQVLGHUHGORDGFDVHV /&V /RFDO)(PRGHOV /)(0V RIWKH=2,VDUHJHQHUDWHG
DQGVROYHGLPSRVLQJERXQGDU\FRQGLWLRQV %&V H[WUDFWHGIURPWKH*)(0UHVXOWV
LY
2EMHFWLYHIXQFWLRQDQGFRQVWUDLQWVDUHHYDOXDWHG
6WHSV L WR LY DUHUHSHDWHGXQWLOWKH XVHUGHILQHGVWRS FULWHULRQLVPHW 7KHQWKHRSWLPLVHG
ZLQJ6(LVJHQHUDWHGDQGSDVVHGWRWKH)82LWHUSUREOHPZKRVHUHVROXWLRQVWUDWHJ\LVLGHQWLFDO
WRWKDWXVHGIRUWKH/62LWHU

Figure 2: Optimisation strategy schema.
:KHQWKHVWRSFULWHULRQLVPHWWKHRSWLPLVHGIXVHODJH6(LVJHQHUDWHGDQGSDVVHGWRWKH
/62LWHUSUREOHP:KHQFRQYHUJHQFHLVDFKLHYHGWKHDLUFUDIWRSWLPLVDWLRQLVFRPSOHWHG
7KHDGRSWHG06DSSURDFKSUHVHQWVWKHIROORZLQJWKUHHPDLQGLIILFXOWLHV
L
$XWRPDWLFJHQHUDWLRQRI*)(0V
LL
'HWHFWLRQRIWKHPRVWFULWLFDO=2,VIRUWKHFRUUHFWHYDOXDWLRQRIORFDOSKHQRPHQD
LHEXFNOLQJ 
LLL
$XWRPDWLFJHQHUDWLRQRIUHILQHG/)(0VWDNLQJLQWRDFFRXQWWKHYDULDELOLW\RIWKH
JHRPHWU\DQGRIPDWHULDOSURSHUWLHV
2.1

Design Criteria

7KHIROORZLQJGHVLJQFULWHULD '&V DUHLQWHJUDWHGLQWKHIRUPXODWLRQRIWKH062SUREOHP>@
DC1
7KHJOREDOVWLIIQHVVRIWKHVWUXFWXUHPXVWEHJUHDWHUWKDQDUHIHUHQFHYDOXH
DC2
7KH DYHUDJH HTXLYDOHQW VWUHVV LQ SULPDU\ FRPSRQHQWV PXOWLSOLHG E\ D VDIHW\
IDFWRU)6 PXVWQRWH[FHHGWKH\LHOGLQJVWUHVVRIWKHPDWHULDOXQGHU/LPLW
ORDGV //V 
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7KH DYHUDJH HTXLYDOHQW VWUHVV LQ SULPDU\ FRPSRQHQWV VKRXOG QRW H[FHHG WKH
XOWLPDWHVWUHQJWKRIWKHPDWHULDOZKHQ8OWLPDWHORDGV 8/V DUHFRQVLGHUHG
DC4
1R EXFNOLQJ PXVW RFFXU LQ WKH VWLIIHQHG SDQHOV ZKHQ 8/V DUH DSSOLHG
QREXFNOLQJGHVLJQDSSURDFK 
DC5
1R FULWLFDO IDWLJXH IDLOXUH PXVW RFFXU ZKHQ D VXLWDEOH *URXQG$LU*URXQG
*$* ORDGVSHFWUXP>@LVDSSOLHGRUZKHQSUHVVXUL]DWLRQLVDSSOLHG>@
DC6
2QO\PDQXIDFWXUDEOHVROXWLRQVPXVWEHFRQVLGHUHG
'& LV H[SUHVVHG LQ WHUPV RI PD[LPXP WLS GLVSODFHPHQW RI WKH OLIWLQJ V\VWHP LQ WKH IOLJKW
HQYHORSH '& DQG '& DUH H[SUHVVHG LQ WHUPV RI WKH DYHUDJH HTXLYDOHQW VWUHVV LQ RUGHU WR
QHJOHFWWKHHIIHFWVRIORFDOVWUHVVFRQFHQWUDWLRQVWKDWFRXOGDIIHFWWKHVROXWLRQEHFDXVHRIWKH
OLPLWHGGHJUHHRIDFFXUDF\RIWKH)(PRGHOVXVHGGXULQJWKHSUHOLPLQDU\GHVLJQSKDVH,QGHHG
WKHVHFULWHULDDUHULJRURXVO\FKHFNHG E\PHDQVRIUHILQHG')(PRGHOV GXULQJWKHVXEVHTXHQW
GHWDLOHGGHVLJQSKDVH
'& LV H[SUHVVHG LQ WHUPV RI QREXFNOLQJ FRQGLWLRQ IRU WKH PRVW FULWLFDO VWLIIHQHG SDQHOV
LGHQWLILHGLQWRWKHOLIWLQJV\VWHPE\PHDQVRIVXLWDEOHFULWHULD2IFRXUVHWKHHYDOXDWLRQRIWKH
ILUVWEXFNOLQJORDGRIHDFKVWLIIHQHGSDQHOLVGRQHWKURXJK/)(0V
'&LVH[SUHVVHGE\PHDQVRIWKHVRFDOOHGGHWDLOIDWLJXHUDWLQJ ')5 PHWKRG>@>@8VLQJ
DWDUJHWOLIHRIIOLJKWV>@ GDWDDYDLODEOHIRUFXUUHQWVWDWHRIDUWDLUFUDIW WKHFXPXODWLYH
GDPDJHLVHYDOXDWHGZLWKWKHZHOONQRZQ0LQHUIRUPXOD
'& LV H[SUHVVHG LQ WHUPV RI PLQLPXP WKLFNQHVV DQG UHODWLYH JHRPHWULFDO SURSRUWLRQV RI
FRPSRQHQWV
DC3

2.2

Formulation of the optimisation problem

7KHRSWLPLVDWLRQSUREOHPLVIRUPXODWHGDVD&1/33DVIROORZV

ZKHUH
LVWKHRYHUDOOPDVVRIWKHDLUFUDIW UHSUHVHQWVWKHDLUFUDIWGHVLJQGRPDLQ ZLWK
WKHiWKFRQVWUDLQWIXQFWLRQWDNLQJ
WKHYHFWRUFROOHFWLQJDOOWKHRSWLPLVDWLRQYDULDEOHVDQG
LQWRDFFRXQWRQHRIWKHNGHVLJQFULWHULDGHVFULEHGLQ6HFWLRQ
2.3

Design hypotheses

5HJDUGLQJWKHPRGHOOLQJRIWKHVWUXFWXUDOFRPSRQHQWVWKHIROORZLQJPDLQVLPSOLILFDWLRQVDUH
LQWURGXFHG
L
2QO\PDMRUVWUXFWXUDOFRPSRQHQWVDUHPRGHOOHGVNLQVWULQJHUVULEVVSDUVIRUWKH
OLIWLQJV\VWHPDQGVNLQIUDPHVVWULQJHUVIORRUEHDPVDQGVWUXWVIRUWKHIXVHODJH
LL
&RQQHFWLRQ]RQHVDQGRSHQLQJFXWRXWDUHQHJOHFWHG
LLL
)RUWKHOLIWLQJV\VWHPVWULQJHUVKDYHD7VKDSHGFURVVVHFWLRQZKLOHVSDUFDSVKDYH
D/VKDSHGFURVVVHFWLRQ
LY
)RU WKH IXVHODJH VWULQJHUV KDYH D KDWVKDSHG VHFWLRQ IORDWLQJ IUDPHV D =VKDSHG
FURVVVHFWLRQDWWDFKHGWRWKHVNLQE\PHDQVRI³VKHDUWLH´FRPSRQHQWV)ORRUEHDPV
KDYH DQ ,VKDSHG FURVVVHFWLRQ DQG WXEXODU VWUXWV FRPSOHWH WKH VHW RI VWUXFWXUDO
FRPSRQHQWV
Y
)ORRUEHDPVDQGVWUXWVKDYHDSUHGHILQHGJHRPHWU\ZKLFKLVNHSWXQFKDQJHGGXULQJ
RSWLPL]DWLRQ
YL
(QJLQHV ODQGLQJ JHDUV FRFNSLW DQG WDLO VHFWLRQV DUH PRGHOOHG DV HTXLYDOHQW
FRQFHQWUDWHGIRUFHVGDWDDUHWDNHQIURPWKH3$56,)$/3URMHFW0LOHVWRQH 06 
YLL
0DWHULDOLVDVVXPHGOLQHDUHODVWLF
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3

WING-BOX OPTIMISATION

7KH/62SUREOHPLVIRFXVHGRQWKHJHRPHWU\RIWKHOLIWLQJV\VWHPFRQVLGHULQJDVIL[HGWKH
IXVHODJHDQGWKHFRQQHFWLRQV]RQHVLQWKHIRUPRI$16<66(V
2ZLQJWRWKHV\PPHWU\RIWKHVWUXFWXUHWKHDQDO\VHVDUHIRFXVHGRQWKHOHIWVLGHSDUWRIWKH
DLUFUDIW7KHOLIWLQJV\VWHPLVGLYLGHGLQWRWKUHHOLIWLQJVXUIDFHVWKHIURQWZLQJ ): WKHUHDU
ZLQJ 5: DQGWKHYHUWLFDOZLQJ 9: )RUHDFKZLQJRIWKH3U3FRQILJXUDWLRQWKHH[WHUQDO
JHRPHWU\LVDVVLJQHGLQWHUPVRIWKHOHDGLQJHGJH /( FRRUGLQDWHVRIURRWNLQNDQGWLSDVZHOO
DVWKHFKRUGOHQJWKDWHDFKRQHRIWKHWKUHHORFDWLRQV7KHJHRPHWULFDOIHDWXUHVDIIHFWLQJWKH
RXWSODQH VKDSH RI WKH ZLQJ LH GLKHGUDO DQG WZLVW DQJOHV DUH DOVR FRQVLGHUHG $OO RI WKH
DIRUHPHQWLRQHGTXDQWLWLHVDUHNQRZQDWWKHWKUHHVHFWLRQV RQO\WZRIRUWKH9:ZKLFKGRHV
QRWSUHVHQWDNLQNVHFWLRQ DQGDOLQHDUYDULDWLRQLVDVVXPHGEHWZHHQWKHP>@$VIRUWKH
ZLQJER[LWVSRVLWLRQLQFKRUGSHUFHQWLVIL[HGDSULRUL


Figure 3: Parametric wing-model with fuselage SE.
3.1



Load Cases and Boundary Conditions

7KHEDVLFOLIWGLVWULEXWLRQLVWKHRQHSURYLGHGLQWKH06UHOHDVHUHODWLYHWRWKHFUXLVHFRQGLWLRQ
6XFKOLIWGLVWULEXWLRQLVLQWHUSRODWHGDQGGHFRPSRVHGLQWRDVHWRISRLQWIRUFHVDQGPRPHQWV
DSSOLHG WR WKH ULEV RI HDFK ZLQJ  WR REWDLQ D VWDWLFDOO\ HTXLYDOHQW V\VWHP RI IRUFHV FDOOHG
0DLQVWUXFWXUHVZHLJKWSD\ORDGDQGRWKHUV\VWHPVZHLJKWDUHDSSOLHGLQDSSURSULDWH
 ZKLFK LV UHODWLYH WR D UHIHUHQFH 072: >@>@ LV VFDOHG WR WDNH LQWR
ORFDWLRQV
DFFRXQWWKHHYROYLQJZHLJKWRIWKHDLUFUDIWPDLQVWUXFWXUHV7KHVHORDGVGHILQHWKHIXQGDPHQWDO
EDVLFORDGLQJFRQGLWLRQGHQRWHGDV%/&J
)LYH/&VKDYHEHHQFRQVLGHUHGDVVXPPDULVHGLQ7DEOH7KHORDGVIRUDOOWKHSUHYLRXVFDVHV
LVREWDLQHGE\DVLPSOHVFDOLQJRIWKH%/&J7KHILIWKORDGLQJFRQGLWLRQ /& LVGHYRWHGWR
IDWLJXHVWUHQJWKFDOFXODWLRQDQGLWLVREWDLQHGWKURXJKDVXLWDEOHVFDOLQJRI%/&JE\DSSO\LQJ
WKHIDWLJXHVSHFWUXPRIORDGIDFWRUV
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LC
BLC1g factor
DC












 9DULDEOHIRUHDFKF\FOHRIWKHVSHFWUXP 
Table 1: Load cases definition and associated design criterion.

6\PPHWU\FRQVWUDLQWVDUHLPSRVHGWRQRGHVO\LQJLQWKHV\PPHWU\SODQHRIWKHVWUXFWXUH2WKHU
FRQVWUDLQWV DUH DV VKRZQ LQ )LJXUH  LQ RUGHU WR DYRLG XQFRQVWUDLQHG PRGHO VLQJXODULW\
&RQQHFWLRQV EHWZHHQ IXVHODJH 6(V DQG WKH OLIWLQJ V\VWHP VWUXFWXUH DUH FRQVLGHUHG DV LGHDO
,QHUWLDUHOLHIIHDWXUHKDVQRWEHHQXVHGGXHWRVRIWZDUHOLPLWDWLRQV

4

FUSELAGE OPTIMISATION

,QWKH)82SUREOHPWKHRSWLPLVDWLRQRIWKHF\OLQGULFDOSDUWRIWKHIXVHODJHEHWZHHQWKHWZR
ZLQJVIXVHODJHFRQQHFWLRQ]RQHVLVDGGUHVVHG6XFKIXVHODJHEDUUHOLVFRQQHFWHGWRWKH6(VRI
WKHFRQQHFWLRQ]RQHVDQGWKHOLIWLQJV\VWHPDVVKRZQLQ)LJXUHDQG)LJXUH7KHIXVHODJH
EDUUHOLVPRGHOOHGZLWKDQHOOLSWLFDOFURVVVHFWLRQ


Figure 4: Parametric fuselage model with wing-box SE.
4.1

Load Cases and Boundary Conditions

(LJKW/&VDUHGHILQHGE\OLQHDUVXSHUSRVLWLRQRIWZREDVLFORDGLQJFRQGLWLRQV %/&V DFUXLVH
 ZLWKRXW SUHVVXULVDWLRQ LGHQWLILHG DV
 DQG D
ORDGLQJ FRQGLWLRQ ORDG IDFWRU

SUHVVXULVDWLRQORDGLQJFRQGLWLRQLGHQWLILHGDV
8QGHU
SD\ORDGZHLJKWLVDSSOLHGDVDGLVWULEXWHGORDGRQXSSHUDQGORZHUGHFNIORRU
EHDPVRIERWKWKHH[SOLFLWO\PRGHOOHGSDUWDQGWKH6(SDUWRIWKHIXVHODJH7KHZHLJKWRIPDLQ
VWUXFWXUHVDQGRWKHUV\VWHPVDUHDSSOLHGDWDSSURSULDWHORFDWLRQVDQGDHURG\QDPLFIRUFHVRQWKH
OLIWLQJV\VWHPDUHDSSOLHGRQWKHOLIWLQJV\VWHP6($JRRGHVWLPDWLRQRIWKHORDGLQJFRQGLWLRQ
E\WKDWYDOXH:KHQDSSO\LQJ
DWDGLIIHUHQWYDOXHRIWKHORDGIDFWRULVREWDLQHGE\VFDOLQJ
 RQO\ WKH HIIHFW RI WKH PD[LPXP RSHUDWLQJ GLIIHUHQWLDO SUHVVXUH FRUUHVSRQGLQJ WR WKH
PD[LPXPUHOLHIYDOYHVHWWLQJ>@ LVWDNHQLQWRDFFRXQWDVLQWHUQDOSUHVVXUHRQWKHIXVHODJHVNLQ
SOXVDQHTXLYDOHQWORQJLWXGLQDOIRUFHDSSOLHGWRVHFWLRQ%RIWKHIXVHODJHEDUUHOVKRZQLQ)LJXUH
WKHHIIHFWRIGLIIHUHQWYDOXHVRIGLIIHUHQWLDOSUHVVXUHFDQEHDVVHVVHG0DLQ
%\VFDOLQJ
GDWDXVHGIRUGHILQLQJ
DQG
DUHUHSRUWHGLQ7DEOH
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Load
8SSHUGHFNIORRUIRUFHSHUXQLWORQJLWXGLQDOOHQJWK>1PP@  
/RZHUGHFNIORRUIRUFHSHUXQLWORQJLWXGLQDOOHQJWK>1PP@  
,QWHUQDOSUHVVXUH


Table 2: Basic loading conditions data.
7KHVHYHQFRQVLGHUHG/&VDUHGHILQHGLQ7DEOHLQZKLFKIRUHDFK/&WKHDVVHVVHGGHVLJQ
FULWHULRQLVDOVRLQGLFDWHG$HURG\QDPLFVORDGVRQWKHIXVHODJHKDYHEHHQQHJOHFWHG
factor DC
factor
LC
/&


'&
/&


'&
/&


'&
/&


'&
/&


'&
/&


'&
/&


'&
Table 3: Load cases definition and associated design criterion.
5

ZOI DETECTION

7RHQIRUFH'&LHWKHEXFNOLQJFRQVWUDLQWWZRLVVXHVPXVWEHVROYHGWKHGHWHFWLRQRIWKH
PRVWEXFNOLQJFULWLFDOUHJLRQDQGWKHJHQHUDWLRQRIDVXLWDEOH)(PRGHOWRFRUUHFWO\VLPXODWH
WKHEXFNOLQJSKHQRPHQRQ
,QRUGHUWRGHWHFWWKHPRVWEXFNOLQJFULWLFDOUHJLRQDFORVHGIRUPVROXWLRQIRUEXFNOLQJRISODWHV
>@ LV XVHG WR DQDO\VH WKH RSWLPLVDWLRQ GRPDLQ 2QFH WKH FULWLFDO VWLIIHQHG SDQHO KDV EHHQ
LGHQWLILHGDQHQULFKHG)(PRGHORIWKHVWLIIHQHGSDQHOLVJHQHUDWHGDQGDQDO\VHG7KHHQULFKHG
PRGHOLVFUHDWHGE\XVLQJWKHJHRPHWU\DQGPDWHULDORIWKHJOREDO)(PRGHO,QSDUWLFXODUWKH
VWULQJHUVZKRVHJHRPHWULFDOVHFWLRQGLPHQVLRQVDUHLPSOLFLWO\SURYLGHGWREHDPHOHPHQWVDW
WKH JOREDO VFDOH DUH PRGHOOHG WKURXJK VKHOO HOHPHQWV 7R FRQQHFW VWULQJHUV DQG VNLQ ULJLG
PXOWLSRLQWFRQVWUDLQW 03& HOHPHQWVDUHXVHG
7RSHUIRUPWKHOLQHDUEXFNOLQJDQDO\VLVWKHJHQHUDOL]HGGLVSODFHPHQWVFRPSXWHGDWWKHJOREDO
VFDOHDUHHQIRUFHGDWWKHERXQGDU\RIWKH/)(07RLPSRVHFRQVLVWHQWURWDWLRQVWRWKHHQULFKHG
VWULQJHUVRIWKHORFDOPRGHO03&HOHPHQWVDUHDSSOLHGDWWKHIUHHHGJHVRIVWULQJHUV)LJXUH
VKRZVDQH[DPSOHRIDORFDO)(PRGHOXVHGWRHQIRUFH'&

Figure 5: Example of a local FE model of the fuselage.
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6

CONCLUSIONS

$ PXOWLVFDOH PXOWLVWHS RSWLPLVDWLRQ VWUDWHJ\ RI WKH 3U3 DLUFUDIW KDV EHHQ SUHVHQWHG 7KH
VWUDWHJ\DLPVDWREWDLQLQJWKHOHDVWZHLJKWVROXWLRQRIWZRUHJLRQVRIWKH3U3VWUXFWXUDOPRGHO
WKH OLIWLQJ V\VWHP DQG WKH FHQWUDO IXVHODJH UHJLRQ  XQGHU VWDWLF EXFNOLQJ IDWLJXH DQG
PDQXIDFWXUDELOLW\UHTXLUHPHQWV7KHRSWLPLVDWLRQLVSHUIRUPHGE\WKH*$(5$6086FRXSOHG
ZLWKWKH$QV\V$3'/)(VRIWZDUH
7ROLPLWWKHGHVLJQVSDFHDQGWKHFRPSXWDWLRQDOFRVWDPXOWLVWHSRSWLPLVDWLRQLVFDUULHGRXW
WKHILUVWVWHSDLPVDWRSWLPLVLQJWKHOLIWLQJV\VWHPZLWKWKHUHPDLQLQJSDUWVRIWKH3U3VWUXFWXUH
PRGHOOHGZLWK6(VWKHVHFRQGVWHSPDNHVXVHRIWKHRSWLPLVHGOLIWLQJV\VWHPRIWKHILUVWVWHS
LPSRUWHG DV D 6(  WR RSWLPLVH WKH FHQWUDO IXVHODJH UHJLRQ 7KHVH VWHSV DUH LWHUDWHG XS WR
FRQYHUJHQFH
:LWKLQ HDFK RSWLPLVDWLRQ VWHS JOREDO DQG ORFDO )( PRGHOV DUH FUHDWHG LQ RUGHU WR FRUUHFWO\
DVVHVV GLIIHUHQW '&V $Q DXWRPDWLF VWUDWHJ\ WR VHDUFK IRU FULWLFDO UHJLRQV DQG WR JHQHUDWH
VXLWDEOH ORFDO )( PRGHOV KDV EHHQ GHYHORSHG DQG LPSOHPHQWHG 7KLV DSSURDFK DOORZV WR
DXWRPDWLFDOO\LGHQWLI\UHJLRQVZKLFKPD\XQGHUJREXFNOLQJIDLOXUHDQGWRFUHDWHHQULFKHG)(
PRGHOVZKHUHJOREDOGLVSODFHPHQWVDUHHQIRUFHGDWWKHERXQGDU\RIWKHORFDOPRGHOV
7KHGHYHORSHGRSWLPLVDWLRQVWUDWHJ\ZLOOSURYLGHWKHOHDVWZHLJKWPHWDOOLFVROXWLRQVLQWHUPV
RIJHRPHWULFDOSDUDPHWHUVRIWKH3U3DUFKLWHFWXUHVDWLVI\LQJVHYHUDOGHVLJQFULWHULD
7KHSURSRVHGVWUDWHJ\ZLOOEHDSSOLHGWRWKHRSWLPLVDWLRQRIWKHIXOOFRPSRVLWH3U3VWUXFWXUHE\
PHDQV RI VXLWDEOH FULWHULD WKDW FDQ EH HDVLO\ LPSOHPHQWHG ZLWKLQ WKH IUDPHZRUN RI WKH
PXOWLVFDOHPXOWLVWHSRSWLPLVDWLRQDSSURDFK
7
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ABSTRACT
EDEN ISS is a H2020 project aimed at testing key technologies for plant cultivation in largescale closed environments for a future implementation in space habitats. In this light, a
Future Exploration Greenhouse has been designed, developed and deployed at the highly
isolated German Neumayer III Antarctic Station to simulate the harsh conditions of an Extra
planetary outpost mission and test a typical space operations scenario. The greenhouse has
been equipped with all the systems to control the environmental parameters (temperature,
relative humidity, light intensity, etc.) and to accommodate and feed the plants during their
lifecycle. A camera system has been implemented for plant status assessment via remote
image analysis. A command and data handling system provides the capability to configure the
experimental set points via software, and can be controlled by remote operators. A Mission
Control Centre has been realized at DLR for remote monitoring and control of the facility.
The MCC receives all the telemetry and the images and can make them available to other
centres, which have been included in the operations loop to provide expert support to the onsite operator. This paper describes the facility and its capabilities as platform for fresh food
production experiments in an extreme environment.
Keywords: Space Greenhouse, Plant cultivation, Extreme Environment, Bio-Regenerative
Closed Loop Environmental Systems
1

INTRODUCTION

Future space exploration and long duration missions strongly depend on the capability of the
astronauts to produce (part of) the resources needed for their survival on extra-terrestrial
outposts. In fact, the mission success cannot rely only on resupply missions that, on one hand
are very expensive and require long shipment time, and, on the other hand, could have
catastrophic effects in case of failure in the refurbishment chain. In this light, the capability to
grow plants at the mission sites represents a way to overcome several problems and to ensure
complementary fresh food. The higher plants can be part of a closed-loop system aimed at the
production of oxygen, water and food while processing the human waste (CO2, urine and
faeces). But plant cultivation, in environments that are completely different from those on the
Earth, poses several challenges and requires the use of several key technologies that are not
yet space qualified or not yet in a mature stage.
In this frame, a multi-disciplinary team, composed of 14 partners from eight countries, led by
DLR, designed and realized a greenhouse, called the Mobile Test Facility (MTF), with the
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main research objective to test and validate plant growth technologies in closed environments
as well as the associated production process and procedures, as preparatory step for future
habitats on the Moon and Mars. The MTF has been deployed at the highly isolated German
Neumayer III (NM-III) Antarctic Station where the greenhouse has been operated via a direct
satellite link with the support of the Mission Control Center (MCC) in Bremen. The extreme
environmental conditions, the limitation of resources and the limited access possibilities make
this site similar to an extra-terrestrial outpost. The first operations phase took place from
March until November of 2018. . The facility will remain in the Antarctic at least until the end
of 2020 and will be used to carry out further experiments and collect additional data.
2

THE MOBILE TEST FACILITY LAYOUT

The MTF consists of two 20 foot high cube containers, which were fixed together and placed
on top of an external platform (Figure 1) located 400 m south of NM-III.

Figure 1: The EDEN ISS Mobile Test Facility (credit DLR)

The first container is named Service Section Container and hosts:
• The Cold porch/airlock, i.e. a small room providing storage and a small air buffer to
limit the entry of cold air when the main access door of the facility is utilized. The
Cold Porch allows for the operator to prepare before entering into the Service Section,
for example taking off the polar suit, collecting the necessary tools, etc.
• The Service Section (SS), i.e. the main working room that houses all the EDEN ISS
subsystems and the computers to control them. In particular:
o
o
o
o
o

Atmosphere Management System (AMS)
Thermal Control System (TCS)
Nutrient Delivery System (NDS)
Power Control and Distribution System (PC&DS)
Command and Data Handling System, (CD&HS)

A general operator workspace is available for pre- and post-harvesting activities, including a
workbench, a sink, a tool storage area, as well as the computers for the MTF management and
control. Finally, the Service Section is also equipped with an external patch antenna, which
provides redundancy for the communication between the MTF and the NM-III station (There
is a direct hard-line connection between the station and the MTF as primary communication
line).
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Figure 2: The Service Section (right side)

Figure 3: Future Exploration Greenhouse Layout and rack topology

The second container is named Future Exploration Greenhouse (FEG) and is the MTF
compartment devoted to plants cultivation. It is equipped with multi-level rack structures on
both sides of the container, spanning its entire length (Fig.3), where plants are grown under
LED light and are irrigated in a combination aeroponic-nutrient film technique type system.
The total internal length of the MTF is 11.8 m, of which 5.7 m are reserved for the FEG, 5.7
m are also reserved for the Service Section and the remaining 0.4 m is space between the two
sections, which is needed for interfaces, such as ducting, piping and cabling.
The MTF utilizes power generated by NM-III and provided via a heavy gauge electrical cable
buried under the snow/ice.
In support of the nominal experiment phase, a dedicated laboratory (multi-purpose lab) within
the NM-III station is equipped with tools for microbial investigations, food quality and safety
measurements and general equipment for post-harvest analysis. The lab is also used for
sample preparation and stabilization for further analysis to be done at the remote support sites
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in Europe. All samples (food quality- and safety related as well as microbial samples) are
stored in a mobile freezer at -40°C prior to and during transport.
2.1

Subsystems description

Several functionalities are required for the proper management of the EDEN ISS MTF
operations to ensure successful plant cultivation, such as the provision of nutrients or the
correct light conditions and maintaining the correct environmental conditions despite the
extreme external conditions. A brief description of the subsystems providing these functions
is provided below.
Plant Cultivation System
Plants are cultivated within commercial off the shelf 60 cm x 40 cm polypropylene trays
modified to incorporate aeroponic tubing (spray) and with crop-customized tray covers, with
the aim to separate the root zone and shoot zone of the plant, and to optimize plant spacing to
the maximum extent possible. The FEG houses eight distinct plant growth racks designed and
developed by DLR, holding 42 plant growth trays and providing approximately 12.5 m2 of
growing space. Each rack can accommodate from one to four shelves providing different
growth space height (52 cm, 104 cm and 204 cm) and therefore allowing the cultivation of
different species (from lettuce to cucumbers). A separate seed germination unit is dedicated to
germination before the juvenile plants are transplanted to the growth trays.

Figure 4: FEG inner, with racks and trays (credit DLR)

Nutrient Delivery System (NDS)
Plant cultivation in the MTF is based on a soilless approach, with irrigation provided using
aeroponic technology. Roots are exposed to air and continuously misted with nutrient solution
sprayed by means of diffusers. The nutrient solution, composed of water enriched with salts
and minerals, is contained in two containers hosted in the Service Section, and is provided to
the plants trays using high pressure pumps. The composition of the nutrient solution is
continuously monitored via pH and EC sensors, and can be adjusted automatically. Two
different nutrient solutions can be defined, one for each container, and provided separately to
the trays. The NDS, based on commercial S/W suite, has been developed by the University of
Guelph (Canada).
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Illuminations System
LED technology is used to provide lights to the plants. A water-cooled LED lamp has been
designed and developed ad-hoc for the EDEN ISS using blue (400-500nm), green (500 –
600nm), red (600 – 700nm) and far-red (700 – 750nm) LEDs to provide to the plants the
radiation that activates the photosynthesis process. 42 LED lamps are installed in the FEG,
with a dedicated lamp for each tray. The lamps come with a power supply of 120 or 240 W, in
order to provide a target light intensity of 300 or 600 µmol/m2*s. Each lamp can be
configured independently from the others, in terms of both spectral composition and light
intensity, and works in automatic way once the lighting schedule is defined and implemented
via control SW. Different lighting schedules can be defined depending on the plants’ needs
and their growth stage. For example, a day/night cycle can be implemented with the
possibility to gradually increase/decrease the light intensity at the beginning/end of the day.
This was done during the first operations phase to simulate natural dawn/dusk lighting
conditions. Heliospectra (Sweden) has developed the illumination system.
Air Management System (AMS)
Parameter
Temp. (degC)
RH (%)
CO2 (ppm)

Photoperiod
21
65
1000

Dark period
19
65
0

Table 1: Environmental Parameter Control Set Point

The Air Management System regulates the atmospheric parameters in the MTF within the
defined range. Apart from the temperature, Relative Humidity and CO2 are controlled towards
the control set points, reported in Table 1. Control over the carbon dioxide level is limited to
the option to inject CO2 when needed, as no removal system has been implemented.
The AMS has also the capability to filter and clean the air by eliminating the so-called
Volatile Organic Compounds (VOCs) that can be generated during the plant cultivation cycle.
The filtering also serves to recover the water generated by plant transpiration. Contrary to the
lighting conditions, it is not possible to differentiate growth conditions per rack, i.e. the
environmental control is done for the entire FEG. The Air Management System has been
developed by Arescosmo (Italy) with the support of EnginSoft (Italy) for numerical
simulations.
Thermal Control System (TCS)
The Thermal Control system is aimed at removing excess heat from the other subsystems, in
particular from the LED lamps and the AMS. The system uses a mixture of water and Tycofor
as food-grade coolant inside the facility, which transfers the heat generated by the above
mentioned systems to an external coolant loop (Tyfoxit) capable of withstanding the harsh
external conditions. The heat is ultimately rejected to the external environment via a heat
exchanger placed on the MTF roof. The TCS has been developed by DLR.
Plant Health Monitoring (PHM) System
32 HD cameras are integrated in the growth system as Plant Health Monitoring system,
providing the capability to acquire both top view and lateral images. Additionally, 6 HD
cameras with special filters are also integrated in the greenhouse for spectral imaging. Plant
images are periodically taken by both camera systems and delivered to the experts for plant
health and growth status assessment. Telespazio (Italy) and the University of Florida (USA)
have developed respectively the HD and spectral imaging system.
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Command &Data Handling (C&DH) System
The EDEN ISS MTF is controlled by the ARGUS system that provides the capability to
monitor the status of the MTF subsystems via telemetry and interact with them via commands
using user friendly computer interfaces. That can be done not only using a local computer, i.e.
a computer in the Service Section, but also by computers at remote sites. In fact, Argus can
work in a server/client configuration over a secure internet connection. Finally, Argus can
also work in autonomy, i.e. can control the MTF facility according to pre-defined settings and
sequences (as for example for the above mentioned lighting sequence). The C&DH system
has been implemented by the University of Guelph (Canada).
3

THE EDEN ISS OPERATIONS CONCEPT

The operations of the EDEN ISS MTF follow the so-called decentralised approach. This
approach, as is used for manned space operations, foresees the setup of a network of several
entities, geographically distributed, that provide all the needed expertise to support the on-site
operators (i.e. the astronauts for space missions). In this way, the on-site operators can always
rely on the support of the experts, not only for the correct management of the nominal
operations, but especially for the handling of anomalies or malfunctions, or deviation with
respect to the nominal plan and/or the nominal procedures. A Mission Control Centre (MCC)
is appointed of the responsibility of mission management and the interactions with the on-site
operators. It is equipped with all the necessary equipment to remotely control the hardware
and to receive, store and distribute the mission data. The MCC coordinates with the other
centres, also named User Home Bases (UHB’s), which are responsible for particular
subsystems or particular aspects of the mission and, as the MCC, can be equipped with the
capabilities and the tools to monitor the status of the remote equipment and even to interact
with them via tele-commands.

Figure 5: The EDEN ISS Ground Operations Network
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Figure 6: Mission Control Center at DLR Bremen (Photo credit: Bruno Stubenrauch)

In that perspective, for the first EDEN ISS mission, six remote centres have been
implemented as shown in Figure 5, one playing the role of Mission Control Centre, the
other five configured as UHB’s as discussed.
•
•
•
•
•
•

MCC – DLR – Bremen (Germany). The MCC (Figure 6) is connected to the MTF via
satellite link and is responsible for the overall operations of EDEN ISS.
UHB – Thales Alenia Space Italia (Italy) – Responsible for the ISPR1 operations
UHB – University of Guelph (Canada) – Responsible for the NDS subsystem
UHB – Telespazio (Italy) –Responsible of HD Colour Imaging subsystem
UHB – University of Wageningen (Netherlands) – Responsible for the Plant
Monitoring
UHB – University of Florida (USA) – Responsible for the Multi-Wavelength Imaging
System

Two different categories of data flow are managed within this network:
•
•

Real time dataflow, providing the capability of hardware control to remote centres
Data logs and images that are periodically acquired and stored on the MTF computers

These data are continuously received at the MCC and distributed to the UHB’s according to
their role and responsibilities. The real time data flow (telemetry/tele-command) is managed
by means of the server/client features of ARGUS. The client applications, installed at the
UHB’s, are connected to the server applications in the MTF, and permit the monitoring and
control of the MTF subsystems via dedicated displays. The project data logs and images are
managed by a software application developed ad-hoc by the EDEN ISS project team. This
software is installed on the MTF computers and is configured to transfer the images acquired
by the PHM and the data log from the MTF to the MCC in Bremen where they are stored on a
FTP server. These data are made available to the UHB’s via a secure FTP connection.
4

PANT CULTIVATION AND MONITORING PROCEDURES

Several procedures have been developed for the EDEN ISS operations and are available for
the on-site operators. They not only cover the system aspects, i.e. how to configure the
1

The ISPR Rack has been developed by TAS-I as first step for the development of a payload for the International
Space Station. After the first EDEN ISS mission, it has been dismounted and sent back to TAS-I for next steps.
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subsystems to set and maintain the correct environmental parameters, or to define the
illumination strategy, but also cover the plant cultivation aspects, including the monitoring of
the plant health status. From this point of view the procedures cover all the plant cultivation
phases, from the sowing and germination to the plant harvesting, including such intermediate
phases as the pollination, pruning and the plant health status monitoring for early detection of
plant disease and definition of countermeasures. In addition, two other important aspects have
been considered in the EDEN ISS project and operations, which are the assessment of the
quality and safety of the produced food, in order to verify that the produced crops are safe to
eat and understand the nutritional content of the food. Several procedures related to food
safety and quality have been defined by the scientific partners and industrial operators, such
as the National Research Council (CNR) in Italy and the Limerick Institute of Technology
(LIT) in Ireland, or DLR and Airbus in Germany. By using such procedures the on-site
operator can monitor/detect pathogens, moulds and yeasts that can affect the safety of the
produced food, or he can measure, using available instruments, some quality parameters to
assess the nutritional content of the plants such as the amount of sucrose, proteins, vitamins,
etc. The on-site operator has also been provided with procedures and tools to correctly prepare
samples to be delivered to the European centres for off-line analysis on food quality and
safety (CNR, LIT) and microbial contamination assessment (DLR). All these procedures have
been developed following standards and processes similar to those used for the International
Space Station procedures. The Antarctic test campaign has also been used for their validation.
5

CONCLUDING REMARKS

The EDEN ISS project has developed a facility for plant experiments in extreme
environments. The Antarctic test campaign has allowed the consortium to successfully test the
Mobile Test Facility, its technologies and the related operational procedures and processes
aimed at food on site production. Several lessons learned have been collected for future
development. On top of all, 268 kg of fresh food have been harvested for the NM-III
overwintering team. The facility is now ready for a next phase. Latest info are available on the
EDEN ISS website (https://eden-iss.net/), developed and managed by Liquifer (Austria).
6
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ABSTRACT
7KLVSDSHUDQDO\]HVWKHHFRV\VWHPRIGRZQVWUHDP(DUWK2EVHUYDWLRQVWDUWXSVLQ(XURSH$IWHU
FUHDWLQJ D VDPSOH ZLWK PRUH WKDQ  VWDUWXSV H[SORLWLQJ VDWHOOLWH LPDJHV IRU GRZQVWUHDP
SXUSRVHVWKHFRPSDQLHVZHUHFODVVLILHGDFFRUGLQJWRGLIIHUHQWGLPHQVLRQVORFDWLRQIXQGLQJ
VHFWRUFXVWRPHUV7KHSDSHUKLJKOLJKWVVRPHILQDQFLQJGLIILFXOWLHVIRU(XURSHDQVWDUWXSVZLWK
UHVSHFWWR1RUWK$PHULFDQFRPSDQLHV7KHVHFULWLFDOLWLHVVHHPPDLQO\GXHWRRYHUDOOGLIIHUHQFHV
EHWZHHQWKHWZRILQDQFLQJHFRV\VWHPVUDWKHUWKDQWRVHFWRUVSHFLILFGLIIHUHQFHV
:LWKLQ WKH (XURSHDQ FRQWH[W KDOI RI WKH FRPSDQLHV SURSRVH DSSOLFDWLRQV IRU HQYLURQPHQWDO
SUHVHUYDWLRQ7KHVHFRQGVHFWRULQWHUPVRIUHOHYDQFHLVDJULFXOWXUHZKLOHRWKHULQGXVWULHVODJ
EHKLQG7KLVVWURQJSUHVHQFHRIHQYLURQPHQWDODSSOLFDWLRQVLVGXHWRWKHKLVWRU\RIWKHVHFWRU
ZKLFK XVHG WR EH GRPLQDWHG E\ LQVWLWXWLRQDO DFWRUV IRFXVHG RQ PRQLWRULQJ HQYLURQPHQWDO
FKDQJHV HJ &RSHUQLFXV SURJUDPPH  )RU ZKDW FRQFHUQV WKH FXVWRPHU VHJPHQWV %&
DSSOLFDWLRQVDUHUDUHZKLOH%%EXVLQHVVPRGHOVDUHZLGHVSUHDGHYHQLI%*VWLOOGRPLQDWHV
LQWHUPVRIVDOHV

Keywords: (DUWK2EVHUYDWLRQ5HPRWH6HQVLQJ,QQRYDWLRQ&RSHUQLFXV

0. INTRODUCTION TO THE PAPER
7KHDLPRIWKLVSDSHULVWRDQDO\]HLQQRYDWLRQLQWKH(XURSHDQGRZQVWUHDP(DUWK2EVHUYDWLRQ
VHFWRU6HFWLRQVWXGLHVWKHLQGXVWU\IURPDJHRJUDSKLFDOSHUVSHFWLYHKLJKOLJKWLQJGLIIHUHQFHV
EHWZHHQ GLIIHUHQW PDFURDUHDV DQG LQYHVWLJDWLQJ WKH UHDVRQV IRU WKHVH GLIIHUHQFHV 6HFWLRQ 
IRFXVHV RQWKH(XURSHDQFRQWH[W DQDO\]LQJWKHGLVWULEXWLRQ RI(2VWDUWXSVE\VHFWRU DQGE\
FXVWRPHUVHJPHQW7KHIRFXVRI6HFWLRQ6HFWLRQGUDIWVFRQFOXVLRQVIURPWKHSUHYLRXVWZR
VHFWLRQVGHVFULELQJIXWXUHSHUVSHFWLYHIRUWKH(XURSHDQ(2LQGXVWU\

1. A GEOGRAPHICAL ANALYSIS ON DIFFUSION AND FUNDING OF BUSINESS
MODELS BASED ON SATELLITE IMAGES

1.1 Introduction to Section 1
7KH ILUVW VHFWLRQ RI WKLV UHVHDUFK FRPSDUHV GLIIHUHQW PDFURDUHDV RI WKH :RUOG VWXG\LQJ WKH
JHRJUDSKLFDO GLVWULEXWLRQ RI QHZO\ERUQ ILUPV ZKRVH EXVLQHVV PRGHO LV GHSHQGHQW RQ WKH
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H[SORLWDWLRQDQGDQDO\VLVRIVDWHOOLWHLPDJHV7KHSXUSRVHRIWKLVVHFWLRQLVWRGHWHUPLQHZKHWKHU
(XURSHLVDOLJQHGZLWKRWKHUUHJLRQVRIWKH:RUOGDVIRUWZRGLPHQVLRQV
• 1XPEHURIQHZO\ERUQILUPVLQWKHGRZQVWUHDP(2VHFWRUSHU\HDU
• $YHUDJHIXQGLQJDPRXQWIRUILUPVLQWKHVHFWRU

7KHWZRUHVHDUFKTXHVWLRQWKDWWKLVVHFWLRQLVJRLQJWRDGGUHVVDUH
• +RZLVLQQRYDWLRQVSUHDGLQWKHGRZQVWUHDP(DUWK2EVHUYDWLRQVHFWRU"
• $UHWKHUHDQ\GLIIHUHQFHVLQWKHDPRXQWRIDYDLODEOHIXQGVIRUHPHUJLQJVWDUWXSVLQ
WKLVVHFWRU"

1.2 Literature review
,QUHFHQW\HDUVWKHZKROHVSDFHVHFWRUKDVZLWQHVVHGWKHHPHUJHQFHRIQHZEXVLQHVVPRGHOV
DQG SURGXFWV HVSHFLDOO\ LQ WKH GRZQVWUHDP SRUWLRQ RI WKH (2 YDOXH FKDLQ ZKHUH VDWHOOLWH
WHFKQRORJLHVDUHXVHGWRVROYHSUREOHPVRQ(DUWKIRUFRQVXPHUVEXVLQHVVHVDQGJRYHUQPHQWV
$VUHJDUGVLQYHVWPHQWVLQVSDFHYHQWXUHVWKH\KDYHLQFUHDVHGLQUHFHQW\HDUVUHDFKLQJ
RYHU  %Q¼ VLQFH  DV VWDWHG E\ (XURSHDQ ,QYHVWPHQW %DQN >@ 7KHVH QHZ VSDFH
YHQWXUHVVHHNERWKSXEOLFDQGSULYDWHIXQGVIRUDFFHOHUDWLQJWKHLUEXVLQHVV&DWHJRULHVRISULYDWH
LQYHVWRUVGLIIHUZLWKYHQWXUHFDSLWDOVOHDGLQJ  IROORZHGE\DQJHOLQYHVWRUV  7KHVH
LQYHVWRUV DUH PDLQO\ EDVHG LQ WKH 86 WZR WKLUGV RI ZRUOGZLGH LQYHVWRUV  ZKLOH WKH UHVW LV
FRQFHQWUDWHG LQ -DSDQ   8.   6SDLQ   &KLQD   HWF 7KLV GLVWULEXWLRQ LV
FDXVLQJ IXQGLQJ GLIILFXOWLHV IRU (XURSHDQ YHQWXUHV ORZHULQJ WKH VSHHG RI WKHLU
SURGXFWVVHUYLFHVFRPPHUFLDOL]DWLRQ$FFRUGLQJWR(XURSHDQ,QYHVWPHQW%DQNWKHFRUHRIWKH
SUREOHP OLHV LQ (XURSHDQ LQYHVWRUV¶ ORZHU ULVN DSSHWLWH IRU HPHUJLQJ WHFKQRORJLHV DQG
LQVXIILFLHQW ILQDQFLDO HGXFDWLRQ OHYHO WKLV WHQGHQF\ FRXOG HYHQWXDOO\ FRQFHQWUDWH LQQRYDWLRQ
ZLWKLQ WKH 86 ERXQGDULHV HYHQ IXUWKHU 6RPH RI WKH H[HFXWLYHV RI (XURSHDQ VSDFH YHQWXUHV
KDYHFRPPHQWHGRQWKHSULYDWHFDSLWDOFRQGLWLRQVZLWKLQ(XURSH³,IZHGRQRWJHWWKHFDSLWDO
DWUHDVRQDEOHWHUPVKHUHZHZLOOPRYHWKHFRPSDQ\WRWKH86´>@
/RRNLQJDWWKHWRWDOJRYHUQPHQWEXGJHWVIRUVSDFHUHODWHGDFWLYLWLHVWKH\GLIIHUDFURVV
JHRJUDSKLFDO UHJLRQV 7KH 8QLWHG 6WDWHV KDYH D OHDGLQJ UROH ZLWK WKH ODUJHVW FRPELQHG
JRYHUQPHQW VSDFH EXGJHW QHDUO\  %Q 7KH $VLDQ DQG 3DFLILF DUHDV KDYH WKUHH PDLQ
LQGHSHQGHQWVSDFHDFWRUV &KLQD-DSDQ,QGLD ZLWKWRWDOUHJLRQDOIXQGVDURXQG%Q)RU
ZKDW FRQFHUQV (XURSH DQG 5XVVLD JRYHUQPHQW EXGJHWV LQ WRWDO DPRXQW WR DURXQG  %Q
GLYLGHGEHWZHHQ(XURSHDQ6SDFH$JHQF\(XURSHDQ&RPPLVVLRQ(XPHWVDWDQGRWKHUQDWLRQDO
VSDFHSURJUDPV )LQDOO\0LGGOH(DVW6RXWK$PHULFDDQG$IULFDDUHZHDNHUSOD\HUV LQWKH
VSDFHVHFWRUZLWKFRPELQHGEXGJHWVRIDURXQG%Q>@
,W LV LPSRUWDQW WR XQGHUOLQH WKH UHOHYDQFH RI JRYHUQPHQWDO DFWRUV IRU VSDFH VWDUWXSV
$FFRUGLQJWRDVXUYH\FRQGXFWHGE\WKH(XURSHDQ,QYHVWPHQW%DQN>@WKHVHIXQGVSURYLGHD
SRVLWLYHVLJQDOIRUDFTXLULQJIXWXUHSULYDWHFDSLWDOIURPYHQWXUHFDSLWDOLVWVRUEXVLQHVVDQJHOV
ZKLFKDUHWKHPDLQVRXUFHVRIILQDQFLQJLQIXUWKHUVWDJHV7KHUHIRUHWKHUHLVDQHHGIRUHDUO\
VWDJHILQDQFHLQLWLDWLYHVDWD(XURSHDQOHYHOWRDFFHOHUDWHYHQWXUHV¶5HVHDUFKDQG'HYHORSPHQW
SURFHVV,QLWLDWLYHVVXFKDV,QQRY)LQ6SDFH(TXLW\3LORWWRJHWKHUZLWKRWKHUQDWLRQDOLQLWLDWLYHV
DUH DLPHG DW LPSURYLQJ WKH FXUUHQWO\ VXERSWLPDO LQYHVWPHQW ODQGVFDSH DQG WKH GLIIXVLRQ RI
VSDFHWHFKQRORJLHVLQ(XURSH2QWKHRWKHUKDQGWKHHIIRUWVRI(XURSHDQ6SDFH$JHQF\ (6$ 
%XVLQHVV ,QFXEDWRUV DQG $FFHOHUDWLRQ &HQWHUV DQG WKH &RSHUQLFXV 6WDUW8S 3URJUDPPH DUH
VXSSRUWLQJHDUO\VWDJHVRIILQDQFLQJEXWWKHLUYROXPHVDUHVWLOOTXLWHORZDQGWDUJHWHGWRVSHFLILF
VHJPHQWVRIWKHVHFWRU>@
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1.3 Methodology
&RQVWUXFWLRQRIWKHGDWDEDVH
7RSHUIRUPWKLVSDUWRIWKHDQDO\VLVZHXVHGWKHZHEVLWH&UXQFKEDVH³DSODWIRUPIRUILQGLQJ
EXVLQHVVLQIRUPDWLRQDERXWSULYDWHDQGSXEOLFFRPSDQLHV´>@
$FFRUGLQJWR'DOOHHWDO>@³QXPHURXVZRUNVKDYHVWDUWHGXVLQJLW &UXQFKEDVH DVD
VRXUFH RI UHOHYDQW GDWD IRU WKHLU UHVHDUFK VRPH RI ZKLFK LV DOUHDG\ SXEOLVKHG LQ WRSWLHU
MRXUQDOV´
7KHRUHWLFDOO\ D XVHU VHDUFKLQJ IRU D FRPSDQ\ RQ &UXQFKEDVHFRP VKRXOG ILQG WKH
IROORZLQJLQIRUPDWLRQ
• %DVLF ,QIR HJ 2UJDQL]DWLRQ QDPH KHDGTXDUWHUV ORFDWLRQ KHDGTXDUWHUV UHJLRQV
HVWLPDWHGUHYHQXHUDQJHGHVFULSWLRQIRXQGLQJGDWHFORVLQJGDWHQXPEHU RIDUWLFOHV
GHVFULSWLRQ
• &DWHJRULHV LHFDWHJRU\JURXSVFDWHJRULHV
• 7HDP HJ QXPEHU RI IRXQGHUV QXPEHU RI HPSOR\HHV IRXQGHUV FXUUHQW HPSOR\HHV
SDVWHPSOR\HHV
• )XQGLQJ LH QXPEHU RI IXQGLQJ URXQGV ODVW IXQGLQJ GDWH ODVW IXQGLQJ DPRXQW ODVW
IXQGLQJ W\SH ODVW HTXLW\ IXQGLQJ DPRXQW WRWDO HTXLW\ IXQGLQJ DPRXQW WRWDO IXQGLQJ
DPRXQWODVWIXQGLQJURXQGIXQGLQJURXQGV
• ,QYHVWRUV HJQXPEHURIOHDGLQYHVWRUVQXPEHURILQYHVWRUVOHDGLQYHVWRUVLQYHVWRUV
• $FTXLVLWLRQV HJQXPEHURIDFTXLVLWLRQVDFTXLVLWLRQVWDWXVDFTXLVLWLRQV
• ,32 LH ,32 GDWH PRQH\ UDLVHG DW ,32 YDOXDWLRQ DW ,32 VWRFN V\PERO VWRFN
H[FKDQJH

1HYHUWKHOHVVQRWDOOWKHFRPSDQLHVSURYLGHFRPSOHWHLQIRUPDWLRQHVSHFLDOO\IRUZKDWFRQFHUQV
LWHPVVXFKDVIXQGLQJDQGUHYHQXHV
7KHJRDORIWKHVHDUFKZDVWRILQGDFWLYHVWDUWXSVIRXQGHGDIWHU-DQXDU\ DQG
EHORQJLQJWRWKHVHFWRURI(DUWK2EVHUYDWLRQ+RZHYHU&UXQFKEDVHGRHVQRWLQFOXGHDVSHFLILF
FDWHJRU\FRUUHVSRQGLQJWRRXUDLPV7KHUHIRUHZHXVHGWKHRSWLRQWRVHDUFKE\NH\ZRUG
:LWKWKHVHDUFKE\NH\ZRUGV&UXQFKEDVHVHOHFWVDOOWKHFRPSDQLHVZKRVHGHVFULSWLRQFRQWDLQV
DFHUWDLQZRUG NH\ZRUG 7KHIROORZLQJNH\ZRUGVZHUHVHOHFWHG
• (DUWK2EVHUYDWLRQ
• (2
• 6DWHOOLWH
• 6DWHOOLWHV
• &RSHUQLFXV
• 6HQWLQHO
• 6$5
• 2SWLFDOLPDJH
• 2SWLFDOLPDJHV
• 0XOWLVSHFWUDOLPDJH
• 0XOWLVSHFWUDOLPDJHV
*LYHQZKDWSUHYLRXVO\VDLGIRUHDFKNH\ZRUGZHSHUIRUPHGDVHDUFKZLWKWKHIROORZLQJILOWHUV
WKHVHDUFKEHORZFRQFHUQVWKHNH\ZRUG³VDWHOOLWH´ 
• 2SHUDWLQJVWDWXVLQFOXGHVDQ\$FWLYH
• )RXQGHGGDWHDIWHU
• 'HVFULSWLRQFRQWDLQVVDWHOOLWH
$QDORJRXVVHDUFKHVZHUHSHUIRUPHGIRUWKHRWKHUWHQNH\ZRUGV7KHQXPHULFDOUHVXOWVRIWKH
VHDUFKDUHGLVSOD\HGLQ³7DEOH´


VW
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Keyword
Number of results of the search
(DUWK2EVHUYDWLRQ

(2

6DWHOOLWH

6DWHOOLWHV

&RSHUQLFXV

6HQWLQHO

6$5

2SWLFDOLPDJH

2SWLFDOLPDJHV

0XOWLVSHFWUDOLPDJH

0XOWLVSHFWUDOLPDJHV

7RWDO


7DEOHFRQVWUXFWLRQRIWKHVDPSOHUHVXOWVRIWKH&UXQFKEDVHVHDUFK>VRXUFHRZQHODERUDWLRQ@ 

7KH OLVW RI  FRPSDQLHV REWDLQHG ZLWK WKH DERYHPHQWLRQHG SURFHGXUH GLG QRW LQFOXGH
H[FOXVLYHO\ VWDUWXSV DQG FRPSDQLHV WKDW H[SORLW VDWHOOLWH LPDJHV DV WKH PDLQ IHDWXUH RI WKHLU
EXVLQHVV PRGHO 7KH OLVW LQFOXGHG DOVR FRPSDQLHV SURYLGLQJ ODXQFK VHUYLFHV FRPSDQLHV
PDQXIDFWXULQJVDWHOOLWHVRUVXEFRPSRQHQWVIRUVDWHOOLWHVRUFRPSDQLHVZKRVHEXVLQHVVPRGHO
LVEDVHGRQGDWDJDWKHUHGE\VDWHOOLWHV HJ*36EDVHGDSSOLFDWLRQV EXWZKRVHPDLQIRFXVLV
QRWWKHXVHRIVDWHOOLWHLPDJHV
)RU WKLV UHDVRQ WKH IROORZLQJ VWHS ZDV WR DQDO\]H RQH E\ RQH WKH  FRPSDQLHV
HOLPLQDWLQJ WKH RQHV DSSHDULQJ PRUH WKDQ RQFH DQG VHOHFW WKH FRPSDQLHV IRU ZKLFK WKH
SURFHVVLQJDQGRUDQDO\VLVRIVDWHOOLWHLPDJHVIRUGRZQVWUHDPSXUSRVHVLVDPDMRUIHDWXUHRIWKH
EXVLQHVVPRGHO
7KHUHVXOWRIWKLVVHFRQGVWHSLVDOLVWRIDFWLYHFRPSDQLHVIRXQGHGDIWHU-DQXDU\ 
VW

'DWDFROOHFWLRQ
)RUHDFKVWDUWXSLQWKHVDPSOHWKHUHOHYDQWGDWDFRQVLGHUHGIRUWKHDQDO\VLVZHUHWKHIROORZLQJ
• *HRJUDSKLFDUHD
• 'DWHRIIRXQGDWLRQ
• 7RWDOIXQGLQJDPRXQW DVUHSRUWHGRQ&UXQFKEDVHFRP 
• (VWLPDWHGUHYHQXHUDQJH DVUHSRUWHGRQ&UXQFKEDVHFRP 

$IWHUEXLOGLQJ WKHGDWDEDVH WKHGDWDJDWKHUHGZHUH DQDO\]HG7KHUHVXOWV RIWKH DQDO\VLVDUH
GHVFULEHGLQ6HFWLRQ
1.4 Results of the analysis
/RRNLQJDWWKHJHRJUDSKLFDOGLVWULEXWLRQRIQHZVSDFHVWDUWXSVRXWRIWKHVWDUWXSVDQDO\]HG
RIWKHPDUHORFDWHGLQ(XURSHIROORZHG1RUWK$PHULFDZLWK ³)LJXUH´ 7KHUHIRUH
PRVW RI WKH LQQRYDWLRQ LV FRQFHQWUDWHG LQ WKHVH WZR UHJLRQV  RI WKH WRWDO  ZKLOH 6RXWK
$PHULFD$VLDDQG2FHDQLDODJEHKLQGZLWKOHVVWKDQSHUUHJLRQ$IULFDUHSUHVHQWVDPLQRU
DUHDLQWHUPVRI(2GRZQVWUHDPVWDUWXSVZLWKOHVVWKDQRIWKHVWDUWXSVLQWKHVDPSOH
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Percentage of startups in the sample by geographical area
Oceania: 6.1%

Africa: 2.6%

Asia: 9.6%
North America: 32.5%

South America: 7.9%
Europe 41.2%





)LJXUHVWDUWXSVE\JHRJUDSKLFDODUHDV>VRXUFHRZQHODERUDWLRQ@


(YHQWKRXJKWKHQXPEHURIVWDUWXSVDQDO\]HGLVKLJKHULQ(XURSHGDWDDERXWIXQGLQJFRQGLWLRQV
DUHGLIIHUHQW$VVKRZQE\³)LJXUH´DQG³)LJXUH´1RUWK$PHULFDLVWKHOHDGLQJUHJLRQLQ
WHUPVRIWRWDODQGDYHUDJHIXQGLQJUHFHLYHGE\VWDUWXSV$FFRUGLQJWRRXUVDPSOHVWDUWXSVLQ
1RUWK$PHULFDUHFHLYHRQDYHUDJH0RIFDSLWDOZKLOHLQ(XURSHWKLVQXPEHULVDOPRVW
WLPHVVPDOOHU 0 FRKHUHQWO\ZLWKWKHGLVWULEXWLRQRISULYDWHLQYHVWRUVDQGJRYHUQPHQWDO
ILQDQFLQJDPRXQWVZRUOGZLGHPHQWLRQHGEHIRUH)ROORZLQJWKLVLQYHVWRUV¶DOORFDWLRQVWDUWXSV
ZLWKLQ2FHDQLDDQG$VLDFDQHQMR\DYHUDJHIXQGLQJDURXQG0DQG0UHVSHFWLYHO\$IULFD
LV QRW ODJJLQJ MXVW LQ WKH FRQFHQWUDWLRQ RI LQQRYDWLRQ EXW DOVR FRQFHUQLQJ UHJLRQ¶V IXQGLQJ
FRQGLWLRQVZKLFKDUHTXLWHLQVXIILFLHQWIRUVXFFHVVIXOSURGXFWVHUYLFHGHYHORSPHQW




)LJXUHWRWDOIXQGLQJE\UHJLRQ>0@>VRXUFHRZQHODERUDWLRQ@
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)LJXUHDYHUDJHIXQGLQJE\UHJLRQ>0@>VRXUFHRZQHODERUDWLRQ@



5HVXOWV IURP WKH DQDO\VLV DUH VWURQJO\ FRQQHFWHG ZLWK SUHYLRXV ILQGLQJV E\ (XURSHDQ
,QYHVWPHQW %DQN $ ODUJH VXEVDPSOH RI WKH VWDUWXSV DQDO\]HG LV ORFDWHG LQ 1RUWK $PHULFD
ZKHUHWKHDYHUDJHVWDUWXSLQWKHVDPSOHUHFHLYHVKLJKDPRXQWVRIFDSLWDO7KLVDFFHOHUDWHVWKHLU
SURGXFWV¶FRPPHUFLDOL]DWLRQ2QWKHRWKHUKDQGHYHQLIIXQGLQJDPRXQWVDUHORZHULQ(XURSH
WKH UDWH RI ELUWK RI QHZ VWDUWXS LV KLJK LQ WKH UHJLRQ 7KHUHIRUH WKHUH LV D QHHG IRU PRUH
HQWUHSUHQHXULDORULHQWHG LQLWLDWLYHV LQ (XURSH ERWK SXEOLF DQG SULYDWH WR VXSSRUW 1HZ6SDFH
VWDUWXSV
7KHVWDWLVWLFDOVLJQLILFDQFHRIWKLVSDUWRIWKHDQDO\VLVLVOLPLWHGE\WKHORZQXPEHURI
VWDUWXSVIRUZKLFKIXQGLQJLQIRUPDWLRQLVDYDLODEOH1HYHUWKHOHVVHYHQLIWKHVDPSOHLVQRWZLGH
HQRXJKWRGUDIWJHQHUDOFRQFOXVLRQVWKHUHVXOWVGHVFULEHGLQWKLV6HFWLRQDUHFRKHUHQWZLWKWKH
OLWHUDWXUHUHYLHZFRQGXFWHGLQ6HFWLRQ

2. ANALYSIS OF SATELLITE-BASED BUSINESS MODELS IN THE EUROPEAN
CONTEXT
2.1 Introduction to Section 2
7KHDLPRIWKHVHFRQGSDUWRIWKLVSDSHULVWRVWXG\WKHGLIIXVLRQLQWKH(XURSHDQFRQWH[WRI
FRPSDQLHV ZKRVH EXVLQHVV PRGHOV DUH EDVHG RQ SURFHVVLQJ DQG DQDO\]LQJ VDWHOOLWH
LPDJHU\:LWK UHIHUHQFH WR WKH SHULRG  DQG UHJDUGOHVV WKH VL]H JURZWK VWDJH DQG
ILQDQFLDOVXFFHVV RIWKHDQDO\]HGFRPSDQLHV6HFWLRQ KDVWKHJRDOWRDQVZHUWKHIROORZLQJ
UHVHDUFKTXHVWLRQV
• :KLFKHFRQRPLFVHFWRUVKDYHEHHQWDUJHWHGPRUHH[WHQVLYHO\E\EXVLQHVVPRGHOVEDVHG
RQ(2GDWD"
• :KLFKFXVWRPHUFDWHJRULHV &RQVXPHUV%XVLQHVVHV*RYHUQPHQWV KDYHEHHQWDUJHWHG
PRUHH[WHQVLYHO\E\EXVLQHVVPRGHOVEDVHGRQ(2GDWD"
6HFWLRQEULHIO\DQDO\]HVSDVWUHVHDUFKDERXWWKHWRSLF6HFWLRQGHVFULEHVWKHSURFHGXUH
IROORZHGWRDGGUHVVWKHUHVHDUFKTXHVWLRQ6HFWLRQH[DPLQHVWKHXVDJHRIVDWHOOLWHLPDJHV
DFURVVVHYHQGLIIHUHQWLQGXVWULHVZKLOH6HFWLRQFODVVLILHVWKHEXVLQHVVPRGHOVDFFRUGLQJ
WR WKH FXVWRPHU FDWHJRU\ %XVLQHVV7R&RQVXPHU %XVLQHVV7R%XVLQHVVHV %XVLQHVV7R
*RYHUQPHQWV  6HFWLRQ  GHVFULEHV WKH UHOHYDQFH RI WKH WKUHH FXVWRPHU VHJPHQWV LQ WKH
VHYHQPDFURVHFWRUV

2.2 Literature review
7KH&RSHUQLFXVSURJUDPPHZDVHVWDEOLVKHGLQEXLOGLQJRQWKHSUHYLRXV(2SURJUDPPH
³*OREDO0RQLWRULQJIRU(QYLURQPHQWDQG6HFXULW\´7KHPDLQEHQHILWRIWKHSURJUDPPHLVWKDW
WKHGDWDDQGLQIRUPDWLRQUHODWHGWRWKHSURJUDPPHDUHPDGHDYDLODEOHIUHHRIFKDUJH7KLVGDWD
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SROLF\ZDV³H[SHFWHGWRHDVHDFFHVVIRUVPDOODQGPHGLXPHQWHUSULVHV´JHQHUDWLQJ³XSWR
MREVLQ(XURSH´>@&RSHUQLFXVLGHQWLILHVVL[PDFURDUHDVRIDSSOLFDELOLW\IRUVDWHOOLWHLPDJHU\
ODQG PRQLWRULQJ PDULQH PDQDJHPHQW DWPRVSKHUH PRQLWRULQJ FOLPDWH FKDQJH PLWLJDWLRQ
VHFXULW\DQGHPHUJHQF\PDQDJHPHQW
1RW DOO WKHVH ILHOGV DUH HTXDOO\ DGYDQFHG LQ WHUPV RI DSSOLFDWLRQ RI VDWHOOLWHGULYHQ
LQVLJKWV$FFRUGLQJWR6FRWW/DUVHQ FKLHIH[HFXWLYHRI8UWKH&DVW ³WKHVHFWRUKDVIRUVRORQJ
EHHQGULYHQE\JRYHUQPHQWUHTXLUHPHQWVDQGWRDOHVVHUH[WHQWELJLQGXVWU\SOD\HUVWKDWWKH
PDVVPDUNHWFRQVXPHUKDVEHHQDOPRVWFRPSOHWHO\QHJOHFWHG´>@&RQVHTXHQWO\VRPHDUHDV
RI DSSOLFDWLRQ KDYH EHHQ GHYHORSHG PRUH GHHSO\ WKDQ RWKHUV ,Q SDUWLFXODU JLYHQ WKHLU
JRYHUQPHQWDOHQWLW\VHFWRUVVXFKDVGHIHQVHDQGHQYLURQPHQWDOPRQLWRULQJFDQEHH[SHFWHGWR
EH PRUH WHFKQRORJLFDOO\ DGYDQFHG WKDQ VHFWRUV VXFK DV DYLDWLRQ ZKHUH WKH XVH RI VDWHOOLWH
LPDJHVLVDUHODWLYHO\QHZWUHQG
)RUZKDWFRQFHUQVFXVWRPHUVHJPHQWVUHO\LQJRQUHSRUWVVXFKDV*HR%XL]>@DQG
RQGHFODUDWLRQVRIFRUSRUDWHDFWRUV 'HVFDUWHV/DEV'HLPRV,PDJLQJ%ODFN6N\ >@FRQVXPHUV
UHSUHVHQWDPLQRUVHJPHQWIRU(2ILUPVZKLOHPRVWRIWKHVDOHVDUHVSOLWEHWZHHQEXVLQHVVHV
DQGSXEOLFDFWRUV&RQVLGHULQJVDOHVLQWKHVHFWRUDVDSUR[\IRUWKHVHFWRU¶VDWWUDFWLYHQHVVIRU
QHZ SOD\HUV ZH FDQ H[SHFW WKDW LQQRYDWLYH (2FRPSDQLHV ZLOO EH GLVWULEXWHG ZLWK VLPLODU
SURSRUWLRQV
2.3 Methodology
&RQVWUXFWLRQRIDGDWDEDVHIRUWKHFODVVLILFDWLRQ
7R SHUIRUP WKH DQDO\VLV ZH XVHG WKH SODWIRUP &UXQFKEDVHFRP +RZHYHU XQOLNH LQ WKH
SUHYLRXVSDUW&UXQFKEDVHZDVQRWWKHRQO\VRXUFHZHFRQVLGHUHGIRURXUDQDO\VLV$VHFRQG
VRXUFH IRU WKH FUHDWLRQ RI WKH VDPSOH ZDV WKH V\VWHP RI WKH  %XVLQHVV ,QFXEDWLRQ &HQWUHV
PDQDJHGDOODURXQG(XURSHE\WKH(XURSHDQ6SDFH$JHQF\)RXQGHGLQWKH(6$%,&
V\VWHP VXSSRUWV HQWUHSUHQHXUV ZLWK WKH JRDO WR ³WXUQ VSDFHFRQQHFWHG EXVLQHVV LGHDV LQWR
FRPPHUFLDOVWDUWXSFRPSDQLHV´)LQDOO\DWKLUGVRXUFHIRUWKHFRQVWUXFWLRQRIWKHVDPSOHZDV
WKHOLVWRISDUWLFLSDQWVWRWKHFRPSHWLWLRQ³&RSHUQLFXV0DVWHUV´ODXQFKHGLQ³&RSHUQLFXV
0DVWHUV´DZDUGVLQQRYDWLYHVROXWLRQVEDVHGRQ(2GDWD

&UHDWLRQRIWKHVDPSOH&UXQFKEDVHFRP
)RUWKHH[WUDFWLRQRIFRPSDQLHVIURP&UXQFKEDVHFRPWKHSURFHGXUHZDVDQDORJRXVWRWKHRQH
GHVFULEHGLQ6HFWLRQ$OLVWRINH\ZRUGVZDVGUDIWHG
• (DUWK2EVHUYDWLRQ
• (2
• 6DWHOOLWH
• 6DWHOOLWHV
• &RSHUQLFXV
• 6HQWLQHO
• 6$5
• 2SWLFDOLPDJH
• 2SWLFDOLPDJHV
• 0XOWLVSHFWUDOLPDJH
• 0XOWLVSHFWUDOLPDJHV

0RUHRYHU WR KDYH D VLJQLILFDQWO\ ODUJH VDPSOH DQG IRU WKH VDNH RI FRQVLVWHQF\ ZLWK WKH
LQIRUPDWLRQ REWDLQHG IURP WKH RWKHU WZR VRXUFHV (6$ %XVLQHVV ,QFXEDWLRQ &HQWUHV DQG
&RSHUQLFXV0DVWHUV WKHWLPHKRUL]RQZDVHQODUJHGLQFRPSDULVRQWR6HFWLRQ:HFRQVLGHUHG
DFWLYHVDWHOOLWHEDVHGVWDUWXSVIRXQGHGDIWHU-DQXDU\VW \HDULQZKLFKWKHFRPSHWLWLRQ
³&RSHUQLFXV 0DVWHUV´ ZDV LQLWLDWHG  7KHUHIRUH WKH VHDUFK KDG WKH IROORZLQJ ILOWHUV WKH
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H[DPSOH UHIHUV WR WKH NH\ZRUG ³VDWHOOLWH´ IRU DOO WKH RWKHU NH\ZRUGV WKH ILOWHUV ZHUH VHW
DQDORJRXVO\ 

• 2SHUDWLQJVWDWXVLQFOXGHVDQ\$FWLYH
• )RXQGHGGDWHDIWHU
• 'HVFULSWLRQFRQWDLQVVDWHOOLWH
• +HDGTXDUWHUV5HJLRQVLQFOXGHVDQ\(XURSHDQ8QLRQ

7KHQXPHULFDOUHVXOWVRIWKHVHDUFKDUHGLVSOD\HGLQ³7DEOH´

Keyword
Number of results
(DUWK2EVHUYDWLRQ

(2

6DWHOOLWH

6DWHOOLWHV

&RSHUQLFXV

6HQWLQHO

2SWLFDO,PDJH

2SWLFDOLPDJHV

0XOWLVSHFWUDOLPDJH 
0XOWLVSHFWUDOLPDJHV 
6$5

7RWDO 

7DEOHFUHDWLRQRIWKHVDPSOHUHVXOWVRIWKH&UXQFKEDVHVHDUFK>VRXUFHRZQHODERUDWLRQ@

7KH OLVW RI  FRPSDQLHV ZH REWDLQHG ZLWK WKH DERYHPHQWLRQHG SURFHGXUH GLG QRW LQFOXGH
H[FOXVLYHO\ VWDUWXSV DQG FRPSDQLHV WKDW H[SORLW VDWHOOLWH LPDJHV DV WKH PDLQ IHDWXUH RI WKHLU
EXVLQHVV PRGHO 7KH OLVW LQFOXGHG DOVR FRPSDQLHV SURYLGLQJ ODXQFK VHUYLFHV FRPSDQLHV
PDQXIDFWXULQJVDWHOOLWHVRUVXEFRPSRQHQWVIRUVDWHOOLWHVRUFRPSDQLHVZKRVHEXVLQHVVPRGHO
LVEDVHGRQGDWDJDWKHUHGE\VDWHOOLWHV HJ*36EDVHGDSSOLFDWLRQV EXWZKRVHIRFXVLVQRWWKH
XVHRIVDWHOOLWHLPDJHV)RUWKLVUHDVRQWKHIROORZLQJVWHSZDVWRDQDO\]HRQHE\RQHWKH
FRPSDQLHVHOLPLQDWHWKHRQHVDSSHDULQJPRUHWKDQRQFHDQGVHOHFWWKHFRPSDQLHVIRUZKLFK
WKHSURFHVVLQJDQGRUDQDO\VLVRIVDWHOOLWHLPDJHVIRUGRZQVWUHDPSXUSRVHVLVDPDMRUIHDWXUH
RIWKHEXVLQHVVPRGHO7KHUHVXOWRIWKLVVHFRQGVWHSLVDOLVWRIDFWLYH(XURSHDQFRPSDQLHV
FRPSO\LQJZLWKWKHSDSHU¶VUHVHDUFKFULWHULDDQGIRXQGHGDIWHU-DQXDU\ 

&UHDWLRQRIWKHVDPSOH(6$%XVLQHVV,QFXEDWLRQ&HQWUHV
7KHH[WUDFWLRQRIVWDUWXSVIURPWKLVVRXUFHZDVSHUIRUPHGE\XVLQJWKHVHFWLRQ³0HPEHUVDQG
$OXPQL´ RI WKH VHFWLRQ ³%XVLQHVV ,QFXEDWLRQ´ LQ WKH ZHEVLWH ZZZHVDLQW )URP WKH OLVW
³0HPEHUV DQG $OXPQL´ RI HDFK RI WKH  ,QFXEDWLRQ &HQWUHV ZH VHOHFWHG WKH VWDUWXSV
FRPSO\LQJZLWKWKHUHTXLUHPHQWVRIRXUVWXG\$IWHUHOLPLQDWLQJWKHVWDUWXSVDOUHDG\LQFOXGHG
LQWKHOLVWH[WUDFWHGIURP&UXQFKEDVHFRPWKLVVHFRQGVRXUFHJDYHUHVXOWVWREHLQFOXGHGLQ
WKHGHILQLWLYHVDPSOH

&UHDWLRQRIWKHVDPSOH&RSHUQLFXV0DVWHUV
7KHH[WUDFWLRQRISDUWLFLSDQWVWRWKHFRPSHWLWLRQ³&RSHUQLFXV0DVWHUV´ZDVSHUIRUPHGE\XVLQJ
WKHVHFWLRQ³+DOORI)DPH´RIWKHZHEVLWHZZZFRSHUQLFXVPDVWHUVFRP)URPHYHU\HGLWLRQ
RIWKHFRPSHWLWLRQ  DOOWKHVWDUWXSVFRPSO\LQJZLWKWKHUHTXLUHPHQWVRIWKLVVWXG\
VW
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ZHUHVHOHFWHG$IWHUHOLPLQDWLQJWKHFRPSDQLHVDOUHDG\LQFOXGHGLQWKHSUHYLRXVVHDUFKHVWKLV
WKLUGVRXUFHJDYHUHVXOWVWREHLQFOXGHGLQWKHGHILQLWLYHVDPSOH

&UHDWLRQRIWKHVDPSOHXQLILFDWLRQRIWKHWKUHHVXEVDPSOHV
$IWHUFROOHFWLQJWKHWKUHHVXEVDPSOHVGHVFULEHGLQWKHSUHYLRXV6HFWLRQVWKHIROORZLQJDFWLYLW\
ZDVWRPHUJHWKHP7KHILQDODQGGHILQLWLYHVDPSOHFRQVLVWHGRIVWDUWXSVDWGLIIHUHQWSKDVHV
RIWKHLUJURZWKIRXQGHGEHWZHHQDQGDQGKHDGTXDUWHUHGLQ(XURSH,QVSLWHRIWKHLU
GLIIHUHQFHVLQWHUPVRIVL]HEXVLQHVVPRGHOVWDJHRIJURZWKWKHFRPPRQDVSHFWZDVWKDWDOO
WKHLU EXVLQHVV PRGHOV ZHUH EDVHG RQ WKH DQDO\VLV RI VDWHOOLWH LPDJHV IRU GRZQVWUHDP
DSSOLFDWLRQV

'DWD&ROOHFWLRQ
7KHIROORZLQJDFWLYLW\ZDVWKHFODVVLILFDWLRQRIWKHFRPSDQLHVGHSHQGLQJRQWKHLUEXVLQHVV
PRGHOV7KLVVWHSZDVSHUIRUPHGE\ XVLQJGLIIHUHQWVRXUFHV RI LQIRUPDWLRQVRFLDO QHWZRUNV
/LQNHG,Q FRUSRUDWHZHEVLWHV&UXQFKEDVHFRP VHFWLRQ³'HVFULSWLRQ´ RIWKHFRPSDQ\ WKH
ZHEVLWH ZZZFRSHUQLFXVPDVWHUVFRP GHVFULSWLRQ RI WKH SURMHFW  DQG WKH ZHEVLWH
ZZZHVDLQW7KHLQIRUPDWLRQFROOHFWHGDERXWWKHFRPSDQLHVZHUHXVHGWRFOXVWHUWKHVWDUWXSV
DFFRUGLQJWRWZRGLPHQVLRQVVHFWRURIUHIHUHQFHDQGW\SHRIFXVWRPHU&RPSDQLHVIRUZKLFK
WKHDYDLODEOHLQIRUPDWLRQZDVLQVXIILFLHQWXQFOHDURUPLVVLQJZHUHH[FOXGHGIURPWKHDQDO\VLV
7KHILQDOVDPSOHFRQVLVWHGRIFRPSDQLHV

&ODVVLILFDWLRQE\VHFWRUV
6HYHQPDFURVHFWRUVRIUHIHUHQFHZHUHLGHQWLILHGDVSRVVLEOHILHOGVRIDSSOLFDWLRQIRUDQDO\]HG
VDWHOOLWHLPDJHV³7DEOH´GHVFULEHVHDFKRIWKHP

Macro-sector
Description
(QYLURQPHQWDO
$SSOLFDWLRQVDQGVHUYLFHVWKDWHPSOR\VDWHOOLWHLPDJHVWR
SUHVHUYDWLRQ
SURYLGHEXVLQHVVHVDQGSXEOLFDGPLQLVWUDWLRQZLWKWRROVDQG
LQIRUPDWLRQIRUPRQLWRULQJPDQDJLQJDQGSUHVHUYLQJQDWXUDO
UHVRXUFHV
$JULFXOWXUH
$SSOLFDWLRQVDQGVHUYLFHVWDUJHWLQJWKHSULPDU\VHFWRUDQG
H[SORLWLQJVDWHOOLWHLPDJHVWRSURYLGHIDUPHUVZLWKWRROVIRU
LQFUHDVLQJHIILFLHQF\
,QGXVWULDODSSOLFDWLRQV
$SSOLFDWLRQVDQGVHUYLFHVWDUJHWLQJWKHVHFRQGDU\VHFWRU
HVSHFLDOO\IURPWKHSRLQWRIYLHZRIORJLVWLFV
,QIUDVWUXFWXUHPRQLWRULQJ
$SSOLFDWLRQVIRUPRQLWRULQJVWUXFWXUDOSUREOHPVDQGIRU
DQGFLYLOHQJLQHHULQJ
GHWHFWLQJGDQJHURXVGLVSODFHPHQWVLQEXLOGLQJV
DSSOLFDWLRQV
8UEDQPDQDJHPHQW
$SSOLFDWLRQVIRUPRQLWRULQJDQGSODQQLQJXUEDQDFWLYLWLHV
ERWKTXDVLUHDOWLPHDQGWKURXJKKLVWRULFDOFRPSDULVRQV 
(PHUJHQF\PDQDJHPHQW
7RROVIRULQWHUYHQWLRQLQFDVHRIGDQJHURXVHYHQWV HJILUHV
HDUWKTXDNHV 
*HQHUDOSXUSRVH
$SSOLFDWLRQVDQGVHUYLFHVQRWWDUJHWLQJDVSHFLILFVHFWRUEXW
DSSOLFDWLRQV
IOH[LEO\XWLOL]DEOHLQGLIIHUHQWLQGXVWULHV

7DEOHGHVFULSWLRQRIWKHPDFURVHFWRUV>VRXUFHRZQHODERUDWLRQ@ 

)RUWKUHHRIWKHVHYHQPDFURVHFWRUV ZKRVHVFRSHLVSDUWLFXODUO\EURDG DIXUWKHUFODVVLILFDWLRQ
VKRZQLQ³7DEOH´ LQWRVPDOOHUVFRSHVXEVHFWRUVKDVEHHQLQWURGXFHG
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Macro-sector
Sub-sectors (where applicatble)

(QYLURQPHQWDO (QYLURQPHQWDO
)RUHVWU\
:DWHU
SUHVHUYDWLRQ  DQDO\VHV
PDQDJHPHQW PDQDJHPHQW
$JULFXOWXUH
,QGXVWULDO
(QHUJ\VHFWRU
0DULWLPH
0LQLQJ
6XSSO\
DSSOLFDWLRQV
WUDQVSRUWDWLRQ
FKDLQ
PDQDJHPHQW 
PRQLWRULQJ

6WUXFWXUDO
,QIUDVWUXFWXUH
&LYLO
DQDO\VHV
HQJLQHHULQJ
 PRQLWRULQJ
8UEDQ
PDQDJHPHQW 
(PHUJHQF\
PDQDJHPHQW

*HQHUDO
SXUSRVH
DSSOLFDWLRQV






$YLDWLRQ


7DEOHFODVVLILFDWLRQRIVXEVHFWRUVLQWRPDFURVHFWRUV>VRXUFHRZQHODERUDWLRQ@


$IWHU DQDO\]LQJ WKH SURGXFWV DQG VHUYLFHV RIIHUHG E\ HDFK FRPSDQ\ LQ WKH OLVW WKH\ ZHUH
FODVVLILHG DFFRUGLQJ WR WKH VHFWRUV RI UHIHUHQFH (DFK FRPSDQ\ KDV EHHQ DVVLJQHG WR DOO WKH
DSSOLFDEOHVHFWRUV

&ODVVLILFDWLRQE\W\SHRIFXVWRPHU
7KHVHFRQGFODVVLILFDWLRQZDVEDVHGRQWKHW\SHRIFXVWRPHU7KUHHPDFURFODVVHVRIFXVWRPHUV
ZHUH LGHQWLILHG FRQVXPHUV DQG SK\VLFDO SHRSOH %& EXVLQHVV PRGHOV  EXVLQHVVHV %%
EXVLQHVVPRGHOV DQGSXEOLFLQVWLWXWLRQV %*EXVLQHVVPRGHOV 

2.4 Results 
7KLVVHFWLRQGLVSOD\VWKHUHVXOWVRIWKHDQDO\VLVFDUULHGRXWIROORZLQJWKHSURFHGXUHH[SODLQHG
LQ6HFWLRQ

&ODVVLILFDWLRQE\VHFWRUUHVXOWVDQGGLVFXVVLRQ
³7DEOH´VKRZVWKHQXPHULFDOUHVXOWVRIWKHFODVVLILFDWLRQE\VHFWRU7KHFROXPQ³3HUFHQWDJH
RIFRPSDQLHV´VKRZVWKHSHUFHQWDJHRIFRPSDQLHVLQWKHVDPSOHRSHUDWLQJLQWKHFRUUHVSRQGLQJ
VHFWRU

Sectors
1XPEHURI
3HUFHQWDJHRI
FRPSDQLHV
FRPSDQLHV
(QYLURQPHQWDOSUHVHUYDWLRQ


(QYLURQPHQWDODQDO\VHV


)RUHVWU\PDQDJHPHQW


:DWHUPDQDJHPHQW


$JULFXOWXUH


,QGXVWULDODSSOLFDWLRQV


(QHUJ\VHFWRU


0DULWLPHWUDQVSRUWDWLRQ


PDQDJHPHQW
0LQLQJ
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7DEOHGLYLVLRQE\VHFWRUVUHVXOWV>VRXUFHRZQHODERUDWLRQ@ 

 RI WKH VWDUWXSV LQ WKH VDPSOH RSHUDWH DOVR QRW H[FOXVLYHO\  LQ WKH PDFURVHFWRU
³(QYLURQPHQWDO SUHVHUYDWLRQ´ 7KH VHFRQG PDFURVHFWRU DV IRU QXPHULFDO UHOHYDQFH LV
³$JULFXOWXUH´ RIWKHFRPSDQLHVLQWKHVDPSOHRIIHUDJULFXOWXUDODSSOLFDWLRQV 
7KHUH DUH VHYHUDO UHDVRQV IRU WKH KLJK QXPEHU RI HQYLURQPHQWDO DSSOLFDWLRQV )LUVW
&RSHUQLFXVZDVERUQLQZLWKWKHQDPH³*OREDO0RQLWRULQJIRU(QYLURQPHQWDO6HFXULW\´
(YHQ QRZDGD\V LW SOD\V D NH\ UROH LQ WKH DQDO\VLV RI RQJRLQJ FOLPDWH FKDQJHV LPSURYLQJ
HQYLURQPHQWDOLQIRUPDWLRQIRUEXVLQHVVHVLQVWLWXWLRQVDQGFLWL]HQV0RUHRYHUHQYLURQPHQWDO
PRQLWRULQJDFWLYLWLHVDUHVWURQJO\EDVHG RQFRPSDULQJ KLVWRULFDOGDWD7KHUHIRUHHYHQ LQ WKH
SDVW ZKHQ WKH DYDLODELOLW\ DQG IUHTXHQF\ RI VDWHOOLWH LPDJHV ZHUH ORZHU  (2FRPSDQLHV
UHSUHVHQWHG D SRZHUIXO VRXUFH RI LQIRUPDWLRQ IRU GHFLVLRQPDNHUV LQWHUHVWHG LQ DQDO\]LQJ
HQYLURQPHQWDOFKDQJHV

&ODVVLILFDWLRQE\FXVWRPHUW\SHUHVXOWVDQGGLVFXVVLRQ
³7DEOH´VKRZVWKHQXPHULFDOUHVXOWVRIWKHFODVVLILFDWLRQE\FXVWRPHUW\SH7KHFROXPQ
³3HUFHQWDJHRIFRPSDQLHV´VKRZVWKHSHUFHQWDJHRIFRPSDQLHVLQWKHVDPSOHWKDWWDUJHWWKH
FRUUHVSRQGLQJFXVWRPHUFDWHJRU\



Type of business model  Number of companies Percentage of companies
%XVLQHVV7R&RQVXPHU


%XVLQHVV7R%XVLQHVV


%XVLQHVV7R*RYHUQPHQW



7DEOHGLYLVLRQE\FXVWRPHUW\SHUHVXOWV>VRXUFHRZQHODERUDWLRQ@ 

2QO\RXWRIFRPSDQLHV  KDYHILQDOFRQVXPHUVDVRQHRIWKHNH\FXVWRPHUJURXSV
:H EHOLHYH WKLV LV GXH WR D ORZHU ZLOOLQJQHVV WR SD\ 6R IDU DSDUW IURP VRPH YHU\ UDUH 
H[FHSWLRQV(DUWK2EVHUYDWLRQFRPSDQLHVKDYHEHHQLQFDSDEOHRIGUDIWLQJDWWUDFWLYHEXVLQHVV
PRGHOVIRUSK\VLFDOFXVWRPHUV7KHUHIRUH%&FKDQQHOVWHQGWREHPXFKOHVVVLJQLILFDQWWKDQ
%*  DQG%%  7KHVXP RIWKHWKUHHSHUFHQWDJHV LVKLJKHUWKDQEHFDXVH
PRVWFRPSDQLHVLQWKHVDPSOHKDYHWZRRUPRUHVLJQLILFDQWJURXSVRINH\FXVWRPHUV

,QFLGHQFHRI%&%%DQG%*EXVLQHVVPRGHOVDFURVVWKHPDFURVHFWRUV
7KHIROORZLQJDQDO\VLVDLPVDWLGHQWLI\LQJGLIIHUHQFHVLQWKHGLIIXVLRQRI%&%%DQG%*
EXVLQHVVPRGHOVDFURVVWKHFRQVLGHUHGPDFURVHFWRUV

'LVWULEXWLRQRI%&EXVLQHVVPRGHOVDFURVVPDFURVHFWRUV
³7DEOH´VKRZVWKHGLVWULEXWLRQRI%&EXVLQHVVPRGHOVDFURVVWKHFRQVLGHUHGVHFWRUV7KH
FROXPQ ³'LIIXVLRQ RI %& EXVLQHVV PRGHOV LQ WKH PDFURVHFWRU´ VKRZV WKH SURSRUWLRQ RI
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FRPSDQLHV RSHUDWLQJ LQ WKH FRUUHVSRQGLQJ VHFWRU ZKRVH EXVLQHVV PRGHO WDUJHWV DW OHDVW
SDUWLDOO\ ILQDOFRQVXPHUV

Sector
Number of B2C
Diffusion of B2C business models
companies of the sector
in the macro-sector
(QYLURQPHQWDO


SUHVHUYDWLRQ
$JULFXOWXUH


,QGXVWULDODSSOLFDWLRQV


6WUXFWXUDODQDO\VHV


8UEDQPDQDJHPHQW


(PHUJHQF\


PDQDJHPHQW
*HQHUDOSXUSRVH


DSSOLFDWLRQV

7DEOHGLYLVLRQRI%&FRPSDQLHVE\PDFURVHFWRU>VRXUFHRZQHODERUDWLRQ@

&RUSRUDWHZHEVLWHVRIWKHDQDO\]HGFRPSDQLHVWHQGWRUHSRUWWKHLUVHFWRUVRIUHIHUHQFHDQGWKHLU
NH\FXVWRPHUVVHSDUDWHO\)RUILUPVRSHUDWLQJLQPRUHWKDQRQHVHFWRULWLVDOPRVWLPSRVVLEOH
WR XQGHUVWDQG IURP WKH ZHEVLWHV ZKLFK JURXSV RI FXVWRPHUV DUH UHOHYDQW IRU HYHU\ VSHFLILF
VHFWRU)RU H[DPSOH LI ILUP $ RSHUDWHV LQ VHFWRU L DQG M DQG WDUJHWV %& %% DQG %*
FXVWRPHUV$¶VZHEVLWHGRHVQRWQHFHVVDULO\UHSRUWZKLFKJURXSVRIFXVWRPHUVIURPVHFWRULDUH
WDUJHWHG7KHSHUFHQWDJHVLQWKHWKLUGFROXPQRI³7DEOH´GHVFULEHZKLFKSRUWLRQRIFRPSDQLHV
RSHUDWLQJ LQ WKH VHFWRU SURSRVH %& VHUYLFHV QRW QHFHVVDULO\ LQ WKH VDPH VHFWRU 7KH\
UHSUHVHQWDPHDVXUHIRUWKHSURSHQVLW\RIILUPVLQWKHVHFWRUWRGLYHUVLI\WKHLUEXVLQHVVPRGHOV
WR WDUJHW ILQDO FRQVXPHUV 7KH VDPH UHDVRQLQJ DSSOLHV IRU ³7DEOH ´ DQG ³7DEOH ´ %&
EXVLQHVVPRGHOVDUHUDUHLQHYHU\FRQVLGHUHGPDFURVHFWRUZLWKRXWUHOHYDQWH[FHSWLRQV
7KLVILQGLQJLVFRQVLVWHQWZLWKSUHYLRXVDQDO\VHVIRFXVLQJRQVDOHVLQWKH*OREDO6DWHOOLWH
,QGXVWU\VXFKDV*HRVSDWLDO:RUOG¶V³:KRLVEX\LQJDOOWKDW6DWHOOLWH,PDJHU\"´>@$FFRUGLQJ
WR)DEUL]LR3LURQGLQL&(2RI'HLPRV,PDJLQJWRGD\%&FXVWRPHUVDUHDOPRVWLUUHOHYDQWIRU
(2ILUPVDQGWKLVVLWXDWLRQZLOOQRWFKDQJHRQWKHVKRUWWHUP>@+RZHYHUFRQVLGHULQJDORQJHU
KRUL]RQWKHILUPIRUHFDVWVWKDWWKHLQFLGHQFHRIILQDOFRQVXPHUVZLOOLQFUHDVHXSWRRIWKH
WRWDOUHYHQXHVE\>@

'LVWULEXWLRQRI%%EXVLQHVVPRGHOVDFURVVPDFURVHFWRUV
³7DEOH´VKRZVWKHLQFLGHQFHRI%%EXVLQHVVPRGHOVDFURVVWKHFRQVLGHUHGVHFWRUV7KHWKLUG
FROXPQ LQGLFDWHV ZKLFK SHUFHQWDJH RI EXVLQHVV PRGHOV LQ WKH PDFURVHFWRU WDUJHWV DW OHDVW
SDUWLDOO\ EXVLQHVVFXVWRPHUV

Sector
Number of B2B
Diffusion of B2B business models
companies of the sector
in the macro-sector 
(QYLURQPHQWDO


SUHVHUYDWLRQ
$JULFXOWXUH


,QGXVWULDODSSOLFDWLRQV


6WUXFWXUDODQDO\VHV


8UEDQPDQDJHPHQW


(PHUJHQF\PDQDJHPHQW
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7DEOHGLYLVLRQRI%%FRPSDQLHVE\PDFURVHFWRU>VRXUFHRZQHODERUDWLRQ@


%%EXVLQHVVPRGHOVUHSUHVHQWWKHPRVWVLJQLILFDQWJURXSIRUHYHU\FRQVLGHUHGPDFURVHFWRU
LQ SDUWLFXODU IRU $JULFXOWXUH    8UEDQ 0DQDJHPHQW   6WUXFWXUDO DSSOLFDWLRQV
 DQGREYLRXVO\IRU6HFRQGDU\VHFWRUDSSOLFDWLRQV ³,QGXVWULDODSSOLFDWLRQV´ 
7KHORZHVWSHUFHQWDJHVFRQFHUQVHFWRUVZKRVHPDLQ DQGRIWHQRQO\ DFWRUVDUHJRYHUQPHQWDO
RUJDQL]DWLRQVVXFKDV³(QYLURQPHQWDOSUHVHUYDWLRQ´  DQG³(PHUJHQF\PDQDJHPHQW´
 

'LVWULEXWLRQRI%*EXVLQHVVPRGHOVDFURVVPDFURVHFWRUV
³7DEOH´VKRZVWKHGLIIXVLRQRI%*EXVLQHVVPRGHOVDFURVVWKHPDFURVHFWRUV7KHWKLUG
FROXPQ LQGLFDWHV ZKLFK SHUFHQWDJH RI EXVLQHVV PRGHOV LQ WKH PDFURVHFWRU WDUJHWV DW OHDVW
SDUWLDOO\ SXEOLFDGPLQLVWUDWLRQVDQGJRYHUQPHQWDOLQVWLWXWLRQVDVUHOHYDQWFXVWRPHUV

Sector
Number of B2G business models in the
Percentage
corresponding sector
(QYLURQPHQWDO


SUHVHUYDWLRQ
$JULFXOWXUH


,QGXVWULDODSSOLFDWLRQV


6WUXFWXUDODQDO\VHV


8UEDQPDQDJHPHQW


(PHUJHQF\PDQDJHPHQW


*HQHUDOSXUSRVH


DSSOLFDWLRQV

7DEOH%*FRPSDQLHVE\PDFURVHFWRU>VRXUFHRZQHODERUDWLRQ@ 

%* EXVLQHVV PRGHOV DUH VLJQLILFDQW IRU HDFK RI WKH  PDFURVHFWRUV 7KHVH QXPEHUV DUH
FRQVLVWHQW ZLWK SUHYLRXV UHVHDUFK RQ WKH WRSLF *LO 'HQLVD HW DO >@ DVVHUW WKDW ³LQ  WKH
GRPLQDQWPDUNHWIRU(2GDWDZDVGHIHQVH  IROORZHGE\LQIUDVWUXFWXUH  DQGQDWXUDO
UHVRXUFHVDOOJRYHUQPHQWUHODWHGDFWLYLWLHV´&RKHUHQWO\ IRUVHFWRUVVXFKDV³(QYLURQPHQWDO
SUHVHUYDWLRQ´ ³(PHUJHQF\ PDQDJHPHQW´ ³8UEDQ 0DQDJHPHQW´ DOO JRYHUQPHQW UHODWHG
DFWLYLWLHV  WKH LQFLGHQFH RI JRYHUQPHQWDO FXVWRPHUV LV KLJKHU WKDQ IRU LQGXVWULHV PRUH
H[WHQVLYHO\SULYDWL]HG

&XVWRPHUVHJPHQWV¶GLYHUVLILFDWLRQ
³7DEOH´DQG³7DEOH´DQDO\]HWKHGLYHUVLILFDWLRQFDSDFLW\ LQWHUPVRIFXVWRPHUW\SHV RI
WKHFRPSDQLHVLQWKHVDPSOH

B2C + B2B
B2B +
B2C +
B2C +
+ B2G
B2G
B2G
B2B
1XPEHURIEXVLQHVVPRGHOV




3HUFHQWDJHRIWKHHQWLUHVDPSOH




3HUFHQWDJHRIWKHWRWDOQXPEHURI

1RW


%&EXVLQHVVPRGHOV
UHOHYDQW
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1RW
UHOHYDQW

7DEOHFXVWRPHUVHJPHQWV¶GLYHUVLILFDWLRQ>VRXUFHRZQHODERUDWLRQ@ 



1RW
UHOHYDQW



&RPSDQLHVLQWKHVDPSOHVHOGRPIRFXVDWWKHVDPHWLPHRQDOOWKHWKUHHJURXSVRIFXVWRPHUV
RQO\ILUPVRXWRI  WDUJHWDOOWKHWKUHHJURXSVRIFXVWRPHUV
&RPSDQLHV IRFXVLQJ RQ ERWK EXVLQHVVHV DQG SXEOLF DGPLQLVWUDWLRQV DUH WKH PRVW
FRPPRQ JURXS  RI WKH WRWDO  $V DOUHDG\ QRWLFHG LQ WKH SUHYLRXV VHFWLRQV %&
DSSOLFDWLRQVDUHUDUHDQGPRVW%&FRPSDQLHVIRFXVDOVRRQWKH%%VHJPHQW  


B2C
B2B
B2G
1XPEHURIFRPSDQLHVZLWKFXVWRPHUVIURPRQO\



RQHRIWKHWKUHHJURXSV
3HUFHQWDJHRIWKHJURXS



3HUFHQWDJHRIWKHHQWLUHVDPSOH




7DEOHFRPSDQLHVVSHFLDOL]HGLQDVLQJOHVHJPHQW>VRXUFHRZQHODERUDWLRQ@

6LQJOHVHJPHQW%&FRPSDQLHVUHSUHVHQWDQXPHULFDOO\LUUHOHYDQWJURXSLQWKHVDPSOH
(YHQLI%*DQG%%FRPSDQLHVDUHYHUVDWLOH %%FRPSDQLHVWHQGWREHVXLWDEOHDOVRIRUWKH
%*VHJPHQWDQGYLFHYHUVD QRWDOOWKHLQGXVWULHVKDYHWKHVDPHOHYHORIIOH[LELOLW\
7KHUHIRUH VROHO\%% FRPSDQLHV FRQVWLWXWH WKH   RI WKH VDPSOH ZKLOH VROHO\%*
FRPSDQLHVUHSUHVHQWRIWKHVWDUWXSVLQWKHOLVW
2QO\VRPH\HDUVDJRZKHQPRVWRIWKHVDOHVRIWKHVHFWRUXVHGWREHWRJRYHUQPHQWDO
LQVWLWXWLRQV WKLV KLJK LQFLGHQFH RI VROHO\%% FRPSDQLHV ZRXOG KDYH EHHQ XQSUHGLFWDEOH
7RGD\ WKHUH LV D JURZLQJ DZDUHQHVV RI WKH RSSRUWXQLWLHV RSHQHG E\ (2GDWD 7KXV WKH
DWWUDFWLYHQHVV RI WKH EXVLQHVV VHJPHQW PDNHV LW SRVVLEOH IRU VWDUWXSV WR UHO\ OHVV KHDYLO\ RQ
SXEOLFFXVWRPHUV

3. DISCUSSION AND CONCLUSIONS
7KLV SDSHU KLJKOLJKWV WKDW (6$¶V HIIRUWV WRZDUG D PRUH SDUWLFLSDWLYH (2 VHFWRU KDYH EHHQ
IUXLWIXO LQ WHUPV RI LQQRYDWLRQ 7KH DYDLODELOLW\ RI IUHHRIFKDUJH VDWHOOLWH LPDJHV LV D JUHDW
DGYDQWDJHIRUQHZO\ERUQVWDUWXSV1RWRQO\IUHHRIFKDUJHLPDJHVDUHSRZHUIXOLQSXWVIRUWKH
GHYHORSPHQW RI (2DSSOLFDWLRQV EXW DOVR HVWDEOLVKHG VWDUWXSV RIIHULQJ ORZWRPHGLXP
UHVROXWLRQSURGXFWVFDQUHO\RQLQSXWVDYDLODEOHIRUIUHHLQVWHDGRISD\LQJRWKHUSURYLGHUV
+RZHYHU DV H[SRVHG LQ 6HFWLRQ  RI WKLV SDSHU 1RUWK$PHULFD FRQWLQXHV EHLQJ WKH
OHDGLQJDUHDLQWHUPVRILQYHVWPHQWVLQWKHVHFWRU7KLVLVGXHERWKWRJRYHUQPHQWDOLQYHVWPHQWV
DQG WR D PRUH DFWLYH IXQGLQJ HFRV\VWHP IRU LQQRYDWLYH VWDUWXSV 2Q WKH ORQJ UXQ WKLV
FRPSHWLWLYHGLVDGYDQWDJHFRXOGKDUPWKH(XURSHDQ(2LQGXVWU\,QDKLJKWHFKVHFWRUVXFKDV
(DUWK2EVHUYDWLRQWKHDFFHVVWRDZHOOZRUNLQJIXQGLQJPDUNHWFDQEHFULWLFDOIRUGHYHORSLQJ
QHZGLVUXSWLYHSURGXFWVDQGVHUYLFHV)RUWKLVUHDVRQLWLVQHFHVVDU\WRILOOWKLVJDSZLWK8QLWHG
6WDWHVDQG&DQDGD)URPWKLVSHUVSHFWLYHWKHUROHRI(XURSHDQLQVWLWXWLRQVZLOOEHFULWLFDOIRU
SURPRWLQJ WKH VHFWRU IRVWHULQJ QRW RQO\ SRWHQWLDO LQQRYDWRUV¶ LQWHUHVW EXW DOVR SRVVLEOH
LQYHVWRUV¶ ,Q WKLV SHUVSHFWLYH WKH KLVWRU\ RI WKH (2LQGXVWU\ JLYHV FOHDU LQGLFDWLRQV IRU LWV
IXWXUH 2QFH D VWDWLF VHFWRU GRPLQDWHG E\ LQVWLWXWLRQDO SOD\HUV (DUWK 2EVHUYDWLRQ LV QRZ D
G\QDPLFLQGXVWU\LQZKLFKVPDOOVWDUWXSVDQGELJHVWDEOLVKHGSOD\HUVFRPSHWHDQGFRRSHUDWH
EULQJLQJWRWKHPDUNHWLQQRYDWLYHSURGXFWVWKDWFRQWLQXRXVO\HQKDQFHWKHVHFWRU¶VDWWUDFWLYHQHVV
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ERWKIRU%%DQG%*FXVWRPHUV7KHSUHVHQFHRILQQRYDWLYHVWDUWXSVLQFUHDVHVFRPSHWLWLRQLQ
WKH VHFWRU SUHYHQWLQJ WKH SUREOHP RI RUJDQL]DWLRQDO LQHUWLD W\SLFDO RI PRQRSROLHV DQG
ROLJRSROLHV)RUWKLVUHDVRQ&RSHUQLFXVDQGRWKHULQVWLWXWLRQDOLQLWLDWLYHVVKRXOGFRQWLQXHWKH
ZRUNWKH\DUHFXUUHQWO\FDUU\LQJRXWRSWLPDOO\
7RGD\WKH%%VHJPHQWLVEHFRPLQJDPRUHDQGPRUHUHOHYDQWUHYHQXHVWUHDPIRU(2
VWDUWXSV,QWKHSDVW%*FXVWRPHUVXVHGWREHWKHPDLQ DQGDOPRVWRQO\ FXVWRPHUVHJPHQW
EXWSOD\HUVRIWKHVHFWRUIRUHFDVWWKDWWKH\ZLOOSURJUHVVLYHO\ORVHUHOHYDQFHLQIDYRURI%%
FXVWRPHUV >@2QFH DQ LQGXVWU\ VHUYLQJ PRVWO\ GHIHQVH DFWLYLWLHV (2GDWD DUH FXUUHQWO\
HPSOR\HG LQ YDULRXV VHFWRUV IURP DJULFXOWXUH WR HQYLURQPHQW SUHVHUYDWLRQ IURP PLQLQJ WR
DYLDWLRQ ,Q RUGHU WR DOORZ WKH IXOO GHYHORSPHQW RI WKH SRWHQWLDOLWLHV RI VDWHOOLWH LPDJHV WKLV
SURJUHVV RI PDLQVWUHDPLILFDWLRQ PXVW QRW VWRS DW %% FXVWRPHUV 7RGD\ DZDUHQHVV RI
SRWHQWLDOLWLHVRI(2GDWDLVKLJKHUWKDQ\HDUVDJREXWVWLOOOLPLWHGWRQLFKHVRIWHFKQRORJLFDO
H[SHUWV +RZHYHU WKH FRPSDULVRQ ZLWK RWKHU KLJKWHFK LQGXVWULHV HJ FRPSXWHUV
VPDUWSKRQHV VKRZVWKDWLQIRUPLQJLQYROYLQJDQGWDUJHWLQJDYHUDJHFLWL]HQVLVWKHRQO\ZD\WR
IXOO\H[SORUHWKHSRWHQWLDORIDWHFKQRORJ\(YHQLIWKH\WHQGWREHXQSURILWDEOHDWOHDVWRQWKH
VKRUWWHUP%&EXVLQHVVPRGHOVKDYHWKHDGYDQWDJHRILQYROYLQJILQDOFRQVXPHUVDFWLYDWLQJ
WKHYLUWXRXVFRJQLWLYHF\FOHVW\SLFDORIRSHQLQQRYDWLRQSDUDGLJPV7KHVSHHGRIGHYHORSPHQW
RI(2EDVHGWHFKQRORJLHVZLOOGHSHQG RQWKH FDSDFLW\ RI (XURSHDQ LQVWLWXWLRQVWRHQFRXUDJH
WKHVHEXVLQHVVPRGHOVDQGWRLQVHUW(DUWK2EVHUYDWLRQLQHGXFDWLRQDOFXUULFXODDOORYHU(XURSH
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D
ABSTRACT



%UDGOH\'ULYH%RXOGHU&286$

$LUSROOXWLRQGXHWRWKHVSUHDGRIKXPDQDFWLYLW\SRVHVDSXEOLFKHDOWKKD]DUG7KHUHIRUHWKH
VWXG\ RI SDVVLYH VFDODU GLVSHUVLRQ DQG PL[LQJ SURFHVVHV LV RI SULPDU\ LPSRUWDQFH DQG WKH
SUHGLFWLRQRIFRQFHQWUDWLRQVWDWLVWLFVLVFULWLFDOIRUWKHULVNDVVHVVPHQW
:HLQYHVWLJDWHWKHSKHQRPHQDXVLQJVWDWHRIWKHDUWSVHXGRVSHFWUDOGLUHFWQXPHULFDO
VLPXODWLRQV '16  RQ LVRWURSLF JULGV RI  SRLQWV RI D GHFD\LQJ SXII LQ KRPRJHQHRXV
LVRWURSLFWXUEXOHQFH +,7 7KHQZHFRPSDUHWKHVWDWLVWLFVZLWKWKHRQHVREWDLQHGIURPZLQG
WXQQHOPHDVXUHPHQWVRIDSOXPHLQDQHXWUDOERXQGDU\OD\HU±LHDFRQWLQXRXVVRXUFHLQDQ
DWPRVSKHULF IORZ 1DPHO\ ZH DUH FRQVLGHULQJ RXU VLPXODWLRQV DV D SUR[\ RI WKH SDVVLYH
VFDODUFDUULHGLQWKHWXQQHODVVHHQLQD/DJUDQJLDQUHIHUHQFHIUDPHDQGZHDUHFRPSDULQJ
IL[HGWLPH/DJUDQJLDQVWDWLVWLFVZLWKIL[HGSRLQW(XOHULDQRQHV
,Q SUHYLRXV VWXGLHV LW KDV DOUHDG\ EHHQ VKRZQ WKDW D RQHSDUDPHWHU *DPPD
GLVWULEXWLRQ LV D VXLWDEOH PRGHO IRU WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ 3')  RI WKH
FRQFHQWUDWLRQ DSSURSULDWHO\ PRGHOOLQJ DOVR LWV WHPSRUDO EHKDYLRXU 7KHQ ZH WHVW WKLV
GLVWULEXWLRQZLWKWKHQXPHULFDOUHVXOWVDQGZHFRPHWRDPRGHOIRUWKHHYROXWLRQLQWLPHRI
WKHFRQFHQWUDWLRQIOXFWXDWLRQVLQWHQVLW\UHODWHGWRWKHPL[LQJWLPHVFDOH)LQDOO\ZHVKRZWKH
YDOLGLW\RIWKHPRGHOSUHVHQWHG


Keywords: SROOXWLRQDWPRVSKHUHGLVSHUVLRQPL[LQJ
D

1

INTRODUCTION

(QYLURQPHQWDO FRQFHUQV GXH WR WKH VSUHDG RI XUEDQ DUHDV DQG KXPDQ DFWLYLW\ ± VXFK DV
DLUSRUWVLQGXVWULDOVLWHVDQGORFDOWUDQVSRUWV±DUHLQFUHDVLQJO\GHPDQGLQJDEHWWHUSUHGLFWLRQ
RIWKHLPSDFWRIKD]DUGRXVJDVHVUHOHDVHGLQDWPRVSKHUH+HUHZHPDLQO\FRQFHQWUDWHRQWKH
LQYHVWLJDWLRQ RI SOXPH GLVSHUVLRQ VXFK DV DLUFUDIW H[KDXVWV >@ )LJXUH   RU HOHYDWHG
FRQWLQXRXVVRXUFHV )LJXUH EHLQJWKHWZRVLWXDWLRQVFRPSDUDEOH'HWDLOHGLQIRUPDWLRQRI
WKH VWDWLVWLFV RI WKH FRQFHQWUDWLRQ DUH UHTXLUHG WR HVWLPDWH WKH ULVNV DVVRFLDWHG ZLWK WKH
GLVSHUVLRQRIDWPRVSKHULFFRQWDPLQDQWV>@
7U\LQJ WR PRGHO WKH FRQFHQWUDWLRQ VWDWLVWLFV PDQ\ GLIIHUHQW GLVWULEXWLRQV KDYH EHHQ
WHVWHG LQ WKH SDVW IRU YDULRXV FRQILJXUDWLRQV DV WKH FKDQQHO IORZV WKH VKHDU IORZV DQG WKH
DWPRVSKHULFIORZV,WZDVIRXQGWKDWWKHRQHSDUDPHWHU*DPPDGLVWULEXWLRQRIWKHIRUP 
D
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)LJXUH([KDXVWSOXPHVGXULQJWDNHRII





2UVL

)LJXUHSOXPHJHQHUDWHGE\DQHOHYDWHGVRXUFH

FDQEHDVVXPHGDVDVXLWDEOHPRGHOIRURQHSRLQW(XOHULDQVWDWLVWLFVRIWKHFRQFHQWUDWLRQZLWK
WKH*DPPDIXQFWLRQ
ZKHUH
LVWKHFRQFHQWUDWLRQIOXFWXDWLRQLQWHQVLW\
LHWKHUDWLREHWZHHQWKHVWDQGDUGGHYLDWLRQRIWKHFRQFHQWUDWLRQ DQGLWVPHDQYDOXH 
DQG
 FEHLQJWKHVDPSOHVSDFHYDULDEOH 
-%DNRVLHWDO  >@PRGHOOHGWKH3')VRIVFDODUPL[LQJIURPFRQFHQWUDWHGVRXUFHVLQ
WXUEXOHQWFKDQQHOIORZ41JX\HQHWDO  >@PRGHOOHGWKHVWDWLVWLFVLQRUGHUWRSUHGLFW
VWUHDPZLVHWXUEXOHQWGLVSHUVLRQIURPWKHZDOODWVPDOOWLPHV359DQ6ORRWHQHWDO  
>@PRGHOOHGWKH3')VIRULQKRPRJHQHRXVWXUEXOHQWIORZV(<HHHWDO  >@VWXGLHG
WKH3')VRIWKHFRQFHQWUDWLRQIOXFWXDWLRQVRIDZHDNO\GLIIXVLYHSDVVLYHSOXPHLQDWXUEXOHQW
ERXQGDU\OD\HUWHVWLQJGLIIHUHQWGLVWULEXWLRQPRGHOV.07DOOXUXHWDO  >@VWXGLHG
WKHVWDWLVWLFVRIDSDVVLYHVFDODUUHOHDVHGIURPDSRLQWVRXUFHLQDWXUEXOHQWERXQGDU\OD\HU'
- :LOVRQ HW DO   >@ LQYHVWLJDWHG WKH H[SRVXUH WLPH HIIHFWV RQ FRQFHQWUDWLRQ
IOXFWXDWLRQVLQSOXPHV






)LJXUH7RSSDQHOVNHWFKRIDSOXPHDVPDGHRIPXOWLSOHSXIIV%RWWRPSDQHOQXPHULFDOSRLQWRI
YLHZ:HREVHUYHWKHUHODWLRQEHWZHHQVSDFHDQGWLPHLQWKHWZRGLIIHUHQWDSSURDFKHVDVZHOODVWKH
PHDQGHULQJDQGUHODWLYHGLVSHUVLRQUHJLRQV
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2UVL

&RQVLGHULQJ DQ HOHYDWHG VRXUFH WKH PL[LQJ SURFHVVHV DUH GHVFULEHG E\ WZR
SKHQRPHQDWKHPHDQGHULQJDQGWKHUHODWLYHGLVSHUVLRQ,QWKHQHDUILHOGWKHPHDQGHULQJLV
SUHYDLOLQJ KHUH WKH GLPHQVLRQDO VFDOHV RI WKH SOXPH DUH VPDOOHU WKDQ WKH ODUJH VFDOHV RI
PRWLRQVRWKHUHLVPDLQO\DQDGYHFWLRQRIWKHSROOXWDQWDSSHDULQJDVD UDQGRPO\ RVFLOODWLQJ
SOXPH DVZHREVHUYHLQ)LJXUH 7KHQ±LQWKHIDUILHOG±WKHUHODWLYHGLVSHUVLRQEHFRPHV
GRPLQDQWEHFDXVHWKHVFDOHVRIWKHSOXPHDUHQRZFRPSDUDEOHZLWKWKHRQHVRIWXUEXOHQFH
1LURQL HW DO   >@ LQYHVWLJDWHG WKH GLVSHUVLRQ RI D SDVVLYH VFDODU IOXFWXDWLQJ
SOXPHLQDWXUEXOHQWERXQGDU\OD\HU LHLQDQLQKRPRJHQHRXVDQGDQLVRWURSLFYHORFLW\ILHOG 
DQG IRXQG WKDW WKH *DPPD GLVWULEXWLRQ RI (T  FDQ DOVR DFFXUDWHO\ GHVFULEH WKH WUDQVLWLRQ
EHWZHHQWKHWZRUHJLRQVGHVFULEHGDERYH
+HUHZHXVH'16WRVWXG\WKHSDVVLYHVFDODUGLVSHUVLRQDQGPL[LQJLQ+,7:HKDYH
WRLPDJLQHDSOXPHDVPDGHRIPXOWLSOHSXIIV7KHQLQRXUVLPXODWLRQVDWHDFKLQVWDQWHYHU\
VLQJOHSRLQWKDVWREHWDNHQDVDSRVVLEOHUHDOL]DWLRQRIWKHSXIIRQWKHVRXUFHD[LVDWDVSHFLILF
GLVWDQFHIURPWKHVRXUFH:HDUHVD\LQJWKDWIL[HGSRLQW(XOHULDQVWDWLVWLFVIURPZLQGWXQQHO
PHDVXUHPHQWV )LJXUH  WRS  DQG IL[HGWLPH /DJUDQJLDQ VWDWLVWLFV IURP WKH '16 )LJXUH 
ERWWRP DUHHTXLYDOHQWDQGZHDUHFRPSDULQJWKHPXVLQJRQO\RQHSDUDPHWHU 
+HUHZHDUHPRVWO\LQWHUHVWHGLQWKHUHODWLRQEHWZHHQWKHH[SRQHQWLDOEHKDYLRXURIWKH
FRQFHQWUDWLRQIOXFWXDWLRQVLQWHQVLW\ DQGWKHVKDSHRIWKH3')V

D
2.

DIRECT NUMERICAL SIMULATIONS

7KH1DYLHU6WRNHVHTXDWLRQVIRUDQLQFRPSUHVVLEOHYHORFLW\ILHOGuDUHVROYHGWRJHWKHUZLWK
WKHSDVVLYHVFDODUHTXDWLRQ





ZKHUH LVWKHNLQHPDWLFYLVFRVLW\DQGWKHGLIIXVLYLW\LVVHWDV
7KHIORZLVVXEMHFWWRD
UDQGRPLVRWURSLFPHFKDQLFDOIRUFLQJ F DVDOVR GHVFULEHGLQ>@ DSSOLHGLQDZDYHQXPEHU
WKHVL]HRIWKHSHULRGLFWKUHHGLPHQVLRQDOFRPSXWDWLRQDOER[EHLQJ

VKHOO
7KHFRPSXWDWLRQDOGRPDLQLVDQLVRWURSLFJULGRISRLQWVZLWKSHULRGLFERXQGDU\
FRQGLWLRQV&RQFHUQLQJWKHLQLWLDOFRQGLWLRQWKHSDVVLYHVFDODULVFRQILQHGZLWKLQDVSKHUHRI
GLDPHWHU
±ZKHUH/LVWKHVLGHOHQJWKRIWKHFXEH±ZLWKD*DXVVLDQGLVWULEXWLRQLH
ZLWKDSHDNRIFRQFHQWUDWLRQDWWKHFHQWUHDQGWKHQGHFUHDVLQJLQWKHWKUHHGLUHFWLRQV
:HXVHWKH*HRSK\VLFDO+LJK2UGHU6XLWHIRU7XUEXOHQFH *+267 FRGHDYHUVDWLOH
SDUDOOHO SVHXGRVSHFWUDO IUDPHZRUN SUHVHQWHG E\ 0LQLQQL HW DO   >@ ZKLFK DLPV DW
DFKLHYLQJH[FHSWLRQDOO\KLJK5H\QROGVQXPEHUVLQFRPSXWDWLRQVRIIOXLGWXUEXOHQFH

a

3.

RESULTS

:HQHHGWRZDLWDFHUWDLQLQWHUYDOVRWKDWWKHWXUEXOHQFHFDXVHVVRPHLQKRPRJHQHLWLHV7KHQ
WKHPHDQGHULQJEHKDYLRXULVJLYHQE\WKH]HURYDOXHVRIWKHFRQFHQWUDWLRQILHOGWKHTXDQWLW\
RI]HURYDOXHVGHWHUPLQHVWKHGXUDWLRQDQGWKHPDJQLWXGHRIWKHPHDQGHULQJ$VWKHSDVVLYH
VFDODU UHDFKHV WKH ERXQGDULHV RI WKH GRPDLQ ± LH DV WKHUH DUH QR PRUH ]HURYDOXHV ± WKH
UHODWLYHGLVSHUVLRQSURFHVVSUHYDLOV
7KH VXFFHVVLRQ RI WKHVH SKHQRPHQD LV ZHOO GHVFULEHG E\ WKH WUHQG RI  )LJXUH D 
EHLQJWKHWLPHVWHS
DQG WKHWXUQRYHUWLPHGHILQHGDV
SORWWHGDJDLQVW
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2UVL








ZKHUH LVWKHYDULDQFHRIWKHYHORFLW\ LQRXUVLPXODWLRQV
8LQWKHYHORFLW\
VFDOH DQG / LV WKH OHQJWK VFDOH WKH ODWWHU EHLQJ VHW DV WKH OHQJWK VFDOH DW ZKLFK HQHUJ\ LV
LQVHUWHGLQWRWKHV\VWHP



)LJXUH  &RQFHQWUDWLRQ IOXFWXDWLRQV LQWHQVLW\  VHPLORJDULWKPLF  D  &RPSDULVRQ DPRQJ WKH
QRUPDOL]HG3')VRIWKHSDVVLYHVFDODUFRQFHQWUDWLRQIURPWKH'16WKHZLQGWXQQHOPHDVXUHPHQWVE\

 E 
1LURQLHWDO  DQGWKH*DPPDGLVWULEXWLRQRI(TDWGLIIHUHQWYDOXHVRI 

 F 
 G 
 H 
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2UVL

7KHEHKDYLRXU VKRZVWKDWWKHSDVVLYHVFDODULVUHGLVWULEXWLQJLWVHOILQWRWKHGRPDLQ
DQGVRWKHIOXFWXDWLRQVDWWKHODVWLQVWDQWVDUHQXOOV7KHHQGRIWKHLQLWLDOUHJLRQLVLGHQWLILHG
7KHQ
E\WKHLQIOHFWLRQSRLQWRI KHUHPHDQGHULQJUHJLRQVWDUWVDQGFRQWLQXHVXQWLO
ZHKDYHWKHUHODWLYHGLVSHUVLRQUHJLRQ
,Q )LJXUH  ZH VWXG\ WKH HYROXWLRQ RI WKH QRUPDOL]HG 3')V RI WKH SDVVLYH VFDODU
FRQFHQWUDWLRQ DW GLIIHUHQW YDOXHV RI  LH DW GLIIHUHQW LQVWDQWV LQ WKH /DJUDQJLDQ SRLQW RI
YLHZRUGLIIHUHQW GLVWDQFHVIURP WKHVRXUFHLQ WKH(XOHULDQRQH :HQRWLFHWKDWWKHLUVKDSH
VWDUWVIURPDQH[SRQHQWLDOIRUPZKLFKHQGVDV
DQGILQLVKHVZLWKDVKDSHVLPLODUWRD
*DXVVLDQGLVWULEXWLRQ7KH3')VREWDLQHGIURPWKH'16DUHFRPSDUHGERWKZLWKWKH*DPPD
GLVWULEXWLRQRI(TDQGZLWKWKHRQHVREWDLQHGIURPWKHZLQGWXQQHOPHDVXUHPHQWVE\1LURQL
HWDO  >@IRUWKHVDPHYDOXHVRI  EHLQJ   DQG WKHVDPHRI)LJXUHERWWRP 
7KHDJUHHPHQWEHWZHHQWKH3')VREWDLQHGIURPWKH'16DQGWKH*DPPDGLVWULEXWLRQ
LVHVWLPDWHGXVLQJWKH.XOOEDFN/HLEOHUGLYHUJHQFHGHILQHGDV








LVWKH./GLYHUJHQFH
ZKHUH
3 [  LV WKH 3') IURP WKH '16
4 [  LV WKH *DPPD GLVWULEXWLRQ
DQG
 :H QRWLFH LQ
)LJXUH  WKDW WKH GLYHUJHQFH
EHWZHHQ WKH WZR GLVWULEXWLRQV
GHFUHDVHV ZLWK
 LW LQFUHDVHV
LWV QHJDWLYH  VORSH DV WKH
PHDQGHULQJ SURFHVV WDNHV SODFH
LHDWWKHLQIOHFWLRQSRLQWRI 
DQG WKHQ LW JRHV WR ]HUR MXVW
EHIRUH WKH UHODWLYH GLVSHUVLRQ
UHJLRQVKRZLQJWKDWWKH*DPPD
GLVWULEXWLRQ FDQ PRGHO WKH
WUDQVLWLRQ EHWZHHQ WKH WZR
UHJLRQV



)LJXUH.XOOEDFN/HLEOHUGLYHUJHQFHEHWZHHQWKH3')VIURP
WKH'16DQGWKH*DPPDGLVWULEXWLRQ

a
4.

DISCUSSION

%H\RQGWKHVFRSHRIPRGHOOLQJWKHVWDWLVWLFVRIWKHSDVVLYHVFDODUFRQFHQWUDWLRQZHLQWURGXFH
D WKHRUHWLFDO GLVFXVVLRQ RI WKH PL[LQJ SURFHVVHV &RQVLGHULQJ D FRQWLQXRXV SURFHVV ZH
DVVXPH WKDW DW D FHUWDLQ WLPH W WKH GLVWULEXWLRQ RI WKH FRQFHQWUDWLRQ LV JLYHQ E\ D *DPPD
GLVWULEXWLRQ ZLWK PHDQ YDOXH
 DQG VWDQGDUG GHYLDWLRQ
 /HW XV LPDJLQH D PL[LQJ
SURFHVVZKHUHWKHYROXPHVDDQGELQWHUDFW7KHWHPSRUDOHYROXWLRQRIWKHLUFRQFHQWUDWLRQFDQ
EHZULWWHQDV




ZKHUH



LVWKHFKDUDFWHULVWLFWLPHRIWKHPL[LQJSURFHVV
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7KHVROXWLRQRIWKHDERYHV\VWHPIRUDWLPH


LV

2UVL








ZKHUH









,I
 DQG
 DUH FKDUDFWHULVHG E\ D *DPPD GLVWULEXWLRQ
SDUDPHWHUDQG WKHVFDOHSDUDPHWHU



 ZLWK  WKH VKDSH







$V IDU DV ZH DUH DZDUH WKHUH LV QR DQDO\WLFDO VROXWLRQ IRU WKH VXPPDWLRQ RI WZR
*DPPD GLVWULEXWLRQV KDYLQJ GLIIHUHQW VFDOH SDUDPHWHUV +RZHYHU ZH FDQ FDOFXODWH WKH ILUVW
WZRPRPHQWVRIWKHQHZODZDQGFRPSDUHWKHPWRWKH*DPPDGLVWULEXWLRQLQRUGHUWRILQGDQ
DSSUR[LPDWHGVROXWLRQ,QWKLVZD\ZHILQGWKDWWKH3')RI IROORZVDSSUR[LPDWHO\








8QGHUWKHLQIOXHQFHRIWKLVPL[LQJSURFHVVWKHILUVWWZRPRPHQWVRIWKHFRQFHQWUDWLRQ3')
HYROYHDV


 


ZKHUH

 






3HUIRUPLQJDOLPLWHGGHYHORSPHQWRIWKLVSURFHVVIRUVKRUWLQWHUYDOVZHREWDLQWKHHYROXWLRQ
RIWKHFKDUDFWHULVWLFVRIWKHGLVWULEXWLRQEHWZHHQWDQG


 






6RZHFDQZULWHWKHWLPHGHULYDWLYHRIWKHYDULDQFHRIWKHFRQFHQWUDWLRQIOXFWXDWLRQV



 




7KHDERYHH[SUHVVLRQFDQEHLQWHJUDWHGLQRUGHUWRREWDLQWKHWHPSRUDOHYROXWLRQRI
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2UVL

DQGWKHUHIRUH



 




6LQFHZHKDYH



 




ILQDOO\ZHREWDLQDQH[SDQVLRQIRUWKHWHPSRUDOGHFD\RI 



 







)LJXUH0L[LQJWLPHVFDOHVDQG]RRPRIWKHPHDQGHULQJDQGWKHUHODWLYHGLVSHUVLRQUHJLRQV




$VXLWDEOHPRGHOIRUWKHPL[LQJWLPHVFDOHLVJLYHQE\>@





 


ZKHUH
 ZLWK
 LPSRVHG LQ WKH '16  LV WKH GLVVLSDWLRQ RI WKH
FRQFHQWUDWLRQ 3RSH>@ ,QWKLVZD\FDOFXODWLQJ GLUHFWO\IURPWKH'16WKHSURILOHV
IRU DUHHDVLO\SURYLGHG
,Q)LJXUHZHVKRZWKHUHVXOWVRIWKHPL[LQJPRGHORI(TWRJHWKHUZLWKWKHYDOXHV
RI REWDLQHGE\ILWWLQJWKHPRGHORI(TZLWKGLVFUHWHLQWHUYDOVRI 
7KHPL[LQJWLPHVFDOHKDVWKHDV\PSWRWH



 

 LV WKH WXUEXOHQW NLQHWLF HQHUJ\ 7.(  DQG
ZKHUH
 LV WKH WXUEXOHQW
GLVVLSDWLRQUDWH 3RSH>@ 

D
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5.



2UVL

CONCLUSIONS

:HHPSOR\HG'16WRVWXG\WKHSDVVLYHVFDODUGLVSHUVLRQDQGPL[LQJLQWXUEXOHQFH
:HVLPXODWHGDVLQJOHSXII±LHDQLQVWDQWDQHRXVVRXUFH±LQKRPRJHQHRXVLVRWURSLF
WXUEXOHQFHDQGFRPSDUHGWKHVWDWLVWLFVZLWKWKHRQHVREWDLQHGIURPZLQGWXQQHOPHDVXUHPHQWV
RIDSOXPH±LHDFRQWLQXRXVVRXUFH±LQDWXUEXOHQWERXQGDU\OD\HU QDPHO\DQDQLVRWURSLF
DQGLQKRPRJHQHRXVIORZILHOG ,QRWKHUZRUGVZHFRPSDUHGIL[HGWLPH/DJUDQJLDQVWDWLVWLFV
ZLWKIL[HGSRLQW(XOHULDQRQHVVKRZLQJWKDWWKHWZRSRLQWVRIYLHZDUHFRPSDUDEOH
7KHQ ZH LQYHVWLJDWHG WKH UHODWLRQ EHWZHHQ WKH FRQFHQWUDWLRQ IOXFWXDWLRQ LQWHQVLW\ 
ZLWKWKHVKDSHRIWKHSUREDELOLW\GHQVLW\IXQFWLRQV:HVKRZHGWKDWDRQHSDUDPHWHU*DPPD
GLVWULEXWLRQLVDVXLWDEOHPRGHOIRUWKH3')VSURSHUO\PRGHOOLQJDOVRWKHWUDQVLWLRQEHWZHHQ
WKHPHDQGHULQJSURFHVVDQGWKHUHODWLYHGLVSHUVLRQUHJLRQ
)LQDOO\ZHFDPHWRDQH[SRQHQWLDOPRGHOIRU  DQGZHPDGHXVHRILWFDOFXODWLQJWKH
PL[LQJWLPHVFDOHVUHYHDOLQJWKDWWKHYDOXHVREWDLQHGDUHHTXLYDOHQWWRWKHRQHVJRWZLWKRWKHU
HVWDEOLVKHGPL[LQJPRGHOV
7KH UHVXOWV VKRZ WKDW WKH /DJUDQJLDQ SRLQW RI YLHZ HPSOR\HG LQ WKH VLPXODWLRQV LV
YDOLG DQG JLYHV WKH RSSRUWXQLW\ WR DQDO\VH PDQ\ GLIIHUHQW FRQILJXUDWLRQV DQG DVSHFWV RI WKH
PL[LQJ SURFHVVHV ZLWKRXW PDNLQJ XVH RI ZLQGWXQQHO H[SHULPHQWV 0RUHRYHU WKH PRGHO
SUHVHQWHG IRU WKH FRQFHQWUDWLRQ IOXFWXDWLRQ LQWHQVLW\ JLYHV WKH FKDQFH WR HDVLO\ FDOFXODWH WKH

PL[LQJWLPHVFDOHVRQO\IURPWKHSURILOHRI 
$GHYHORSPHQWRIWKHSUHVHQWZRUNIRUIXWXUHUHVHDUFKHVFRXOGEHWRLQVHUWDVWUDWLILFDWLRQRI
WKH YHORFLW\ ILHOG RU VWXG\ D VKHDU IORZ DQG LQYHVWLJDWH WKH SHFXOLDULWLHV RI WKHVH FDVHV ZLWK
UHVSHFWWRWKHRQHSUHVHQWHGKHUH

REFERENCES
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>@
>@
>@
>@
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0&DVVLDQL$5DGLFFKL-'$OEHUWVRQ8*LRVWUD$Q(IILFLHQW$OJRULWKPIRU6FDODU
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>@ 6 % 3RSH 7KH 9DQLVKLQJ (IIHFW RI 0ROHFXODU 'LIIXVLYLW\ RQ 7XUEXOHQW 'LVSHUVLRQ
,PSOLFDWLRQV IRU 7XUEXOHQW 0L[LQJ DQG WKH 6FDODU )OX[ -RXUQDO RI )OXLG 0HFKDQLFV
 
>@ -3/&6DOD]DU/5&ROOLQV7ZR3DUWLFOH'LVSHUVLRQLQ,VRWURSLF7XUEXOHQW)ORZV
$QQXDO5HYLHZRI)OXLG0HFKDQLFV  
>@ % / 6DZIRUG + 6WDSRXQW]LV &RQFHQWUDWLRQ )OXFWXDWLRQV $FFRUGLQJ WR )OXFWXDWLQJ
3OXPH0RGHOVLQ2QHDQG7ZR'LPHQVLRQV%RXQGDU\/D\HU0HWHRURORJ\  
>@ % / 6DZIRUG /DJUDQJLDQ 6WRFKDVWLF 0RGHOOLQJ RI &KHPLFDO 5HDFWLRQ LQ D 6FDODU
0L[LQJ/D\HU%RXQGDU\/D\HU0HWHRURORJ\  
>@ .07DOOXUX-3KLOLSDQG.$&KDXKDQ6WDWLVWLFVRI3DVVLYH6FDODU5HOHDVHGIURPD
3RLQW6RXUFHLQD7XUEXOHQW%RXQGDU\/D\HU$XVWUDODVLDQ)OXLG0HFKDQLFV&RQIHUHQFH
 
>@ 359DQ6ORRWHQ-D\HVK6%3RSH$GYDQFHVLQ3')0RGHOLQJIRU,QKRPRJHQHRXV
7XUEXOHQW)ORZV3K\VLFVRI)OXLGV  
>@ '-7KRPVRQ&ULWHULDIRUWKH6HOHFWLRQRI6WRFKDVWLF0RGHOVRI3DUWLFOH7UDMHFWRULHV
LQ7XUEXOHQW)ORZV-RXUQDORI)OXLG0HFKDQLFV  
>@ (9LOOHUPDX[-'XSODW0L[LQJDVDQ$JJUHJDWLRQ3URFHVV3K\VLFV5HYLHZ  
>@ (<HH$6NYRUWVRY6FDODU)OXFWXDWLRQVIURPD3RLQW6RXUFHLQD7XUEXOHQW%RXQGDU\
/D\HU3K\VLFV5HYLHZ  
>@ ( <HH ' - :LOVRQ % : =HOW 3UREDELOLW\ 'LVWULEXWLRQV RI &RQFHQWUDWLRQ
)OXFWXDWLRQV RI D :HDNO\ 'LIIXVLYH 3DVVLYH 3OXPH LQ D 7XUEXOHQW %RXQGDU\ /D\HU
%RXQGDU\/D\HU0HWHRURORJ\  
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ABSTRACT
In the frame of a long-term collaboration between the Italian Center for Aerospace Research
(CIRA), the small R&D company Astra and the Aerospace Branch of the Department of
Industrial Engineering of University of Naples (DII), an effort is in progress to build a small
wind tunnel to simulate inflight icing conditions,which is capable to perform preliminary
testsfor de-icing and anti-icing protection system. This would be a low-cost and low-power
solution to guide the final tests performed in fullscale Icing Wind Tunnels.The facility,
hereinafter calledLow Speed Icing Flow Facility (LSIFF) is an open circuit, closed test
chamber tunnel able to generate air flow velocities from 10 to 20 m/s in a square test section
0.50 x 0.20 m wide, with air temperature up to 263 K.
Keywords: icing wind tunnel, icing protection systems
1

INTRODUCTION

At the Aerospace Branch of the Department of Industrial Engineering of University of
Naples (DII) a research program is in progress to build small wind tunnels that simulate icing
conditions during flight. A first facility has been realized modifying a small blow-down
supersonic wind tunnel [1];this facility allows to work at a peculiar Mach number, the test
section is very small (0.06 m dia) but flow temperature is very stable during the run time.By
using the facility, a first investigation was conducted to evaluate the feasibility of an
electrically heated composite leading edge for aircraft anti-icing applications [2]. The
achieved results drive the need for another facility, characterized by a larger test section for a
better assessment about the capabilities of Icing Protection System to real aircrafts. The High
Velocity, Subsonic Wind Tunnel (HVSWT)is an open-circuit, closed test chamber wind
tunnel able to generate air flow velocities from 30 to 170 m/s,with a squared test section 0,2
m. The icing capability has been achieved in the HV-SWT throughaddition of a single tank
air-cooling system and a spray nozzle [3]. Icing flow conditions favorable to the formation of
glaze ice can be sustained up to 3 minutes about, a time insufficient to estimate the
performances of an icing protection system.The technical limitations of the two icing facilities
above described (run time, flow temperature) led us to design and construct a third facility,
which is the main object of this paper.
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2

TUNNEL DESIGN AND CONSTRUCTION

2.1

Requirements

The aim to build a low-budget icing wind tunnel influenced major choices,the first of them
being on the dimension of the test section;hence, a cross section of 0.5 x 0.2m was considered
as an upper bound for sizing the icing wind tunnel. The space available at the installation
sitebecomes a further design constraint, sothe final choice was for an open circuit wind tunnel
with closed test section. In order to reduce the very high need of energyrequired by fullscale
IWTsitwasnecessary to design a wind tunnel which has a reducedscale but still able to
accomodate a representative coupon and, overall, itisnecessary to give up the steady state
functioning in favour of unstedyoperationprocedures. In order to achievesuch a low-cost and
low-power icingwind tunnel the facilitywillbeoperateddiscontinuously as follows :
Sequence 1) freezing of the coolingliquid for 24hours down to -25°C
Sequence 2) pre-cooling of the test section for 3minutes and ΔT of about -10°C
Sequence 3) cooling of the test section for 3 minutes and ΔT of about -20°C
Sequence 4) testing for 4 minutes at averagetemperature of about -10°C
The verychallengingproblem in the last case (seq. 4) is about how to keep a quasi-stady state
during the 4 minutes test, thiswillbeexplainedlated on in thispaper.
Consistently with the above requirements of test section size, the maximum velocity was
estimated to be 10 ms-1. The lower temperature limit inside the test section was set to -15°C
(winter performance).
2.2

Overall Design

The required cooling system for the wind tunnel must compensate three major heat sources:
a) the power to cool the air flow rate across the tunnel
b) the heat input through the wind-tunnel walls
c) the heat transfer of the water spray.
(a) given an ambient temperature of 15 °C, atest flow temperature of -10 °C, a maximum
speed V∞of 10 ms-1and a cross-sectional area Atsof 0.25 m2, the required cooling
power can be calculated as (neglecting the humidity of the airflow):
Q1 =

∞

V∞AtsCp,air(Tamb- T∞) ~120 kW

Where ∞ is the air density at the design condition, Tambthe ambient temperature,
Cp,airthe air specific heat.
b) the heat loss through the wind-tunnel walls can be estimated as:
Q2~ 5 kW
c) the heat transfer of the water spray. The latter is composed of the sensible heat, Qsens
to supercool the water spray from the temperature at which it leaves the pneumatic
atomizer (about 20 °C) down to the air temperature inside the tunnel test-section and the
latent heat Qlat. Both sensible and latent heat are a function of the liquid water content:
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Q3 = Qsens+Qlat = mwCp,w T + mwClat,w = LWC V∞ AtsCp,w T + LWC V∞ AtsClat,w
Where LWC is the Liquid Water Content,Cp,w = 4,186 kJ/kgK, T the air temperature
jump, Clat,w= 334 kJ/kgK. Considering for LWC a typical value of 1-3 g/m3 we have:
Q3 ~ 2 kW
Finally, the overall cooling power is:
Q = Q 1 + Q2 + Q3

127 kW

The LSIFF layout is shown in Figure 1:

Figure 1: LSIFF layout

2.3

Refrigeration Unit

A chilling device in the power range of 150 kW exceeded largely our budget for the entire
tunnel, so it was decided that as a first instance we would have used a tank system, consisting
of two large capacity freezers (0,5 m3 each) loaded with a mixture of water and ethylene
glycol at 50% by volume. The refrigerant fluid can be brought to a minimum temperature of 25 °C; it is pumped to the heat exchanger from one freezer and sent back in the second
freezer, where another pump sends it back to the first to maintain balance.
Also the Precooler is feed by a tank system, composed of a freezer with 0,2 m3of drain water
and a second freezer with 0,1 m3of water-ethylene glycole diluted 33% in volume.
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PreCooler and Heat Exchanger

The heat transfer between the coolliquid and the warm air crossing the tunnel takes place
through two consecutive heat exchangers, Figure 2:
1)the first exchanger isused as pre-cooler for the incoming air, it is composed by a truck
radiator (C4030N) powered by cooled water, covering almost the convergent inlet; a second
stage is composed by four car radiators powered by ethylene glycol diluted 33% by volume;
the precooler at the design point was able to subtract 13÷20 kW of power to the incoming
airflow.
2)the second stage is a finned pack heat exchanger supplied by RoenEst, fins are of
Aluminium and tubes are of Copper. For the design point the cooling power is 120 kW
about.The entire assemblyis installed at the convergent inlet; the distance to the test section
promotes a homogenization of the temperature over the tunnel cross-section. The heat
exchanger also includes a condensation drainage; condensation occurs predominantly in the
initial cooling phase.

Figure 2: Pre-cooler and Heat Exchanger

2.5

Tunnel Construction

The final arrangement of the tunnel is reported in Figure3.
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Figure 3: the new Icing Flow Facility

The main components of the tunnel, following the flow direction from right to leftare:
1) Pre-cooler and Heat Exchanger
2) Convergent
3) Test Section
4) Short Diffuser
5) Fan
2.6

Instrumentation

In addition to the freestream temperature (usually measured by thermocouples) and
freestream velocity (measured by pitot tube), the two most important parameters for
characterization of icing wind tunnels are the Median Volumetric Diameter (MVD) and the
Liquid Water Content (LWC). To measure the LWC and the MVD, the Oil Slide Technique
and the Icing Rotating Cylinder have been used. In the Oil SlideTechnique [4] a glass slide
covered with silicone oil, is quickly injected into the stream; the droplets that hit the warm
slide are captured by the silicone oil. The slide is immediately examined with a microscope,
while the image is sent to a PC where the dimensions of the droplets are calculated using a
software; then the MVD can be calculated. For the evaluation of the Liquid Water Content
(LWC) the Icing Rotating Cylinder technique was used; a rotating circular cylinder is
introduced for a given time in the stream in order to achieve a uniform growth of ice. The
Liquid Water Content was calculated by measuring the accumulated ice thickness and the
collection efficiency of the supercooled water droplets, which can be evaluated from
Langmuir and Blodgett equations [5].
3

NUMERICAL ANALYSIS

Using the proprietary software of the manufacturer (RoenEst) it is possible to analyse the
performance of the heat exchanger as function of flow rate and temperature of the inlet air
keeping constant other parameters, i.e mass flow rate and temperature of the cooling liquid.
Due to the finite capacity of the freezers, it is impossible to keep constant the coolant
temperature; as a result the wind tunnel shall operates in an quasi-stationary mode, with the
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air temperature and the cooling inlet temperature which grows slowly over time, while the
cooling power decreases slowly over time. For twoair flow rates (10.800 and 3600 mc/h),
inlet air temperature 15 °C, inlet liquid temperature -25 °C, cooling flow rate 3.5 l/s, the
transient response of the system is depicted in figure 4:

(a)

(b)
Figure 4: performance of the heat exchanger for two operating conditions
(a) Air Temperature; (b) Liquid Temperature
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PRELIMINARY TESTS AND EXPERIMENTAL RESULTS

The first preliminary tests are performed only by the precooler, to check its performance. In
Figure 5 we show the performance using the water and the glycol stages together; T1 is the air
ambient temperature, T2 is the air temperature after the precooler. Using the second stage is
important to reduce the slope of the heating curve, which decreases from 0.015 to 0.007
(°C/s).

Figure 5: Precooler performance
A first freezing test was performed; the results are depicted in figure 6, where T1 is the
ambient temperature, T2 after the pre-cooler, T3 after the main HeatExchanger and T4 in the
test section. The slope of the temperature T4 is 0.015 °C/s, very close to the one numerically
calculated (0.017 °C/s); these operating conditions should allow the formation of mixed
“glaze” and “rime”ice.

Figure 6: FreezingTest– inlet air 30 °C – Precooler with water Tw-in = 0 °C flow rate 3.3 l/s and
Glycole 33% Tglyc = -10 °C flow rate 3 l/s - Heat Exch. with Glycole 45% Tglyc = -21°C flow rate
3,5 l/s – V∞ = 8 m/s – Re1 = 5.79 x 105
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CONCLUSIONS
The facility called Low Speed Icing Flow Facility (LSIFF) presented in this paper has shown
an interesting potential to simulate inflight icing testing at very low energy consumption. This
would be very useful for preliminary testing of components and systems before fullscale
testing in IWTs being able to reduce the number of fullscale tests themselves on one side and
the total costs for the final client on the other side. Last but not least, this will give a
contribution to reduce total CO2 emissions. The next steps will affect the water spray system
which will be set up and the quasi-steady state during tests which will be smoothened to
guarantee correct temperature and humidity conditions in the test section.
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$%675$&7
7KH VWXG\ RI FORVH DSSURDFKHV DQG UHVRQDQW UHWXUQV IHDWXUHV VHYHUDO DSSOLFDWLRQV IURP
PRQLWRULQJQHDU(DUWKDVWHURLGVWRWKHIXOILOPHQWRISODQHWDU\SURWHFWLRQUHTXLUHPHQWVZKHQ
LQMHFWLQJHQGRIOLIHVSDFHFUDIWVLQWRGHHSVSDFHRUELWV6XFKVWXGLHVDUHRIWHQSHUIRUPHGXVLQJ
WKH ESODQH D UHIHUHQFH IUDPH ZKHUH UHVRQDQW UHWXUQV DUH LGHQWLILHG E\ FLUFOHV HDFK
UHSUHVHQWLQJDXQLTXHSKDVLQJFRQGLWLRQ

7KH FRQFHSW RI UHVRQDQW FLUFOH LV KHUH H[WHQGHG EHFRPLQJ D EHOWVKDSHG ORFXV RI SRLQWV WR
FRQVLGHUDOVRTXDVLUHVRQDQWUHWXUQVDVWKUHDWHQLQJRQHV7KHFXUUHQWWKHRU\LVH[WHQGHGIURP
WKHVLQJOHERG\FDVHWRWKHDQDO\VLVRIDFORXGRIERGLHVDOOLQDVLQJOHESODQHUHSUHVHQWDWLRQ
E\PRGLI\LQJWKHLQLWLDOFLUFXODUVKDSHWRREWDLQDVHWRIHOOLSWLFDOEHOWVWKDWPDWFKWKHVLPXODWHG
UHVRQDQFHV

(DFKVLPXODWLRQLVEXLOWRQKLJKSUHFLVLRQRUELWDOSURSDJDWLRQVLQFOXGLQJJHQHUDOUHODWLYLW\
HIIHFWV LQ WKH 1ERG\ G\QDPLFV ZLWK D YDOLGDWHG VHOIGHILQHG DQG HIILFLHQW PHWKRG ZKLFK LV
PHQWLRQHGDQGDSSOLHG
7KHSUHVHQWHGUHVXOWVKLJKOLJKWSRVVLEOHDQDO\WLFDOGHYHORSPHQWVWRH[WHQGWKHRULJLQDOWKHRU\
WR0RQWH&DUORDQDO\VHVRIWKUHDWHQLQJQHDU(DUWKDVWHURLGVE\VWXG\LQJDFORXGJHQHUDWHG
IURPWKHXQFHUWDLQWLHVRQQRPLQDOYHORFLW\DQGSRVLWLRQDQGGHVLJQLQJHQGRIOLIHPDQRHXYUHV
UHTXLULQJXQGHUDFHUWDLQFRQILGHQFHOHYHOVXFKVSDFHFUDIWWRQRWEHLQMHFWHGLQWRDUHVRQDQW
WUDMHFWRU\

.H\ZRUGV%SODQH5HVRQDQFH5HVRQDQWEHOWV&ORVHDSSURDFK


,1752'8&7,21

7KHSUREOHPRIRUELWDOUHVRQDQFHVLVPHDQLQJIXOLQSODQHWDU\SURWHFWLRQDQGGHIHQFHFRQWH[WV
EHFRPLQJ SDUWLFXODUO\ LPSRUWDQW ZKHQ GHVLJQLQJ HLWKHU HQGRIOLIH PDQRHXYUHV RU DVWHURLG
GHIOHFWLRQPLVVLRQV,WLVFUXFLDOWRPDNHVXUHXQGHUDKLJKFRQILGHQFHOHYHOWKDWWKHVPDOOERGLHV
XQGHUDQDO\VLVDUHLQMHFWHGLQDSURSHULQWHUSODQHWDU\RUELWVXFKWKDWWKH\ZLOOQRWGDQJHURXVO\
DSSURDFK DQ\ SODQHW RU UHOHYDQW ERG\ LQ IXWXUH HSRFKV 7R VXSSRUW WKLV ODVW VWDWHPHQW D
UHPDUNDEOH H[DPSOH LV EURXJKW E\ WKH (XURSHDQ 6SDFH $JHQF\¶V SODQHWDU\ SURWHFWLRQ
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$0DVDW05RPDQR&&RORPER
UHTXLUHPHQWV >@ ZKLFK UHTXLUHV WR GHVLJQ LQWHUSODQHWDU\ LQMHFWLRQV VR WKDW XQGHU D 
FRQILGHQFHOHYHODQXQFRQWUROODEOHXSSHUVWDJHDIWHUSHUIRUPLQJWKHPDQRHXYUHGRHVQRWLPSDFW
ZLWKDQ\SODQHWRYHU\HDUVDIWHUWKHLQMHFWLRQLWVHOI

7RUHDFKVXFKKLJKFRQILGHQFHOHYHOVKLJKSUHFLVLRQQXPHULFDOVLPXODWLRQVDUHUHTXLUHG
,WLVRIFRPPRQNQRZOHGJH>@WKDWLQRUELWDOPRWLRQDVPDOOHUURUSURSDJDWHVDQGLQFUHDVHVLQ
WLPHZLWKVXGGHQVWHHSJURZWKVHYHU\WLPHWKDWDIO\E\RFFXUV,QWKLVUHJDUGDFRPSOHWH1
ERG\SURSDJDWLRQFRQVLGHULQJJUDYLWDWLRQDOIRUFHVFRPLQJIURPDOOWKH6RODU6\VWHP¶VSODQHW
PD\ QRW EH DFFXUDWH HQRXJK SDUWLFXODUO\ LI WKH SURSDJDWLRQ LV WR EH FDUULHG RXW PDQ\ \HDUV
IRUZDUGLQWLPH$PRQJWKHFRPPRQRUELWDOSHUWXUEDWLRQV JHQHUDOUHODWLYLW\HIIHFWVPXVWEH
FRQVLGHUHG DV ZHOO HYHQ LI VWURQJ JUDYLWDWLRQDO VRXUFHV DUH QRW UHPDUNDEO\ FORVH WR WKH
VLPXODWHGERG\DQGHVSHFLDOO\LIFORVHDSSURDFKHVDUHSUHVHQWWRUHDFKDSURSDJDWLRQSUHFLVLRQ
WKDWEDVLFDOO\PDWFKHV63,&(HSKHPHULGHVGDWD>@

'HVSLWHVXFKDFRPSOHWHSK\VLFDOPRGHOIHDWXUHVLQFRPSDUDEOHDFFXUDF\DQGUHOLDELOLW\
WKH FRPSXWDWLRQDO FRVW UHPDLQV KLJK IRU 0RQWH &DUOR VLPXODWLRQV ZKHUH WKH PRWLRQ RI
WKRXVDQGV RI ERGLHV LV SURSDJDWHG DQG PRUHRYHU WKH SURSDJDWLRQ UHVXOWV QHHG WR EH SRVW
SURFHVVHGWRH[WUDSRODWHUHOHYDQWLQIRUPDWLRQDERXWUHVRQDQFHV7KHUHH[LVWVWKHQWKHQHHGWR
VHHN IRU UHOLDEOH DQDO\WLFDO WRROV WR VWXG\ WKHP LQ RUGHU WR REWDLQ UHOLDEOH SUHGLFWLRQV HYHQ
ZLWKRXWSHUIRUPLQJFRPSOHWHKLJKSUHFLVLRQVLPXODWLRQV7KHSURSDJDWLRQVPD\EHFDUULHGRXW
LQ VXFK D ZD\ WKDW WKH\ UXQ MXVW XQWLO WKH FORVH DSSURDFK LV H[SHULHQFHG VZLWFKLQJ WKHQ WKH
DQDO\VLVLQWRDQDQDO\WLFDORQHZKLFKSURYLGHVUHPDUNDEOHLQIRUPDWLRQDERXWIXWXUHUHVRQDQW
FORVHDSSURDFKHVRULPSDFWV

7KLVZRUNPDNHVDILUVWVWHSLQWRWKLVGLUHFWLRQWU\LQJWRH[WHQGWKHDOUHDG\DYDLODEOH
UHVRQDQFHWKHRU\IRUERG\PRWLRQWREHPRGHOOLQJDOVRRWKHUSK\VLFDODQGIRUPXODWLRQUHODWHG
LVVXHV7KHFDVHVWXGLHGLVWKHUHVRQDQFHDQDO\VLVRIDFORXGRISRLQWVZLWKJDXVVLDQGLVWULEXWLRQ
JHQHUDWHG IURP $SRSKLV¶ SRVLWLRQ DQG YHORFLW\ REWDLQHG IURP HSKHPHULGHV GDWD DW WKH VW
-DQXDU\7KHQRPLQDORUELWDOUHDG\H[SHULHQFHVDGHHSIO\E\DQGZKHWKHUWKHUHVRQDQFH
FKHFN FULWHULRQ SUHVHQWHG LQ WKH GHYHORSPHQW RI WKLV ZRUN LV DSSOLHG WKH LQWHUSODQHWDU\
WUDMHFWRU\ DIWHU WKH FORVH DSSURDFK LV FODVVLILHG DV UHVRQDQW $ FORXG JHQHUDWHG IURP VXFK D
FRQGLWLRQZRXOGWKHQDOORZWRH[SORUHDOVRRWKHUUHVRQDQFHUHJLRQVLQWKHESODQHZLWKRXWDQ\
SHFXOLDUDVVXPSWLRQRUORVVRIJHQHUDOLW\ 1RWHWKDWVXFKDFORXGFRXOG DOVRKDYHEHHQEXLOW
IURP DQ DUWLILFLDO LQLWLDO SRLQW DQG ZRXOG KDYH KDG EDVLFDOO\ WKH VDPH VWUXFWXUH 3K\VLFDO
FRQFHSWVKLJKOLJKWHGE\H[SHULPHQWDOUHVXOWVFDQWKHUHIRUHEHFRQVLGHUHGDVJHQHUDODVZHOO


7:2%2'<5(621$1&(7+(25(7,&$/&21&(376

7KHILUVWWKHRUHWLFDOWRROVWRVWXG\RUELWDOUHVRQDQFHVKDYHEHHQGHYHORSHGLQ>@DQG>@ZKRVH
FRQFHSWVXVHGLQWKLVZRUNDUHUHSRUWHGLQWKHFXUUHQWVHFWLRQ$OOWKHTXDQWLWLHVLQYROYHGDUH
QRQGLPHQVLRQDOZLWKUHIHUHQFHOHQJWKWREHWKH$VWURQRPLFDO8QLWDQGUHIHUHQFHWLPHWREH
(DUWK¶VRUELWDOSHULRGGLYLGHGE\ 7KHLQWHUSODQHWDU\UHIHUHQFHIUDPHFRQVLGHUHGLQWKLVZRUN
LVWKHFDUWHVLDQHTXDWRULDOIUDPHFHQWUHGLQWKH6RODU6\VWHP%DU\FHQWUH - DOWKRXJKRQFH
VWXG\LQJ UHVRQDQFHV LQ WKH ESODQH DQ\ IL[HG FDUWHVLDQ LQWHUSODQHWDU\ IUDPH FRXOG EH
FRQVLGHUHGSURYLGHGWKDWDOOWKHTXDQWLWLHVLQYROYHGDUHH[SUHVVHGFRQVLVWHQWO\


3ODQHWRFHQWULFYHORFLW\DQGFORVHHQFRXQWHUJHRPHWU\

LVWKHUHODWLYHYHORFLW\EHWZHHQSODQHW
7KHSODQHWRFHQWULFYHORFLW\
DQG VPDOO ERG\ >@ LWV FRPSRQHQWV DW WKH VSKHUH RI LQIOXHQFH FDQ EH GHILQHG IURP WKH
LQWHUSODQHWDU\ RUELWDO SDUDPHWHUV
 VHPLPDMRU D[LV HFFHQWULFLW\ DQG LQFOLQDWLRQ


$SRSKLVLVDQHDU(DUWKDVWHURLGXSRQZKLFKPDQ\VWXGLHVZHUHFDUULHGRXWLQWKHODVWWZRGHFDGHVVLQFHDWWKH
ILUVWPRQLWRULQJLWDSSHDUHGWREHODWHUGHQLHGLPSDFWLQJZLWK(DUWKDWLWVFORVHDSSURDFK
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$0DVDW05RPDQR&&RORPER
UHVSHFWLYHO\WKH7LVVHUDQGSDUDPHWHU DQGWKHWZRDQJOHV
DV\PSWRWHRIWKHK\SHUEROLFFORVHHQFRXQWHU


FKDUDFWHULVLQJWKHLQFRPLQJ

%SODQHYLVXDOLVDWLRQWRRO

7KHESODQHUHIHUHQFHIUDPHLVDFDUWHVLDQUHIHUHQFHIUDPHFHQWUHGDWWKHFXUUHQWSODQHWFHQWUH
RIPDVVZLWKD[HV
ZKRVHFRPSRQHQWVGHQRWLQJZLWK WKHSODQHW¶VYHORFLW\LQWKH
SODQHWRFHQWULFUHIHUHQFHIUDPHFDQEHGHILQHGDV>@



 

LQWKHSODQHWRFHQWULFUHIHUHQFHIUDPHFDQWKHQEHH[SUHVVHG

$JHQHULFSRLQW
LQWKHESODQHUHIHUHQFHIUDPHVLPSO\E\SHUIRUPLQJ


 



(DFKFRRUGLQDWHLQWKHESODQHUHSUHVHQWDWLRQ>@H[SUHVVHVDUHPDUNDEOHSURSHUW\RIWKH
FXUUHQW FORVH DSSURDFK  GHVFULEHV WKH PLQLPXP GLVWDQFH EHWZHHQ WKH WZR LQWHUSODQHWDU\
RUELWV WKHWLPHVKLIWZLWKUHVSHFWWRWKHFORVHDSSURDFKWRKDSSHQDWWKHPLQLPXPGLVWDQFH 
WKHGLVWDQFHIURPWKHSHULFHQWUHRIWKHK\SHUEROLFSODQHWRFHQWULFWUDMHFWRU\:LWK EHLQJWKH
LPSDFWSDUDPHWHULWKROGVWKHQWKDW>@


 





5HVRQDQWFLUFOHV

$JLYHQUHVRQDQFHLVLGHQWLILHGE\DFHUWDLQSRVWHQFRXQWHUVHPLPDMRUD[LV  >@ VRWKDW
DIWHUDWLPHGHILQHGHLWKHUDV VPDOOERG\LQWHUSODQHWDU\RUELWVRU SODQHWRUELWVWKHWZRERGLHV
IHDWXUHDJDLQDFORVHHQFRXQWHUDWWKHVDPHSRVLWLRQRIWKHILUVWRQH FDQWKHQEHGHILQHGDV


 





>@ 

7KHRXWJRLQJDV\PSWRWHIRUWKLVUHVRQDQFHFRQGLWLRQIHDWXUHVDQDQJOH





GHILQHGDV

 


DQGDJLYHQUHVRQDQWFRQGLWLRQFDQEHUHSUHVHQWHGLQWKHESODQHE\DFLUFOHFHQWUHGRQWKH 
D[LVDW
DQGZLWKUDGLXV >@


 



613

2UELWDOUHVRQDQFHDQDO\VLVLQ0RQWH&DUORVLPXODWLRQVIRUSODQHWDU\SURWHFWLRQDQGGHIHQFH
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ZKHUHZLWK WR GHQRWHWKHPDVVRIWKHSODQHW H[SUHVVHGLQ6XQPDVVHV >@WKHTXDQWLWLHV
LQYROYHGDUHGHILQHGDV
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$VGHILQHGLQ6HFWLRQ  WKHTXDQWLW\ PRGHOVSHUIHFWO\SKDVHGUHVRQDQFHVRQO\LHDQ\
FRQVHTXHQWFORVHHQFRXQWHUQRWKDSSHQLQJH[DFWO\DIWHULQWHJHUPXOWLSOHVRIWKHRUELWDOSHULRGV
ZRXOGQRWEHWUHDWHGDVUHVRQDQWUHWXUQ7RDSSO\WKLVIRUPDOLVPWRWKHVWXG\RIDFWXDOFORVHO\
DSSURDFKLQJ ERGLHV LW PD\ EH ZRUWK WR H[WHQG WKLV GHILQLWLRQ WR LQFOXGH DOVR QRQSHUIHFWO\
SKDVHGFORVHHQFRXQWHUVDVUHVRQDQWRQHV


4XDVLUHVRQDQFHGHILQLWLRQ

7KHGHILQLWLRQRITXDVLUHVRQDQFHFDQEHDUELWUDU\EDVHGRQZKDWWLPHLQWHUYDORQHZDQWVWR
FRQVLGHUDVLGHQWLI\LQJDQDFWXDOUHVRQDQFH$PDWKHPDWLFDOGHILQLWLRQPD\EHIRXQGE\ORRNLQJ
IURP
ILUVWDWZKDWFDVHVQHHGWREHFODVVLILHGDVVXFK>@REWDLQLQJWKHUHODWLYHGHYLDWLRQ
WKHSHUIHFWUHVRQDQFH
DV




 


ZLWK WRGHQRWHWKHJHQHULFRUELWDOSHULRGDQGFODVVLI\LQJDQREMHFWDVUHVRQDQWZKHWKHUWKH
TXDVLUHVRQDQFHFRQGLWLRQ
LVVDWLVILHGZLWK GLUHFWO\GHSHQGHQWRQWKHWLPHLQWHUYDO
PHQWLRQHGDERYH

(TXDWLRQ  FDQWKHQEHFRQFHSWXDOO\UHYHUWHGLPSRVLQJ
WRGHILQHWZR
ERXQGDU\ UDWLRV
 XSSHU DQG ORZHU UHVSHFWLYHO\ DVVRFLDWHG ZLWK WKH SHUIHFW
UHVRQDQWFRQILJXUDWLRQ




 



5HVRQDQWEHOWV

/RRNLQJEDFNWR(TXDWLRQ  RQHFDQREVHUYHWKDWWKHUDWLR
LVGLUHFWO\OLQNHGWRWKH
UHVRQDQWFLUFOHSDUDPHWHUVLWLVWKHQVWUDLJKWIRUZDUGWRVD\WKDWHDFKRIWKHWZRUDWLRVIURP
(TXDWLRQ  LGHQWLILHVDQHZFLUFOHDQGWKHWZRWRJHWKHUERXQGWKHUHVRQDQWEHOWWKHORFXV
RIWKHSRLQWVLQWKHESODQHVDWLVI\LQJWKHTXDVLUHVRQDQFHFRQGLWLRQ


180(5,&$/3523$*$7,216

(DFK VDPSOH LQ WKH 0RQWH &DUOR 6LPXODWLRQ KDV EHHQ SURSDJDWHG E\ DFFRXQWLQJ IRU WKH
JUDYLWDWLRQDO IRUFHV FRPLQJ IURP DOO WKH SODQHWV LQ WKH 6RODU 6\VWHP DQG JHQHUDO UHODWLYLW\
HIIHFWV
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*HQHUDOUHODWLYLW\PRGHO

*HQHUDO5HODWLYLW\HIIHFWVLQWKH1%RG\SUREOHPFDQEHGHVFULEHGE\WKHIROORZLQJHTXDWLRQ
>@FHQWUHGDWWKH6RODU6\VWHPEDU\FHQWUH



 



ZKHUHHDFKVXEVFULSW
GHQRWHVDJHQHULFRQHRIWKH1PDVVLYHERGLHVDQGWKHLU
FXUUHQW VWDWH ZLWK UHVSHFW WR WKH FHQWUH RI WKH UHIHUHQFH IUDPH  LGHQWLILHV WKH JUDYLWDWLRQDO
SDUDPHWHUDQG VWDQGVIRUWKHVSHHGRIOLJKWLQYDFXXP$OOWKHEROGTXDQWLWLHVLQ(TXDWLRQ
 DUHWREHPHDQWDV
YHFWRUVDQGWKHRWKHUVFDODUWHUPVDUHGHILQHGDV


DQG
 2QH FDQ QRWH WKDW WKH DFFHOHUDWLRQ  RI ERG\ 
 OLQHDUO\ GHSHQGV RQ WKH
DFFHOHUDWLRQRIERG\
KHQFH(TXDWLRQ  FDQEHDGDSWHGWRREWDLQWKHDFFHOHUDWLRQRI
DOO WKH 1 ERGLHV DW HDFK WLPH LWHUDWLRQ RI WKH QXPHULFDO SURSDJDWLRQ E\ VLPSO\ VROYLQJ WKH
DXJPHQWHGOLQHDUV\VWHP



 


,WLVZRUWKWRPHQWLRQWKDWWKLVPDQLSXODWLRQUHOLHVHQWLUHO\RQWKHQHHGWRLPSOHPHQWWKH
G\QDPLFVZLWKLWVVWDWHVSDFHIRUPXODWLRQ1RIXUWKHUDVVXPSWLRQRUDSSUR[LPDWLRQKDVEHHQ
PDGH WKHPHWKRGFDQWKHQEHXVHGIRUWKHPRVWJHQHUDO1ERG\SURSDJDWLRQ WKHTXDQWLW\

LVVLPSO\WKHVRUWHGFROOHFWLRQLQD
FROXPQYHFWRURIDOOWKHDFFHOHUDWLRQV RIWKH1
 LV DJDLQ D
ERGLHV ZKHUHDV DOO WKH RWKHU TXDQWLWLHV LQYROYHG GHSHQG RQ WKH VWDWH RQO\
FROXPQYHFWRUFROOHFWLQJDOOWKHWHUPVRQWKHULJKWKDQGVLGHRI(TXDWLRQ  ZKLFK
GRQRWJHWPXOWLSOLHGE\  LVD
PDWUL[FROOHFWLQJDOOWKHVWDWHGHSHQGDQWHOHPHQWV
GHQRWHVWKH
LGHQWLW\PDWUL[1RWHWKDW
DFWLQJDVOLQHDUFRHIILFLHQWVRQ DQG
WKHUHLVQRVWULFWUXOHRQKRZWRVRUWVXFKHOHPHQWVDQ\FROOHFWLRQFRQVLVWHQWDPRQJ


DQG ZLOOSURGXFHWKHFRUUHFW1ERG\DFFHOHUDWLRQVVRUWHGLQWKHVDPHZD\

%\ ILQDOO\ DVVXPLQJ WKH VPDOO REMHFW WR QRW DIIHFW WKH PRWLRQ RI WKH 1ERGLHV LWV
DFFHOHUDWLRQFDQEHREWDLQHGE\VROYLQJ(TXDWLRQ  SOXJJLQJLQWKH1ERG\DFFHOHUDWLRQV
FRPLQJIURPWKHVROXWLRQRI(TXDWLRQ  

7KLVEULHIO\PHQWLRQHGPHWKRGKDVDOUHDG\VXFFHVVIXOO\SDVVHGWKHYDOLGDWLRQSURFHVV
ZKHUHLQWHJUDWLRQV\HDUVIRUZDUGLQWLPHIHDWXUHDUHODWLYHO\ORZFRPSXWDWLRQDOFRVWZLWK
UHVXOWVEDVLFDOO\LGHQWLFDOXQFHUWDLQWLHVSURSDJDWLRQDVLGHWR1$6$¶VHSKHPHULGHVGDWDIRUDOO
WKHWHVWFDVHVDQDO\VHG



,QWKHFXUUHQWQRWDWLRQWKHV\PERO LGHQWLILHVWKHILUVWWLPHGHULYDWLYHRI WKXV GHQRWHVWKHVHFRQGWLPH
GHULYDWLYH
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3URSDJDWLRQDQG0RQWH&DUORVHWWLQJV

$SRSKLV¶QRPLQDORUELWDOPRWLRQZDVSURSDJDWHGDWWKHWXUQRIWKHSUHGLFWHGIO\E\RI(DUWK
KDSSHQLQJ RQ  WKLUW\ \HDUV IRUZDUG LQ WLPH  VDPSOHV ZLWK V\PPHWULF JDXVVLDQ
GLVWULEXWLRQKDYHEHHQJHQHUDWHGIURPWKHQRPLQDOLQLWLDOFRQGLWLRQ REWDLQHGIURPHSKHPHULGHV
GDWDDYDLODEOHLQ7DEOH E\GHYLDWLQJHDFKHOHPHQWRIWKHLQLWLDOSRVLWLRQDQGYHORFLW\YHFWRUV
RIDUHODWLYHTXDQWLW\ ZLWK


(SRFK






>0-'@







    

7DEOH,QLWLDOHSRFKSRVLWLRQDQGYHORFLW\RIWKHQRPLQDOFRQILJXUDWLRQLQDFDUWHVLDQHTXDWRULDO
UHIHUHQFHIUDPHFHQWUHGLQWKH6RODU6\VWHP¶VEDU\FHQWUH


7KHSURSDJDWRULQWHJUDWHVWKH1ERG\G\QDPLFV 6XQ0RRQDQGDOOWKHSODQHWVLQWKH
6RODU6\VWHP DQGDFFRXQWVIRU*HQHUDO5HODWLYLW\DVSHUWXUELQJHIIHFW7KHVWDWHVRIWKH1
ERGLHVDUHLQWURGXFHGE\HPEHGGLQJ63,&(WRRONLWDQGWKHUHODWHGNHUQHOGDWDDVGDWDEDVHV


5(621$17%(/76±5(68/76$1'180(5,&$/9$/,'$7,21
352&(66

5HVRQDQWFLUFOHVDQGEHOWVIRU$SRSKLV¶QRPLQDOFRQILJXUDWLRQDUHSORWWHGLQWKHESODQHDWWKH
HQWUDQFH RI (DUWK¶V VSKHUH RI LQIOXHQFH 1RWH WKDW WKH FLUFOH SDUDPHWHUV  DQG  GHSHQG
(TXDWLRQV    DQG  RQWKHERG\¶VSODQHWRFHQWULFYHORFLW\ DQGWKHPDVVRI(DUWK
WKXVLWLVSRVVLEOHWRREWDLQVXFKTXDQWLWLHVMXVWIURPWKHILUVWSURSDJDWLRQVWHSLQVLGHWKH
VSKHUHRILQIOXHQFH

,QWKLVZRUNWKHTXDVLUHVRQDQFHSDUDPHWHU LVGHILQHGDVLQ>@LH
1RWH
WKDWWKLVYDOXHUHSUHVHQWVERWKWKHTXDVLUHVRQDQFHWKUHVKROGIRUWKHQXPHULFDOVLPXODWLRQVDQG
WKHSDUDPHWHUXVHGWRGUDZWKHUHVRQDQWEHOWV


)URPUHVRQDQWFLUFOHVWRUHVRQDQWEHOWV

7KHDQDO\WLFDOUHVRQDQWFLUFOHV>@DQGWKHGHULYHGEHOWVDUHSORWWHGLQ)LJXUH




D  E 
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)LJXUH7KHUHVRQDQWFLUFOHVLQ D DUHQRZH[WHQGHGWRUHVRQDQWEHOWVDVLQ E DFFRUGLQJWRWKH
GHILQLWLRQVSUHVHQWHGLQ6HFWLRQ  


$VH[SHFWHGDEHOWVKDSHGORFXVRISRLQWVERXQGHGE\WKHWZRQHZO\GHILQHGFLUFOHVLV
REWDLQHGZLWKWKHRULJLQDOSHUIHFWUHVRQDQWFLUFOHLQFOXGHGZLWKLQWKHVDPH


&RPSDULVRQZLWKVLPXODWHGUHVRQDQWEHOWV

7KHYDOLGDWLRQSURFHVVLVLQLWLDWHGE\FRPSDULQJWKHDQDO\WLFDOUHVRQDQWEHOWVZLWKWKHVLPXODWHG
UHVRQDQFHV $OO WKH VDPSOHV RI WKH 0RQWH &DUOR VLPXODWLRQ KDYH SDVVHG WKURXJK WKH TXDVL
UHVRQDQFHFRQGLWLRQFKHFNWRWKHQEHSORWWHGWRJHWKHUZLWKWKHUHVRQDQWEHOWVLQWKHESODQH
UHSUHVHQWDWLRQUHSRUWHGLQ)LJXUH




)LJXUH7KHDQDO\WLFDOUHVRQDQWEHOWVDUHERXQGHGE\WKHEODFNOLQHVDQGDUHLGHQWLILHGE\WKHOLJKW
JUH\DUHDZKHUHDVWKHVDPSOHSURSHUWLHVDUHFODVVLILHGDFFRUGLQJWRWKUHHGLIIHUHQWFRORXUV WKH\HOORZ
SRLQWVVDWLVI\WKHTXDVLUHVRQDQWFRQGLWLRQWKHGDUNJUH\RQHVDUHVLPSOHFORVHDSSURDFKHVDQGWKHUHG
SRLQWLGHQWLILHVWKHUHIHUHQFHERG\IRUWKHFXUUHQWESODQH 


$VRUWRIUHJXODUGHYLDWLRQLVREVHUYHGZLWKWKHVLPXODWHGEHOWVWRIROORZWKHVHTXHQFH
RIWKHDQDO\WLFDORQHVEXWEHLQJVKLIWHGLQWKHSRVLWLYH D[LVGLUHFWLRQ


(;3(5,0(17$/,03529(0(176$1')8785($1$/<7,&$/
'(9(/230(176

'HVSLWHWKHVLPXODWHGDQGWKH DQDO\WLFDO EHOWVGRQRW FRLQFLGHWKHUHJXODUVKLIWH[SHULHQFHG
)LJXUH   VXJJHVWV WKDW WKHUH VWLOO PXVW EH D ZD\ WR PRGHO VXFK D SKHQRPHQRQ 7ZR
H[SHULPHQWDOVROXWLRQKDYHEHHQIRXQGWREHSUHVHQWHGLQWKHXSFRPLQJVHFWLRQV  DQG  
)LQDOO\DSRVVLEOHGHYHORSPHQWGLUHFWLRQLVH[SORUHGLQ6XEVHFWLRQ  


4XDGUDWLFVKLIWH[SHULPHQWDOODZHOOLSWLFDOUHVRQDQWEHOWV

*LYHQDFHUWDLQUHVRQDQWFLUFOHWKHVKLIWIURPWKHVLPXODWHGEHOWFDQEHPRGHOOHGDVDTXDGUDWLF
H[SHULPHQWDOYDULDWLRQODZRIWKHUDGLXVRIWKHFLUFOHLWVHOI
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 PD\ EH IRXQG E\ LPSRVLQJ WKUHH H[SHULPHQWDOO\

7KH WKUHH FRHIILFLHQWV
YDULDWHGFLUFOHVWRSDVVWKURXJKWKUHHFRUUHVSRQGHQWVLPXODWHGEHOWV2QFHWKRVHFRHIILFLHQWV
DUHGHWHUPLQHGZLWKVRPHDOJHEUDLFPDQLSXODWLRQ(TXDWLRQ  FDQEHPDQLSXODWHGWRREWDLQ
WKHFDQRQLFDOHTXDWLRQRIDQHOOLSVHFHQWUHGRQWKH D[LVRIWKHIRUP


 


ZLWKWKHWZRVHPLD[HV
DQGWKH FRRUGLQDWHRIWKHFHQWUH WRGLUHFWO\GHSHQGRQWKH
 WKURXJK VLPSOH DOJHEUDLF
RULJLQDO FLUFOH SDUDPHWHUV
 DQG WKH FRHIILFLHQWV
UHODWLRQV1HZHOOLSWLFDOUHVRQDQWEHOWVDUHREWDLQHGVWDUWLQJIURPWKHSUHYLRXVFLUFXODUUHVRQDQW
EHOWVZLWKDOORIWKHPIHDWXULQJDGHSHQGHQFHRQWKHVDPHFRHIILFLHQWV
ZKLFKKDYH
EHHQREWDLQHGE\LPSRVLQJWKHDQDO\WLFDOQXPHULFDOFRUUHVSRQGHQFHRIWRSERWWRPDQGFHQWUDO
EHOWV7KHQHZUHVRQDQWEHOWVDUHSORWWHGLQ )LJXUHDFFRUGLQJWRWKHVDPHFRORXUFRQYHQWLRQ
DQGESODQHUHSUHVHQWDWLRQRI)LJXUH




)LJXUH$OOWKHVLPXODWHGDQGDQDO\WLFDOUHVRQDQWEHOWVQRZSHUIHFWO\FRLQFLGH'HVSLWHEHLQJMXVW
H[SHULPHQWDOWKLVUHJXODUODZVXJJHVWVWKDWDWOHDVWIRUWKH$SRSKLV¶FDVHWKHUHPD\EHDSK\VLFDOO\
EDVHGDQDO\WLFDOIRUPXODWLRQRIWKHHOOLSWLFDOUHVRQDQWEHOWV



([SHULPHQWDOFDQFHOODWLRQRIULJLGVKLIW

:LWKLQWKLVVHFRQGH[SHULPHQWDODSSURDFKWKHULJLGSDUWRIWKHVKLIWYLVLEOHRQWKHSORWLQ)LJXUH
 KDV EHHQ FDQFHOOHG E\ FRQVLGHULQJ LQVWHDG RI WKH ILUVW QXPHULFDO VWHS LPPHGLDWHO\ LQVLGH
(DUWK¶VVSKHUHRILQIOXHQFHWKHVWHSRIWKHSODQHWRFHQWULFLQJRLQJWUDMHFWRU\ZKLFKOHGWRWKH
SHUIHFWFRUUHVSRQGHQFHRIWKHUHVRQDQWEHOWDVVRFLDWHGZLWKWKHUHIHUHQFHSRLQW7KHVDPHE
SODQHDQDO\VLVLVSHUIRUPHGLQ )LJXUHWRJHWKHUZLWKDQHZPRGHORIHOOLSWLFDOUHVRQDQWEHOWV
ZLWKWKHVDPHVKDSHRIZKDWVWXGLHGLQ6XEVHFWLRQ  EXWZLWKWKHFRHIILFLHQWV

FRPSXWHGIRUWKHQHZFORXGRIESODQHSRLQWV



7KHFRUUHVSRQGHQFHPD\EHHDVLO\IRXQGE\ORRNLQJDWWKHUHJXODUEHKDYLRXURIWKHEHOWVHJWKHWRSDQDO\WLFDO
EHOWPXVWFRUUHVSRQGWRWKHWRSVLPXODWHGRQH
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6XJJHVWHGIXWXUHDQDO\WLFDOGHYHORSPHQWV

7KH H[SHULPHQWDO UHVXOWV SUHVHQWHG LQ 6XEVHFWLRQV   DQG   DOORZ WR PDNH VRPH
FRQVLGHUDWLRQV DERXW ZKDW SRVVLEOH SK\VLFDO SKHQRPHQD FRXOG EH LQWURGXFLQJ VXFK D VKLIW
EHWZHHQVLPXODWHGDQGDQDO\WLFDOEHOWV
 1ERG\DQGERG\SURSDJDWLRQUHODWHG
6LQFHWKHH[SUHVVLRQRIWKHUHVRQDQWFLUFOHV>@KDVEHHQREWDLQHGZLWKDSDWFKHGFRQLFVERG\
SODQHWRFHQWULF PRGHO WKH ULJLG SDUW RI WKH VKLIW PD\ EH GXH WR WKH 1ERG\ QDWXUH RI WKH
QXPHULFDOSURSDJDWLRQFDUULHGRXWHYHQLQVLGH(DUWK¶VVSKHUHRILQIOXHQFH7KHILUVWLQWHJUDWLRQ
VWHSLQVLGHWKHVSKHUHRILQIOXHQFHRIWKLV FORVHDSSURDFKDQDO\VLVPD\EHVWLOO H[SHULHQFLQJ
VPDOOSHUWXUELQJHIIHFWVGXHWRPDLQO\WKH6XQEXWVOLJKWO\GHYLDWLQJWKHWUDMHFWRU\IURPWKH
RQHSUHGLFWHGE\DERG\PRGHO





D  E 
)LJXUH7KHFLUFXODUUHVRQDQWEHOWVLQ D DUHQRZPXFKFORVHUWRWKHVLPXODWHGUHVRQDQFHVWKDQLQ
)LJXUH  QHYHUWKHOHVVZLWKUHVSHFWWRWKHUHIHUHQFHSRLQWWKHIXUWKHVWHOHPHQWVRIWKHVLPXODWHG
FORXGDUHREVHUYHGWRH[SHULHQFHDLQFUHDVLQJVKLIW7KHHOOLSWLFDOEHOWVDUHSORWWHGLQ E HYHQLQWKLV
FDVHWKHHOOLSWLFDOVKDSHVHHPVWREHSHUIHFWO\PDWFKLQJWKHVLPXODWHGUHVRQDQFHV


$SRVVLEOHVWHSWRZDUGVDFRPSOHWHKDQGOLQJRIWKLVSK\VLFDOSKHQRPHQRQPD\EHHLWKHU
PRGHOOLQJ WKH PLVVLQJ G\QDPLFV LQ WKH DQDO\WLFDO IRUPXODWLRQ RI WKH UHVRQDQW EHOWV RU
LGHQWLI\LQJDQRWKHUWLPHVWHSRIDQDO\VLVZKHUHWKHERG\DOPRVWSHUIHFWO\DSSUR[LPDWHVWKH
FRPSOHWHG\QDPLFVDQGZKLFKKRZHYHUPXVWSURYLGHUHVXOWVDVUHOLDEOHDVWKHIXOOVLPXODWLRQ

$QLPSURYHGDQDO\WLFDOPRGHOPD\EHWRILQGWKHDFWXDOGHIOHFWLRQE\FRQVLGHULQJWKH
PRVWUHOHYDQWPLVVLQJHIIHFWVLQWKH6XQ3ODQHW6PDOO%RG\V\VWHPILUVW7KHSDWFKHGFRQLFV
PHWKRGDSSUR[LPDWHVWKHSODQHW¶VPRWLRQZKHQWKHVPDOOERG\LVLQVLGHWKHVSKHUHRILQIOXHQFH
RIWKHVDPHDV DVWUDLJKW OLQH ZKHUHDV WKHSODQHW¶VYHORFLW\YHFWRUURWDWHV RIDIHZGHJUHHV
GXULQJ WKH FORVH DSSURDFK RFFXUUHQFH IRU H[DPSOH DSSUR[LPDWLQJ (DUWK¶V PRWLRQ ZLWK D
FLUFXODURUELWDQGZLWKDIO\E\WRWDOGXUDWLRQRIK(DUWK¶VYHORFLW\YHFWRUZRXOGURWDWH
FRXQWHUFORFNZLVHLQWKHRUELWDOSODQH 6XFKDQHIIHFWLVOHJLWLPDWHO\HQKDQFHGIRUUHODWLYHO\
VORZ IO\E\V DQG FORVH DSSURDFKHV RI WKH LQQHU SODQHWV ZKHUH VPDOOHU WLPHV SURYLGH ODUJHU
SODQHW¶VYHORFLW\URWDWLRQVWKDQWKHRXWHURQHV
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 5DGLXV¶VPDOOOLQHDUYHORFLW\SHUWXUEDWLRQV
7KHUHVXOWVSUHVHQWHGLQ )LJXUH E VKRZWKDWHYHQDIWHUWKHH[SHULPHQWDOFDQFHOODWLRQRIWKH
ULJLGSDUWWKHVKLIWLQFUHDVHVWKHIXUWKHUWKHSRLQWVJHWIURPWKHUHIHUHQFH6XFKDSKHQRPHQRQ
PD\EHWKHQDWXUHRIWKHDQDO\VLVLWVHOIJLYHQWKDWLWLQYROYHVWKHDFWXDOVLPXODWLRQVZLWKWKHLU
WUXHUHVRQDQFHVDQGWKHDQDO\WLFDOUHVRQDQWEHOWVRIWKHUHIHUHQFHVDPSOHRQO\1RWHWKDWIURP
(TXDWLRQV   DQG   >@ HDFK VDPSOH IHDWXUHV LWV RZQ FORVH HQFRXQWHU WLPH DQG
SODQHWRFHQWULFYHORFLW\IDFWRUVWKDWPDNHERWKWKHESODQHD[HVDQGLWVFRUUHVSRQGHQWUHVRQDQW
EHOWVXQLTXHDQGGLIIHUHQWWKDQWKHUHIHUHQFH¶VRQHV

$SRVVLEOHDSSURDFKWRPRGHOWKHGLIIHUHQFHLQSODQHWRFHQWULFYHORFLW\LVWKHVWXG\RI
WKHHIIHFW RIVPDOOOLQHDUSHUWXUEDWLRQV RQWKHUDGLXVRIHDFKERXQG )LJXUH UHSUHVHQWV WKH
VTXDUHRIWKHUDGLXVRIWKHUHIHUHQFHSHUIHFWUHVRQDQWFLUFOHDVIXQFWLRQRIWKHSODQHWRFHQWULF
YHORFLW\ZKLFKVHHPVWREHVPRRWKHQRXJKWRH[SHFWDFFXUDWHUHVXOWVZKHWKHUDQDSSUR[LPDWLRQ
RIWKLVNLQGLVSHUIRUPHG




)LJXUH6TXDUHRIWKHUDGLXVRIWKHSHUIHFWUHVRQDQWFLUFOHDVVRFLDWHGZLWKWKHUHIHUHQFHSRLQW7KH
D[HVRIPDJQLWXGHDQG FRPSRQHQWRIWKHSODQHWRFHQWULFYHORFLW\UDQJHIURPWKHPLQLPXPWRWKH
PD[LPXPRQHDPRQJDOOWKHHOHPHQWVRIWKHFORXG


1RWH KRZHYHU WKDW WKH HOOLSWLFDO VKDSH RI WKH UHVRQDQW EHOWV DURVH IURP D TXDGUDWLF
YDULDWLRQODZRYHU WKXVDSURSHUPDWKHPDWLFDOOLQNEHWZHHQWKHOLQHDUYHORFLW\SHUWXUEDWLRQ
DQGDODZDVVXFKZRXOGEHQHHGHGDVZHOO


&21&/86,21$1'287/22.

$ILUVWVWHSWRDGDSWWKHDOUHDG\DYDLODEOHRUELWDOUHVRQDQFHWKHRU\WRWKHVWXG\RIDFORXGRI
ERGLHV DOO LQ WKH VDPH ESODQH UHSUHVHQWDWLRQ KDV EHHQ PDGH SDUWLFXODUO\ E\ H[WHQGLQJ WKH
FRQFHSW RI UHVRQDQW FLUFOH WR WKH RQH RI UHVRQDQW EHOW  DVVRFLDWHG ZLWK D PRUH DSSOLFDEOH
GHILQLWLRQRIUHVRQDQFHLQWKHFRQWH[WRISODQHWDU\SURWHFWLRQDQGGHIHQFH

'HVSLWHWKHSK\VLFDOSKHQRPHQDKLGGHQEHQHDWKWKHVLPXODWHGUHVRQDQFHVDQHOOLSWLFDO
UHIRUPXODWLRQRIWKHFLUFXODUEHOWVZDVH[SHULPHQWDOO\SURYHQWREHDQDFFXUDWHPDWKHPDWLFDO
PRGHO DW OHDVW XQGHU WKH DQDO\VHG UDQJHV RI YHORFLWLHV DQG ESODQH FRRUGLQDWHV 6XFK D
IRUPXODWLRQ H[WHQGV DQG LQFOXGHV WKH ERG\ DQG VLQJOH SRLQW FDVH XSRQ ZKLFK WKH ZKROH


1RWHWKDWDVLQDOOWKHGHILQLWLRQVLQ(TXDWLRQ  DQGRQFHIL[HGWKHUHVRQDQFHWKHRQO\YDULDEOHV
FKDUDFWHULVLQJHDFKUHVRQDQWFLUFOHDUHWKHSODQHWRFHQWULFYHORFLW\PDJQLWXGHDQGWKH FRPSRQHQW
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UHVRQDQFHWKHRU\ZDVEXLOW,QWKLVODVWFDVHWKHUHVXOWVRIDQH[SHULPHQWDOYDULDWLRQDVWKHRQH
SUHVHQWHGZRXOGQDWXUDOO\SURYLGHWKHLQLWLDOUHVRQDQWFLUFOHV

7KH UHJXODULW\ DQG WKH DFFXUDF\ RI WKH H[SHULPHQWDO ODZ PRGHOOHG VXJJHVWV WKDW DQ
DQDO\WLFDOGHULYDWLRQRIWKHHOOLSWLFDOUHVRQDQWEHOWVPD\EHSRVVLEOHLQFOXGLQJLQWKHDQDO\VLV
WKH1ERG\G\QDPLFVUHODWHGHIIHFWVDQGWKHGLIIHUHQWSURSHUWLHVRIWKHSRLQWVFRPSRVLQJWKH
FORXG7KHIRUPXODWLRQRIDUREXVWUHVRQDQFHPRGHODVVXFKPD\EHHYHQWXDOO\ XVHGIRUWKH
GHWHFWLRQ RI SRVVLEOH UHVRQDQFHV UHGXFLQJ WKH FRPSXWDWLRQDO HIIRUW WKDW ZRXOG EH QHHGHG
ZKHWKHUWKHIXOOG\QDPLFVLVVLPXODWHGEXWVWLOOREWDLQLQJDFFXUDWHDQDO\WLFDOSUHGLFWLRQV
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)DFLOLW\´3ODQHW6SDFH6FL
>@ *%9DOVHFFKL$0LODQL*)*URQFKLDQG65&KHVOH\³5HVRQDQWUHWXUQVWR
FORVHDSSURDFKHV$QDO\WLFDOWKHRU\´$VWURQ$VWURSK\V
>@ $&DUXVL*%9DOVHFKLDQG5*UHHQEHUJ³3ODQHWDU\FORVHHQFRXQWHUVJHRPHWU\RI
DSSURDFKDQGSRVWHQFRXQWHURUELWDOSDUDPHWHUV´&HOHVW0HFK'\Q$VWURQ
>@ (-2SLN³,QWHUSODQHWDU\(QFRXQWHUV&ORVH5DQJH*UDYLWDWLRQDO,QWHUDFWLRQV´YRO

>@ $%RXUGRX[DQG',]]R³&KDUDFWHUL]DWLRQDQGKD]DUGPLWLJDWLRQRIUHVRQDQW
UHWXUQLQJ1HDU(DUWK2EMHFWV´
>@ $0LODQL65&KHVOH\3:&KRGDVDQG*%9DOVHFFKL³$VWHURLG&ORVH
$SSURDFKHV$QDO\VLVDQG3RWHQWLDO,PSDFW'HWHFWLRQ´$VWHURLGV,,,
>@ &&RORPER)/HWL]LDDQG-9DQ'HU(\QGH³61$33VKRW(6$SODQHWDU\SURWHFWLRQ
FRPSOLDQFHYHULILFDWLRQVRIWZDUH)LQDOUHSRUW7HFKQLFDO5HSRUW(6$,3/3200%
/(´
>@ 3.6HLGHOPDQQ([SODQDWRU\6XSSOHPHQW7R7KH$VWURQRPLFDO$OPDQDF(GJHKLOO
5RDG0LOO9DOOH\&$8QLYHUVLW\6FLHQFH%RRNV
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ABSTRACT
6LQFH WKH HDUO\ WK &HQWXU\ ,WDOLDQ DHURVSDFH WHFKQRORJ\ KDV EXLOW LQWHUQDWLRQDOO\
DSSUHFLDWHG SURGXFWV ZKLFK DW GLIIHUHQW WLPHV KDYH SOD\HG OHDGLQJ RU VHFRQGDU\ UROHV EXW
DOZD\V ZLWK RULJLQDO LGHDV FUHDWLYH VROXWLRQV VXFFHVVIXO SURGXFWV DQG KLJK OHYHO GHVLJQHUV
HYHQZKHQWKHRYHUDOOSUHVHQFHRQWKHJOREDOVFHQHZDVQRWDWLWVSHDN
7KLV WUDGLWLRQ RI OLJKWV DQG VKDGRZV LQ DHURQDXWLFDO WHFKQRORJ\ KDV QHYHU UHFHLYHG PXFK
DWWHQWLRQIURPDFDGHPLFLQGXVWULDODQGKHULWDJHSHUVSHFWLYHV7KLVODFNRILQWHUHVWFRQWUDVWV
ZLWKWKHSDVVLRQWKDW,WDOLDQ³IO\LQJPDFKLQHV´DQGFRPSRQHQWVDURXVHGLQWKHJHQHUDOSXEOLF
IRUDFHQWXU\ZLWKWKHFRQVLGHUDWLRQRISURIHVVLRQDOVLQPDQ\ILHOGVWKHSULGHRIHQWKXVLDVWV
WKH FRPPHUFLDO VXFFHVV DQG HYHQ ZLWK LQVSLULQJ JHQHUDWLRQV RI \RXQJ SHRSOH WR HQWHU WKH
DUHQD RI DHURVSDFH HQJLQHHULQJ VWXGLHV (YHQ WKH FXUUHQW ULVH LQ LQWHUHVW LQ YLQWDJH DLUFUDIW
WHQGVWRFRQFHQWUDWHRQKHURLFGHHGVRUH[WHUQDODSSHDUDQFH
7KHDXWKRUVSURSRVHDQLQFOXVLYHDSSURDFKWRSUHYHQWWKHGHFD\RIWKHPDWHULDODVSHFWVRIWKLV
ULFKKHULWDJHLQRWKHUZRUGVWRSUHVHUYHWKHKLVWRU\RI,WDOLDQDHURVSDFHWHFKQRORJ\LQRUGHU
WRVDYHLWIRUIXWXUHJHQHUDWLRQVZLWKDV\QHUJLFLQYROYHPHQWRI,WDOLDQXQLYHUVLWLHVLQGXVWULHV
ORFDOFRPPXQLWLHVPXVHXPVDVVRFLDWLRQVDQGFXOWXUDOKHULWDJHDXWKRULWLHV
Keywords: +HULWDJHUHVWRUDWLRQSUHVHUYDWLRQPXVHXP
1

INTRODUCTION

$FFRUGLQJ WR D ZHOONQRZQ VORJDQ ,WDOLDQV DUH D SHRSOH RI ©/DQG RI 3RHWV RI DUWLVWV RI
KHURHVRIVDLQWVRIWKLQNHUVRIVFLHQWLVWVRIVHDPHQDQGPLJUDWRUVª %XWFDQ,WDO\DOVREH
VDLGWREHDODQGRIJUHDWDHURQDXWLFDOJHQLXV"/RRNLQJEDFNWRWKHHDUO\GHFDGHVRIDYLDWLRQ
KLVWRU\,WDO\FDQSRLQWSURXGO\WRVLJQLILFDQWDFKLHYHPHQWVDQGSUHVWLJLRXVUHFRUGV
7KHILUVW,WDOLDQSRZHUHGDLUFUDIWWKH)DFFLROL1RWULSODQHIOHZRQ-DQXDU\
DQGVWDUWLQJIURPWKRVHHDUO\WK&HQWXU\VWHSV,WDOLDQDHURVSDFHWHFKQRORJ\KDVSURGXFHG
LQWHUQDWLRQDOO\DSSUHFLDWHGDHURVSDFHSURGXFWVZKLFKDWYDULRXVWLPHVKDYHSOD\HGOHDGLQJRU
VHFRQGDU\UROHV )LJXUH (YHQZKHQLWVJOREDOLQGXVWULDODQGFRPPHUFLDOSUHVHQFHZDVQRW
DWLWV SHDN ,WDO\ IUHTXHQWO\ SURGXFHG RULJLQDO LGHDV FUHDWLYH VROXWLRQV SHUIRUPLQJ SURGXFWV
DQGKLJKOHYHOGHVLJQHUV:KDWZDVIUHTXHQWO\ODFNLQJZDVDQRUJDQLF ³LQGXVWULDOSROLF\´WR
WXUQWKRVHLGHDVDQGWHFKQRORJLFDOVWHSVLQWRVHULDOO\SURGXFHGJRRGV
0XFKRIWKLVDYLDWLRQPLQGHGQHVVLVQRZVDGO\ORVWLQNHHSLQJZLWKWKHLQWHUQDWLRQDO
WUHQG WR RQO\ GLVFXVV DYLDWLRQ LQ FRQMXQFWLRQ ZLWK IO\LQJ DFFLGHQWV RU ± LQ ,WDO\ ± ZLWK
FRQVSLUDF\WKHRULHV>@


7KHVORJDQLVFDUYHGLQWKHPDUEOHIDoDGHRIWKH3DOD]]RGHOOD&LYLOWjGHO/DYRURLQWKH(85
VHFWLRQRI5RPHEXLOWIRUWKHLQWHQGHG:RUOGIDLU7KHUHLVQRHYLGHQFHVXSSRUWLQJWKH
:LNLSHGLDP\WKRILWVEHLQJFRPSRVHGE\0XVVROLQL
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)LJXUH,WDOLDQDHURQDXWLFDOUHFRUGVUHFRJQL]HGE\)$,  ±DEVROXWHUHFRUGVLQJUHHQ
FDWHJRU\UHFRUGVLQUHG$QDO\VLVIURPGDWDLQ>@

$VLQRWKHU:HVWHUQFRXQWULHV67(0VXEMHFWVDUHQRWSRSXODUDPRQJWKH\RXQJ7KLV
PDNHV WHDFKLQJ DQG SURPRWLQJ WKHP ERWK GLIILFXOW DQG XUJHQW 7KH EDWWOH PD\ DSSHDU ORVW
EHIRUH VWDUWLQJ EXW DV WKH JUHDW DLUFUDIW GHVLJQHU (UPDQQR %D]]RFFKL ZRXOG KDYH VDLG 
³1HYHUJLYHXS´>@
2

A BRIEF HISTORY OF SUCCESS

%HIRUH SURFHHGLQJ WKLV SURXG KHULWDJH LW LV ZRUWK RIIHULQJ D VKRUW VXPPDU\ GHOLEHUDWHO\
OLPLWHGWRVRPHKHDYLHUWKDQDLUWUHQGVDQGKLJKOLJKWV
$OWKRXJK ERUQ DQ $XVWULDQ VXEMHFW *LDQQL &DSURQL PRYHG WR /RPEDUG\ LQ  WR
FRPSOHWHDQGIO\KLVILUVWSRZHUHGDLUSODQHWKH&DELSODQH )LJXUH 



)LJXUH*LDQQL&DSURQLLQIURQWRIWKH&DXQGHUFRQVWUXFWLRQ 

%HVLGHV DQ HDUO\ ,WDOLDQ SLRQHHU RI SRZHUHG IOLJKW &DSURQL ZDV XQGRXEWHGO\ D FRQVSLFXRXV
VRXUFH RI LGHDV DQG LQWXLWLRQV SURGXFLQJ KXQGUHGV RI WHFKQRORJLFDO LQQRYDWLRQV WKDW
IUHTXHQWO\ WUDQVODWHG LQWR SDWHQWV >@ +LV WHFKQLFDOO\ IHDVLEOH DQG SUDFWLFDOO\ XVHIXO
LQYHQWLRQVVXFKDVWKHYDULDEOHSLWFKSURSHOOHUVWRRGVLGHE\VLGHZLWKRWKHUVEH\RQG
WKHUHDFKRIDYDLODEOHWHFKQRORJ\ VXFKDVWKH³ILUHDUPZLWKKLJKEDOOLVWLFHIILFLHQF\´
(DUO\&DSURQLDHURSODQHVEOHQGHGYLVLRQGUHDPVDQGHQJLQHHULQJJHQLXVDVLQWKHFDVHRIWKH
&DWULPRWRU   FRQFHLYHGZLWK*LXOLR'RXKHWWRSURYLGHSD\ORDGDQGHQGXUDQFHWKHQ
RQO\DYDLODEOHWRDLUVKLSVDQGZLGHO\UHFRJQL]HGDVWKHZRUOG¶VILUVWVWUDWHJLFERPEHU )LJXUH
D >@7UXHWRWKHVSLULWRIWKHWLPH&DSURQLDSSHDUVWRKDYHVRPHWLPHVGHYHORSHGGHVLJQV
E\RYHUFRPLQJPLVWDNHVUDWKHUWKDQE\SUHYHQWLQJWKHPVRPHWLPHVKHZHQWDVIDUDVJLYLQJ
SK\VLFDOVKDSHWRDZLOOLQJQHVVWRWU\WKHLPSRVVLEOHDQGEXLOGWKHXQEXLOGDEOH7KLVDSSURDFK
SUREDEO\FOLPD[HGZLWKWKHIDQWDVWLF&D³7UDQVDHUHR´K\GURSODQH  DQHQJLQH
ZLQJ JLDQW EXLOW DURXQG D  SDVVHQJHU ERDWIXVHODJH )LJXUH E  >@ 'LPHQVLRQDOO\
FRPSDUDEOHWRD%RHLQJLWZDVDLPHGDWWUDQVRFHDQLFDLUOLQH VHUYLFHLWFUDVKHGLQ/DNH
0DJJLRUHDIWHUDQXQLQWHQGHGOLIWRIIGXULQJLWVVHFRQGKLJKVSHHGWD[LWHVW
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)LJXUH)DPRXV&DSURQLGHVLJQV D WKH&DERPEHU E WKHJLDQW&D7UDQVDHUHR

7KH ILUVW VWUXFWXUDOO\ VRXQG DQG SURSHUO\ HQJLQHHUHG RULJLQDO ,WDOLDQ GHVLJQ ZDV
SUREDEO\WKH69$ )LJXUH >@'HVLJQHGE\8PEHUWR6DYRMDDQG5RGROIR9HUGX]LRDQGSXW
LQWRSURGXFWLRQE\$QVDOGRWKLVHOHJDQWELSODQHZDVFDUHIXOO\VWUHVVHGE\&HOHVWLQR5RVDWHOOL
DQG RSWLPLVHG IRU SURGXFWLRQ E\ PLQLPLVLQJ WKH QHHG IRU KLJKTXDOLW\ ZRRG DQG VWHHO $
SURMHFW FXUUHQWO\ XQGHUZD\ WR EXLOG DLUZRUWK\ UHSOLFDV YHULILHG E\ ILQLWHHOHPHQW DQDO\VLV
FRQILUPWKDWWKHYDVWPDMRULW\RIWKHRULJLQDOVWUXFWXUDOGHVLJQPHHWVWRGD\¶VVWDQGDUGV>@






)LJXUH7KH$QVDOGR69$VFRXW

,Q WKH LQWHUZDU \HDUV 0DULR &DVWROGL DQG $OHVVDQGUR 0DUFKHWWL HPHUJHG DV WUXH
HQJLQHHULQJLQQRYDWRUVDW0DFFKLDQG6,$,
&DVWROGL VKRZHG DQ XQFDQQ\ DELOLW\ WR LQWHJUDWH JRRG LGHDV ZKHWKHU KLV RZQ RU
RWKHUV¶HDUQLQJKLV6FKQHLGHU7URSK\UDFHUVDQG6HFRQG:RUOG:DUILJKWHUVDZHOOGHVHUYHG
SODFH LQ ZRUOGZLGH DYLDWLRQ KLVWRU\ 7KH 0 UDFHU ZKLFK ZRQ WKH  6FKQHLGHU LQ
1RUIRONVDZ&DVWROGLLQWHJUDWHWKHEHVWWHFKQLFDOLQQRYDWLRQVZKLFKKDGDSSHDUHGSLHFHPHDO
RQRWKHUUDFHUVLQFOXGLQJDWKLQZLUHEUDFHGPRQRSODQHZLQJVXUIDFHUDGLDWRUVKLJKSRZHU
HQJLQH PD[LPXP DHURG\QDPLF HIILFLHQF\ PLQLPXP ZHLJKW K\GURG\QDPLFDOO\ RSWLPL]HG
IORDWV )LJXUH D  >@ &DVWROGL SURFHHGHG WR RSWLPL]HWKH IRUPXOD WKURXJK WKH 0  
DQG0  UDFHUVEHIRUHGHSDUWLQJVRPHZKDWZLWKWKH0&RI )LJXUHE 7KLV
VSRUWHG DQ DOOPHWDO ZLQJ VWUXFWXUH EXW LWV PDLQ LQQRYDWLRQ ZDV WKH WZLQHQJLQH LQOLQH
OD\RXWZLWKFRQWUDURWDWLQJSURSHOOHUVWRFRXQWHUWKHWRUTXHIURPLWV+3$6HQJLQH


D







 E 

)LJXUH7KHHYROXWLRQRIWKH0DFFKL&DVWROGLUDFHUOLQH D WKH0 E WKH0&

$OWKRXJK WKH VHDSODQH UDFHU VDJD UHVXOWHG LQ OLPLWHG SURGXFWLRQ IDOORXW &DVWROGL
FDSLWDOL]HGRQWKHKLJKVSHHGH[SHULHQFHWRGHVLJQDQHZJHQHUDWLRQRIPRQRSODQHILJKWHUV
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VWDUWLQJ ZLWK WKH 0&   )LJXUH   7KLV LQFRUSRUDWHG ZLWK VRPH GHJUHH RI
PRGLILFDWLRQWKH0&ZLQJVWUXFWXUHDFRPSOH[DQGODERXULQWHQVLYHVWUXFWXUHXQFKDQJHG
WKURXJKRXW WKH ZDUWLPH GHULYDWLYHV 0&   DQG  $QRWKHU GLUHFW UDFHU
WHFKQRORJ\ZDVWKHRLOUDGLDWRURQWKHHQJLQHFRZOLQJOHDGLQJHGJH)LDWWULHGWRLQFRUSRUDWHD
FRQWUDURWDWLQJ SURSHOOHU LQ LWV $ LQYHUWHG 9 HQJLQH ZKLFK XQIRUWXQDWHO\ IDLOHG LWV
FHUWLILFDWLRQWHVWV





)LJXUH7KH0DFFKL0&ILJKWHU7KLVVSHFLPHQLVRQGLVSOD\DWWKH1086$)LQ'D\WRQ2KLR


6,$, FKLHI GHVLJQHU  DQG ODWHU PDMRU VKDUHKROGHU ± $OHVVDQGUR 0DUFKHWWL VKRZHG
JUHDWHULQWHUHVWLQLQQRYDWLYHGHVLJQVDVUHSUHVHQWHGLQWKH6IORDWSODQHZRUOGIDPRXVIRU
LWVDVVRFLDWLRQZLWKWKHORQJGLVWDQFHIRUPDWLRQIOLJKWVFRQFHLYHGDQGOHGE\$LU0LQLVWHU,WDOR
%DOER )LJXUH 







)LJXUH7KH6,$,0DUFKHWWL6;

:KHQILUVWIORZQLQWKHWZLQIORDWFDWDPDUDQWZLQERRPWKLFNFDQWLOHYHUPRQRSODQH
6ZDVPRUHUHYROXWLRQDU\WKDQXQFRQYHQWLRQDO7KLVDQGWKHLQDGHTXDWHRULJLQDO)LDW$
HQJLQHVDOORZHGWKHRegia AeronauticaSURFXUHPHQWEUDQFKWRWXUQLWGRZQ,QODWHU\HDUVD
VHULHV RI PRUH SRZHUIXO HQJLQHV DQG RYHUDOO UHILQHPHQWV LPSURYHG 6 SHUIRUPDQFH DQG
UHOLDELOLW\ ,WV IRUPDWLRQ IOLJKWV WR 6RXWK DQG 1RUWK $PHULFD PDGH KLVWRU\ DOWKRXJK LQ
UHWURVSHFW WKH JUHDWHVW FRQWULEXWLRQ WR LQQRYDWLRQ FDPH IURP PHWLFXORXV SODQQLQJ DQG
³LQWHJUDWHG´ORJLVWLFVDQGVXSSRUWERWKLQIOLJKWDQGRQJURXQG>@
$ WKLUG JHQHUDWLRQ RI GHVLJQHUV DQG HQJLQHHUV PDGH LWV ILUVW VWHSV LQ WKH PLG7KLUWLHV
LQFOXGLQJ*LXVHSSH*DEULHOOLIRUPDQ\ \HDUVKHDGRIWKH),$7 DYLDWLRQEUDQFKDQG6HUJLR
6WHIDQXWWLZKRZHQWRQWRGHVLJQWKHILUVW,WDOLDQDLUFUDIWWRH[FHHGWKHVSHHGRIVRXQGDOEHLW
LQDGLYH<HWDQRWKHULQFOXGLQJ%D]]RFFKL>@DQG6WHOLR)UDWLJUDGXDWHGRQWKHHYHRIZDU
DQGEHFDPHIDPRXVDIWHUZDUGV7KHVHJHQHUDWLRQVGHVLJQHGPDQ\VXFFHVVIXODLUSODQHVZKLFK
ZKLOH QRW QHFHVVDULO\ LQQRYDWLYH ZHUH ZLGHO\ SURGXFHG DQG VROG ZRUOGZLGH EHFDXVH WKH\
SHUIHFWO\DQVZHUHGPLOLWDU\RUFLYLOQHHGV
$WWKHVDPHWLPHLWPXVWEHUHFRJQL]HGWKDWHDUO\,WDOLDQMHWVVXFKDV*DEULHOOL¶V)LDW
*    DQG %D]]RFFKL¶V 0DFFKL 0%   FRXOG QRW FRPSDUH ZLWK WKH )
 8  DQG65  GHVLJQHGE\³.HOO\´-RKQVRQLQWKH/RFNKHHG³6NXQN
:RUNV´ >@ ,Q RWKHU ZRUGV D KXJH WHFKQRORJ\ JDS KDG GHYHORSHG LQ OHVV WKDQ  \HDUV
'HVSLWH WKLV WKH * DQG 0% PHW VSHFLILF PDUNHW UHTXLUHPHQWV DQG WKXV HQMR\HG
ZLGHVSUHDGFRPPHUFLDOVXFFHVV )LJXUHDE 
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D


 E 
)LJXUH,WDOLDQMHWVRIWKHV D WKH),$7* E WKH0%

A FADING HERITAGE

2QHKXQGUHG DQG WHQ \HDUV DIWHU WKH ILUVW )DFFLROL IOLJKW DQG D FHQWXU\ DIWHU $,'$$ ZDV
IRXQGHG LQGXVWU\ QR ORQJHU UHOLHV RQ JUHDW LQGLYLGXDO GHVLJQHUV DOWKRXJK PDQ\ WDOHQWHG
LQGLYLGXDOVVWLOOH[LVWRIFRXUVH DQGGHVLJQLQJDQDLUFUDIWRULWVVXEV\VWHPVLVDFRPSOH[WHDP
MRE %XW ,WDO\ VWLOO KDV WKH DELOLW\ WR XQGHUVWDQG WHFKQRORJ\ FKDOOHQJHV ILQG LQWHOOLJHQW
VROXWLRQV DQG WXUQ WKH UHVXOW LQWR VXFFHVVIXO SURGXFWV ZKLFK DUH WKH SULGH RI GRPHVWLF
DHURVSDFH LQGXVWULHV $HUPDFFKL $JXVWD 7HFQDP $YLR 6HFRQGR 0RQD $HUHD DQG PDQ\
PRUHILUPVDUHNQRZQDQGUHVSHFWHGZRUOGZLGH
:KDWLVOHIWRIWKLVKLVWRU\"+RZGRZHWHDFKLWWRWKH\RXQJJHQHUDWLRQV"$OWKRXJK
WKH ,WDOLDQ DHURVSDFHLQGXVWU\ LV D VROLG UHDOLW\ XQLYHUVLWLHV JUDGXDWH KXQGUHGV RI DHURVSDFH
HQJLQHHUVHYHU\\HDUDQGDERYHDOOSHRSOHOLNHIO\LQJIRUVSRUWDHURVSDFH LQGXVWULHVGRQRW
OLNH WR UHPHPEHU WKHLU WHFKQRORJLFDO KLVWRU\ XQLYHUVLWLHV GR QRW WHDFK LW DQG IHZDHURVSDFH
PXVHXPVGRQRWSURPRWHLW
6WDUWLQJIURPWKHODWWHUSRLQW,WDO\KDVILYH³UHDO´DHURVSDFHRUVFLHQFHPXVHXPV7KH
ODUJHVWDQGPRVWLPSRUWDQWLVWKH,WDOLDQ$LU )RUFH0XVHXPORFDWHGQHDU5RPHDW9LJQDGL
9DOOH RQ ODNH %UDFFLDQR ,WV DSSURDFK LV WR FHOHEUDWH WKH KLVWRU\ RI WKH $LU )RUFH IURP WKH
SURVSHFWLYHRIRSHUDWLRQDODQGSHUVRQDOLWLHVZLWKRXWPXFKUHJDUGIRUWHFKQRORJ\







)LJXUHWKH9RODQGLD0XVHXPORFDWHGRXWVLGH0LODQ¶V0DOSHQVDDLUSRUW


2WKHULQVWLWXWLRQVOLNHWKH&DSURQL0XVH XPLQ7UHQWR9RODQGLDQHDU0DOSHQVDDLUSRUW
)LJXUH   RU 3LDQD GHOOH 2UPH RXWVLGH /DWLQD VRXWK RI 5RPH H[KLELW PDQ\ KLVWRULFDOO\
VLJQLILFDQW DLUSODQHV DQG PDNH D FUHGLEOH DWWHPSW WR VSUHDG DHURQDXWLFDO FXOWXUH DPRQJ WKH
\RXQJ DQG YHU\ \RXQJ %XW DJDLQ WHFKQRORJ\UHODWHG DVSHFWV DUH DOPRVW FRPSOHWHO\ DEVHQW
'HVSLWH LWV QDPH HYHQ WKH DHURQDXWLFDO VHFWLRQ RI WKH 1DWLRQDO 6FLHQFH DQG 7HFKQRORJ\
0XVHXPRI0LODQRIIHUVDEVROXWHO\QRWKLQJLQWHUPVRILQWURGXFLQJWKHJHQHUDOSXEOLFWRWKH
SK\VLFVRIIOLJKWDQGWRDHURVSDFHWHFKQRORJ\
8QLYHUVLWLHVORRNWRWKHIXWXUHLQWHUSUHWLQJWKLVDVMXVWLI\LQJSD\LQJOLPLWHGDWWHQWLRQ
WRWKHSDVWLQFOXGLQJWKHUHFHQWSDVW
6LPLODUO\DHURVSDFHLQGXVWULHV ZLWKYHU\IHZH[FHSWLRQV LQWHUSUHWWKHLUREOLJDWLRQWR
FRQYH\ DQ LPDJH RI PRGHUQLW\ DQG LQQRYDWLRQ DV LPSO\LQJ GLVUHJDUG IRU WKHLU KLVWRU\
%HFDXVH RI WKLV ZKDW LV QRZ ³FRPPRQ´ ZLOO VRRQ EH ³UDUH´ 1R 3DUWHQDYLD 3 KDV HYHU
EHHQDFTXLUHGIRUPXVHXPSUHVHUYDWLRQWRWKHSRLQWZKHUHYHU\IHZQRZH[LVWZKLFKGRQRW
UHTXLUHH[WHQVLYHUHVWRUDWLRQ7KHVDPHDSSOLHVWRWKH)LDW$HULWDOLD*WDFWLFDODLUOLIWHUWKH
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HQWLUHIOHHWRIZKLFKZDVPDGHDYDLODEOHWRLQGXVWU\IRUH[SRUWWR$IJKDQLVWDQ$VDUHVXOWWKH
PDMRULW\ZHUHVWULSSHGIRUVSDUHUHFRYHU\DQGVFUDSSHGDVZDVWKH$IJKDQIOHHWDIWHUDEULHI
DQGDOWRJHWKHUXQVXFFHVVIXOVHUYLFH>@ 
4

THE MISSING LINK

7KLV QHFHVVDULO\ EULHI GHVFULSWLRQ SRLQWV WR D SRWHQWLDO RSSRUWXQLW\ WR FUHDWH D ³KRPH RI
DHURVSDFHKLVWRU\DQGQHZWHFKQRORJ\´LQZKLFKKLVWRU\DQGWHFKQRORJ\SDVWDQGIXWXUHFRPH
WRJHWKHUWRFUHDWHDQHZLGHQWLW\ )LJXUH $SODFHLQZKLFKDLUFUDIWFRPSRQHQWVV\VWHPV
GHVLJQDQGSURGXFWLRQWHFKQRORJLHVDUHGLVSOD\HGZLWKWKHFRPPRQSXUSRVHRIVKRZLQJDQG
WHDFKLQJ YLVLWRUV KRZ DQG ZK\ DLUFUDIW DUH GHVLJQHG DQG EXLOW LQ WKH SDVW WRGD\ DQG LQ WKH
IXWXUHEXWDOVRDQLQVWLWXWLRQZKLFKWKH,WDOLDQDHURVSDFHLQGXVWU\FDQFRQVLGHUWKHKRPHIRU
LWVKLVWRULFDOWHFKQLFDODUFKLYHVDQGPDWHULDOKHULWDJH LQRQHZRUGLWVURRWV$Q LQVWLWXWLRQ
ZKHUH YLVLWRUV FDQ OHDUQ IRU LQVWDQFH ZK\ WKH OHIW DQG ULJKW ZLQJV RI 0DFFKL ILJKWHUV KDG
GLIIHUHQW VSDQV DQVZHU WR FRXQWHU SURSHOOHU WRUTXH  KRZ SURSHOOHUV DUH EXLOW ZK\ ROG
ZRRGHQVWUXFWXUHVDQGPRGHUQFRPSRVLWHVDUHQRWDVGLIIHUHQWDVWKH\VHHPZK\ DVDWHOOLWH
RUELWLQJDURXQGWKH(DUWKGRHVQRWTXLFNO\IDOOGRZQ








)LJXUH$UHQGHULQJRIDJHQHULFQHZDLUILHOGEDVHGDHURVSDFHPXVHXP

7KH GUDZLQJV DQG WHFKQLFDO GRFXPHQWV RI PDMRU ,WDOLDQ DHURQDXWLFDO LQGXVWULHV VWLOO
DFWLYHZLWKLQWKH/HRQDUGR*URXS ),$7$HULWDOLD$OHQLD$HUPDFFKL$JXVWD VWLOOH[LVWEXW
VRPHWLPHVLQSUHFDULRXVFRQGLWLRQVDQGIUHTXHQWO\GLIILFXOWWRDFFHVV7KHVXUYLYLQJ$QVDOGR
DQG %UHGD DUFKLYHV FRQFHQWUDWH ODUJHO\ RQ EXVLQHVV DVSHFWV ZLWK WHFKQLFDO GRFXPHQWDWLRQ
ODUJHO\ORVW/LWWOHRUQRWKLQJVXUYLYHVRIWKHDUFKLYHVRIILUPVLQFOXGLQJ$HUIHU&5'$6$,
$PEURVLQLDQGRWKHUVPDOOHURUJDQL]DWLRQV
6RZK\QRWFRQFHLYHDVLQJOHUHSRVLWRU\IRUWKHKLVWRU\RIDLUFUDIWWHFKQRORJ\ZKLFK
ZRXOG RIIHU ERWK FRPSDUDWLYH DFFHVV WR GRFXPHQWV DQG RSWLPXP FRQVHUYDWLRQ FRQGLWLRQV"
7KLV ZRXOG EH VRPHWKLQJ XQLTXH LQ (XURSH  DQG SUREDEO\ ZRUOGZLGH ,GHDOO\ WKH QHZ
³KRPH´ VKRXOG EH ORFDWHG QH[W WR DQ DFWLYH DLUSRUW RU DW OHDVW RQ DQ DLUVWULS DOORZLQJ WKH
SXEOLFWRH[SHULHQFHDLUFUDIWLQWKHLUQDWXUDOHOHPHQWWKHDLU
)O\LQJ PDFKLQHV ZRXOG DWWHVW WR WKH WHFKQRORJLFDO SURJUHVV RI WKH SDVW ZRUNLQJ
YHWHUDQ DQG YLQWDJH DLUSODQHV WKDW VHUYH DV ³WLPH PDFKLQHV´ DQG PDNH YLVLWRUV GLVFRYHU
VKDSHVVPHOOVQRLVHVDQGZD\VRIIO\LQJWKDWZRXOGEHRWKHUZLVHIRUJRWWHQRUH[WLQFW
7KHFRQFHSWRID³KRPHRIDHURVSDFHKLVWRU\DQGQHZWHFKQRORJ\´ZRXOGEHQHZWR
,WDO\ ,Q IDFW E\ EULQJLQJ WRJHWKHU DFDGHPLF UHVRXUFHV DQG DFWLYH RSHUDWLRQV LW ZRXOG JR
EH\RQGZKDWH[LVWVHOVHZKHUHLQ(XURSHDQGHYHQWKH8QLWHG6WDWHVZKHUHVHYHUDODLUSRUWVDUH
FRPSOHWHO\GHGLFDWHGWRUHVWRULQJPDLQWDLQLQJDQGDERYHDOOIO\LQJYLQWDJHDLUFUDIW
4.1

A short list of tentative requirements

$ WHQWDWLYH OLVW RI UHTXLUHPHQWV IRU WKH ³KRPH RI DHURVSDFH KLVWRU\ DQG QHZ WHFKQRORJ\´
VKRXOGDGGUHVVLVVXHVRIORFDWLRQFRQWHQWUHVRXUFHVDQGWLPLQJ
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4.1.1 Location
$ FDUHIXO VHOHFWLRQ LV FUXFLDO WR PDNH WKH SURMHFW YLDEOH 7KH FKRLFH VKRXOG EDODQFH VWURQJ
DHURVSDFH LQGXVWU\ EDFNJURXQG WKXV FKLHIO\ WKH DUHDV DURXQG 7XULQ 9DUHVH 1DSOHV DQG
%ULQGLVL  ZLWK PDUNHWLQJ FRQVLGHUDWLRQV VXFK DV HDVH RI DFFHVV LQFOXGLQJ IRU REYLRXV
UHDVRQVDQDFWLYHDLUILHOG FDWFKPHQWDUHDDQGSUHVHQFHRIFRPSHWLQJLQVWLWXWLRQV7KHODFN
RIDHURVSDFHVFLHQFHPXVHXPVRUWKHPHSDUNVRIIHUVDVWURQJDUJXPHQWWRSURSRVHDORFDWLRQ
VRXWKRI5RPHSRVVLEO\KRRNLQJXSZLWKQDVFHQWGHYHORSPHQWVLQVSDFHWRXULVPDQGGURQHV
7RJHWKHUWKHVHZRXOGSURYLGHDVWURQJVRXUFHRILQVSLUDWLRQIRU\RXQJJHQHUDWLRQVWRGHYHORS
D SDVVLRQ IRU DHURVSDFH FXOWXUH DQG LWV WHFKQLFDO DVSHFWV ,Q DQ\ FDVH H[LVWLQJ DHURQDXWLFDO
PXVHXPVDQGODVWEXWQRWOHDVWWKH,7$) VKRXOGEHLQYROYHGDVSDUWQHUVSURYLGLQJNQRZ
KRZ UDWKHU WKDQ FRPSHWLWLRQ DQG EXLOGLQJ XS DQ HIIHFWLYH QHWZRUN EDVHG RQ WKH
FRPSOHPHQWDULW\RIWKHGLIIHUHQWFDWFKPHQWDUHDV
4.1.2 Approach to the visitor experience
([KLELWV VKRXOG FRQFHQWUDWH RQ WHFKQLFDO DVSHFWV DQG SULYLOHJH ³KDQGV RQ´ H[SHULHQFH IRU
YLVLWRUV LQWHJUDWLQJ PRGHUQ GLJLWDO GLVSOD\ WHFKQRORJLHV ZLWK ³ROG VW\OH´ ZRUNLQJ WUDLQLQJ
ULJV$LUFUDIWSDUWVVKRXOGEHVKRZQLQ³VNHOHWRQ´IRUPWRUHSUHVHQWGLIIHUHQWGHVLJQFRQFHSWV
DQG WHFKQLTXHV ROG DQG PRGHUQ SURGXFWLRQ PHWKRGV FRXOG EH VKRZQ WR H[SODLQLQFUHDVHLQ
VWUHQJWK ZHLJKW PDQDJHPHQW SHUIRUPDQFH 6LJQLILFDQWO\ WKLV ZRXOG DOORZ IRU PHDQLQJIXO
XVHRILQFRPSOHWHRUGDPDJHGDLUIUDPHVWKDWPXVHXPVRIWHQGLVGDLQRUKLGHLQVWRUDJHXQWLO
WKH\HYHQWXDOO\GHFD\DZD\ )LJXUH 



)LJXUH'LVSOD\VOLNHWKHFXWDZD\0LUDJH)LQWKH3DULV0XVpHGHO¶$LUFRXOGDURXVHLQWHUHVWLQ
KRZWHFKQRORJ\ZRUNVDQGLQVSLUHIXWXUHJHQHUDWLRQVRIHQJLQHHUV

4.1.3 Resources
5HVRXUFHV DUH D FUXFLDO VXEMHFW EHFDXVH PRQH\ LV DQ HVVHQWLDO LQJUHGLHQW RI WKH UHFLSH
3ROLWLFDOVXSSRUWZLOOEHDNH\IDFWRUSDUWLFXODUO\WREXLOGDQHIIHFWLYHUHODWLRQVKLSZLWKWKH
0LQLVWU\RI&XOWXUHWUDGLWLRQDOO\QRWFRQYHUVDQWZLWKWKHLQWULQVLFQDWXUHDQGUHTXLUHPHQWVRI
67(0PXVHRORJ\6XSSRUWIURPLQGXVWULDODVVRFLDWLRQVUHJLRQDODHURVSDFHGLVWULFWVLQGXVWU\
DFDGHPLD DQG ORFDO JRYHUQPHQW ZLOO EH LQGLVSHQVDEOH WR SURYLGH WKH SUHOLPLQDU\ IXQGLQJ WR
GUDZ XS GHWDLOHG SODQV DQG ELG IRU (8 IXQGLQJ )LQDOO\ WKH G\QDPLF QDWXUH RI WKH QHZ
LQVWLWXWLRQGLFWDWHVWKDWIXQGLQJEHSURYLGHGQRWRQO\IRUWKHFRQVWUXFWLRQSKDVHEXWDOVRIRU
FRQWLQXLQJ RSHUDWLRQV ZKLFK VKRXOG LQFOXGH IUHTXHQW XSGDWLQJ RI GLVSOD\V UHVHDUFK LQ
DHURVSDFHKLVWRU\VHPLQDUVIRUWHDFKHUVDLUFUDIWUHVWRUDWLRQDQGIOLJKWDFWLYLWLHVDQGVRRQ
4.1.4 Time
$SUHFLVHWLPHIUDPHLVGLIILFXOWWRHVWLPDWH&OHDUO\DSURMHFWRIWKLVPDJQLWXGHZRXOGQHHGWR
EH GHYHORSHG LQ PRGXOHV VWDUWLQJ ZLWK IHDVLELOLW\ VWXGLHV DQG SURFHHGLQJ WKURXJK GLIIHUHQW
SKDVHV 6WLOO HYHQ XQGHU LGHDO FRQGLWLRQV LWV UHDOL]DWLRQ ZLOO SUREDEO\ WDNH ORQJHU WKDQ WKH
DXWKRU¶VOLIHWLPH
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NEVER GIVE UP!

%XW HYHQ LI WKH QHZ ³KRPH´ GRHV QRW PDWHULDOL]H WKH DERYHPHQWLRQHG VWDNHKROGHUV FRXOG
DQGLQGHHGshould GRVRPHWKLQJWRKHOSH[LVWLQJDHURQDXWLFDODQGVFLHQFHPXVHXPVWRWHDFK
WKHEDVLFSK\VLFDOSULQFLSOHVRIIOLJKWDQGDHURVSDFHWHFKQRORJLHVWRVXSSRUWWKHPLQFUHDWLQJ
VPDOOEXWZHOOGHVLJQHGDQGSURGXFHGLQVWDOODWLRQVDQGWRVSUHDGWKH³SDVVLRQ´RIIOLJKWWKXV
KHOSLQJ,WDO\WRPDLQWDLQLWVSODFHDPRQJWKHVKRUWOLVWRIZRUOGOHYHODHURVSDFHSOD\HUV
,QWKLVUHVSHFWVRPHSRVLWLYHVLJQVDUHEHJLQQLQJWRDSSHDU
$QHZ PXVHXPLVEHLQJFUHDWHGLQ&RUL /DWLQD GHYRWHGWRORFDOO\ERUQ $OHVVDQGUR
0DUFKHWWLWKHSODQLVWROHYHUDJHDGYDQFHGGLVSOD\WHFKQRORJLHVWRWHOOWKHVWRU\RIWKH6,$,±
0DUFKHWWLDLUSODQHVZLWKVSHFLILFDWWHQWLRQWRWKHLUWHFKQRORJLFDOLQQRYDWLRQDQGSHUIRUPDQFH
UHFRUGV >@ 9RODQGLD SODQV WR ODXQFK LQ  D ODUJH WHDFKLQJ VHFWLRQ ZLWK VLPSOH EXW
HIILFLHQW H[SHULPHQWV RI IOLJKW SK\VLFV DQG PHFKDQLFV DLPHG WR YHU\ \RXQJ YLVLWRUV ZKLOH
WHHQDJHUV ZLOO KDYH WKH SRVVLELOLW\ WR GLJLWDOO\ GHVLJQ WKHLU RZQ VPDOO DLUSODQH DQG YHULI\
ZKHWKHULWFRXOGDFWXDOO\IO\)LQDOO\YLVLWRUVZLOOEHDOORZHGWRGLUHFWO\H[SHULHQFHZRRGDQG
PHWDOFRQVWUXFWLRQEDVLFWHFKQLTXHVDVVHPEOLQJPHWKRGVPDWHULDOFKDUDFWHULVWLFVHWF
5HFRJQLVLQJ WKH QDWXUH RI DLUFUDIW DV PDFKLQHV ZRXOG RIIHU VLJQLILFDQW RSSRUWXQLWLHV IRU
HGXFDWLRQ LQFOXGLQJ V\QHUJLHV ZLWK VFKRROV DQG XQLYHUVLWLHV ZKR FRXOG LQWHJUDWH SUDFWLFDO
H[SHULHQFHLQWKHFXUULFXOXPDQGVXSSRUWWKHDYLDWLRQKHULWDJHFRPPXQLW\ZLWKUHVHDUFKDQG
WHFKQRORJ\>@
,VDOOWKLVMXVWDGUHDP"7LPHZLOOWHOOEXW1HYHUJLYHXS

The author is grateful to Gregory Alegi for the thoughtful input to this paper.
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ABSTRACT
The Virtual Element Method (VEM) is a generalization of the Finite Element Method (FEM) for
the treatment of general polygonal/polyhedral mesh elements. Despite its recent introduction,
VEM has been applied to several problems in structural mechanics. Due to such capability
of dealing with mesh elements of general shape and of naturally addressing the presence of
hanging nodes, the VEM ensures a noticeable simplification in the data preparation stage of the
analysis, allowing implementing a mesh generation process over complex multi-domain geometries in a fully automated way. Moreover, for the lowest order VEM used in this contribution,
no numerical integration is required to compute the system stiffness matrix, thus considerably
reducing the computational cost of the analysis with respect to standard FEM. In this contribution, we present an application of the lowest order VEM to the material homogenisation of
unidirectional (UD) fibre-reinforced materials. The representation of a material microstructure
generally constitutes a remarkable effort in terms of input preparation, especially when there is
not evident microstructural symmetry. For such a reason, computational micromechanics may
represent a challenging benchmark for showing the potential of VEM, which forms the aim of
the present work.
Keywords: Micromechanics, Computational homogenisation, Composite materials, Virtual Element Method
1

INTRODUCTION

Fibre-reinforced polymer composite materials are widely employed in the aerospace industry.
The knowledge of the properties of their constituents and the characterisation of the fibre-matrix
interface can be used to investigate the effectiveness of different fibre arrangements on the structural performances of composite laminates [5]. Computational micro-mechanics has emerged
as a consistent framework supporting the understanding of the relationship between the material
microstructure and its macroscopic properties.
One of the key aspects in the effective modelling of materials micro-mechanics is the availability of a suitable representation of the material micro-morphology, which may exhibit involved
shapes. The potential presence of complex morphological features has a direct effect on the
complexity of the numerical grid, or mesh, used to discretise the considered boundary value
problem. The quality of the mesh, in turn, may have an important effect on the accuracy of
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the numerical reconstruction of the mechanical fields. Indeed, the preparation of high-quality
meshes is today one of the steps requiring more attention, and time, from the analyst [10].
The Virtual Element Method (VEM) [2] is a numerical technique recently introduced as a generalisation of the Finite Element Method (FEM) that has the ability to deal with mesh elements of very general polygonal/polyhedral shape and to naturally address the presence of
hanging nodes, providing accurate and consistent analysis results even with heavily distorted
meshes. The VEM has already been used for the treatment of several different kinds of problems [3, 4, 12]. In this study we employ the VEM for the computational homogenization of
fibre-reinforced composites. Since computational homogenisation is based on the analysis of
many micro unit cells, often generated and meshed automatically, it is of interest to develop
methods that offer the possibility to relieve the need of carefully assessing the quality of each
mesh: this makes the VEM a potential suitable candidate method for such kind of analyses. In
this contribution, we present an application of the lowest order VEM to the material homogenisation of unidirectional (UD) fibre-reinforced materials.
2
2.1

VEM FOR 2D LINEAR ELASTOSTATICS
Weak form for 2D linear elasticity

Two-dimensional elasticity problems at small strains are considered in this work. An elastic
body lying within the polygonal domain Ω ⊂ R2 bounded by the curve Γ = ∂ Ω is considered.
In general, the body is subjected to a distributed volume load f(x), where x ∈ R2 denotes the
coordinates of a generic point in the two-dimensional space. Without loss of generality and
for a more concise explanation, homogeneous boundary conditions are assumed; however other
types of boundary conditions can be enforced following the same procedures as those used for
the standard finite element method.
The strong formulation of the 2D elasto-static problem is based on the use of the strain displacement equations
ε(u) = Su
(1)
the linear elastic constitutive laws

σ = Cε

(2)

ST σ + f = 0

(3)

and the indefinite equilibrium equations

where u(x) represents the displacement vector field, ε(u) is the strain tensor field in Voigt
notation, σ is the stress tensor field in Voigt notation, C = C(x) represents the stiffness tensor
in Voigt notation and
⎡
⎤
∂x 0
S = ⎣ 0 ∂y ⎦
(4)
∂y ∂x
represents the small-strains linear differential matrix operator, with ∂x = ∂ (·)/∂ x and ∂y =
∂ (·)/∂ y.
The weak formulation of the considered problem, derived from the principle of virtual displace%
&2
ments, consists in searching the solution displacements field u(x) ∈ V := H01 (Ω) such that
a(u, v) = L (v)
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∀v(x) ∈ V,

(5)

where V is the space of kinematically admissible displacements and H01 (Ω) is the first order
Sobolev space, defined on Ω, consisting of square integrable scalar functions with square integrable first derivatives and vanishing on Γ. In Eq.5, the symmetric bilinear form a(·, ·) can be
associated to the strain energy stored in the body and it is defined as
a(u, v) :=

'

Ω

ε(v)T Cε(u) dΩ

(6)

while the linear functional L (·) can be associated to the the virtual work of the volume load
and it is defined as
'
L (v) := vT f dΩ
(7)
Ω

To obtain an approximate solution to the boundary-value problem based upon the weak formulation in Eq.5, the domain Ω is sub-divided into a collection Ωh of finite non-overlapping
elements E ∈ Ωh , interconnected at nodal points on the boundary of each element. Once the
domain discretization Ωh is established, a function space Vh ⊂ V, which is a finite-dimensional
approximation of V, is associated to it. The Galerkin formulation of the problem consists in
finding an approximate weak solution uh ∈ Vh such that
a(uh , vh ) = L (vh )

∀vh ∈ Vh

(8)

Both sides of Eq.8 can be split into elemental contributions aE (·, ·) and LE (·), i.e.
a(uh , vh ) =

∑

E∈Ωh

aE (uh , vh ) =

and
L (vh ) =
2.2

∑

E∈Ωh

∑

'

ε(vh )T Cε(uh ) dE

∑

'

E∈Ωh E

LE (vh ) =

E∈Ωh E

vTh f dE

(9)

(10)

VEM formulation

The first-order virtual element formulation for the problem presented in Eq.8 is briefly reviewed in this section. We discretise the two-dimensional domain Ω in a collection Ωh of
non-overlapping polygonal elements interconnected at nodal points on the elements boundaries. Infact, the VEM allows to choose elements with an arbitrary number of edges and very
general shapes, including non-convex polygons. Figure 1 shows an example of an admissible
VEM element. For each element E, we denote by xE , hE and |E| the centroid, the diameter and
the area of E, respectively. The element boundary is denoted by ∂ E and nE is the unit normal
vector to ∂ E. Finally, the symbols vi (i = 1, 2..., m) will indicate the counter-clockwise ordered
vertices of E and ei (i = 1, 2..., m) will refer to the edge having vi as its first vertex.
The local discrete virtual space of admissible displacements is defined as [2]
(
%
&2
%
&2
Vh (E) := vh ∈ H 1 (E) ∩C0 (E) : vh|∂ E ∈ C0 (∂ E) ,
)
(11)
vh|e ∈ [P1 (E)]2 , ∀e ∈ ∂ E, ST Cε(vh ) = 0 in E

where Pk (E) is the space of polynomials of degree k on E. The global discrete virtual space is
obtained from all the local spaces Vh (E) as
+
*
(12)
Vh := vh ∈ V : vh|E ∈ Vh (E) ∀E ∈ Ωh
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v1

v2

e1

Figure 1: Example of an admissible VEM element.

For the first-order VEM, the degrees of freedom are the point-wise values of vh at each vertex vi
of E. Unlike in the classical FEM, the local space Vh (E) is made of vector-valued functions vh
that are explicitly known only on the element boundary ∂ E, where they are globally continuous
and, in the case of the first order VEM, they are linear polynomials on each edge ei of E. Due
to the fact that the functions of Vh are not explicitly known within the domain of the element E,
the local discrete bilinear form aE (·, ·) cannot be computed by standard numerical integration.
In order to overcome this issue, the VEM approach is based on the use of a projector operator
Π, defined on each element E by the following orthogonality condition
'

E

pT [Π(vh ) − ε(vh )] dE = 0

∀p ∈ [P0 (E)]3

(13)

where Π(vh ) are the approximated strains associated with the displacements field, assumed to
be constant in each element E. Since p has constant components as well, Eq.13 may be written
as
'
1
Π(vh ) =
ε(vh ) dE
(14)
|E| E
Analogously to FEM, each function vh ∈ Vh (E) is approximated as
vh = N ṽ
where

,

N
0 N2 0 ... Nm 0
N= 1
0 N1 0 N2 0 ... Nm

(15)
-

(16)

is the matrix containing the virtual shape functions Ni (ξ , η) associated with each node i of the
element E and
&T
%
(17)
ṽ = ṽx1 ṽy1 ṽx2 ṽy2 ... ṽxm ṽym

is the vector collecting the nodal values of vh . The projected strains can be expressed in terms
of the nodal values of vh as
Π(vh ) = Πm ṽ
(18)
where Πm ∈ R3×2m is the matrix representation of the local projector.
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Taking into account Eq.1, Eq.14 and Eq.15, we may rewrite Eq.18 as
1
Π ṽ =
|E|
m

'

E

SNṽ dE

(19)

and by applying the Green’s theorem to the right-hand side of Eq.19, one gets
1
Π =
|E|
m

'

1
N Nds =
|E|
∂E
E

where

m

∑

'

j=1 e j

NEj Nds

(20)

⎤
nx 0
NE = ⎣ 0 ny ⎦
ny nx

(21)

[Π(vh )]T C Π(uh ) dE + sE (uh , vh )

(22)

⎡

&T
%
is the matrix containing the components nx and ny of the outward unit vector n = nx ny
normal to the element boundary ∂ E and NEj is the matrix associated to the edge e j . The boundary integrals on the right-hand side of Eq.20 is exactly computable, since the restriction of the
shape functions Ni to the element boundary edges are known piece-wise linear polynomials.
The VEM uses an approximation of the local symmetric bilinear form aE (·, ·) defined, for all
E ∈ Ωh and for all uh , vh ∈ Vh , as [2]
ah,E (uh , vh ) =

'

E

The first term on the right-hand side of Eq.22, referred to as the consistency term, ensures that
if the solution of the original problem is, globally, a linear polynomial, then the solution of the
discrete problem coincides with the exact solution. Using Eq.18, the consistency term can be
expressed as
'

E

where

T

[Π(vh )] C Π(uh ) dE =

'

E

[Πm ṽ]T C Πm ũ dE = ṽT KcE ũ

(23)

KcE = |E| [Πm ]T C Πm

(24)

sE (uh , vh ) = ṽT KsE ũ

(25)

is the consistency contribution to the element stiffness matrix KE .
The second term on the right-hand side of Eq.22 is referred to as the stability term and it is
a symmetric bilinear form that ensures the proper rank of the element stiffness matrix KE .
Following [1], to which the interested reader is referred for further details, the stability term
may be written in matrix form as

where KsE is the stability contribution to the element stiffness matrix, which can be expressed
as
KsE = [I − Πs ]T µ [I − Πs ]
(26)

where I ∈ R2m×2m is the identity matrix and Πs is a matrix projector operator that may be
written as
.
/−1 T
Π s = D DT D
D
(27)
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where

⎡

1
⎢0
⎢
⎢
D = ⎢ ...
⎢
⎣1
0

⎤
0 ξ1 0 η1 0
1 0 ξ1 0 η1 ⎥
⎥
.. ⎥
..
..
.. ..
. ⎥
.
.
. .
⎥
0 ξ m 0 ηm 0 ⎦
1 0 ξm 0 ηm

(28)

and ξi and ηi , with i = 1, . . . , m, are the local scaled coordinates of the vertices of element E,
defined according to
xi − xE
yi − yE
ξi =
,
ηi =
,
(29)
hE
hE
where it is recalled that (xE , yE ) and hE are the centroid coordinates and diameter, respectively,
of the considered element. The coefficient µ = τ tr (KcE ) is a constant parameter that is used
to ensure the correct scaling of the stability term with respect to the element size and material
constants. For linear elasticity problems, τ can be set equal to 0.5, see [3]. The element stiffness
matrix is given as KE = KcE + KsE .
Eventually, for the lowest order VEM, the local contribution LE (·) to the virtual work of the
volume load f that appears in the right-hand side of Eq.8 can be approximated as in [3], i.e.
LE (vh ) ≈ Lh,E (vh ) =

'

E

v̄Th fh dE

(30)

where v̄h denotes the average value of vh at the vertices of E, defined by
v̄h =

1 m
1 m
v
(x̃
)
=
∑ h i m ∑ N(x̃i)ṽ
m i=1
i=1

(31)

and fh is defined on each element E as the L2 (E) projection onto constants of the load f, i.e.
1
fh = Π0 (f) :=
|E|

'

E

f dE

(32)

It is worth noting that, since the shape functions Ni are explicitly known on the element boundaries, the enforcement of non-homogeneous boundary conditions can be done exactly as in
standard FEM.
Once the elemental matrices are built, the numbering, assembly and solution of the overall
structural problem can be performed following standard FE procedures.
3
3.1

MULTI-DOMAIN IMPLEMENTATION AND NUMERICAL TESTS
Generation of artificial micro-morphologies

The artificial periodic microstructures of UD fibre-reinforced composites are generated as square
unit cells with random circular disk-shaped inclusions representing the fibres’ transversal sections. Each realization is generated from two input parameters: the target volume fraction V f
and the size parameter δ defined as the ratio between the length L of the side of a square unit
cell and the radius r of the inclusion:
L
δ= .
(33)
r
A non-overlapping condition is enforced by setting a minimum allowed distance d between the
centres of the circular disk-shaped inclusions, with d > 2r. An example of different realizations
is shown in Figure 2. We have adopted a multi-domain meshing strategy that is based on three
steps:
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(a)

(b)

(c)

Figure 2: Different realizations of fibre-reinforced composites for V f = 0.29 and different values of the
parameter δ = L/r: a) δ = 10; b) δ = 20; c) δ = 50.

1. A conforming triangular mesh of the considered artificial micro-morphology is generated
using the software DistMesh [9];
2. A polygonal mesh is built from the bounded Voronoi diagram generated using the centroids of the triangular mesh elements as seed points;
3. The polygonal element of the mesh obtained which intersect the fibre inclusions boundaries are trimmed so to conform to such boundaries.
The above process allows the generation of a regular polygonal discretization over the whole
computational domain with the exception of the areas close to the fibre boundaries, where the
ability of VEM to handle elements of arbitrary shapes, including non-convex shapes is exploited. Figure 3 shows an example of polygonal mesh generated for a composite unit cell
realization and the detail in the inset on the right shows how irregular polygonal elements may
appear in proximity of the inclusions boundaries; the capability of the VEM to address irregular,
distorted or non-convex elements allows to retain meshes that would require regularization or
further treatment otherwise.

Figure 3: Generation of a polygonal mesh for a unit cell realization with V f = 0.44 and δ = 40 (left).
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3.2

Computational homogenization tests

The numerical tests have been performed on a 2D unit cell of UD fibre-reinforced composite
materials, under the plane-strain assumption. The unit cell lies into the (2-3) plane and the
fibres are parallel to the perpendicular axis (1) to the (2-3) plane. The composite constituents,
fibres and epoxy matrix are considered isotropic in the (2-3) plane. In the this section we
show the resuts obtained for a UD fibre-reinforced composite material. taken from [11]. The
mechanical properties for the matrix and the fibres are given in Table 1 in terms of transverse
Young modulus E22 and transverse shear modulus G23 .
E22 [GPa]
15
4

T300 carbon fibres
BSL914C epoxy matrix

G23 [GPa]
7
1.481

Table 1: Mechanical properties for the matrix and fibres.

The results of the numerical tests are given in terms of the plain strain bulk modulus K23 and
the shear modulus G23 . Since the (2-3) plane can be regarded as a plane of isotropy for a UD
fibre-reinforced composite lamina [8], those two elastic modula are sufficient to completely
characterize the transverse behaviour of the composite.
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Figure 4: Computed effective transverse elastic properties as a function of the size parameter δ for
V f = 0.44.

We assessed the convergence of the effective transverse properties with increasing values of the
parameter δ in the range 10 ≤ δ ≤ 50 for both composite materials and for each considered
value of the volume fraction V f . For δ ≥ 30, we observed no appreciable variation in the values
of either the average elastic modula or the scatter, which confirms convergence of the effective
properties. Figure 4 shows the results of the convergence analysis for V f = 0.44.
Figure 5 shows the numerical predictions about the computed transverse mechanical properties
K23 and G23 versus the fibre-volume fraction V f at δ = 50. The Voigt and Reuss bounds and
the Hashin-Hill bounds [6, 7] for the effective elastic modula are also shown for comparison
purpose. The obtained numerical estimates are in agreement with the theoretical predictions.
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Figure 5: Computed transverse elastic properties for δ = 50 and for different values of the volume
fraction V f .

4

CONCLUSIONS

A lowest-order Virtual Element framework for computational materials homogenization has
been developed and it has been applied to the analysis of UD fibre-reinforced composites. This
study shows how the Virtual Element Method, with its intrinsic capability to deal with very
general polygonal mesh elements, including non-convex and highly distorted elements, can be
profitably exploited to relax the requirements on the mesh quality that may hinder the automatic analysis of micro-morphologies presenting complex or highly statistically varying features, commonly met in computational materials micro-mechanics and homogenization.
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ABSTRACT
The Italian Space Agency, within the frame of the mission “Beyond” has promoted the "YiSS Youth ISS" competition, to involve secondary school students in the process of conception and
execution of a space experiment.
The XENOGRISS experiment was selected by the Italian Space Agency to fly on board the ISS.
The project foresees an active involvement of students into a multi-disciplinary activity aimed
at studying the effect of microgravity on growth and regeneration processes, using an animal
model (Xenopus laevis) that allows both processes to be observed simultaneously.
The project involves the preparation of a tadpole culture of Xenopus laevis within a Xenopus
Experiment Unit (XEU). The XEU will be integrated into a powered metallic sealed container
called Biokon. The activation on the ISS will ensure the feeding of the tadpoles, the exchange
of water and the acquisition of images. The control electronics, including the acquisition
system, is designed and realized by the students with engineering from Kayser Italia. The
facility will be launched with Space-XCRS-19 and recovered after 30 days. The information
acquired with this experiment will help to understand the mechanisms underlying the effect of
microgravity upon the processes of growth, repair and regeneration of tissues. A better
understanding of these issues in unloading conditions is important in defining protocols for the
management of traumatic injuries, wounds and chronic ulcers both in space and on Earth.
Keywords: Wounds healing, Xenopus Tadpoles, Education, ISS

1

INTRODUCTION

Since life appeared on Earth, the force of gravity has always been present and has made an
important contribution to natural selection. The behaviour and development of all organisms,
animals and plants is influenced by this force. The role that gravity plays in biological processes
can be revealed by studying these processes in conditions of microgravity, simulated or real,
and making a comparison with what happens on Earth.
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In the past, Xenopus laevis tadpoles have been used as a model system for many
developments and behaviour studies both on ground and in the space environment. The data
indicated effects of microgravity on some reflexes, on behaviour and swimming pattern, and
showed effects on the development of the nervous system (1).
It is known that the processes of regeneration and growth share some basic mechanisms
in common and the tadpoles of Xenopus represent an ideal model for studying the two processes
simultaneously (2). We therefore hypothesized that the tadpole growth and regeneration of a
part of the body, if amputated, are influenced by gravity.
The healing of a lesion is a complex process that requires the collaboration of different
cell lines, whose functions are finely regulated during the entire evolution of the process from
signals mediated by the extracellular matrix, biochemical and physical factors, of which gravity
could represent an important aspect. When our protective barrier to the outside is interrupted,
the damage must be repaired quickly and effectively. A temporary repair is obtained through
the formation of a clot, which opens the way to the subsequent phases of the process. Then the
immune cells come into play, which trigger the inflammatory response, then endothelial cells
and fibroblasts invade the clot: the former are responsible for the neoangiogenesis, while the
latter determine the contraction of the wound and the approximation of the margins. Meanwhile,
keratinocytes migrate to reform the epithelium on the uncovered surface of the wound.
In adult mammals, contrary to what happens in other animals, the final product of the
healing process is not perfect, both from a functional and an aesthetic point of view: the
damaged epidermal appendages (eg the hairs) are not regenerated and, when the wound heals,
a scar connective tissue remains, characterized by a rich matrix of poorly organized collagen
fibres, which form dense and parallel beams, very different from the collagen network typical
of a mechanically efficient tissue (3).
The search for therapeutic strategies that could favour natural repair mechanisms and
improve their efficiency must necessarily be based on a thorough knowledge of the basic
biology of repair processes (4) and the causes of imperfect regeneration in mammals.
The Xenopus tadpole is a recognized and widely used model for developmental biology
and regeneration biology studies (5). In fact, Xenopus laevis tadpole is able to regenerate the
tail, including skin, muscles, notochord, spinal cord, neurons and blood vessels. This occurs
through rapid tissue growth and a process of morphogenesis. Recent studies have shown that
both during morphogenesis and in the early stages of tissue regeneration, a programmed cell
death process is required, and apoptosis is indispensable for determining an adequate number
of cells in regenerating tissues; in fact, regeneration is inhibited when caspase 3 activity is
inhibited (6). Furthermore, it has been observed that the Wnt and FGF signalling pathways are
\extremely important for a correct regeneration (7). One of the first evidences emerged from
the research on tadpoles concerns the movement of keratinocytes during the re-epithelialization
phase: the keratinocytes do not migrate by sliding through lamellipods, but are dragged forward
by an action "hollow" which acts as a "string" around the edge of the wound, narrowing it (8).
Biochemical factors are not the only factors that are relevant from a regulatory point of
view. In fact, mechanical factors, such as stresses that deform the cell and the "tearing" of the
plasma membrane at the time of injury, appear to be important activators of the damage
response. The mechanical tensions at the wound site can also play a role in guiding collagen
fibrillogenesis, because the altered tensions during wound closure influences the formation of
the matrix, and therefore of the fibrotic scars (9).
Finally, the physical forces of surface tension and pressure greatly affect the
regeneration of wounds, and their modification in space could constitute a further parameter to
be considered in tissue regeneration in microgravity (12, 13). Therefore, we believe that the
study on molecular mechanisms involved in repair processes and the effects of microgravity
conditions on tissue growth and regeneration is relevant to fill this lack of knowledge and, in
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view of future space exploration missions, to favour the capability of organisms to repair lesions
and, then, their resilience, increasing the chances of surviving in such an extreme environment.
1.1

The experiment selection

The Italian Space Agency, within the frame of the mission “Beyond”, has promoted the "YiSS
- Youth ISS" competition. The objective of this educational initiative is to exploit the
imaginative and inspirational potential of space to involve secondary school students in the
process of conception and execution of a space experiments.
The XENOGRISS experiment foresees an active involvement of students, from the high
school ITIS Meucci, into a multi-disciplinary project aimed at studying the effect of
microgravity on growth and regeneration processes, using an animal model (tadpoles of
Xenopus laevis) that allows both processes to be observed simultaneously.
The research project involves a group of High School students who will collaborate to the
preparation of the experiment both from the scientific and technological (hardware
refurbishment) point of view. The school team is composed of 9 students and 3 teachers (see
Figure 1).
The educational targets of the project are the following:
1) get in touch with areas other than the usual school context (university research,
specialized industry);
2) integrate the knowledge related to several disciplines, overcoming the
compartmentalization usually perceived in their usual didactic activity
(interdisciplinarity)
3) link the knowledge acquired in a school context to a professional activity (increase in
motivation);
4) develop the ability to work in a team, to achieve well-defined objectives and in
compliance with the deadlines imposed by the terms of the project;
5) develop the ability to report the results of the experience to their peers, allowing the
results of the project to fall back.
6) collaborate to preparation of the experiment both from the scientific and technological
(hardware development and refurbishment) point of view.
The work of the school team has always been carried out in close collaboration with the
technicians of Kayser-Italia and with the university researchers, creating a training course of
excellence for the development of both the competences of the disciplines included in the school
programs and the interdisciplinary-team working ones.

2

EXPERIMENT HARDWARE

The project XENOGRISS involves the preparation of a tadpole culture (4-6 animals) of
Xenopus laevis within a Xenopus Experiment Unit (XEU, Kayser Italia). Half of the animals
will undergo the amputation of a small tail segment, performed with a scalpel under anesthesia
with tricaine methanesulfonate (MS-222) at the concentration of 0,1% (1) strictly following the
procedures indicated by the national and international ethics committee and the regulatory
bodies on experimentation with animal models.
During the ISS experiment animal will be housed in the XEU aquaria already utilized
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for space flight (BIO4- Mission, 2008).This hardware is constructed for the transport of small
aquatic animals in space by Kayser Italia, Livorno/Italy, under contract with the European Space
Agency (ESA) (Horn et al., 2011). The inner dimensions of the aquarium is 77mm (height),
38mm (width), and 20mm (depth).
An osmotic pump and filter system is integrated inside each aquarium; the available
water volume is 38mL, and is re-circulated by a peristaltic pump. Both large sides of the aquaria
are covered by air-transparent bioFolie25 (see Figure 2 for an XEU schematics).
Animals are fed with a nettle powder and/or animal protein powder suspension delivered
from the osmotic pump.
The camera system and its electronic integration within the Biokon is designed and
realized by the students, under the supervision of Kayser Italia, considering all the experiment
and ISS requirements (see Figure 3)
The control electronics for the experiment has been developed in different phases. In a
first phase of the experiment (October and November 2018) a prototype simulation of the
management of the necessary drives was realized according to the specifications of the project
(peristaltic pump, camera and light system based on LED, photo shooting). The second phase
consists of the development of the prototype of the current system, with camera, illuminator
and other components of the supporting electronics. In this phase, the software was developed
to manage the complete operating cycle:
1.
2.
3.
4.

peristaltic pump operation;
lighting up the illuminator;
picture taking;
save photo on microSD memory card, housed on board the shield

All the drives are timed with time intervals present in the design stage, but can also be
modified during normal operation by means of an external switch that allows rewriting on the
internal memory (EEPROM) of the new time interval values. This last feature will allow the
development during testing even by personnel without the specific knowledge of the
programming language of the microcontroller. The necessary hardware was implemented with
a microcontroller commercial card implemented with a dedicated card for interfacing the
memory card cameras, managing the power supplies required and connecting the controlled
loads.
The limited available energy, stored into 3 AA Batteries, has required particular
attention to optimize the frequency of pump and camera operation based on the total duration
of the observation and with reference to the power supply batteries foreseen in the configuration
of the system made available by ASI in the "YiSS - Youth ISS ". To optimize the use of power
supply batteries, the software includes the possibility of sending all the microcontroller related
parts and parts of the electronics in sleep mode, with "awakenings" programmed only during
the drives.
The devices integrated in the XENOGRISS experiment will be:
• Camera : ArduCAM –M-5MP CAMERA SHIELD
• Main card : ArduinoUno-R3 Card
• Illuminator : Lucky Light Electronics Co.Part No.: KWB-R8445W/1W
• SD Card : MEMORY CARD ADAFRUIT MicroSD-breakout board PCB
• Peristaltic pump: The P625 / 275 manufactured by INSTECH.
• A dedicated EGSE has been used for the development and testing phases formed by
digital laboratory multimeters, for voltage and current measurements, external power
supply units, additional illumination system, camera target, etc.
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The XENOGRISS experiment will then be integrated in a powered Biokon (Figure 4)
and is planned to be launched with the SpaceX CRS-19 mission in December 2019. The XEU
will be activated by Captain Luca Parmitano, upon arrival on the ISS. The activation will ensure
the feeding of the tadpoles, the exchange of water and the acquisition of images through a
camera, to monitor the growth, regeneration and the swimming pattern.
The facility will be recovered with the same capsule after 30 days to allow the post flight
analyses on the tadpoles and the retrieval of the experimental data for the correct replication in
1-g and simulated micro-g on ground using 3d clinostat.

3

PRELIMINARY RESULTS

The procedures for tadpole culture, feeding and tail cutting have been standardized in the
laboratories at the Universities of Milan and Florence with the collaboration of the students. All
the specifications required by the project for the technological part of the control electronics
are realized and have worked correctly. The distance of the focus of the images taken with the
camera required particular attention, to satisfy both the quality of the image and the angle of
view, which was able to contain the entire XEU in the shot concluding remarks.
The information acquired with this experiment will help to understand the mechanisms
underlying the processes of growth, repair and regeneration of tissues and also the role of
gravity and mechanical factors in these processes. A better understanding of the impact that
unloading conditions may have in the aforementioned processes is important in defining
protocols for the management of traumatic injuries, wounds and chronic ulcers both in space
environment and on Earth.
4
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Figure 1: The XENOGRISS team

Figure 2: The Xenopous Experiment Unit schematics
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Figure 3: XENOGRISS experiment layout

Figure 4: BIOKON (by courtesy of Kayser Italia)
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A PRELIMINARY MISSION DESIGN OF A PAIR OF SPACECRAFT
TO INVESTIGATE THE MARTIAN CLIMATE AND INTERIOR
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LV REVHUYHG E\ D WKHUPDO LQIUDUHG ,5  FDPHUD WKDW LV SDUW RI WKH 25$&/(% SD\ORDG 7KLV
PLVVLRQ FRQILJXUDWLRQ HQDEOHV D KLJKUHVROXWLRQ PRQLWRULQJ RI WKH PDVV YROXPH DQG
FRPSRVLWLRQRIWKH0DUWLDQSRODUFDSVWRSUHFLVHO\FKDUDFWHUL]HWKHPHFKDQLVPVRILQWHUDFWLRQ
EHWZHHQWKHVXUIDFHDQGWKHDWPRVSKHUH7KHRQERDUGVFLHQWLILFLQVWUXPHQWVDUHDOVRZHOOVXLWHG
WR FRQGXFW LQYHVWLJDWLRQV UHODWHG WR JHRGHV\ DQG JHRSK\VLFV :H SUHVHQW KHUH D SUHOLPLQDU\
GHVLJQ RI WKH 0DUV 25$&/( PLVVLRQ SURYLGLQJ GHWDLOHG PDVV DQG SRZHU EXGJHWV WR
GHPRQVWUDWH WKH IHDVLELOLW\ RI WKHVH RXWVWDQGLQJ VFLHQWLILF JRDOV ZLWK WKH IOLJKW V\VWHP DQG
VFLHQWLILFSD\ORDGFRQFHLYHGIRU25$&/(
Keywords: ,QWHUVDWHOOLWH7UDFNLQJ/DVHU$OWLPHWU\0LVVLRQ&RQFHSW0DUV
1

INTRODUCTION

7KHH[SORUDWLRQRIWKHSODQHW0DUVZLWKKXPDQDQGURERWLFPLVVLRQVUHSUHVHQWVRQHRIWKHPDLQ
REMHFWLYHV RI LQWHUQDWLRQDO VSDFH DJHQFLHV 5RYHUV ODQGHUV DQG RUELWHUV KDYH H[WHQVLYHO\
H[SORUHG0DUVLQWKHODVWa\HDUV7KHGDWDFROOHFWHGIURPWKH0DUWLDQVXUIDFHDQGRUELWKDYH
SURYLGHG FUXFLDO LQIRUPDWLRQ RQ WKH 0DUWLDQ LQWHUQDO VWUXFWXUH DQG DWPRVSKHUH &XUUHQW
PLVVLRQVDUHPDLQO\ IRFXVHG RQWKHKDELWDELOLW\ RI0DUVE\VWXG\LQJDWPRVSKHULFJDVHV LH
([R 0DUV ± 7*2 [1]  DQG WKH PHFKDQLVPV WKDW OHG WKH SODQHW WR ORVH LWV DWPRVSKHUH LH
0$9(1[2] $IWHUODQGLQJRQ0DUVLQ1RYHPEHUWKH1$6$ODQGHU,QWHULRU([SORUDWLRQ
XVLQJ 6HLVPLF ,QYHVWLJDWLRQV *HRGHV\ DQG +HDW 7UDQVSRUW ,Q6LJKW  LV SURYLGLQJ GDWD RI
VHLVPLFDFWLYLW\LQWHUQDOKHDWIORZDQGURWDWLRQDOVWDWHWRFKDUDFWHUL]HWKHSURSHUWLHVRI0DUV¶
LQWHULRU[3]+RZHYHUEHIRUHVHQGLQJKXPDQVWR0DUVRWKHULPSRUWDQWVFLHQWLILFJRDOVQHHGWR
EH DFFRPSOLVKHG ZLWK VSDFH URERWLF PLVVLRQV $ EHWWHU XQGHUVWDQGLQJ RI WKH HYROXWLRQ DQG
IRUPDWLRQ RI WKH VHDVRQDO DQG SHUPDQHQW SRODU GHSRVLWV LV IXQGDPHQWDO WR DGGUHVV RSHQ
TXHVWLRQVUHJDUGLQJ0DUV¶FOLPDWH:HSUHVHQWKHUHDPLVVLRQFRQFHSWQDPHG2UELWDO5DGLR

648

0DUV25$&/(



*HQRYDHWDO

VFLHQFHDQG$OWLPHWU\IRU&OLPDWH([SHULPHQW 25$&/( WKDWLVIRFXVHGRQDGHWDLOHGVWXG\
RIWKH&2F\FOHLQWKH0DUWLDQDWPRVSKHUH
0DUV25$&/(LVDGXDOVSDFHFUDIWPLVVLRQWKDWLVEDVHGRQWKHLGHDE\0:ROII[4]WRPHDVXUH
(DUWK¶VJUDYLW\ ILHOGXVLQJD SDLU RI LGHQWLFDOVDWHOOLWHVWKDWSDYHG WKHZD\ IRUWKHVXFFHVVIXO
PLVVLRQV*UDYLW\5HFRYHU\DQG&OLPDWH([SHULPHQW *5$&( [5]DQG*UDYLW\5HFRYHU\DQG
,QWHULRU /DERUDWRU\ *5$,/ [6] 7KH VFLHQWLILF LQVWUXPHQWDWLRQ RQERDUG WKH WZR SUREHV
25$&/($DQG%LQFOXGHDQRYHOLQWHUVDWHOOLWHWUDFNLQJV\VWHPWKDWHQDEOHVKLJKO\DFFXUDWH
PHDVXUHPHQWVRIWKHVSDFHFUDIWUHODWLYHYHORFLW\DQGFRQVHTXHQWO\RI0DUV¶PDVVDQRPDOLHV
7KHRWKHUWZRVFLHQFH LQVWUXPHQWVRIWKH0DUV25$&/(PLVVLRQDUHD ODVHUDOWLPHWHUDQGD
WKHUPDOLQIUDUHGFDPHUDWKDWSURYLGHKLJKTXDOLW\GDWDWRFRQVWUDLQWKHYROXPHDQGFRPSRVLWLRQ
RIWKHVHDVRQDOSRODUGHSRVLWV
,QWHUVDWHOOLWHWUDFNLQJDQGDOWLPHWU\REVHUYDWLRQVDUHIXQGDPHQWDOWRFKDUDFWHUL]HWKHLQWHUQDO
VWUXFWXUH RIWKHSODQHWE\ UHWULHYLQJ WKH0DUWLDQ JUDYLW\DQGWRSRJUDSK\ZLWKXQSUHFHGHQWHG
DFFXUDFLHV$KLJKHUUHVROXWLRQRI0DUV¶VXUIDFHUHOLHIDOVRUHSUHVHQWVDNH\VFLHQWLILFJRDOWR
GHWHUPLQHVDIHODQGLQJVLWHVRIIXWXUHURERWLFDQGKXPDQPLVVLRQV
7KLVSDSHULVVWUXFWXUHGDVIROORZV,Q6HFWLRQZHGLVFXVVWKHPLVVLRQFRQILJXUDWLRQLQFOXGLQJ
WKH IOLJKW V\VWHP ,Q 6HFWLRQ  ZH SUHVHQW WKH VFLHQWLILF SD\ORDG WKDW FRQVLVWV RI WKH UDGLR
VFLHQFHV\VWHPODVHUDOWLPHWHUDQGLQIUDUHGFDPHUD,Q6HFWLRQZHGLVFXVVWKHFRQFOXVLRQVRI
WKLVVWXG\

2

MISSION CONFIGURATION

7KH 0DUV 25$&/( PLVVLRQ FRQILJXUDWLRQ SUHVHQWHG KHUH LV LQ OLQH ZLWK WKH ERXQGDU\
FRQVWUDLQWVRIDPHGLXPFODVVPLVVLRQ$SUHOLPLQDU\PLVVLRQSURILOHLVGHVFULEHGLQ6HFWLRQ
:HLQWURGXFHWKHIOLJKWV\VWHPLQ6HFWLRQE\UHSRUWLQJPDVVDQGSRZHUEXGJHWV

2.1

Mission Profile

7KHLQWHUSODQHWDU\WUDQVIHURUELWIURP(DUWKWR0DUVLVDVVXPHGWREHDFKLHYHGWKURXJKDVRODU
HOHFWULFSURSXOVLRQV\VWHPWKDWLVKRVWHGE\DQDGGLWLRQDOWUDQVIHUPRGXOH25$&/($DQG%
DUHWKHQLQLWLDOO\LQWHJUDWHGZLWKWKLVWUDQVIHUPRGXOHLQWRDFRPSRVLWHVSDFHFUDIWZLWKDQLQLWLDO
WRWDO PDVV RI a NJ 7KH VRODU HOHFWULF SURSXOVLRQ LV EDVHG RQ WKH WHFKQRORJ\ RI
%HSL&RORPER¶V0HUFXU\7UDQVIHU0RGXOH[7]EXWLWLQFOXGHVRQO\WZRP1WKUXVWHUVZLWK
RQHLQFROGUHGXQGDQF\OHDGLQJWRWKHVL]HDQGPDVVVKRZQLQ7DEOH0DUV25$&/(WUDQVIHU
PRGXOHLVHTXLSSHGZLWKIRXUVRODUSDQHOVZLWKDWRWDODUHDRIPWRJHQHUDWHWKHUHTXLUHG
SRZHU IRU WKH SURSXOVLRQ V\VWHP 7KLV ORZWKUXVW DSSURDFK UHTXLUHV D ORQJHU RUELWDO WUDQVIHU
a \HDUV  EXW D OLPLWHG SURSHOODQW FRQVXPSWLRQ a NJ  EHFDXVH RI WKH KLJK VSHFLILF
LPSXOVH aV RIWKHLRQHQJLQHV
$IWHU FUXLVHWKHFRPSRVLWHVSDFHFUDIW LVSODFHG RQ D0DUV+LJKO\ (OOLSWLFDO2UELWZKHUHWKH
WUDQVIHUPRGXOHLVMHWWLVRQHGWRIXOILOSODQHWDU\SURWHFWLRQUHTXLUHPHQWV7KHWZRVSDFHFUDIWWKHQ
UHDFKDQHDUO\SRODU La RUELWDW NPDOWLWXGHVZLWKDHUREUDNLQJRSHUDWLRQV7KLV
RUELWDOFRQILJXUDWLRQIRUWKHSULPDU\VFLHQFHSKDVHLVEDVHGRQWKH0DUV5HFRQQDLVVDQFH2UELWHU
RI[8]7KRVH
052 VXQV\QFKURQRXV IUR]HQ RUELWZLWK DQDUJXPHQW RISHULDSVLV
RUELWDO HOHPHQWV HQDEOH WKH PLQLPL]DWLRQ RI WKH QDWXUDO GULIWLQJ GXH WR WKH 0DUWLDQ ]RQDO
KDUPRQLFV HJ - DQG -  OHDGLQJ WR OHVV IUHTXHQW RUELW FRUUHFWLRQ PDQXHYHUV LH RQH SHU
PRQWK 
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Solar Electric Propulsion System
Ion Engine
Mass (kg)
Maximum Thrust
Specific Impulse
 'U\ 
P1
V
 :HW 

*HQRYDHWDO

Power (W)


7DEOH25$&/(7UDQVIHU0RGXOH


2.2

Flight System

7KHIXOILOPHQWRIVWULQJHQWPLVVLRQFRQVWUDLQWVVWURQJO\UHOLHVRQDQHIILFLHQWLQWHJUDWLRQRIWKH
VSDFHFUDIWVXEV\VWHPV7KHVFLHQWLILFSD\ORDGLQSDUWLFXODULPSRVHVVLJQLILFDQWUHTXLUHPHQWV
RQWKHV\VWHPVWKDWDUHUHVSRQVLEOHIRUWKHVSDFHFUDIWRSHUDWLRQV2QHRIWKHPDLQFRQVWUDLQWVRI
WKH0DUV25$&/(PLVVLRQLVJLYHQE\WKHUDGLRVFLHQFHLQVWUXPHQWIRULQWHUVDWHOOLWHWUDFNLQJ
7KHJUDYLW\PHDVXUHPHQWVPD\EHVLJQLILFDQWO\DIIHFWHGIRUH[DPSOHE\WKHQRQFRQVHUYDWLYH
IRUFHV HJDWPRVSKHULFGUDJ DFWLQJRQWKHVSDFHFUDIW,IWKHVHSHUWXUEDWLYHHIIHFWVDUHVLPLODU
RQERWKSUREHVWKHPLVPRGHOLQJ RIWKRVH IRUFHVGRQRWDIIHFWVLJQLILFDQWO\WKHLQWHUVDWHOOLWH
GDWD 7KHUHIRUH 25$&/($ DQG % DUH GHVLJQHG WR KDYH LGHQWLFDO PDVVHV FURVV VHFWLRQDO
DUHDVDQGGUDJVFDOHIDFWRUV &' WRPLWLJDWHHUURUVGXHWRWKHDWPRVSKHULFGUDJDQGLGHQWLFDO
WKHUPRRSWLFDOSURSHUWLHVWRUHGXFHSHUWXUEDWLRQVUHODWHGWRWKHVRODUUDGLDWLRQSUHVVXUHRUWRWKH
QRQLVRWURSLFWKHUPDOHPLVVLRQ
7DEOH  VKRZV WKH PDVV DQG SRZHU RI WKH PDLQ VXE\VWHPV IRU ERWK VSDFHFUDIW 7KH (OHFWULF
3RZHU6XEV\VWHP (36 LQFOXGHVVRODUSDQHOVZLWKDQDUHDRIPDQGD:KU/L,RQEDWWHU\
WRVXSSO\HOHFWULFDOSRZHURIa:GXULQJHFOLSVHVDQGSHDNORDGHYHQWV7KH$WWLWXGHDQG
2UELW &RQWURO 6\VWHP $2&6  FRQVLVWV RI DQ ,QHUWLDO 0DVV 8QLW ,08  ZLWK LQWHJUDWHG
DFFHOHURPHWHUV DQG J\URVFRSHV ZKLFK DUH DOVR FUXFLDO GXULQJ DHUREUDNLQJ RSHUDWLRQV DQG D
0XOWLKHDG 6WDU 7UDFNHU DQG 6XQ 6HQVRUV IRU DWWLWXGH GHWHUPLQDWLRQ 7KH RULHQWDWLRQ RI WKH
VSDFHFUDIW LV FRQWUROOHG WKURXJK UHDFWLRQ ZKHHOV DQG ZLWK IRXU K\GUD]LQH WKUXVWHUV IRU
PRPHQWXPGXPSLQJ7KHWKUXVWHUVDUHDOVRXVHGIRURUELWDOVWDWLRQNHHSLQJZKLFKUHTXLUHV
NJSURSHOODQWWDQNV DQGa NJ RISURSHOODQWWRFRQWUROWKHVSDFHFUDIW RUELWGXULQJ DQHQWLUH
0DUWLDQ \HDU 6SDFHFUDIW VWUXFWXUHV DQG WKHUPDO VXEV\VWHPV RI 25$&/($ DQG % DUH DOVR
VLPLODUVLQFHWKHYROXPHDOORFDWHGWRWKHVFLHQWLILFSD\ORDGVLVFRPSDUDEOH





EPS
AOCS
Propulsion
Structure
Thermal
TT&C
Data Handling
Scientific Payload
Margin
Total

ORACLE-A
Mass (kg)
Power (W)





















ORACLE-B
Mass (kg)
Power (W)





















7DEOH0DVVDQGSRZHUEXGJHWRI25$&/($DQG%VXEV\VWHPV

7KH7HOHPHWU\7UDFNLQJDQG&RPPDQG 77 & VXEV\VWHPVRIWKHWZRVSDFHFUDIWDUHTXLWH
GLIIHUHQWVLQFHWKHWHOHFRPPXQLFDWLRQVWRJURXQGDUHFDUULHGRXWWKURXJK25$&/($RQO\7R
UHGXFH WKH VL]H DQG FRVWV RI WKH 77 & V\VWHP ZH FRQVLGHUHG DQ +LJK*DLQ 3KDVHG $UUD\
DQWHQQDVVLPLODUWRWKRVHRQERDUGWKH0(UFXU\6XUIDFH6SDFH(1YLURQPHQW*(RFKHPLVWU\
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DQG 5DQJLQJ 0(66(1*(5  VSDFHFUDIW [9] DQG WKH ,QWHJUDWHG 'HHS 6SDFH 7UDQVSRQGHU
,'67  WKDW LV XVHG IRU ERWK LQWHUVDWHOOLWH DQG (DUWK¶V FRPPXQLFDWLRQV [10] 7KHUHIRUH WKH
VFLHQWLILF SD\ORDG PDVV DQG SRZHU GHPDQG UHSRUWHG LQ 7DEOH  DOVR DFFRXQW IRU SDUW RI WKH
77 &HOHPHQWV

3

SCIENTIFIC PAYLOAD

3.1

Radio Science System

7KHPDLQVFLHQWLILFSD\ORDGRIWKH0DUV25$&/(PLVVLRQLVWKHUDGLRVFLHQFHV\VWHPIRULQWHU
VDWHOOLWHWUDFNLQJWRDFFXUDWHO\PHDVXUHJUDYLW\DQRPDOLHVDVVRFLDWHGZLWKWKHDFFXPXODWLRQRI
&2RQWKHVXUIDFHDQGWRPDVVDQRPDOLHVLQWR0DUV¶LQWHULRU7KHDGYDQWDJHVRILQWHUVDWHOOLWH
WUDFNLQJ KDYH EHHQ GHPRQVWUDWHG E\ WKH 1$6$ PLVVLRQV *5$&( DQG *5$,/ WKDW OHG WR
H[WUHPHO\ KLJKUHVROXWLRQ RI (DUWK¶V DQG 0RRQ¶V JUDYLW\ ILHOGV UHVSHFWLYHO\ +RZHYHU WKH
LQVWUXPHQWDWLRQV RQERDUG WKRVH VSDFHFUDIW UHTXLUHG VHYHUDO VRSKLVWLFDWHG HOHPHQWV LQFOXGLQJ
8OWUD6WDEOH2VFLOODWRUV 862 WRHQDEOHKLJKO\DFFXUDWHLQWHUVDWHOOLWHGDWD
7KHUDGLRVFLHQFHV\VWHPVRI*5$&(DQG*5$,/PLVVLRQVXWLOL]HGDGXDORQHZD\UDQJLQJ
'2:5 REVHUYDWLRQWRSUHFLVHO\PHDVXUHWKHUHODWLYHPRWLRQEHWZHHQWKHWZRRUELWHUV)LJXUH
VKRZVWKHEORFNGLDJUDPRIWKH/XQDU*UDYLW\5DQJLQJ6\VWHP /*56 RQ*5$,/$DQG
% [11] .DEDQG UDQJLQJ .%5  PHDVXUHPHQWV DUH JHQHUDWHG WKURXJK D PLFURZDYH 0: 
DVVHPEO\7KHTXDOLW\RIWKHVHGDWDVWURQJO\GHSHQGVRQWKHV\QFKURQL]DWLRQEHWZHHQWKHWZR
VSDFHFUDIWFORFNV7KHUHIRUHDQ6EDQG7LPH7UDQVIHU8QLWDOORZHGWKH.%5GDWDIURPWKHWZR
RUELWHUVWREHOLQHGXSLQWLPH$JUDYLW\UHFRYHU\SURFHVVRUDVVHPEO\ *3$ ZDVDOVRLQFOXGHG
WRSURFHVVERWK.DEDQGDQG6EDQGUDGLRVLJQDOVZKRVHUHIHUHQFHZDVSURYLGHGE\WKH862
5DGLROLQNVDW;DQG6EDQGEHWZHHQWKHRUELWHUVDQG1$6$¶V'HHS6SDFH1HWZRUN '61 
VWDWLRQVZHUHDOVRWUDQVPLWWHGE\D5DGLR6FLHQFH%HDFRQ 56% WRVXSSRUWGDLO\FDOLEUDWLRQRI
WKH862IUHTXHQF\7KHVH/*56HOHPHQWVZHUHRQERDUGERWKRUELWHUVOHDGLQJWRKLJKFRVWIRU
WKHGHVLJQRI*5$,/WKDWZDVDPLVVLRQLQWKH1$6$'LVFRYHU\3URJUDP7KHPLVVLRQZDV
H[FOXVLYHO\GHGLFDWHGWRPDSWKHVWUXFWXUHRIWKHOXQDULQWHULRUWKURXJKJUDYLW\PHDVXUHPHQWV
DQGWKH/*56ZDVWKH VROHVFLHQWLILFSD\ORDG7KH RQERDUGVPDOOFDPHUD 0RRQ.$0 ZDV
RQO\DQ(GXFDWLRQ3XEOLF2XWUHDFKSD\ORDG7KHVRSKLVWLFDWHG/*56SD\ORDGHQDEOHG.DEDQG
5DQJH5DWH .%55 PHDVXUHPHQWVZLWKDQDFFXUDF\RI
DWVLQWHJUDWLRQWLPHZKLFK
OHWWRGHWHUPLQHWKHJUDYLW\ILHOGRIWKH0RRQZLWKWKHRXWVWDQGLQJUHVROXWLRQRIIHZNLORPHWUHV
GHJUHHDQGRUGHULQVSKHULFDOKDUPRQLFV 
7KH0DUV25$&/(PLVVLRQKRVWVDUDGLRVFLHQFHV\VWHPWKDWDLPVDWFRPSDUDEOHGDWDTXDOLW\
WR WKH *5$,/ PLVVLRQ ZLWK D VLPSOHU LQVWUXPHQWDWLRQ DUFKLWHFWXUH WKDQNV WR DQ LQQRYDWLYH
WHFKQLTXH 7KH PDLQ GLIIHUHQFH ZLWK *5$&( DQG *5$,/ FRQILJXUDWLRQV LV WKDW WKH LQWHU
VDWHOOLWH UDGLR VLJQDO LV RQO\ WUDQVPLWWHG E\ 25$&/(% ZLWK D WUDQVFHLYHU DQG D 0: KRUQ
25$&/($UHFHLYHVWKHVLJQDOVDQGVHQGVLWEDFNSUHVHUYLQJSKDVHFRKHUHQFHWR25$&/(%
E\PHDQVRIWKH,'67WKDWLVDOVRXVHGIRUGHHSVSDFHWHOHFRPPXQLFDWLRQV6LQFHSDUWRIWKH
77 & HOHPHQWV DUH DOVR XVHG E\ WKH VFLHQWLILF SD\ORDG WKLV LQVWUXPHQW DUFKLWHFWXUH HQDEOHV
VLJQLILFDQWFRVWDQGPDVVVDYLQJV)XUWKHUPRUHWKHFRPSRQHQWVRIWKHUDGLRVFLHQFHV\VWHPDUH
EDVHGRQWKHVROLGKHULWDJHRIH[LVWLQJ1$6$DQG(6$PLVVLRQVOHDGLQJWRKLJK7HFKQRORJ\
5HDGLQHVV/HYHO 75/ 
7KHUDGLRWUDFNLQJGDWDJHQHUDWHGZLWKWKLVVFKHPHLVDWZRZD\UDQJHUDWHPHDVXUHPHQW7KH
DFFXUDF\RIWKHVHGDWDLVUHODWHGWRWKHIUHTXHQF\VWDELOLW\RIWKH862[12]ZKLFKKDVDQ$OODQ
GHYLDWLRQ RI  DW V LQWHJUDWLRQ WLPH &RQVLGHULQJ WKDW WKH UHODWLYH GLVWDQFH EHWZHHQ
25$&/($ DQG % LV a NP WKH VKRUW URXQGWULS OLJKW WLPH RI a PV \LHOGV D ODUJH
VXSSUHVVLRQ RI WKH 862 LQVWDELOLW\ WKH PDLQ QRLVH VRXUFH IRU VXFK DQ LQWHUVDWHOOLWH
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FRQILJXUDWLRQ7KHH[SHFWHGFDQFHOODWLRQIDFWRULVaOHDGLQJWRUDQJHUDWHDFFXUDF\RIa
DWVLQWHJUDWLRQWLPH

GRAIL-A

GRAIL-B

0:$VVHPEO\
56%

862

0:+RUQ .D%DQG

0:+RUQ

7LPH7UDQVIHU
8QLW

6%DQG

3URFHVVRU8QLW *3$ 

7LPH7UDQVIHU
8QLW

0:$VVHPEO\
862

56%

3URFHVVRU8QLW *3$ 

ORACLE-A

ORACLE-B
0:+RUQ

;%DQG

0:+RUQ

7UDQVFHLYHU

.D%DQG

,'67

;.D$PSOLILHU

862
.D$PSOLILHU

;$PSOLILHU

3URFHVVRU8QLW

3KDVHG$UUD\

)LJXUH%ORFNGLDJUDPVRI*5$,/ [6] DQG25$&/(UDGLRVFLHQFHV\VWHPV


3.2

Laser Altimeter and Infrared Camera

7KHPHDVXUHPHQWRIWKHYROXPHRIWKHVHDVRQDOSRODUFDSVLVDFFRPSOLVKHGE\WKHFRPELQDWLRQ
RIODVHUDOWLPHWHUDQGLQIUDUHGFDPHUDGDWD7KHWKLFNQHVVRIWKHVHDVRQDOGHSRVLWVLVGHWHUPLQHG
ZLWKWKHODVHUDOWLPHWHUWKDWLVDERDUG25$&/($7KHGHVLJQRIWKLVLQVWUXPHQWLQKHULWVIURP
WKHVXFFHVVIXO0DUV2UELWHU/DVHU$OWLPHWHU 02/$ RQ0DUV*OREDO6XUYH\RU 0*6 [13]
/XQDU 2UELWHU /DVHU $OWLPHWHU /2/$  RQ /XQDU 5HFRQQDLVVDQFH 2UELWHU /52  [14], DQG
0HUFXU\/DVHU$OWLPHWHU 0/$ RQ0(66(1*(5[15]7KHSURSHUWLHVRIWKH25$&/(ODVHU
DOWLPHWHUDUHVLPLODUWR0/$ZLWKVL]HRI  FPDPDVVRIaNJDQGHOHFWULFDOSRZHU
FRQVXPSWLRQ RI a : 7KH ODVHU RSHUDWHV DW  QP ZDYHOHQJWK JXDUDQWHHLQJ KLJK
SHUIRUPDQFHV ZLWK D SXOVH HQHUJ\ RI  P- 7KH H[SHFWHG LQVWUXPHQW SUHFLVLRQ LV a FP
YHUWLFDOO\3XOVHUHSHWLWLRQUDWHRI+]HQDEOHVDXQLIRUPFRYHUDJHRIWKHSODQHWVXUIDFHZLWK
DQDORQJWUDFNVSRWVHSDUDWLRQRIaP
25$&/(% KRVWV WKH WKLUG VFLHQWLILF SD\ORDG WKDW LV D WKHUPDO LQIUDUHG 7,5  ZLGHDQJOH
FDPHUD 7KLV LQVWUXPHQW SURYLGHV LPDJLQJ RI WKH SRODU FDSV WR PRQLWRU WKH H[WHQVLRQ RI WKH
VHDVRQDO DQG SHUPDQHQW GHSRVLWV $ SUHFLVH GHWHUPLQDWLRQ RI WKH HGJHV RI WKH SRODU FDSV
UHSUHVHQWV DQ LPSRUWDQW FRQVWUDLQW RQ WKH GHVLJQ RI WKH FDPHUD 7,5 VSHFWUDO UDQJH HQDEOHV
LPDJLQJ LQGHSHQGHQWO\ IURP LOOXPLQDWLRQ FRQGLWLRQV 7KH 7,5 FDPHUD GHVLJQHG IRU 0DUV
25$&/( WKHUHIRUH LV IRFXVHG RQ 
 ZDYHOHQJWKV 7R REVHUYH ZLGH UHJLRQV RQ WKH
0DUWLDQVXUIDFHZLWKDVXIILFLHQWUHVROXWLRQWKHLQVWUXPHQWILHOGRIYLHZLV 
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CONCLUSIONS

7KH0DUV25$&/(PLVVLRQLVFRQFHLYHGWRIXOILORXWVWDQGLQJVFLHQWLILFJRDOVUHODWHGWR0DUV¶
FOLPDWH DQG LQWHUQDO VWUXFWXUH :H SUHVHQWHG LQ WKLV VWXG\ D SUHOLPLQDU\ PLVVLRQ GHVLJQ WKDW
FRQVLVWVRIWKUHHVFLHQWLILFSD\ORDGVWKDWDUHDUDGLRVFLHQFHV\VWHPDODVHUDOWLPHWHUDQGD7,5
FDPHUD7KHQRYHOWHFKQRORJ\IRULQWHUVDWHOOLWHWUDFNLQJDOORZVWRFROOHFWPHDVXUHPHQWVZLWK
DSUHFLVLRQFRPSDUDEOHWR*5$&(DQG*5$,/GDWDVHWV)XUWKHUPRUHSDUWRIWKHUDGLRVFLHQFH
V\VWHPLVVKDUHGZLWKWKH77 &V\VWHPOHDGLQJWRUHGXFHVLJQLILFDQWO\PDVVDQGFRVWRIWKH
VFLHQWLILFSD\ORDGHQDEOLQJWKHLQFOXVLRQRIDODVHUDOWLPHWHURQERDUG25$&/($DQGD7,5
RQERDUG 25$&/(% 7KLV PLVVLRQ FRQILJXUDWLRQ LV IXOO\ FRPSOLDQW ZLWK WKH ERXQGDU\
FRQGLWLRQVRIDPHGLXPFODVVPLVVLRQ

REFERENCES
>@

9DJR - :LWDVVH 2 6YHGKHP + %DJOLRQL 3 +DOGHPDQQ $ *LDQILJOLR *
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ROCKET PROPULSION RESEARCH AT POLITECNICO DI
TORINO: FROM HYBRID ROCKET ENGINES TO
ADVANCED NOZZLES
/&DVDOLQR$&RQWH$)HUUHUR)0DVVHQL'3DVWURQH






'LSDUWLPHQWRGL,QJHJQHULD0HFFDQLFDH$HURVSD]LDOH3ROLWHFQLFRGL7RULQR
&RUVR'XFDGHJOL$EUX]]L7RULQR,WDO\

HPDLODGGUHVVRIWKHDXWKRUVORUHQ]RFDVDOLQR#SROLWRLWDQWRQLHWWDFRQWH#SROLWRLW
DQGUHDBIHUUHUR#SROLWRLWILOLSSRPDVVHQL#SROLWRLWGDULRSDVWURQH#SROLWRLW

ABSTRACT
7KH SUHVHQW SDSHU DLPV DW SUHVHQWLQJ VRPH UHVHDUFK DFWLYLWLHV UHODWHG WR URFNHW SURSXOVLRQ
FDUULHG RXW DW 3ROLWHFQLFR GL 7RULQR 7KH PDLQ UHVHDUFK WRSLFV DUH UHODWHG WR K\EULG URFNHW
HQJLQHV DGYDQFHG QR]]OH FRQFHSWV DQG UHVRQDQW LJQLWHUV IRU URFNHW HQJLQHV 6RPH SRVVLEOH
IXWXUHSHUVSHFWLYHVDUHSUHVHQWHG

Keywords: K\EULGURFNHWHQJLQHVDGYDQFHGQR]]OHVUHVRQDQWLJQLWHUV
1

HYBRID ROCKET ENGINES

5HVHDUFKLQK\EULGURFNHWVHQJLQHV +5(V DWWKH3ROLWHFQLFRGL7RULQRVWDUWHGLQWKH¶7KH
DWWHQWLRQZDVLQLWLDOO\IRFXVHGRQWKHRSWLPDOFRQWURORIWKHR[LGL]HU>@GXHWRWKHLQWULJXLQJ
RQHOHYHOFRQWUROIHDWXUHRIWKLVSURSXOVLRQV\VWHP,QWKHIROORZLQJUHVHDUFKVWXGLHVHQJLQH
GHVLJQ RSWLPL]DWLRQ KDYH EHHQ FDUULHG RXW IRU GLIIHUHQW DSSOLFDWLRQV FRQVLGHULQJ GLIIHUHQW
IHHGLQJ V\VWHPV EORZGRZQ SDUWLDOO\ UHJXODWHG HOHWWULFDOO\ GULYHQ WXUERSXPS   DQG
SURSHOODQWFRPELQDWLRQV +33(/R[+73%/R[:D[12:D[ 7KHRSWLPL]DWLRQSURFHVV
PXVW IDFH ZLWK WKH SUHVHQFH RI FRPSHWLQJ UHTXLUHPHQWV HJ UHGXFHG SURSXOVLRQ V\VWHP
ZHLJKW PD\ EH REWDLQHG UHGXFLQJ WKH HQJLQH WKUXVW OHYHO ZKLOH YHORFLW\ ORVVHV DUH UHGXFHG
LQFUHDVLQJ WKH HQJLQH WKUXVW OHYHO  0RUHRYHU WKUXVW DQG PL[WXUH UDWLR DUH OLQNHG GXH WR WKH
DIRUHPHQWLRQHG RQHOHYHU FRQWURO IHDWXUH 7KHUHIRUH SURSHU FRXSOHG WUDMHFWRU\HQJLQH
RSWLPL]DWLRQLQKRXVHSURFHGXUHVKDYHEHHQGHYHORSHG

7KH FRQVLGHUHG DSSOLFDWLRQV LQFOXGH VPDOO VSDFHFUDIWV PLFURJUDYLW\ SODWIRUPV K\SHUVRQLF
DFFHOHUDWRUV ODXQFKHU XSSHUVWDJHV VPDOO VDW ODXQFKHUV DQG 0DUV DVFHQGLQJ YHKLFOHV >@
0DQ\ZRUNVKDYHEHHQGHGLFDWHGWRDQXSSHUVWDJHIRUWKH9HJDODXQFKHU7KLVFDVHLVKHUH
FRQVLGHUHGDVDQH[DPSOH$FWXDO9HJDHPSOR\VDVROLGURFNHWPRWRUWKLUGVWDJH = DQGD
OLTXLG URFNHW HQJLQH IRXUWK VWDJH $980  WR IXOILO PLVVLRQ UHTXLUHPHQWV >@ 6LQFH +5(V
JDWKHUV SRVLWLYH IHDWXUHV IURP ERWK OLTXLG DQG VROLG DUFKLWHFWXUHV D VLQJOH K\EULGSRZHUHG
VWDJHFRXOG EHZHOOVXLWHGWR UHSODFHERWK 9HJDXSSHUVWDJHV $OWLWXGHDQGYHORFLW\ DW +5(
LJQLWLRQ DUH JLYHQ FRQVLVWHQW ZLWK D ODXQFK IURP )UHQFK *XLDQD ZKLOH NHHSLQJ ILUVW DQG
VHFRQGVWDJHSHUIRUPDQFHDQGPDVVHVFRQVWDQW7KHWDUJHWLQVHUWLRQRUELWLVDNPFLUFXODU
SRODU RUELW 7KH RSWLPL]DWLRQ SURFHVV IRFXV LV WKH PD[LPL]DWLRQ RI WKH SD\ORDG PDVV 
LQVHUWHGLQWKHJLYHQRUELW
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,QWKLVFDVHWKHXVHRIOLTXLGR[\JHQDQGVROLGSDUDIILQEDVHGIXHOUHVXOWVWREHDSSHDOLQJ7KH
W\SLFDOHQWUDLQPHQWPHFKDQLVPRISDUDIILQEDVHGIXHOVJUHDWO\LQFUHDVHVWKHIXHOPDVVWUDQVIHU
LQWR WKH DFWXDO FRPEXVWLRQ ]RQH LQVLGH WKH ERXQGDU\ OD\HU RI WKH JUDLQ UHVXOWLQJ LQ ODUJHU
UHJUHVVLRQ UDWH >@ +HQFH D VLQJOH FLUFXODU SRUW FDQ EH XVHG LQ WKH JUDLQ GHVLJQ >@
3URSHOODQWVSHUIRUPDQFHDUHFRPSXWHGE\PHDQVRID&($OLNHPRGHO>@DWIL[HGFKDPEHU
SUHVVXUHDQGIUR]HQHTXLOLEULXPPRGHOLVHPSOR\HG7KHDXWKRUVFRQVLGHUDVLPSOHSDUWLDOO\
UHJXODWHG IHHG V\VWHP DQG WZR VXEVHTXHQW RSHUDWLRQDO PRGHV ILUVW DW FRQVWDQW SUHVVXUH DQG
WKHQ EORZGRZQ 1R]]OH WKURDW HURVLRQ GXULQJ HQJLQH EXUQ LV WDNHQ LQWR DFFRXQW XVLQJ
%DUW]¶VPHWKRG>@6L[ SDUDPHWHUVGHILQHHQJLQHGHVLJQ JUDLQ RXWHUUDGLXV JUDLQ ZHE
WKLFNQHVV  JUDLQ OHQJWK  RYHUDOO R[LGL]HU PDVVHV H[KDXVWHG
 R[LGL]HU PDVV
DQGLQLWLDOQR]]OHDUHDUDWLR 'HVLJQ
H[KDXVWHGGXULQJWKHFRQVWDQWSUHVVXUHSKDVH
SDUDPHWHUV DUH UHSRUWHG LQ (T  DV  YHFWRU 3D\ORDG LQVHUWLRQ WUDMHFWRU\ LV RSWLPL]HG E\
PHDQVRIDQLQGLUHFWSURFHGXUHRQFHHQJLQHGHVLJQLVGHWHUPLQHG'HWDLOVDERXWWKHSURFHGXUH
FDQEHIRXQGLQ5HIDQG5HI




3UHYLRXV VWXGLHV RQ WKH VDPH WRSLF >@ KLJKOLJKWHG WKH QHHG IRU RSWLPL]DWLRQ
WHFKQLTXHV DEOH WR PDQDJH XQFHUWDLQWLHV LQ WKH GHVLJQ SURFHVV PLVVLRQ JRDOV DQG YHKLFOHV
SHUIRUPDQFH UHVXOWHG WR EH KHDYLO\ WKUHDWHQHG HYHQ E\ VPDOO XQFHUWDLQWLHV LQ WKH UHJUHVVLRQ
UDWH 7KXV D UREXVWEDVHG GHVLJQ DQG RSWLPL]DWLRQ DSSURDFK LV UHTXLUHG 7KH FRQFHSW RI
³UREXVWQHVV´ FDQ EH VXPPDUL]HG DV ³WKH FDSDELOLW\ RI WKH V\VWHP WR JUDQW D IL[HG OHYHO RI
SHUIRUPDQFH´ LH WR DFKLHYH UHTXLUHG SURSXOVLRQ V\VWHP SHUIRUPDQFH DQG PDWFK PLVVLRQ
JRDOV  ³PLQLPL]LQJ WKH HIIHFW RI XQFHUWDLQWLHV LQ WKH GHVLJQ SDUDPHWHUV ZLWKRXW HOLPLQDWLQJ
WKHLUFDXVHV´>@
,Q >@ WKH DXWKRUV SXVKHG IXUWKHU WKH DQDO\VLV RI WKH XQFHUWDLQWLHV LQ +5( GHVLJQ DQG
RSWLPL]DWLRQ SURFHVV )LUVW ZH FRQVLGHUHG DOO WKH SDUDPHWHUV SUHVHQW LQ WKH PDWKHPDWLFDO
PRGHO RI WKH HQJLQH DV XQFHUWDLQ FDOOHG KHUH LQSXW SDUDPHWHUV  H[FHSW IRU WKH VL[ GHVLJQ
SDUDPHWHUVWKDWFDQEHIUHHO\VHWE\WKHGHVLJQHU LHJUDLQRXWHUUDGLXVJUDLQZHEWKLFNQHVV
JUDLQOHQJWKRYHUDOOR[LGL]HUPDVVHVH[KDXVWHGR[LGL]HUPDVVH[KDXVWHGGXULQJWKHFRQVWDQW
SUHVVXUHSKDVHDQGLQLWLDOQR]]OHDUHDUDWLR 7KHQDVHQVLWLYLW\DQDO\VLVKDVEHHQFDUULHGRXW
XVLQJ0RUULVPHWKRG>@ZHGLVFUHWL]HGHDFKLQSXWSDUDPHWHUVLQWKUHHOHYHOV LHORZHUWKDQ
QRPLQDO QRPLQDO DQG KLJKHU WKDQ QRPLQDO  DQG VHOHFWHG RQH KXQGUHG VWDUWLQJ GHVLJQ SRLQW
LH RQH KXQGUHG FRPELQDWLRQ RI GHVLJQ SDUDPHWHUV  7KHQ ZH HYDOXDWHG D PLVVLRQ VSHFLILF
REMHFWLYHIXQFWLRQWRFRPSXWHLQFUHPHQWDOUDWLRVFDOOHGHOHPHQWDU\HIIHFWVIRUHDFKVWDUWLQJ
SRLQW (DFK LQSXW SDUDPHWHU LV FKDQJHG ZKLOH NHHSLQJ WKH RWKHUV IL[HG WR JHQHUDWH WKH VR
FDOOHG 0RUULV WUDMHFWRU\ )LQDOO\ 0RUULV LQGLFHV DUH FDOFXODWHG DV WKH PHDQ RI WKH DEVROXWH
YDOXHVRIWKHHOHPHQWDU\HIIHFWVDQGWKHLUVWDQGDUGGHYLDWLRQ
0RUULV PHWKRG DOORZHG IRU WKH LGHQWLILFDWLRQ RI WKH VHW RI LQSXW SDUDPHWHUV ZKRVH
XQFHUWDLQWLHV FDXVH D PDMRU LPSDFW RQ V\VWHP SHUIRUPDQFH DQG WKXV RQ PLVVLRQ JRDOV
DFKLHYHPHQW,QWKHSUHVHQWFDVHVL[LQSXWSDUDPHWHUVKDYHWREHWUHDWHGDVXQFHUWDLQQR]]OH
UHJUHVVLRQUDWHFRHIILFLHQW DQGH[SRQHQW IXHOGHQVLW\ 
WKURDWHURVLRQSDUDPHWHU
LQLWLDO WDQNSUHVVXUH DQGLQLWLDO WKURDW DUHDWR SRUW DUHDUDWLR  8QFHUWDLQ SDUDPHWHUVDUH
UHSRUWHGLQ(TDV YHFWRU





'LIIHUHQWGHVLJQRIH[SHULPHQWWHFKQLTXHVDUHXVHGWRPDQDJHXQFHUWDLQSDUDPHWHUVJUDQWLQJ
UREXVWQHVVLQWKHGHVLJQDWDQDFFHSWDEOHFRPSXWDWLRQDOFRVW8QFHUWDLQLQSXWSDUDPHWHUVDQG
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GHVLJQ SDUDPHWHUV DUH WDNHQ LQWR FRQVLGHUDWLRQ LQ D PLVVLRQ VSHFLILF UREXVWEDVHG REMHFWLYH
IXQFWLRQ  FRQVLGHULQJ ERWK SD\ORDG PDVV DQG LQVHUWLRQ DOWLWXGH $ SDUWLFOHV VZDUP
RSWLPL]DWLRQDOJRULWKPLVXVHGWROHDGWKHVHDUFKIRUWKHJOREDORSWLPDOVROXWLRQ>@


&RPEXVWLRQFKDPEHUUDGLXV>P@
&RPEXVWLRQFKDPEHUOHQJWK>P@
2[LGL]HUWDQNUDGLXV>P@
2[LGL]HUWDQNOHQJWK>P@
3UHVVXUL]LQJJDVWDQNUDGLXV>P@
6WDJHGLDPHWHU>P@
6WDJHOHQJWK>P@
6WDJHGU\PDVV>NJ@
3URSHOODQWVPDVV>NJ@
2YHUDOOVWDJHPDVV>NJ@
3D\ORDGPDVV>NJ@

VEGA












DET












ROB












7DEOH'LPHQVLRQVDQGPDVVHVFRPSDULVRQDFWXDO9HJDGHVLJQ 9(*$ YVRSWLPL]HGGHWHUPLQLVWLF
GHVLJQ '(7  YV RSWLPL]HG UREXVW GHVLJQ 52%  $FWXDO 9HJD GHVLJQ UHIHUV WR  UG DQG WK VWDJH
FRPELQHG>@

5HVXOWV VKRZHG WKDW UREXVWQHVV LQ WKH GHVLJQ FDQ EH DFKLHYHG ZKHQ 7DJXFKL¶V RU %R[
%HKQNHQ¶V GHVLJQ RI H[SHULPHQW PHWKRG DUH XVHG DQG WKDW WKH VHW RI XQFHUWDLQ LQSXW
SDUDPHWHUV KDV EHHQ SURSHUO\ VHOHFWHG E\ WKH VHQVLWLYLW\ DQDO\VLV 7KH FRVW RI UREXVWQHVV
UHVXOWHGWREHDSD\ORDGPDVVUHGXFWLRQIRUWKHFRQVLGHUHGWHVWFDVHNJIRUWKHEHVW
UREXVWRSWLPDOVROXWLRQYVNJIRUWKHGHWHUPLQLVWLFRQH

>P@
>P@
>P@
>NJ@
>NJ@

>NJ@

DET








ROB








7DEOH5HVXOWVDQGGHVLJQSDUDPHWHUVFRPSDULVRQGHWHUPLQLVWLF '(7 YVUREXVW 52% 

)XUWKHUPRUHWKHFRPSXWDWLRQDOFRVWHYHQWKRXJKWKHVHQVLWLYLW\DQDO\VLVJUHDWO\UHGXFHGWKH
QXPEHURIXQFHUWDLQLQSXWSDUDPHWHUVIRUWKHUREXVWEDVHGRSWLPL]DWLRQLVDWOHDVWRQHRUGHU
RIPDJQLWXGHJUHDWHUWKDQGHWHUPLQLVWLFRQH1HYHUWKHOHVVVHQVLWLYLW\DQDO\VLVDQGVFUHHQLQJ
UREXVWEDVHG HQJLQH GHVLJQ SDUWLFOHV VZDUP RSWLPL]DWLRQ DOJRULWKP DQG LQGLUHFW WUDMHFWRU\
RSWLPL]DWLRQSURYHGWRPDNHXSDUHOLDEOHDQGDIIRUGDEOHWHFKQLTXHWKDWFRXOGEHHPSOR\HGWR
GLIIHUHQWUHDOZRUOGDSSOLFDWLRQRI+5(V

%HVLGH WKH DIRUHPHQWLRQHG WRSLFV UHVHDUFK KDV DOVR EHHQ FDUULHG RXW LQ WKH ILHOG RI
FRPEXVWLRQLQVWDELOLW\IXHOUHJUHVVLRQUDWHPHDVXUHPHQWDQGRIWKHEHKDYLRXURI12ERWKLQ
WKH WDQN VHOISUHVVXUL]LQJ EHKDYLRXU  DQG DV D FRRODQW FROODERUDWLQJ ZLWK ,WDOLDQ DQG
LQWHUQDWLRQDO LQVWLWXWLRQV LQFOXGLQJ 8QLYHUVLWj GL 5RPD ³6DSLHQ]D´ 3ROLWHFQLFR GL 0LODQR
8QLYHUVLWjGL1DSROL³)HGHULFR,,´DQG&DO3RO\6DQ/RXLV2ELVSR>@
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ADVANCED NOZZLES

$ VHFRQG WRSLF WKDW UHFHQWO\ JDLQHG DWWHQWLRQ DW 3ROLWHFQLFR GL 7RULQR LV WKH VWXG\ RI
DGYDQFHG URFNHW QR]]OHV DLPHG WR LPSURYH WKH SHUIRUPDQFH RI H[LVWLQJ ODXQFKHUV ,Q
SDUWLFXODU D QHZ FRQFHSW KDV EHHQ UHFHQWO\ SURSRVHG >@ WR FRQWURO VHSDUDWLRQ LQ RYHU
H[SDQGHGQR]]OHVE\PHDQVRISODVPDDFWXDWRUV
7KHPRWLYDWLRQEHKLQGWKLVFRQFHSWLVUHODWHGWRWKHIDFWWKDWORZHUVWDJHHQJLQHVDUHXVXDOO\
VXEMHFWHGWRDVLJQLILFDQWYDULDWLRQRIWKHDPELHQWSUHVVXUHGXULQJWKHLUPLVVLRQ7KHRSWLPDO
GHVLJQRIWKHQR]]OHDQGRIWKHDVFHQWWUDMHFWRU\ZRXOGOHDGWRYDOXHVRIWKHDUHDUDWLRTXLWH
ODUJHLQ RUGHUWRLPSURYHWKHQHDUYDFXXPSHUIRUPDQFHRIWKHHQJLQHLQ WKHODVWSDUWRIWKH
PLVVLRQ+RZHYHUODUJHYDOXHVRIWKHDUHDUDWLRZRXOGOHDGWRVHSDUDWLRQDWVHDOHYHOGXHWR
H[FHVVLYHRYHUH[SDQVLRQ)URPRQHKDQGWKHVHSDUDWLRQLPSURYHVWKHSHUIRUPDQFHVVLQFHLW
LQFUHDVHVWKHVHDOHYHOWKUXVW2QWKHRWKHUKDQGWKHVHSDUDWLRQOLQHWHQGVWREHXQVWDEOHWKLV
FRXOGOHDGWRDV\PPHWULFRVFLOODWLRQVZKLFKFDQLQGXFHSRWHQWLDOO\GHVWUXFWLYHVLGHORDGVRQ
WKH QR]]OH 7KH SURSRVHG FRQFHSW DLPV WR UHGXFLQJ WKH GDQJHU RI GHYHORSLQJ VLGHORDGV E\
LQWURGXFLQJ D SHUWXUEDWLRQ LQ WKH QR]]OH ZKLFK WHQGV WR VWDELOLVH WKH VHSDUDWLRQ OLQH 7KH
SURSRVHG WHFKQRORJ\ LV EDVHG RQ SUHYLRXV VWXGLHV LQ WKH ILHOG RI SODVPD DFWXDWRUV ,Q
SDUWLFXODUWKHH[SHULPHQWDOZRUNRI)DOHPSLQHWDO>@VKRZHGWKHSRVVLELOLW\WRFRQWUROWKH
SRVLWLRQRIDVKRFNZDYHLQIURQWRIDVXSHUVRQLFUDPSLQOHWE\XVLQJDSODVPDDFWXDWRUWKH\
VXFFHVVIXOO\FRQWUROOHGWKHSRVLWLRQDQGWKHVORSHRIWKHPDLQVKRFNLQRIIGHVLJQFRQGLWLRQV
E\ NHHSLQJ WKH VKRFN RQ WKH FRZO OLS $ VXEVHTXHQW QXPHULFDO VWXG\ VKRZHG WKDW WKLV
SKHQRPHQRQFDQEHUHSURGXFHGE\LQWURGXFLQJDWKHUPDOVRXUFHZKLFKPLPLFVWKHHIIHFWVRI
WKHSODVPDDFWXDWRU
7KLV ZRUN VXJJHVWHG WKH LQWURGXFWLRQ RI D VHTXHQFH RI FLUFXODU SODVPD DFWXDWRUV LQ WKH
GLYHUJHQWSRUWLRQRIWKHQR]]OHDVVKRZQLQ)LJXUH2QO\RQHRIWKHDFWXDWRUVLVSRZHUHG$V
WKH ODXQFKHU FOLPEV WKH HOHFWULF SRZHU VKRXOG EH SURJUHVVLYHO\ VZLWFKHG WR WKH DFWXDWRUV
WRZDUGVWKHQR]]OHH[LW7KLV FRQFHSW LV VLPLODUWRWKHXVHRI WULS ULQJVWRUHGXFHVLGHORDGV
VXJJHVWHGE\/XNHDQG$GDPV>@ZKLOHLQWKHLUFRQFHSWWKHWULSULQJVGLUHFWO\LQWURGXFHVD
SHUWXUEDWLRQLQWKHIORZLQWKHSUHVHQWDSSURDFKWKHSHUWXUEDWLRQLVLQWURGXFHGRQO\ZKHQWKH
DFWXDWRULVSRZHUHGDQGVRLWGRHVQRWGLVWXUEWKHIORZDWKLJKDOWLWXGH
7KH SRWHQWLDO RI WKH SURSRVHG FRQFHSW ZDV LQYHVWLJDWHG E\ FRQVLGHULQJ DQ $ULDQH OLNH
ODXQFKHUDQGDVLJQLILFDQWSD\ORDGJURZWKPDUJLQZDVREVHUYHG+RZHYHUVHYHUDOFKDOOHQJHV
PXVW EH VROYHG EHIRUH DSSO\LQJ WKLV WHFKQRORJ\ RQ H[LVWLQJ ODXQFKHUV )LUVW RI DOO LW LV
QHFHVVDU\WRGHILQHDVRXUFHIRUWKHHOHFWULFSRZHUUHTXLUHGWRGULYHWKHDFWXDWRUV6LQFHWKH
HVWLPDWHG HOHFWULFDO SRZHU LV D IUDFWLRQ RI WKH PHFKDQLFDO SRZHU JHQHUDWHG E\ WKH WXUELQHV
ZKLFKGULYHWKHSXPSVRIWKH$ULDQHLWZRXOGEHSRVVLEOHWRUHGHVLJQWKHWXUELQHVLQRUGHU
WR SURYLGH WKH DGGLWLRQDO SRZHUV )XUWKHUPRUH LW ZRXOG EH QHFHVVDU\ WR LQVWDOO HOHFWULF
JHQHUDWRU ZLWK D VXIILFLHQWO\ KLJK SRZHUZHLJKW UDWLR LQ RUGHU QRW WR FDQFHO WKH SD\ORDG
JURZWK PDUJLQ $FFRUGLQJ WR >@ HOHFWULF PDFKLQHV ZLWK WKHVH SHUIRUPDQFHV  N:NJ 
FRXOGEHFRPHDYDLODEOHRQWKHPDUNHWDIWHU
)LQDOO\ WKH SUHOLPLQDU\ VWXG\ ZDV EDVHG RQ D VLPSOLILHG QXPHULFDO DQDO\VLV ZLWK D 5$16
WXUEXOHQFH PRGHO $Q H[SHULPHQWDO LQYHVWLJDWLRQ ZRXOG EH QHFHVVDU\ WR YHULI\ LI WKH
SHUWXUEDWLRQLQGXFHGE\WKHDFWXDWRUVLVVXIILFLHQWWRVWDELOLVHWKHVKRFNLQWKHSUHVHQFHRIWKH
W\SLFDOIOXFWXDWLRQVZKLFKFDQEHREVHUYHGGXULQJWKHHQJLQHRSHUDWLRQ
7KHVLPXODWLRQVZHUHSHUIRUPHGE\PHDQV RIDUHVHDUFK&)'FRGH7KHVROYHUFDQPDQDJH
' DQG ' XQVWUXFWXUHG PHVKHV ZLWK GLIIHUHQW DSSURDFKHV WR WKH PRGHOOLQJ RI WXUEXOHQFH
ERWK 5$16 PRGHOV DQG /(6 DSSURDFKHV KDYH EHHQ LPSOHPHQWHG DQG WHVWHG 'LIIHUHQW
DSSURDFKHVDUHDOVRDYDLODEOHIRUWKHVSDWLDOGLVFUHWLVDWLRQWKHVROYHUFDQVZLWFKEHWZHHQWKH
ILQLWH YROXPH PHWKRG DQG DQ KLJKRUGHU GLVFRQWLQXRXV *DOHUNLQ ILQLWH HOHPHQW PHWKRG
GHSHQGLQJRQWKHSUREOHPZKLFKLVXQGHULQYHVWLJDWLRQ,QSDUWLFXODUZKHQWKHFRGHZRUNVLQ
GLVFRQWLQXRXV *DOHUNLQ PRGH D KLHUDUFKLFDO RUWKRQRUPDO PRGDO EDVLV LV LQWURGXFHG LQ HDFK
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HOHPHQW IROORZLQJ WKH DSSURDFK RI %DVVL HW DO >@ 6HYHUDO XSZLQG DQG FHQWUDO QXPHULFDO
IOX[HVKDYHEHHQLPSOHPHQWHGIRUWKHDSSUR[LPDWLRQRIWKHFRQYHFWLYHIOX[HVZKLOHGLIIXVLYH
IOX[HVDUHFRPSXWHGE\PHDQVRIUHFRYHU\EDVHGDSSURDFK>@
:KHQ WKH FRGH ZRUNV LQ ILQLWH YROXPHV PRGH RQO\ RQH GHJUHH RI IUHHGRP SHU HTXDWLRQ LV
LQWURGXFHGLQHDFKHOHPHQWVHFRQGRUGHUDFFXUDF\LVREWDLQHGE\DSSO\LQJDOLPLWHUDSSURDFK
JHQHUDOLVHGWRXQVWUXFWXUHGPHVKHV'LIIXVLYHWHUPVDUHFRPSXWHGE\PHDQVRIDOHDVWVTXDUHV
LQWHUSRODWLRQ
&XUUHQWO\ WKH FRGH LV HPSOR\HG IRU WKH VWXG\ RI SHUIRUPDQFHV LQ GXDOEHOO QR]]OHV $V
H[DPSOH WKH 0DFK QXPEHU ILHOG DQG WKH FRPSXWDWLRQDO PHVK UHODWHG WR D GXDO EHOO QR]]OH
VLPXODWLRQ DUH UHSRUWHG LQ )LJXUH  7KHVH UHVXOWV UHSUHVHQW DQ LQVWDQWDQHRXV VQDSVKRW RI D
WUDQVLHQWLQZKLFKDFDSVKRFNVWUXFWXUHFDQEHFOHDUO\LGHQWLILHG7KHJHRPHWU\RIWKHQR]]OH
LVREWDLQHGE\SHUIRUPLQJDILWWLQJZLWKWZRSDUDERODVRIWKHGXDOEHOOQR]]OHVWXGLHGE\>@


)LJXUH3ODVPDDFWXDWRUDVVLVWHGURFNHWQR]]OHFRQFHSW



)LJXUH6QDSVKRWRIWKH0DFKILHOGDQGFRPSXWDWLRQDOPHVKIRUDWUDQVLHQWVLPXODWLRQLQD
GXDOEHOOQR]]OH

3

RESONANT IGNITERS FOR ROCKET ENGINES

5HVRQDQW LJQLWHUV DUH D SURPLVLQJ DOWHUQDWLYH WR HOHFWULF LJQLWHUV IRU OLTXLG URFNHW HQJLQHV
(OHFWULF LJQLWHUV H[SORLW WKH HQHUJ\ UHOHDVHG E\ D VSDUN WR VWDUW WKH FRPEXVWLRQ WKH\ DUH
UHOLDEOHDQGZLGHO\XVHG2QWKHRWKHUKDQGUHVRQDQWLJQLWHUVGRQRWQHHGDQ\HOHFWULFVRXUFH
WKH\DUHOLJKWZHLJKWDQGFDQEHUHVWDUWHGVHYHUDOWLPHV7KHEDVLFFRQILJXUDWLRQRIDUHVRQDQW
LJQLWHULVTXLWHVLPSOHLWLVFRPSRVHGE\DQR]]OHDQGDFDYLW\ZLWKDFORVHGHQG7KHLGHDLV
WRPDNHLQWHUDFWDQXQGHUH[SDQGHGMHWH[SHOOHGE\WKHQR]]OHZLWKWKHFDYLW\SODFHGLQIURQW
RIWKHQR]]OH>@,IWKHQR]]OHSUHVVXUHUDWLRDQGVRPHJHRPHWULFDOSDUDPHWHUV HJWKHUDWLR
EHWZHHQWKHFDYLW\QR]]OHGLVWDQFHDQGWKHQR]]OHGLDPHWHU DUHDSSURSULDWHO\VHOHFWHGZLWKLQ
FHUWDLQ UDQJHV IOXLG G\QDPLF LQVWDELOLWLHV RFFXU ,Q SDUWLFXODU DQ RVFLOODWLRQ RI WKH QRUPDO
VKRFNSODFHGLQIURQWRIWKHFDYLW\LQOHWFDQEHREVHUYHG7KHXQVWHDG\SHUWXUEDWLRQVZKLFK
HQWHUWKHFDYLW\WUDQVSRUWHQHUJ\DQGSDUWRIWKLVHQHUJ\FDQUHPDLQWUDSSHGLQWKHIOXLGLQVLGH
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WKHFDYLW\GXHWRLUUHYHUVLEOHSKHQRPHQD&RQVHTXHQWO\WKHWHPSHUDWXUHRIWKHJDVDWWKHHQG
RI WKH FDYLW\ FDQ EH VLJQLILFDQWO\ LQFUHDVHG UHDFKLQJ YDOXHV ZHOO DERYH WKH VWDJQDWLRQ
WHPSHUDWXUHRIWKHJDVZKLFKIHHGWKHQR]]OH>@
$ SUHOLPLQDU\ QXPHULFDO VWXG\ RI WKH SK\VLFDO SKHQRPHQD ZKLFK JRYHUQ UHVRQDQW LJQLWHUV
KDYHEHHQFDUULHGRXWZLWKWKHUHVHDUFK&)'FRGHXVHGIRUWKHURFNHWQR]]OHVLPXODWLRQV>@
$ VQDSVKRWV RI WKH 0DFK ILHOG GXULQJ WKH XQVWHDG\ RSHUDWLRQ RI D UHVRQDQW LJQLWHU ZLWK
QLWURJHQ LV UHSRUWHG LQ )LJXUH  DORQJVLGH D GHWDLO RI WKH FRPSXWDWLRQDO PHVK XVHG IRU WKH
VLPXODWLRQ7KHILJXUHVKRZVFOHDUO\WKHQRUPDOVKRFNORFDWHGLQIURQWRIWKHFDYLW\LQOHW



4

)LJXUH6QDSVKRWRIWKH0DFKILHOGDQGFRPSXWDWLRQDOPHVKIRUDWUDQVLHQWVLPXODWLRQLQD
UHVRQDQWLJQLWHU



FUTURE PERSPECTIVES

)LQDOO\VRPHQHZWRSLFVZLOOEHLQYHVWLJDWHGLQWKHIXWXUH)RUH[DPSOHWKHXVHRILPPHUVHG
ERXQGDU\ WHFKQLTXHV ZKLFK KDYH EHHQ DOUHDG\ LPSOHPHQWHG IRU FRPSUHVVLEOH IORZV DURXQG
PRYLQJ ERGLHV ZLOO EH LQYHVWLJDWHG DV D FDQGLGDWH PHWKRG IRU WKH VLPXODWLRQ RI WKH JUDLQ
JHRPHWU\ HYROXWLRQ LQ VROLGK\EULG URFNHW PRWRUV $V IDU DV K\EULG URFNHWV DUH FRQFHUQHG
IXWXUHZRUNZLOOEHGHYRWHGWRWKHGHYHORSPHQWRIQHZPRGHOVIRUWKHDQDO\VLVRIFRPEXVWLRQ
LQVWDELOLW\
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ABSTRACT
Nowadays, more objects are launched into orbits and remain longer in space. In this context,
the paper aims to address the legal challenges of the planned future servicing missions
through a so-called space tug which include for instance orbit correction, refueling, space
debris removal and payload substitution. These missions highlight a new paradigm in space
activities. Indeed, on one hand there is a necessity to avoid collision in orbit; on the other
hand, in case of on-orbit rendezvous, the issue is to dock two space objects. Thus, it is of
utmost importance to figure out the status of two or more space objects docked and to
consider the responsibility of the operator for damage caused to third parties, and the
responsibility between participants of the same mission. Moreover, the paper stresses the
topic from the perspective of military space activities that is if an on-orbit service vehicle
might pose a threat to space security. One of the main international legal challenges for these
technologies are the risks they disrupt space security, and their weaponization, thus
jeopardizing the sustainability of the space environment. Last but not least, recent
technological advances have significantly increased the need for specific norms and
standards for the industry, at national and international levels, in order to enable cooperative
OOS missions.
Keywords: Satellite, Servicing, Responsibility, Security.

INTRODUCTION
Nowadays, more objects are put into orbit around Earth. Moreover, they remain longer
in outer space. However, the availability of orbital slots in geostationary orbit (GEO) is
limited, and the low-Earth orbit (LEO) region is becoming crowded which represent a real
challenge for commercial, civil and military operators. Currently, innovation and development
of the space technologies have the ability to push human use of space forward, in particular in
the case of on-orbit satellite servicing (OOSS) [1].
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Indeed, OOSS offers an important potential for space actors [2] as it could be the path
toward the life extension of space assets, and thus, lowering costs and increasing profits
throughout satellite’s operational lifetime [3].
In particular, OOSS refers to maintain, repair, upgrade, refuel or de-orbit a spacecraft
while it is in orbit [4]. These activities require the servicer spacecraft to approach, rendezvous
and interact with the asset to be serviced. For repair, upgrade or refuel missions, the servicer
spacecraft most often will need to attach to the satellite a so-called “space tug” [5] connected
to it by a docking port, or will capture it with a robotic arm. By contrast, de-orbit missions
may use tethers, harpoons, nets or lasers [6].
These missions underscore a new paradigm in space activities. Indeed, on one hand
there is a necessity to avoid collision in orbit; on the other hand, in case of on-orbit
rendezvous, the issue is to dock two space objects. We reverse the perspective causing the
meeting in orbit, which raises some legal issues in particular given the risk of causing damage
to other space objects in orbit [7]. For instance, as there is a contact between space objects,
there is also a contact between State jurisdictions. So what is the relationship amongst space
national regulations? Who is liable in the event that an accident occurs during a servicing
mission, possibly involving a servicer spacecraft of another launching state? Who would be
liable for damage caused on Earth by a space object being de-orbited? Does that apply even
when the spacecraft was de-orbited by an actor other than the launching state? If an accident
occurs in outer space, a proof of fault is required under art.III of the Liability Convention
which holds the launching state responsible for damage caused to other space objects. How
can this fault be proven? It is even possible in every situation?
As one can observe, the recent technological advances and proposed future missions in
this field have significantly increased the need for a stringent legal and political framework
for the industry and governments at national and international level [8]. As of now, the use of
outer space and the liability for on-orbit operations are governed by two United Nations
documents: the 1967 Outer Space Treaty (OST) [9] and the 1972 Liability Convention
(LIAB) [10]. However, on-orbit servicing missions are not completely covered by these
documents, leaving a number of key legal issues unaddressed (1). Furthermore, if OOSS
missions are in a first step not considered as military activities, the core capability of the
system is of a dual use nature, allowing also military capabilities. So, one can highlight the
fact that an on-orbit service vehicle poses a threat from the perspective of the safe use of outer
space and national security (2).

1. LEGAL
ACTIVITIES

IMPLICATIONS

RELATED

TO

ON-ORBIT

SERVICING

As previously mentioned, the Outer Space Treaty and the Liability Convention are of
particular interest to on-orbit servicing activities.
First of all, art.VI of the OST gives States “international responsibility for national
activities in outer space… whether such activities are carried on by governmental agencies or
by non-governmental entities”. Moreover, it mentions that these entities “shall require
authorization and continuing supervision by the appropriate State Party to the Treaty”. In this
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context, States have implemented, at the domestic level, these obligations through licensing
regimes granted by government authorities.
Furthermore, space missions represent activities of high risk, so art.VII of the OST
makes States liable for accidents they cause in space [11]. Hence, States engaged in OOSS
will be liable for damage that they caused under the terms of the treaty.
Art.VIIof the OST was expanded in the Liability Convention, which established an
international liability regime for States engaging in outer space activities. Indeed, the Liability
Convention holds a launching State liable for fault in case of damage caused by its space
objects in outer space, and an absolute or strict liability standard for damage caused on the
surface of the earth or to aircraft in flight (arts. II and III LIAB). Nevertheless, an OOSS
mission might be targeting a space object that does not belong to the State engaging in the
mission [12]. Under the Liability Convention the “launching State” is liable for damage
caused “by its space object” (arts. II and III). A “launching State” means a State that launches
a space object, procures the launch of the space object, and from whose territory or facility a
space object is launched (art. I). Thus, OOSS creates issues of liability in that between the
targeted object and the targeting object there may be diverse launching states [13]. In
addition, issues of causation will probably occur in various scenarios involving these
technologies [14]. For instance, if the rendezvous inadvertently touches and affects the
object’s orbit and it collides with a third party’s spacecraft, then a question of which space
object caused the damage will emerge. However, art.V of the LIAB provides clarification in
that “the participants in a joint launching may conclude agreements regarding the
apportioning among themselves of the financial obligation in respect of which they are jointly
and severally liable”.
If international law does not give legal detailed about OOSS missions, contracts
between participants are capable to overcome gaps in the law, including some of the issues
identified above. Issues related to the permission to engage with a space object, the allocation
of risk and liability of the parties involved, and mission parameters might be solved by private
agreement [15]. Indeed, the nature of these contracts and their impact on State interests would
make them an important part of a submission to a licensing authority. Contractual law
represents a way to address a number of legal gaps. Moreover, contractual elements are
becoming significantly used, and standardized as industry best practices [16]. Such best
practices can result in regulatory behavior comparable to a lex mercatoria of space [17]. A lex
mercatoria, or the law between merchants, is a set of norms through which merchants
establish consistent rules in their exchanges. Contract clauses can support both domestic and
international law by developing some standards that are easily recognized because of their
efficiency. As a result, private contracts have an important role to play in order to ensure that
operators and States are preserved from legal gaps that exist in the initial stages of the
deployment of OOSS technologies.
Furthermore, one can observe that these activities may not be limited to space objects
owned by the States engaging in these activities. Indeed, States will address issues of
ownership and jurisdiction when engaging with OOSS activities. In particular, art.VIII of the
OST stipulates “A State Party to the Treaty on whose registry an object launched into outer
space is carried shall retain jurisdiction and control over such object. […] Ownership of
objects launched into outer space is not affected by their presence in outer space”. This
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means that States engaged in OOSS missions will need to take into account the launching
State(s), the State of registration, and the State of ownership. This specific point raises several
legal issues about which State(s) must be approached before engaging in an OOSS procedure.
Probably, the State of registration, which has jurisdiction, would be sufficient, but the high
risk of the activity and the potential liability questions affecting the launching States, may
ensue further consultation and cooperation among the participants. Last but not least, States
must have affirmative consent from the owner and States of jurisdiction before engaging in
such activity. Such consent would be the result of the “consultations” between States as
provided in art.IX of the OST [18]. Without such consent, space objects stay under the
jurisdiction and control of the States that have registered them and interferences might be seen
as a hostile act.
Regarding art.IX of the OST “[…] If a State Party to the Treaty has reason to believe
that an activity or experiment planned by it or its nationals in outer space, would cause
potentially harmful interference with activities of other States Parties in the peaceful
exploration and use of outer space, it shall undertake appropriate international consultations
before proceeding with any such activity or experiment. A State Party to the Treaty which has
reason to believe that an activity or experiment planned by another State Party in outer space
would cause potentially harmful interference with activities in the peaceful exploration and
use of outer space may request consultation concerning the activity or experiment”. This
means that States have to act “with due regard to the corresponding interests of other State
Parties to the Treaty” and to engage in “international consultations” when their space
activities could cause “potentially harmful interference.” States that will pursue OOSS
activities will have a legal obligation to use these technologies in a way that they do not
interfere with other States space missions. This includes making sure that the spacecraft
employed in such activities are not involved in collisions with the spacecraft of other states,
that the mission is not a source of more space debris through collisions with the intended
target, and also that the manoeuvre does not harmfully interfere with other space objects.
Lastly, it should be underscore the relevance of art.X of the OST that stipulates “States
Parties to the Treaty shall consider on a basis of equality any requests by other States Parties
to the Treaty to be afforded an opportunity to observe the flight of space objects launched by
those States. The nature of such an opportunity for observation and the conditions under
which it could be afforded shall be determined by agreement between the States concerned”.
This means that the Treaty affords opportunity to observe the flight of space object that will
perform OOS.
So, defining clear parameters of a State’s liability in the case of on-orbit accidents and
adopting binding norms that resolve questions of jurisdiction, control, and ownership is of
utmost importance in order to support the development of such activities, in particular
considering the economic challenges they represent. Further, the possibility of unsupervised
access to space assets by servicer spacecraft presents some security issues.
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2. ON-ORBIT SERVICING VEHICLE: A THREAT FOR THE PEACEFUL USE
OF OUTER SPACE?
The primary international legal challenges for these technologies are avoiding their
weaponization in order to use them in a peaceful manner, but also by taking into account the
sustainability of the space environment. One can argue that the development of on-orbit
service vehicles may disrupt the space security.
If on one side, OOSS are not military space activities, on the other hand, the core
capability of manoeuvre, rendezvous, and manipulation is of a dual use nature, allowing also
military capabilities. In other words, this technology has the capacity for being used to
interfere with another State’s space asset. As a result, this part will consider the legality of
these technologies in light of their dual use capacity. OOSS mission raises questions related to
the weaponization of space and the extent to which these technologies can be viewed as
peaceful.
The potential to interfere with another State’s space asset reflects a key strategic
element [19], and the use on-orbit vehicles can be perceived as a non-peaceful activity.
Weaponization is a grey zone in the law of space activities [20]. In the Outer Space
Treaty, the only article that deals with military uses of outer space is art.IV [21]. It prohibits
States from placing any weapons on the Moon or other celestial bodies. However, it only bans
States from placing some weapons into Earth orbit, such as weapons of mass destruction
(WMD). This means that conventional weapons are not expressly legally banned from being
placed into Earth orbit or into the deep space. As a result, art.IV of the OST presents some
limits with regard to the use of weapons in outer space.
Efforts of the international community in this field have focused on developing policy
regimes known as the Prevention of an Arms Race in Outer Space (PAROS) [22]. The
attempts to move forward the PAROS initiative can be observed in two international
organizations. Firstly, the UN General Assembly passes a resolution on PAROS each year
reiterating the necessity to maintain the international peace and security in outer space.
Secondly, PAROS is on the list of the Conference on Disarmament competencies. However,
the legal obligations linked to PAROS are difficult to achieve due to persistent disagreement
amongst States on the concept of weaponization [23] and on what constitutes a “space
weapon” or “weapons in space” [24].
Nevertheless, practice in outer space activities show that many space assets designed
for civil purposes have the capacity to be used for military purposes [25].Potentially
everything in space has the capability to be used as a weapon [26]. Therefore, the key issue is
whether OOS technologies might violate the principle of peaceful purposes in light of the
question of weaponization. As these technologies are specifically designed to interact with
other objects in space, they have the potential to interfere with other spacecraft. If these
technologies per se cannot be considered as weapons, they can be viewed as a latent threat as
a result of their dual use nature [27].
Dual use technologies have a growing strategic value, and even if civilly developed,
they have the potential to increase security concerns and be seen as the “Trojan Horse”
opening the way of an arms race in outer space [28]. These technologies have the potential to
be very destabilizing. As a result, States must take measures that identify their intent when
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engaging in these activities regardless of whether the main purpose is commercial or civil.
Some best practices may have the aim to set normative behavior for future space activities
while ensuring other states of the legality of space operations in order to avoid conflict.
In such scenarios, States should implement clear policy and legal framework
concerning the use of these technologies in order to maintain the strategic peacefulness of
outer space activities.
CONCLUSION
Legally speaking, OOSS are space activities like any other and they need to be
authorized by States. Moreover, due to the interaction with another spacecraft, attention must
be paid to the fact that the target owner and the launching State(s) agree to the service; the
consequences of damage have to be clarified previously among the parties of the service; and
there are no other obstacles such as export control regulation or risk of harmful interference.
Obviously, an OOSS mission with identical owners and launching States reduces legal
complexity. But, a future OOSS market will require novel legal approached to reduce issues
in legal relations. Two important elements should take into consideration in view of the risk
of unwanted interference or damage. Firstly, the contractual perspective that is the contractual
relation between service providers and customers. Secondly, elements of “soft law” that might
be created by space actors and industry through instruments such as technical standards,
guidelines and practices [29].
Currently, the State from which the spacecraft is launched is responsible and liable for
the asset place in orbit. In scenarios where objects might be built in one country, launched by
another country and serviced by a third country, the liability for damage imposed may need to
be reconsidered. On-orbit servicing regulation should be further discussed by COPUOS and
as part of the Conference on Disarmament with the aim to develop working guidelines to be
ratified by nations participating in the activities, including providers and customers.
Furthermore, States should initiate the monitoring and licensing of on-orbit servicing
activities by national governmental agencies. In addition, another relevant issue is whether a
State has to impose insurance minimums in order to ensure that an accident in space does not
disproportionately expose it in the context of the international liability regime.
Last but not least, it is of utmost importance to create transparency and confidence
building measures [30] to prevent the threat that may represent on-orbit vehicles in space, but
also, to ensure the long term sustainability of space activities [31]. Confidence and
appropriate transparency in servicing services needs to be guaranteed for all operations in
order to create a safe market [32].
In sum, some sort of standards will need to exist. Standards might come from industry
associations, international organizations, or through domestic regulation [33]. The new
commercial interest in these technologies is creating a need for legal answers so that the
economic potential and development of these technologies are not blocked. One can observe
that the emergence of regulation is likely to occur at the national level as a first step. This can
allow supporting the implementation of an international regime, which will fully cover the
legal issues pose by OOSS activities.
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ABSTRACT
7KH UHFHQW DQG FRQWLQXRXVO\ JURZLQJ VFLHQWLILF LQWHUHVW IRU DVWHURLGV¶ FRPSRVLWLRQ DQG LWV
UHODWLRQ WR VRODU V\VWHP¶V RULJLQV KDV OHG WKH VSDFH LQGXVWU\ WR SXW KLJK HIIRUW LQWR DVWHURLG
PLVVLRQV GXULQJ WKH ODVW \HDUV 1RZDGD\V VHYHUDO VSDFH FRPSDQLHV DUH LQYHVWLQJ UHVRXUFHV
LQWR+HUDPLVVLRQ ZKLFKKDVEHHQSURSRVHGE\WKH(XURSHDQ6SDFH$JHQF\ ,QDGGLWLRQWR
YLVLWLQJWKH'LG\PRVDVWHURLGELQDU\V\VWHPWRDFTXLUHLPSRUWDQWVFLHQWLILFGLVFRYHULHV+HUD
PLVVLRQ ZLOO DOVR EH WKH ILUVW PLVVLRQ WR RSHUDWH DXWRQRPRXVO\ DURXQG DQ DVWHURLG  7KH
VSDFHFUDIW ZLOO IXVH GDWD IURP LWV$VWHURLG )UDPLQJ &DPHUD $)&  VWDUWUDFNHU ODVHU
DOWLPHWHU WKHUPDO LQIUDUHG FDPHUD DQG LQHUWLDO VHQVRUV WR EXLOG XS D FRKHUHQW PRGHO RI LWV
VXUURXQGLQJVDQGEHDEOHWREHKDYHDXWRQRPRXVO\'HVSLWHWKDWWKH$)&LVFRQVLGHUHGWREH
WKHPRVWFUXFLDOGDWDVRXUFHEHFDXVHRILWVGXDOVFLHQFHDQGQDYLJDWLRQIXQFWLRQDOLW\,QIDFW
DOWKRXJKLPDJHVDFTXLUHGE\WKHFDPHUDDUHJRLQJWREHXVHGIRUVFLHQWLILFSXUSRVHVGXULQJ
WKH PLVVLRQ WKHLU PDLQ XVDJH ZLOO EH GHYRWHG WR QDYLJDWLQJ DXWRQRPRXVO\ DURXQG WKH PDLQ
DVWHURLG'LG\PDLQ%HFDXVHRIWKLVUHDVRQVHYHUDOKDUGZDUHLQWKHORRSWHVWVDUHEHLQJPDGH
LQODERUDWRULHVWRDQDO\VHWKHDFFXUDF\RIVSHFLILFIHDWXUHGHWHFWLRQH[WUDFWLRQDQGWUDFNLQJ
DOJRULWKPV $ORQJ ZLWK WKH FRPSXWHU YLVLRQ SDUW QDYLJDWLRQ ILOWHUV DUH EHLQJ WHVWHG RQ WKH
FDSWXUHGLPDJHVWR SURYHWKHIHDVLELOLW\RIVKDSHUHFRQVWUXFWLRQDQGUHODWLYHSRVHHVWLPDWLRQ
LHUHODWLYHSRVLWLRQYHORFLW\DWWLWXGHDQGDQJXODUYHORFLW\ 7KHSUHVHQWSDSHUSUHVHQWVDQ
DOJRULWKPZKLFKKDVEHHQEXLOWWRXVHLPDJHVDFTXLUHGE\DFDPHUDLQRUGHUWRUHFRQVWUXFW
'LG\PDLQ¶V UHODWLYH SRVH DQG VKDSH DQG YDOLGDWHV LW ZLWK ERWK FRPSXWHU VLPXODWLRQV DQG
H[SHULPHQWDOWHVWV)LUVWO\WKHDOJRULWKPLVJRLQJWREHH[SODLQHGLQDOOLWVSDUWVWKHFRPSXWHU
YLVLRQEORFNPDNHVXVHRIIHDWXUHGHWHFWLRQDQGH[WUDFWLRQPHWKRGV HJ.$=(6,)7HWF DQG
WUDFNLQJ DOJRULWKPV HJ .DQDGH/XFDV7RPDVL )HDWXUH 7UDFNHU  WR H[WUDFW PHDQLQJIXO
LQIRUPDWLRQIURPWKHFDSWXUHGLPDJHVWKHQDYLJDWLRQILOWHUGHYHORSHGIROORZLQJDQ8QVFHQWHG
.DOPDQOLNHVFKHPHLVJRLQJWRXVHWKRVHGDWDWRUHFRQVWUXFWWKHDVWHURLG¶VSRVHDQGVKDSH
6HFRQGO\DVLPXODWRUEXLOWLQ0DWODEHQYLURQPHQWZKLFKXVHVD'&$'RIWKHDVWHURLGWR
JHQHUDWHV\QWKHWLFLPDJHVLQFORVHGORRSLVEHLQJXVHGWRSURYHWKHIHDVLELOLW\RIWKLVFRQFHSW
VHYHUDO VLPXODWLRQ VFHQDULR ZLWK GLIIHUHQW LQLWLDO FRQGLWLRQV ZLOO EH DQDO\VHG WR SURYH WKH
UREXVWQHVVRIWKLVDSSURDFK)LQDOO\WKHDOJRULWKPLVJRLQJWREHWHVWHGDQGYDOLGDWHGWKURXJK
H[SHULPHQWDOWHVWVSHUIRUPHGDWplatform-art© *09¶V$GYDQFHG5RERWLF7HVWEHGLQ0DGULG
ZKHUHUHDOLPDJHVRID'LG\PDLQDVWHURLG¶VPRFNXSDUHJRLQJWREHIUDPHGDQGXVHGLQWKH
ORRS
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INTRODUCTION

In the framework of celestial bodies’ exploration, scientific interest in asteroids has been lately
growing. It is indeed scientifically acknowledged that the origins of our solar system are to be
sought into asteroids chemical composition. Because of this reason, space industry companies
are pushing into this direction by investing economical resources into asteroids’ sampling return
missions. As an example of such investments, ESA is currently assembling a mission called
HERA [1],[2] in the framework of the so-called $VWHURLG ,PSDFW  'HIOHFWLRQ $VVHVVPHQW
$,'$  mission [3]. As part of AIDA, two independent spacecraft will be sent to Didymos
binary asteroid system [4]: an asteroid impactor, part of NASA’s 'RXEOH$VWHURLG5HGLUHFWLRQ
7HVW '$57 mission [5]; HERA, an asteroid rendezvous spacecraft which is going to observe
and characterize the consequence on the binary system’s dynamics of the crater produced by
DART’s kinetic impact. In addition to great scientific discoveries, HERA will be the first
mission to operate autonomously around an asteroid.
In order to be able to accomplish such a challenging task, the spacecraft will be equipped
with several sensors, such as the $VWHURLG)UDPLQJ&DPHUD $)& , star-tracker, laser altimeter,
thermal infrared camera and inertial sensors. Amongst all, the AFC will be the only sensor to
be used for both scientific and navigation purposes. Images captured by the camera will be
fused with measures from other sensors to estimate Didymos properties and give the spacecraft
the possibility to operate in complete autonomy. In particular, a first phase of the mission will
be devoted to refine the asteroid’s dynamical properties, such as its mass, radius and inertia
tensor. Once a coherent dynamical model is available, the spacecraft will need to estimate the
asteroid’s kinematic properties, such as its rotation rate, spinning axis and its position and
velocity relatively to the spacecraft. A 3D characterization of the asteroid’s shape is required
as well.
The approach which is currently being investigated is to divide this complete
characterization process in several separate phases, all of which make use of the images being
captured by the camera. The asteroid’s angular velocity, its landmarks characterization and the
relative position and velocity of Hera spacecraft are estimated in three separate subsequent steps
all of which rely on the estimate coming from the previous ones.
Nowadays, tests are being made to prove the feasibility and accuracy of this approach,
yet it showed criticalities because of the decoupled nature of the process. The present paper
proposes an alternative approach for estimating the relative kinematic state between the asteroid
and the spacecraft (also called UHODWLYHSRVH) and characterizing the body’s shape. Conversely
to the approach which is being tested in laboratories, this approach is tightly coupled and it
presents therefore different kind of strengths and criticalities, which will be explained in the
results and conclusion sections. The developed algorithm makes use both of features extracted
and tracked through the images captured by the AFC and of relative distance measurements
coming from the laser altimeter. An 8QVFHQWHG.DOPDQ)LOWHU 8.) uses that information to
estimate both relative pose and asteroid’s shape at the same time. Computer simulations and
hardware-in-the-loop tests performed at platform-art© [6], GMV’s robotic facility in Madrid,
will be carried out to quantify the algorithm’s degree of accuracy.
The following section is presenting the dynamical model used to reconstruct the linear
relative motion between the spacecraft and the asteroid. Following up, section 3 is presenting
the relative attitude kinematics and dynamics model. Sections 4 and 5 illustrate the features
detection and tracking along with the filtering strategy. Simulations and hardware-in-the-loop
tests results are presented respectively in sections 6 and 7, while concluding remarks can be
found in section 8.
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DYNAMICS MODEL

In order to reconstruct truthful simulations of the motion of the spacecraft around Didymos
asteroids system, a proper dynamical model has to be adopted. It is also true that the dynamics
of a spacecraft around a binary system is quite complex and difficult to reproduce down to the
smallest possible degree of accuracy. On the other hand, the intent of this research is not to
build an accurate dynamical simulator for the Hera mission. The goal is to test and validate a
properly developed navigation algorithm, whose aim is to reconstruct the shape and relative
pose between the spacecraft and the main body, Didymain.
To this purpose, the choice of the dynamical model to be adopted will be made following
a trade-off between accuracy and complexity. Since the AFC’s field of view is quite narrow
(5.5° × 5.5°) [7], in order to frame the entire main body the choice of spacecraft’s distance from
it falls necessarily to at least 10 kilometres. At such distance, the translational relative motion
between the two bodies causes almost negligible displacement between two consecutive images
(e.g., if we consider a 50 seconds delta between consecutive frames) if compared to the one
caused by Didymain’s own rotational velocity.
That being said, any amelioration of the dynamical model will not be perceivable
through images captured at a 10 kilometres distance. Therefore, using a model which includes
gravitational perturbations caused by either the Sun or the secondary body Didymoon would
not change the results obtained by the optical navigation system. As a result, the resulting
chosen dynamical model takes into account the main body’s first and second order terms of its
gravitational potential
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(1)

ZKHUH ȡ LV WKH VSDFHFUDft’s position with respect to Didymain, expressed in $&, $VWHURLG
&HQWUHG,QHUWLDO UHIHUHQFHIUDPHȝD = 3,489×10-8 km3/s2 is Didymain’s planetary constant; J2
= -0,01143 is Didymain’s second order gravitational potential; RD = 0.4287 km is Didymain’s
equatorial radius [3],[8].
As for the spacecraft translational dynamics, Didymain’s rotational dynamics has been
described with a model which does not take into account any perturbation due to Didymoon’s
presence. The resulting equation resumes, therefore, into Euler’s equations

Z %%5)
/$

%5)
, 1 Z%%5)
/ $ u , Z% / $

(2)

where Z%%5)
/ $ is the body’s (i.e., Didymain’s) velocity with respect to ACI, expressed in %5)
%RG\5HIHUHQFH)UDPH , i.e., a Didymain-fixed reference frame; I is Didymain’s inertia matrix.
Even though such a model is used, Didymain rotates around its z-axis with a fixed angular
velocity, which, recalling that its rotational period is 2,26 hours [8], is equal to 4,425×10-2 deg/s.
3

RELATIVE ROTATIONAL DYNAMICS

The aim of the filter is to estimate the relative pose between the spacecraft, i.e., the camera, and
Didymain. The relative angular motion between the two bodies is described by the angular
velocity between &5) &DPHUD5HIHUHQFH)UDPH and BRF, whose kinematic is expressed as
follows

Z&%5)
/%

%5)
Z&%5)
/ $  Z% / $
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where Z&%5)
/ $ is the angular velocity of the camera with respect to ACI. Please note that CRF is
a reference frame fixed to the spacecraft which has the z-axis parallel to camera’s optical axis,
y-axis parallel to orbital angular momentum and x-axis so to form a right-handed basis.
In order to express the derivative in time of the first term in equation (3), we must derive
in time the terms on the right-hand side. The result of such process is the following

Z &%5)
/%

%5)

%5)
%5)
 %5)
5&5) Z &&5)
/ $  Z % / $  Z % / $ u Z& / %

(4)

where %5) 5&5) is the rotation matrix between CRF and BRF and represent the relative attitude
between the spacecraft and Didymain, which is to be estimated by the filter.
Both the angular velocity and acceleration between CRF and ACI are known quantities,
given by the constraint that the camera must point towards the asteroid in order to entirely frame
it.
Given that the spacecraft is moving on an orbit around Didymain, its angular velocity
(i.e., camera’s angular velocity) with respect to the asteroid is computed through classical
orbital mechanics laws, as done in [9],[10]. Considering also the effect J2 has on the orbital
angular velocity, it results
7

U I\ ·
§
K
(5)
Z

¨0
¸
U2
K ¹
©
where K is the orbital angular momentum, while I \ is the acceleration exerted by J2 force
&5)
&/ $

along CRF’s y-axis (i.e., parallel to the orbital angular momentum).
Deriving equation (5) in time it leads to the desired angular acceleration

Z &&5)
/$

§
¨0
¨
©

7

YU I \  U I\ K  U I \ K ·
¸

¸
K2
¹

K U  2YU K

U3

(6)

where YU is the spacecraft’s radial velocity. Please note that, since the effect of J2 perturbation
is taken into account, the angular momentum is not constant over time.
4

FEATURES EXTRACTION AND TRACKING

In order to estimate the relative pose between the spacecraft and Didymain, images captured by
the AFC have to be used in some quantitative way which can be treated as a measure by the
filter. In Figure1 the example of a picture framed from a 3D CAD model of Didymain is shown.
The following sections describe the steps of the process the images captured by the camera are
subjected to.
4.1

Features detection and clusterization

By applying KAZE method [12] on the image shown in Figure 1, Q  features are detected.
The result is shown in Figure 2a, where the features’ locations are plotted as green dots over the
image.
Since processing a high number of features significantly increases computational time,
a NPHDQV clusterization [13] is applied to the set of detected points’ locations in order to reduce
the number of meaningful points. A random point from each cluster is selected. The result is
plotted in Figure 2b when N .
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Figure 1: Sample image representing Didymain asteroid, rendered through Blender open source
software [11] by making use of a Didymain 3D CAD model, courtesy of GMV.

While clustering the set, another algorithm is applied to check that the distance between
clusters’ chosen representative points is higher than a certain threshold. This condition helps
the selected subset to be as much disperse as possible and prevents the creation of sub-clusters.

(a)

(b)

Figure 2 (a): Features detected by means of KAZE method. (b): k-means clusterization of the detected
features;N .

4.2

Features tracking

The selected N points are stored until a new image is captured. Then, matches for the N
points are searched in the second image by means of a ./7 .DQDGH/XFDV7RPDVL tracker
algorithm [14]. The result of the KLT algorithm is plotted in Figure 3a, where the N matched
features are represented by a red circle (image 1) connected to a green plus sign (image 2).
The N matches obtained with KLT tracker are checked by means of RANSAC algorithm
[15] in order to recognize and delete wrong matches. The RANSAC threshold can be adjusted
to include more matches, at the risk of having false positives included as well. In addition,
features whose location corresponds to pixels whose intensity is below a certain threshold are
discarded too. This check is done because features belonging to dark portions of the object are
more likely to disappear sooner in next frames.
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(b)

Figure 3 (a): Features tracked by means of the KLT algorithm; N . (b): Positive matches obtained
after RANSAC and low intensity filter application; U 

If neither false positives nor dark features are found, the N points are considered to be
all perfectly tracked, and therefore can be used inside the filter. However, in this particular
example, the double-step, filtering process recognizes P  wrong matches. The correct U 
positive matches are shown in Figure 3b.

Figure 4: Set of disperse and correctly tracked features between two subsequent frames.

Since P false positives where recognized, either because recognized as outliers by
RANSAC or for having low intensities, they are discarded and need to be replaced in order to
complete the set of dimension N.
The Q detected features, excluding the N already used, are tracked through the two
images. Wrong matches are discarded by applying RANSAC and low intensity filter. Among
all the positive matches found, a subset of dimension P   is selected by maximizing the
minimum in-plane distance between them and the U correctly tracked ones. This PD[PLQ logic
is adopted in order to guarantee that the set of tracked features remains as much disperse as
possible. The complete set of correctly tracked features is shown in Figure 4.
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Features initialization and inclusion in the filter

Every features’ location on the image plane corresponds to a 3D point belonging to the
asteroid’s surface. Therefore, every feature can be described by a 3-component vector in BRF,
which we will call G %5) . On the other hand, each feature’s position can be expressed with
respect to the camera’s focal lens in CRF, which we will call S &5) . There is a geometrical
relationship between the former two ways of describing the same feature, which is shown in
the following equation
S &5)

%5)

7
5&5)
G %5)  &5) 5$&, U $&,

(7)

The matrix &5) 5$&, only depends on the trajectory the spacecraft is traveling on and can
be obtained as output of the attitude determination system.
If we adopt a pinhole camera model [16], the location of a point on the image plane is
related to its coordinates in the real world by the following equations
X
Y

I

S[
S]

S\

I

(8)

S]

where I is the camera’s focal length, while the minus sign in the first equation is due to the
opposite direction considered for x-axes of the image plane and CRF coordinate systems.
When a new feature is detected and tracked, its image coordinates are used to estimate
an initial guess for its 3D components. Since the camera is a bearing-only sensor, there is an
intrinsic depth ambiguity associated to framed objects. Because of that, a distance measure
coming from the altimeter present on-board is indispensable to solve this ambiguity. With that
being said, the position component along camera’s line of sight of newly detected features must
be initialized with an appropriate first guess. Since any appearing feature lies on the asteroid’s
surface, its initial position in the real world is supposed to be lying on a sphere whose radius is
equal to asteroid’s equatorial radius RD. In this way, calling Othe features’ position’s component
along camera’s line of sight
S[

 S]

S\

S]

S]

O

Y
I

X
I
(9)

The estimate of the camera’s coordinates are used to compute the feature’s position in
BRF through equation (7). Then, points’ locations in BRF are included in the filter’s state
vector. In this way their estimate will be refined and a coherent 3D shape of the target can be
reconstructed.
Each 3D point included in the state vector needs to be estimated for a sufficient amount
of time in order to decrease its initial uncertainty. Because of this necessity, points included in
the state vector are going to be ordered in a way such that, if the same feature is going to be
matched again in the following instants, its previous estimate is going to be refined instead of
initializing it from scratches.
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Following the work already presented by Volpe et al. [17], if a feature is going to
disappear from new images, although no measure of it is provided inside the filter, its estimate
will still be left inside the state vector so it can be refined even more, just by coherence between
its 3D position and dynamics propagation. A maximum number of total features (either visible
or not) is allowed to be included in the state vector for computational costs reasons. Once the
covariance of a point reaches a certain lower threshold, or the number of features reaches the
limit, features estimates are removed from the estimation process and stored for a final shape
reconstruction.
5

UNSCENTED KALMAN FILTER

An 8QVFHQWHG.DOPDQ)LOWHU 8.) [18]is used to estimate relative pose and shape. The state
vector to be estimated is the following
G
[

%5)

5&5)

Z&%5)
/%

U $&,

U $&,

GL%5)

7

(10)

where the subscript Lgoes from 1 to the number of tracked feature between two subsequent
frames (i.e., N, see section 4.1).
The measurements used to refine the estimates are features’ coordinates on the image
plane and the distance measure coming from the altimeter. Therefore, the so-called REVHUYDEOH
HTXDWLRQV are
X

I

Y

I

U

S[
S]

S\

(11)

S]

U [2  U \2  U ]2

where the coordinates of the vector S &5) are computed through equation (7).
The dynamical model used in the filter to predict the state vector at the subsequent step
is made up of the following differential equations
%5)

5&5)

Z

%5)
&/%

Z &%5)
/%
%5)

%5)

5&5) Z

&5)
&/ $

5&5)
%5)
%5)
 Z %%5)
/ $  Z % / $ u Z& / %

G
U $&,

U ]2 · U \ §
U ]2 · U ] º
P' G 1
5'2 ª§
U ]2 · U [ §
 3 U  - 2 P ' 4 «¨ 1  5 2 ¸ , ¨ 1  5 2 ¸ , ¨ 3  5 2 ¸ »
U
U ¬©
U ¹U
U ¹ U
U ¹U¼
2
©
©

GL%5)

0

7

(12)

When a new image is framed, the state vector is first propagated through equations (12)
. Then the image coordinates of features tracked between previous and current time steps are
used to refine the estimate by comparison with their SUHGLFWHG YDOXH coming from direct
calculation through equations (11). The state update is given by the well-known kalman update
equation
[ˆN

[N  . ( ]N  K( [N ))
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Where the first term in the right-hand side is the state propagation through dynamics, the .
matrix is the NDOPDQJDLQ and the term in parenthesis represents the so-called LQQRYDWLRQ, i.e.,
the refinement contribute brought by comparison between measures and their predicted value.
6

SIMULATIONS

The described navigation algorithm, made up of both computer vision and filtering parts, is
firstly tested through computer simulations carried out in Matlab. A 3D CAD model of
Didymain asteroid, courtesy of GMV, is used to produce synthetic images by means of the
open-source software Blender.
Several simulations with different initial conditions, both in terms of relative motion
and of target’s illumination, were carried out in order to explore a wide variety of likely
scenarios. Five scenarios have been chosen as representative of the majority of the possible
cases. The chosen classical orbital elements are listed in Table 1 for each test case. Asteroid’s
angular velocity is not specified since it is always equal to its real spinning velocity (see section
2). The column named &20SRLQWLQJspecifies if the camera is made to point exactly towards
the target’s centre of mass or not. In case number 5, the camera does not point towards the
asteroid’s centre of mass. Instead, it points towards a fixed point in ACI reference frame, whose
coordinates are G $&, 100 100 100 P .
Case
number
1
2
3
4
5

D NP 

H

L GHJ 

Ȧ GHJ 

ȍ GHJ 

Ȟ GHJ 

10
10
12.5
10
10

0
0
0.2
0
0

0
88
45
60
30

0
0
0
0
0

0
0
0
0
0

0
90
0
45
45

&20
SRLQWLQJ
Yes
Yes
Yes
Yes
No

Table 1: Initial classical orbital elements used in the five analysed scenarios.

Following the chosen orbital parameters, the initial position and velocity on three axes
are calculated in order to be used in the filter’s state vector. Their values are shown in Table 2.
Case
number
1

U [$&, P 

U \$&, P 

U ]$&, P 

10000

0

0

0

5.91e-2

1.03e-6

2

0

350

9994

-5.91e-2

0

0

3

10000

0

0

0

4.58e-2

4.58e-2

4

7071

3536

6124

-4.18e-2

2.09e-2

3.36e-2

5

7071

6124

3536

-4.18e-2

3.62e-2

2.09e-2

U [$&, PV  U \$&, PV  U ]$&, PV 

Table 2 : Position and velocity true initial values for the five scenarios.

The simulations are carried out with an initial error on state components which is listed
in Table 3. The last column shows the module of the error on each estimated quantity. The same
error is used in every scenario. The error on angular velocity is equal to one third of the
asteroid’s angular velocity on each axis.
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[

\

]

__a||

100

100

100

173.2

0.05

0.05

0.05

8.66e-2

0.015 

0.015

0.015

2.55e-2

Table 3: Initial errors on each state component and respective module.

The error on initial attitude is not listed since it is equal to zero. In fact, the orientation
of BRF at time zero can be initialized in any desired way, since there is no constraint on its
orientation with respect to asteroid’s principal axes. As a consequence, since the initialization
is chosen by the user, the initial attitude between BRF and CRF is know exactly and is therefore
used as a first guess in the filter. In every scenario, BRF is initialized to be parallel to ACI
reference frame.
Errors on initial position and velocity vectors translate into errors on classical orbital
elements. Even if the same error is applied on position and velocity in each scenario, errors on
orbital parameters differ from case to case. They are listed in Table 4. Please note from Table 1
that orbits corresponding to scenarios 2, 4 and 5 are circular, therefore the errors will be
calculated in terms of DUJXPHQWRIODWLWXGH T Z Q , while in scenario number 1, the orbit is
both circular and equatorial, thus the WUXHORQJLWXGH O :  Z  Q will be used. Please note also
that the initial errors on inclination and RAAN for case number 3 are zero because the orbit is
GHJ inclined and an equal error is given on each component of position and velocity, thus
making the estimated orbit be on a 45 deg inclined plane.
The camera model simulated in the rendering process has a focal length equal to
I 113.13PP , a squared field of view of 5.5° × 5.5° and it captures pictures whose dimensions
are îpixels.
The output of the first test case scenario is plotted in Figure 5 (relative attitude and
angular velocity) and Figure 6 (relative position and linear velocity). As can be seen from the
plots, angular and linear velocities’ errors converge to zero with no issue. On the other hand,
relevant errors are present on two director cosines and on position’s z component. Those errors
arise from the fact that relative attitude and position are not entirely observables. The same
issues are found in the other scenarios and are, indeed, intrinsic to the approach used.
Case
number
1

D P 

H

L GHJ 

Ȧ GHJ 

ȍ GHJ 

Ȟ GHJ 

ș GHJ 

O GHJ 

1.35e4

3.6

24.51

-

-

-

-

0.69

2

9.13e3

7.98e-1

9.43e-1

-

78.68

-

2.39

-

3

1.5e4

4.5

0

24.64

0

25.44

-

-

4

1.62e4

1.91

9.47

-

12.72

-

7.46

-

5

1.62e4

1.91

11.15

-

14.97

-

12.08

-

Table 4: Initial errors on orbital elements for the five scenarios.

As far as relative attitude concerns, there is no measure which directly gives information
about the asteroid’s attitude with respect to the camera. This would not be the case if a WHPSODWH
PDWFKLQJ or PRGHOEDVHG approach was used, as in [19],[20]. A model-based approach makes
use of a CAD model of the observed body in order to compute the rotation matrix which
matches it to the image captured by the camera. Repeating the process for each acquired image,
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a measure of the rotation matrix between BRF and CRF is provided to the filter at each time
step. Conversely, if a CAD model of the object is not available, as it is in our approach, the
motion of features on the image plane makes both relative linear and angular velocity
observable, while does not relate to relative attitude, which instead can be only propagated by
the filter by means of the attitude kinematic equations (first line in equation (12)). Therefore,
errors on angular velocity, which are indeed particularly high in the initial transient, directly
affect relative attitude propagation, generating errors which accumulate without having the
possibility to decrease.

(a)

(b)

Figure 5 : Output of the simulation for the first scenario. (a): Relative attitude error. First two columns
of the rotation matrix are plotted. (b): Relative angular velocity error components.

Errors on position’s z component are due to the symmetrical nature of the problem,
together with the fact that only a single-value distance measure is coming from the altimeter.
In the first scenario, the asteroid is observed perpendicularly to its spinning axis, therefore the
displacements of tracked features are all parallel between their self and with respect to CRF’s
x-axis (see Figure 4). Moreover, even if features’ 2D image coordinates are function of the
spacecraft’s 3D relative position (see equations (7) and (8)), the problem is ill-posed and the
filter cannot estimate the component perpendicular to features’ displacement (i.e., position’s z
component in ACI reference frame, as noticeable from Figure 6a).

(b)
(a)
Figure 6: Output of the simulation for the first scenario. (a): Relative position error components. (b):
Relative linear velocity error components.
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In the second scenario, the spacecraft is passing over the asteroid’s pole, therefore there
is an in-plane rotation of tracked features as shown in Figure 7a. In this case, the problem is not
ill-posed with respect to relative position and the filter can therefore successfully estimate the
correct spacecraft position in ACI reference frame (see Figure 7b).

(a)

(b)

Figure 7: Second scenario. (a): Feature tracking between two consecutive frames. (b): Relative
position error components.

The modules of the state components’ errors at final time W I 10000 V are listed in Table
5 for the five analysed scenarios. In this table, the norms used for computing errors on relative
position, linear and angular velocity are Euclidean and are applied to the difference between
true and estimated quantity at each time step

H ZN

Z (WN )  Zˆ (WN )

2

HU

U (WN )  Uˆ (WN )

2

H UN

U (WN )  Uˆ (WN )

N

(14)

2

A Frobenius norm is used for the norm of the attitude error. In our case, the Frobenius
norm is applied to the difference between true and estimated attitude matrices

H 5N
$(WN )

$(WN )
%5)

Q

)

P

¦¦ D (W )
L 1 M 1

LM

2

N

7U ( $(WN ) $(WN )7 )

(15)

5&5) (WN )  %5) 5ˆ&5) (WN )

By comparing initial and final errors on each state component (Table 3 and Table 5), we
can state that relative angular and linear velocities are estimated down to a satisfactory degree
of accuracy in each analysed scenario. The same cannot be said for relative position, whose
errors still remain quite high. In fact, in most of the cases, the estimation of relative position is
an ill-posed problem and, therefore, only two out of three components converge to the true
values. The component whose error is not converging to zero raises the error of the module.
Exceptions are cases 2 and 4 since the displacements of the features on the image plane are not
all parallel one to each other. This happens because the initial true anomaly is not zero (see
Table 1). As a consequence, the spacecraft observes the asteroid from a point of view which is
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not perpendicular to its spinning axis anymore. Error on relative attitude are listed too, for the
sake of completeness, even if relative attitude is not observable as already mentioned.
Case
number
1

H 5I 

H ZI GHJV 

H UI P 

H UI PV 

3.62e-1

6.19e-4

87.9

9.07e-4

2

4.32e-1

3.67e-3

22.5

3.16e-3

3

1.58e-1

1.75e-3

109.2

2.09e-3

4

1.63e-1

2.53e-3

35.63

1.15e-3

5

1.42e-1

1.28e-3

81.31

2.51e-3

Table 5 : Final errors on each state component for the five scenarios.

6.1

Orbit reconstruction

As it was possible for errors on relative position and velocity at initial time to be converted into
errors on orbital parameters, the same can be done at final time to check to which degree of
accuracy the estimation process was able to reconstruct the orbit. Final errors on classical orbital
elements are listed in Table 6. By comparing initial and final errors on classical orbital elements
(Table 4 and Table 6), it is possible to give the following statements:
x The orbital plane’s orientation in space is generally reconstructed better than the orbit’s
in-plane shape. This is mainly because errors on semi-major axis are quite high at initial
time. Therefore, even if the error decreases by two orders of magnitude in almost every
scenario, final errors still remain high. This mainly because the problem is ill-posed in
most of the scenarios. Errors on inclination, RAAN and argument of perigee, instead,
decrease to decimal accuracy in most of the cases.
x Starting from initial errors which are really high in percentage, the eccentricity is always
estimated down to a satisfactory degree of accuracy.
x Even if case number 2 is not ill-posed (as already stated previously in section 6) and has
the lowest final error on relative position (see Table 5), it retains the worst errors on
semi-major axis and eccentricity. This happens because relative velocity is not
estimated properly (the error on velocity is, in fact, the highest, see Table 5). Indeed,
observing the asteroid from its spinning axis makes the problem symmetric with respect
to the asteroid’s pole (see Figure 7a). While being a good condition for position
estimation, this relative configuration makes it difficult to properly estimate relative
velocity and, therefore, makes this an ill-posed problem with respect to relative velocity.
x Case number 4 retains the lowest error on semi-major axis and eccentricity, making it
the best “in-plane estimation” case. This happens because the initial true anomaly is 45
degrees, which is exactly between 0 degrees (case number 1 – ill-posed with respect to
position estimation) and 90 degrees (case number 2 – ill-posed with respect to velocity
estimation). Therefore the camera’s line of sight is neither perpendicular nor parallel to
asteroid’s spinning axis and the problem is well-posed neither for both position and
velocity estimation. Confirming this statement, case number 4 retains the lowest error
on relative velocity and the second lowest error on relative position.
x Inclination is always estimated down to accuracies of (at least) decimals of degree. Case
number 3 is the only one giving a higher error (1.68 deg) which happens because the
orbit has 45 degrees of inclination. This means that, for an accurate estimation of the
inclination, errors on each position and velocity component should be comparable.
While this happens for velocity, the ill-posed nature of the problem with respect to
position estimation makes one out of three position components not estimable. It is
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therefore impossible to estimate a 45 degree orbit if the asteroid is observed
perpendicularly to its spinning axis.
The estimation of the spacecraft’s position along the orbit (i.e., argument of latitude or
true anomaly when available) is always refined of, at least, one order of magnitude. Case
number 5 is the one retaining highest errors on RAAN and argument of latitude. This
result is caused by the fact that the camera is not pointing towards the asteroid’s centre
of mass. In fact, in this case the algorithm may not converge to the true estimate since
the features on the image plane are referred to a point (the centre of the image) which
does not coincide with the origin of BRF reference frame. Because of this, features’ 3D
positions will be initially expressed in a reference frame which is translated with respect
to BRF. As the estimation process keeps going on, the relative position estimate is
refined, and therefore the features will be expressed in the proper reference frame.
Because of this transient, which is not present in the other scenarios, case number 5
retains higher errors on RAAN and argument of latitude.

Case
number
1

D P 

H

L GHJ 

Ȧ GHJ 

ȍ GHJ 

Ȟ GHJ 

ș GHJ 

O GHJ 

235.25

2.41e-2

7.40e-1

-

-

-

-

1.50e-2

2

1.19e3

1.07e-1

5.86e-2

-

6.95e-1

-

1.07e-1

-

3

4.78e2

2.95e-2

1.68

1.09

4.96e-1

3.41e-1

-

-

4

49.96

4.97e-3

6.3e-1

-

1.04

-

6.91e-1

-

5

4.57e2

4.37e-2

9.98e-1

-

3.77

-

3.47

-

Table 6: Final errors on orbital elements for the five scenarios.

6.2

Shape reconstruction

The features’ 3D position in BRF is estimated in the filter alongside relative pose, as already
stated in section 4.3. Those estimates are stored in memory throughout the entire simulation.
At the end of the estimation process, the points to which is associated a standard deviation
whose value is higher than a certain threshold are discarded, and the remaining ones are the
result of what we call here “shape reconstruction”. In order to verify the goodness of the shape
reconstruction process, features’ 3D points are projected onto the image plane and overlapped
to the asteroid’s image. The process is done on three projection planes, so that it is possible to
tell exactly if a certain feature lies or not on the asteroid’s surface (i.e., if its estimate is good
enough).
Firstly, an image of the projection over the \] plane is shown in Figure 8 for case number
1. This example is shown in order to notice that a bad estimate of relative position directly
affects the points’ estimates. This happens because of the tightly-coupled nature of the problem,
which appears in equation (7) between position and points’ coordinates.
We now consider case number 4, which turned out to be averagely the best in terms of
final estimation errors and, most importantly, of relative position. The estimates of the body
points are projected onto the \] (Figure 9a), [\ (Figure 9b) and [] (Figure 9c) coordinate planes
and images of the asteroid CAD model are overlapped as well. A threshold of 10 meters has
been set on standard deviation in order to select the points to be discarded. As can be seen from
the figures, the result is much better than the one obtained in case number 1. Almost every point
plotted is lying on the asteroid’s surface. Moreover the shape of the contour is accurately
described by the estimated points. There still are outliers in the north polar region (see Figure
9c), but their distance from the asteroid’s surface is smaller than 10 meters. Since the asteroid
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is being observed from the north hemisphere in case number 4 (recall Table 1), the south polar
region is not observed by the camera and, therefore, cannot be reconstructed.

Figure 8: Projection of estimated points onto BRF’s \] plane overlapped with asteroid’s image. Case
number 1.

(a)

(b)

(c)
Figure 9: Projection of estimated points onto BRF coordinate planes, overlapped with asteroid’s
images. Case number 4. (a): \]plane. (b): [\plane. (c): []plane.
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HARDWARE IN THE LOOP TESTS

The same scenarios were tested with hardware in the loop at platform-art©, GMV’s Advanced
Robotic Testbed for Orbital and Planetary System and Operations Testing in Madrid. Inside the
platform, two KUKA robotic arms [21] can be moved in order to reproduce a realistic relative
orbital movement. The first KUKA robotic arm holds a Manta G-419B [22] camera, which is
set in order to acquire images with the same property retained by the AFC. The second KUKA
robotic arm holds a Didymos model, which has been printed with a 1:2000 scale and down to
sub-millimetre accuracy, and moves in order to reproduce the relative desired position and
attitude poses with respect to the first arm, which remains fixed for the purposes of these tests.

(a)

(b)

Figure 10: Images courtesy of GMV Madrid. (a): Features detected by means of KAZE method. (b):
Features tracked between two frames.

(a)

(b)

Figure 11: Images courtesy of GMV Madrid. (a): Features detected by means of Harris method. (b):
Features tracked between two frames.

The final errors on state components and on classical orbital elements for the five
analysed scenarios are listed respectively in Table 7 and Table 8. By comparing the results of the
hardware-in-the-loop tests with the results obtained through the computer simulations, we can
state that the main trends observed and explained in section 6 are still valid. In fact, cases
number 1 and 3 still retain high errors on position, which is due to the fact the problem is illposed with respect to position observability, while cases number 2 and 4 have the lowest errors
on position, but the latter has got lower errors on semi-major axis and eccentricity. Case number
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5 presents a high error on position, which is still due to the fact that the camera is not pointing
towards asteroid’s centre of mass, but has still got good observability on angular and linear
velocities.
Quite surprisingly, errors on position estimates for cases 2 and 4 are lower than the ones
obtained with computer simulations, and errors on relative velocity on each scenario are
averagely lower as well. As an example of the convergence process of position and velocity for
a hardware-in-the-loop test, scenario number 2 is shown in Figure 12.
On the other hand, performances decrease for other quantities, such as angular velocity
estimation and relative position for ill-posed case (e.g., position error in case 3 even increases
with respect to the initial one because of z-component divergence). These differences in the
filter behaviour are mainly due to differences in the feature tracking block. In fact, the 3D
printed model used to capture images with the Manta camera has got a higher resolution than
the 3D CAD model used in Blender simulations, thus resulting in more textured images. On the
other hand, being the illumination conditions more realistic in the hardware-in-the-loop tests,
images result being darker, as opposed to the one rendered in Blender, where the light intensity
is quite higher and more homogeneous.
Case
number
1

H 5I 

H ZI GHJV 

H UI P 

H UI PV 

3.25e-1

2.34e-3

97.09

1.38e-3

2

4.09e-1

4.35e-3

4.93

1.23e-3

3

2.30e-1

9.49e-4

147.21

2.07e-3

4

1.73e-1

4.93e-3

13.24

5.52e-3

5

1.64e-1

1.51e-3

97.34

1.55e-3

Table 7 : Final errors on each state component for the five scenarios. Hardware-in-the-loop tests.

Case
number
1

D P 

H

L GHJ 

Ȧ GHJ 

ȍ GHJ 

Ȟ GHJ 

ș GHJ 

O GHJ 

21.86

2.46e-3

1.44

-

-

-

-

1.17e-1

2

1.62e2

1.60e-2

9.30e-2

-

1.10

-

4.33e-2

-

3

1.28e3

7.43e-2

3.27e-1

1.49

8.45e-1

3.24e-1

-

-

4

37.75

3.78e-3

3.46

-

4.81

-

2.61

-

5

2.93e2

2.85e-2

1.23

-

1.12

-

8.05e-1

-

Table 8: Final errors on orbital elements for the five scenarios. Hardware-in-the-loop tests.

The shape reconstruction process result is plotted in Figure 13. Test case number 2 has
been chosen since the points’ estimation is more reliable due to the low errors attained on
relative position and velocity estimates. As opposed to the results obtained with the computer
simulations, less points are plotted. This happens because in this scenario there is a smaller
number of points retaining a standard deviation below the chosen threshold.
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(b)

Figure 12: Output of the simulation for the second scenario. Hardware-in-the-loop test. (a): Relative
position error components. (b): Relative velocity error components.

(a)

(b)

(c)
Figure 13: Projection of estimated points onto BRF coordinate planes, overlapped with asteroid’s
images. Case number 2. Hardware-in-the-loop test. (a): \]plane. (b): [\plane. (c): []plane.
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CONCLUDING REMARKS

The problem of pose reconstruction and body characterization of the Didymos asteroid in the
framework of ESA’s Hera mission has been addressed in this article. A tightly coupled
approach has been used: both relative pose (attitude, angular velocity, position and linear
velocity) and body’s shape (landmarks on its surface) are estimated at the same time. The
estimation process relies only on images captured by the Asteroid Framing Camera and distance
measurements sensed by the laser altimeter. Features detection and tracking are used to extract
meaningful information from the images. Subsequently, measures are passed into an Unscented
Kalman Filter, where they are used to refine the prediction made by propagation of the relative
dynamics.
The computer simulations and hardware-in-the-loop tests carried out at platform-art©
in GMV Madrid showed some important results. The nature of the problem makes it ill-posed
when the asteroid is observed either perpendicularly or parallel to its spinning axis. In the
former case, the position is not fully observable since the displacements of the features on the
image plane are all parallel between themselves and perpendicular to one position component;
in the latter case, the features move on concentric circles around the pole making the linear and
angular velocities coupled and not perfectly observable one with respect to the other.
The really slow nature of the orbital dynamics at a 10 kilometres distance when
compared to asteroid’s attitude dynamics leads to a decrease of the system’s state observability.
In fact, the orbital motion between the capture of two consecutive frames is so slow that no
information about it can be extracted by features’ displacement on the image plane.
The proposed approach turned out to give satisfactory results in every “non-ill-posed”
case. In those scenarios, errors of ten meters order are reached on position, while linear velocity
is estimated down to an error of 10-3 meters per second. The angular velocity estimate is instead
refined of at least one order of magnitude, thus reaching 10-3 deg/s. The shape reconstruction
process is carried out satisfactorily, since the majority of the features lie on the asteroid’s
surface and only a small number of outliers are present.
9
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LEARNING-BASED CONTROL OF A SPACECRAFT WITH
SLOSHING PROPELLANT



)$QJHOHWWL $6WROIL3*DVEDUUL


'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ ',0$ 
8QLYHUVLW\RI5RPH³/D6DSLHQ]D´9LD(XGRVVLDQD5RPH,WDO\


IHGHULFDDQJHOHWWL#XQLURPDLWDQJHORVWROIL#XQLURPDLWSDRORJDVEDUUL#XQLURPDLW

ABSTRACT
One of the major needs of present and future spacecraft is to fulfil highly demanding pointing
requirements when performing attitude manoeuvres without losing stringent control over their
flexible parts. For long-duration missions, the propellant mass is a significant portion of the
overall mass budget of the satellite. The interaction between the fluid and the tank walls can
lead to instability problems and even to mission failure if not properly accounted for in the
design phase and control synthesis. The combined liquid-structure dynamic coupling is usually
extremely difficult to model for a space system. An equivalent mechanical system is then
desirable to carry out a computationally-efficient simulation of the liquid behaviour inside the
tank. In this paper, the 3-D model of a spacecraft equipped with flexible appendages and tanks
containing liquid propellant is presented. A learning-based control strategy using on-orbit
available data is designed to improve the attitude tracking precision for repetitive on-orbit
manoeuvres, compensating for cyclic disturbances such as liquid fuel sloshing effects. A cosimulation procedure between MSC Adams and Simulink is then carried out to test the
performance of the controller. The effectiveness of the proposed control strategy is analysed
and discussed and conclusions are presented.
Keywords: 6ORVKLQJSURSHOODQW/HDUQLQJEDVHG&RQWURO6SDFHIOH[LEOHVWUXFWXUHV
1

INTRODUCTION

1RZDGD\VPRVWRIUHPRWHVHQVLQJDQGVXUYHLOODQFHVSDFHPLVVLRQVDUHUHTXLUHGWRSHUIRUPD
SHULRGLFDOVZHHSRYHUDSUHVFULEHGWHUUHVWULDODUHDWRGHWHFWHYHQWXDOFKDQJHVDWGLIIHUHQWWLPHV
EXWZLWKVDPHYLHZLQJFRQGLWLRQV,QJHQHUDOWKRVHVSDFHV\VWHPVWDNHUHSHWLWLYHJURXQGWUDFN
RUELWVWRREWDLQUHYLVLWLQJFDSDELOLW\RYHUWKHGHVLUHGDUHD7KHUHIRUHWKHHQWLUHPLVVLRQFDQEH
FRQVLGHUHG DV WKH UHSHWLWLRQ RI VHYHUDO LGHQWLFDO WDVNV 7KH VSDFHFUDIW RULHQWDWLRQ VKRXOG EH
F\FOLFDOO\PRGLILHGWREHLGHQWLFDOGXULQJWKHGDWDDFTXLVLWLRQSURFHVVRUELWDIWHURUELW,QWKLV
FDVH WKH VSDFHFUDIW LV D UHSHWLWLYH G\QDPLF V\VWHP DQG PDMRU GLVWXUEDQFHV DUH UHSHDWLQJ
WKHPVHOYHVDVZHOO
,QWKLVFRQWH[WDQLPSURYHPHQWLQFRQWUROV\VWHPSHUIRUPDQFHDQGDXWRQRP\FDQEH
REWDLQHGLPSOHPHQWLQJOHDUQLQJEDVHGVWUDWHJLHVRSSRUWXQHO\PRGLILHGWRDGDSWWKHPVHOYHVWR
VSHFLILF PLVVLRQ UHTXLUHPHQWV ,QGHHG WKLV DSSURDFK LV ZHOO VXLWHG WR WKH DWWLWXGH FRQWURO
SUREOHPRIVSDFHV\VWHPVGXHWRWKHUHSHDWDELOLW\RIWKHLURUELWDOSHULRGDQGWKHSRVVLELOLW\RI
FROOHFWLQJ DQG HODERUDWLQJ LQIRUPDWLRQ JDLQHG GXULQJ SUHYLRXV FRQVHFXWLYH RUELWV ,Q >@ DQ
LPSURYHPHQWIRUWKHDWWLWXGHWUDFNLQJFRQWURORIDVSDFHFUDIWVXEMHFWHGWRSHULRGLFGLVWXUEDQFHV
LVDFKLHYHGE\XVLQJDOHDUQLQJEDVHGVWUDWHJ\$WHFKQLTXHEDVHGRQPDFKLQHOHDUQLQJKDVEHHQ
XVHGWRRSWLPL]HSDUDPHWHUVDQGHYROYHVDWHOOLWHDWWLWXGHFRQWUROODZDXWRPDWLFDOO\XQGHUFHUWDLQ
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FULWHULRQE\HYDOXDWLQJDILWQHVVIXQFWLRQRIWKHVDWHOOLWHDWWLWXGHHUURU>@,Q>@D5HLQIRUFHPHQW
/HDUQLQJDOJRULWKPLVLQWURGXFHGWRUHVWDELOL]HWKHDWWLWXGHRIDVDWHOOLWHZKHQSHUIRUPLQJWDUJHW
FDSWXULQJ
$ OHDUQLQJEDVHG VFKHPH FDQ EH DOVR XVHG DOVR WR FRPSHQVDWH IRU WKH XQPRGHOOHG
G\QDPLFV RI VSDFHV\VWHPV LQ WKHIUDPHZRUNRI FRQWUROV\QWKHVLV0RGHUQVDWHOOLWHVXVXDOO\
LQFRUSRUDWHWDQNVFRQWDLQLQJODUJHDPRXQWVRIOLTXLGIXHOWRDFFRPSOLVKPDQRHXYUHVDQGVWDWLRQ
NHHSLQJ7KHSHULRGLFPRYHPHQWRIWKHVDWHOOLWHHQWDLOVDFRQVHTXHQWF\FOLFDJLWDWLRQRIWKHIXHO
7KHVORVKSKHQRPHQRQPD\EHGHILQHGDVRVFLOODWLRQVRIWKHIUHHVXUIDFHRIDIOXLGRQDSDUWLDOO\
ILOOHG FRQWDLQHU 7KH VORVKLQJ HIIHFWV RI OLTXLG PRYLQJ LQVLGH SURSHOODQW FRQWDLQHUV FDQ
VLJQLILFDQWO\ DIIHFW WKH *1 & V\VWHP SHUIRUPDQFH GXH WR WKH FRXSOLQJ EHWZHHQ IXHO DQG
VWUXFWXUH G\QDPLFV >@>@ ,Q JHQHUDO WKH FRPELQHG OLTXLGVDWHOOLWH G\QDPLFV LV YHU\
FRPSOLFDWHGWREHDQDO\VHG6RPHVLPSOLILFDWLRQVVKRXOGEHFRQGXFWHG(TXLYDOHQWPHFKDQLFDO
PRGHOVFDQEHGHYHORSHGWRWDNHWKHFRPSOHWHV\VWHPG\QDPLFVLQWRDFFRXQWZKHQGHVLJQLQJ
WKHFRQWUROVWUDWHJ\VSULQJPDVVGDPSHULGHDOL]DWLRQFDQUHSURGXFHWKHOLQHDUODWHUDOVORVKLQJ
PRGH>@>@ZKLOHWKHSHQGXOXPPRGHOFDQUHSUHVHQWWKHYDULDWLRQRIWKHLUQDWXUDOIUHTXHQF\
ZKHQDFFHOHUDWLRQRIWKHV\VWHPLVPRGLILHG>@)XUWKHUPRUHDVSKHULFDOSHQGXOXPPRGHOFDQ
EHDGRSWHGWRVLPXODWHQRQOLQHDUURWDU\VORVKLQJ>@
7KXVWKHRQRUELWDYDLODEOHLQIRUPDWLRQ FDQEHSURFHVVHGE\DOHDUQLQJDOJRULWKPWR
UHFRQVWUXFWWKHG\QDPLFVRIWKHV\VWHPLQPRUHGHWDLODQGWRGLUHFWO\FKDQJHWKHFRQWURODFWLRQV
WRUHGXFHWKHVDWHOOLWHLQVWUXPHQWSRLQWLQJHUURUVGHULYLQJIURPFRXSOLQJVEHWZHHQWKHIOXLGDQG
WKH VWUXFWXUDO G\QDPLFV ,Q >@ DQ RSWLPL]DWLRQGHVLJQ WHFKQLTXH IRU UHGXFWLRQ RI VORVKLQJ
XVLQJHYROXWLRQDU\PHWKRGVDV1HXUDO1HWZRUNVDQG*HQHWLF$OJRULWKPVDUHHPSOR\HGIRUD
V\VWHP FRPSRVHG RI D UHFWDQJXODU WDQN +RZHYHU YHU\ IHZ ZRUNV LQ OLWHUDWXUH FRQFHUQ WKH
DSSOLFDWLRQRIPDFKLQHOHDUQLQJWRWKHDWWLWXGHFRQWURORIDVSDFHFUDIWZLWKIXHOVORVK
,Q WKLV SDSHU D OHDUQLQJEDVHG VWUDWHJ\ LV DSSOLHG WR LPSURYH WKH DWWLWXGH WUDFNLQJ
SHUIRUPDQFHRIDVDWHOOLWHUHSHDWLQJWKHVDPHRULHQWDWLRQPDQRHXYUHWRDFTXLUHVFLHQWLILFGDWD
LQ GLIIHUHQW RUELWV ,Q SDUWLFXODU DQ RQOLQH ,WHUDWLYH /HDUQLQJ &RQWURO ,/&  VFKHPH LV
LPSOHPHQWHG,Q6HFWLRQWKHPDWKHPDWLFDOPRGHORIDVSDFHFUDIWZLWKWZRIOH[LEOHVRODUSDQHOV
DQGWZRWDQNVILOOHGZLWKIXHOLVSUHVHQWHG7KHV\VWHPLVUHDOL]HGE\DGRSWLQJDPDVVVSULQJ
GDPSHUHTXLYDOHQWPRGHOIRUWKHVORVKLQJSURSHOODQWZKLOHWKHVRODUSDQHOVDUHPRGHOOHGDV
IOH[LEOHERGLHVE\XVLQJWKH)(0DSSURDFK,QWKHWKLUGVHFWLRQWKHHPSOR\HGFRQWURODOJRULWKPV
EDVHGRQPDFKLQHOHDUQLQJWHFKQLTXHVDUHLQWURGXFHGDQGWKHFRQWUROV\VWHPVFKHPHLVUHSRUWHG
,Q6HFWLRQWKHDWWLWXGHPDQRHXYUHLVSUHVHQWHGDQGWKHPDLQUHVXOWVDQDO\VHG)LQDOO\LQWKH
ODVW 6HFWLRQ VRPH FRQFOXGLQJ UHPDUNV DUH UHSRUWHG DQG SURVSHFWLYH IXWXUH GHYHORSPHQWV
GLVFXVVHG


2

MATHEMATICAL MODEL

,Q WKLV SDSHU D PHFKDQLFDODQDORJ\ PRGHO LV LPSOHPHQWHG WR FKDUDFWHUL]H WKH SURSHOODQW
VORVKLQJSKHQRPHQRQGXULQJDW\SLFDORULHQWDWLRQPDQRHXYUHIRUDQ(DUWK2EVHUYDWLRQ (2 
VSDFHFUDIW7KHEXVLVPRGHOOHGDVDULJLGERG\ZKLOHWKHVORVKLQJPDVVHVDVLQWHUQDOERGLHV
7KH VSDFHFUDIW LV DOVR HTXLSSHG ZLWK WZR IOH[LEOH VRODU DUUD\V WR LQYHVWLJDWH WKH LQWHUDFWLRQ
EHWZHHQ WKH OLTXLG PRYHPHQW DQG WKH HODVWLF G\QDPLFV RI WKH SDQHOV VHH )LJXUH   ,Q WKH
IROORZLQJVHFWLRQVWKHPDWKHPDWLFDOIRUPXODWLRQRIWKHHTXLYDOHQWPRGHOLVSUHVHQWHGDQGWKH
LPSOHPHQWDWLRQRIWKHV\VWHPLQDFRPPHUFLDOPXOWLERG\G\QDPLFVWRROLVGLVFXVVHG
2.1

Lateral Sloshing Equivalent Model

/DWHUDO VORVKLQJ SKHQRPHQRQ FDQ EH FRQVLGHUHG DV RFFXUULQJ ZKHQ SHUIRUPLQJ DQ DWWLWXGH
PDQRHXYUHDURXQGDVLQJOHD[LV WKH;D[LVLQ)LJXUH ,QSDUWLFXODUDVSULQJPDVVGDPSHU
PRGHOKDVEHHQDGRSWHGWRVLPXODWHWKHG\QDPLFVRIWKHIOXLGLQVLGHWKHWDQNV7KLVDSSURDFK
LVEDVHGRQWUDQVIRUPLQJWKHOLTXLGPRWLRQLQWRVRPHVORVKLQJPDVVHVDWWDFKHGWRVSULQJVDQG
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GDPSHUV (LWKHU H[SHULPHQWDO WHVWV RU QXPHULFDO WRROV FDQ EH XVHG WR GHWHUPLQH WKH
FRUUHVSRQGLQJSK\VLFDOSDUDPHWHUV


)LJXUH(TXLYDOHQWPHFKDQLFDOPRGHORIDVSDFHFUDIWHTXLSSHGZLWKWZRVRODUSDQHOVDQGWZRWDQNV
ZLWKIXHOVORVK



7KHVSDFHFUDIWSODWIRUPKRVWVWZRWDQNVHDFKFRQWDLQLQJGLIIHUHQWTXDQWLWLHVDQGW\SHV
RI OLTXLG SURSHOODQW ,Q PRVW OLWHUDWXUH RQO\ WKH ILUVW VORVKLQJ PRGH UHSUHVHQWHG E\ D VLQJOH
PDVVVSULQJPRGHOLVFRQVLGHUHGDQGKLJKHURUGHUPRGHVDUHQHJOHFWHG,QWKLVSDSHUPRUHWKDQ
RQHVORVKLQJPDVVLVLQVWHDGFRQVLGHUHGLQPRGHOOLQJWKHG\QDPLFV
7KHIOXLGFDQEHUHSUHVHQWHGE\ERWKVWDWLFDQGPRYLQJPDVVHV7KHPRWLRQOHVVSDUWRI
WKHIXHOLVLGHQWLILHGE\DPRPHQWRILQHUWLD I  DVVLJQHGWRPDVV m ULJLGO\DWWDFKHGWRWKHWDQN
7KH VORVKLQJ PRGHV DUH PRGHOOHG E\ XVLQJ SRLQW PDVVHV mi  i  N  ZKRVH UHODWLYH
SRVLWLRQV DORQJ WKH VDWHOOLWH =D[LV DUH GHILQHG E\ hi  UHIHUUHG WR WKH FHQWUH RI WKH WDQN DV
LQGLFDWHG LQ )LJXUH   7KH PRPHQWV RI LQHUWLD RI WKH PDVVHV mi  DUH XVXDOO\ QRW WDNHQ LQWR
DFFRXQW:KHQSHUWXUEHGIURPWKHLUQHXWUDOSRVLWLRQVWKRVHPDVVHVDUHVXEMHFWHGWRDQHODVWLF
IRUFH SURSRUWLRQDO WR WKH VSULQJ FRQVWDQWV ki  7KH SDUDPHWHUV I   m  mi  h  hi  ki  DUH KLJKO\
GHSHQGHQWRQWKHSURSHUWLHVRIWKHIOXLGWKHJHRPHWU\RIWKHWDQNDQGWKHILOOUDWLRRIWKHIXHO
WDQN>@7KHVXPRIDOOWKHPDVVHVVKRXOGEHHTXDOWRWKHIXHOPDVV m f DQGWKHFHQWUHRIPDVV
RIWKHV\VWHPDWWKHVDPHKHLJKWDVWKDWRIDFWXDOIXHO6XFKFRQVLGHUDWLRQVFDQEHWUDQVODWHG
LQWRWKHIROORZLQJUHODWLRQV



N

m

i 

mi

N

m h

i 

mi hi

m f 

 




VRWKDWWKHSURSHUWLHV m DQG I  FDQEHFRPSXWHG7KHQD'HTXLYDOHQWF\OLQGULFDOWDQNLV
FRQVLGHUHGWRGHULYHWKHVORVKLQJSDUDPHWHUV%\DVVXPLQJDFRQVWDQWSURSHOODQWGHQVLW\WKH
KHLJKWRIWKHOLTXLGLQVLGHWKHWDQNVLV
m f
h
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ZKHUH DQG DUHUHVSHFWLYHO\WKHGLDPHWHURIWKHWDQNDQGWKHSURSHOODQWGHQVLW\(DFK
VORVKLQJPDVVLVGHILQHGDVIROORZV
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i




hi

h




WDQK

i

h

i

ki

mi g

i

 h



 FRVK  i h
VLQK  i h 

 i WDQK

 ih










ZKHUHJLVWKHD[LDODFFHOHUDWLRQRIWKHVSDFHFUDIW LHWKHDFFHOHUDWLRQDORQJLWV]D[LVGHSLFWHG
LQ)LJXUH DQG i DUHFRQVWDQWSDUDPHWHUVJLYHQE\







i
i 
7KH DFFHOHUDWLRQ LV FRQVLGHUHG WR EH RI WKH RUGHU RI PLOOLg WR UHSURGXFH D ORZJUDYLW\
HQYLURQPHQW%\DVVXPLQJWKDWWKHOLTXLGGHSWKUDWLRIRUWKHF\OLQGULFDOWDQN h LVORZHUWKDQ
RQH LQWKLVFDVHUDGLXVHTXDOWRPDQGKHLJKWRIP WKHIROORZLQJUHODWLRQFDQEHDSSOLHG

h
  h
h
I    m f
m h 
mi hi  
LI
 


 
i 
7ZRWDQNVDUHFRQVLGHUHGLQWKHPRGHOVKRZQLQ)LJXUHVRWKDWWKHYDULDEOHVUHIHUUHGWRWKH
WRSWDQNDUHGHILQHGE\WKHDSH[³W´DQGWKRVHUHIHUUHGWRWKHERWWRPWDQNVZLWKWKHDSH[³E´
7KH DIRUHPHQWLRQHG HTXDWLRQV KDYH EHHQ XVHG WR REWDLQ WKH VORVKLQJ SDUDPHWHUV WR EH
LPSOHPHQWHGLQDFRPPHUFLDOVXLWHWRVLPXODWHWKHG\QDPLFVRIWKHV\VWHP


2.2

Dynamic Model on MSC Adams Suite

7KHV\VWHPKDVEHHQPRGHOOHGE\XVLQJDPXOWLERG\G\QDPLFVVRIWZDUHQDPHO\06&$GDPV
7KLVLVD0XOWLERG\'\QDPLFV 0%' FRPPHUFLDOWRROXVHGWRDQDO\VHDUWLFXODWHGPHFKDQLFDO
V\VWHPVEDVHGRQWKHSULQFLSOHVRI/DJUDQJLDQ'\QDPLFV7KHFRGHFDQVROYHERWKDOJHEUDLF
DQGGLIIHUHQWLDOKLJKO\QRQOLQHDUHTXDWLRQDVIXQFWLRQVRIWLPH
$VIDUDVWKHVRODUDUUD\VDUHFRQFHUQHGDUHDOLVWLFV\VWHPZRXOGDOVRLQFOXGHWKHSUHVHQFHRI
KLQJHVWRUVLRQDOVSULQJVDQGGDPSHUVWRFRQQHFWFRQVHFXWLYHVHFWLRQV VHH)LJXUH 


)LJXUH06&$GDPVVRODUDUUD\VHTXLYDOHQWPRGHO
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'XHWRWKHKLJKFRPSXWDWLRQDOFRVWVUHODWHGWRVXFKPRGHOLQWKH$GDPV6LPXOLQNVLPXODWLRQ
DUFKLWHFWXUH DQ HTXLYDOHQW PRQROLWKLF VWUXFWXUH KDV EHHQ DGRSWHG WR SHUIRUP WKH DQDO\VHV
$FFRUGLQJWR WKLVDSSURDFKWKHDOORZHGUHODWLYH ULJLG URWDWLRQVEHWZHHQHDFKVHFWLRQRIWKH
SDQHOVDUHUHSURGXFHGDVDQLQFUHDVHGIOH[LELOLW\RIWKHRYHUDOODUUD\
7KHVSDFHFUDIWLVKHUHE\UHSUHVHQWHGDVDSDUDOOHOHSLSHGSODWIRUPZLWKVRODUSDQHOVDV
DSSHQGDJHV UHVSHFWLYHO\LQJUHHQDQGLQUHGLQ)LJXUH 7KHWZRWDQNVDUHPRGHOOHGDVERGLHV
ZLWKDVVLJQHGPDVVDQGLQHUWLDWRUHSURGXFHDKROORZF\OLQGULFDOWDQN




)LJXUH06&$GDPVG\QDPLFPRGHO

7KHIOH[LELOLW\RIWKHWZRVRODUSDQHOVLVVLPXODWHGE\XVLQJ)(0WHFKQLTXHV,QSDUWLFXODUWKH
WZRDUUD\VDUHVKHOOERGLHVPHVKHGZLWK4XDGHOHPHQWV7KHWZRWDQNVDUHULJLGO\FRQQHFWHG
WRWKHSODWIRUPWRVLPXODWHWKHLUIDVWHQLQJWRWKHVDWHOOLWH$GHWDLOHGLPDJHRIDVLQJOHWDQNLV
SURYLGHGLQ)LJXUH



)LJXUH3DUWLFXODURIWKHVORVKLQJHTXLYDOHQWPHFKDQLFDOPRGHOLQ06&$GDPV

7KHVORVKLQJPDVVHV m LQJUHHQ m LQEOXHDQG m LQUHG KDYHEHHQPRGHOOHGKDVVSKHULFDO
ERGLHV ZLWK DVVLJQHG PDVV GHULYLQJ IURP HT   DQG QHJOLJLEOH LQHUWLD 7KHLU ORFDWLRQ ZLWK
UHVSHFWWRWKHFHQWUHRIWKHILOOHGWDQNUHVSHFWVZKDWH[SUHVVHGE\HT  7KRVHPDVVHVKDYH
EHHQFRQQHFWHGYLDWUDQVODWLRQDOMRLQWVWRWKHZDOOVRIWKHWDQNVRWKDWWKH\DUHFRQVWUDLQHGWR
PRYHRQO\LQWKHKRUL]RQWDOGLUHFWLRQWRVLPXODWHWKHODWHUDOVORVKLQJEHKDYLRXU$WWKHVDPH
WLPHWZRVSULQJGDPSHUIRUFHVDUHDFWLQJRQHDFKPDVVWRUHSURGXFHWKHHODVWLFIRUFHVWKH\DUH
VXEMHFWHGZKHQPRYLQJIURPWKHLUHTXLOLEULXPSRVLWLRQ WKHVHIRUFHVDUHUHSUHVHQWDWLYHRIWKH
³HODVWLF´SURSHUWLHVRIWKHIOXLG 7KHVWLIIQHVVRIHDFKVSULQJLVFRPSXWHGE\XVLQJHT  7KH
UHGVSKHUHLQWKHORZHUSDUWRIWKHWDQNLQ)LJUHSUHVHQWV m ,WVSRVLWLRQDQGYDOXHDUHGHULYHG
IURPHTV    ZKLOHLWVPRPHQWRILQHUWLDIURPHT  
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LEARNING-BASED CONTROL FOR ATTITUDE TRACKING

,QPRVW(DUWK2EVHUYDWLRQPLVVLRQVWKHVSDFHFUDIWLVUHTXLUHGWRVZHHSDVSHFLILFDUHDZLWKWKH
VDPHRULHQWDWLRQRUELWDIWHURUELW2QHSRVVLEOHREMHFWLYHLVWRXVHWKHVFLHQWLILFLQVWUXPHQWDWLRQ
WRDFTXLUHGDWDRIDVWULSSDUDOOHOWRWKHVDWHOOLWHJURXQGWUDFN VHH)LJXUH ,QWKLVFDVHWKH
PLVVLRQFDQEHGLYLGHGLQWRWZRSKDVHVDILUVWDWWLWXGHPDQRHXYUHWRUHRULHQWWKHSD\ORDGDQG
DVHQVLQJSKDVH,QWKLVSDSHURQO\WKHILUVWSDUWRIWKHPLVVLRQLVFRQVLGHUHGDVWKHVHQVLQJ
SKDVHLVDVWDELOL]DWLRQSUREOHPDURXQGWKHQDGLUSRLQWLQJFRQGLWLRQ




)LJXUH3UREOHPVWDWHPHQWIRUDQ(2PLVVLRQ

$VWKHVDWHOOLWHLVUHSHDWHGO\RSHUDWHGWKHDWWLWXGHFRQWUROV\VWHPFRXOGEHQHILWE\GDWDDYDLODEOH
LQRUELWWRLPSURYHLWVDWWLWXGHWUDFNLQJSHUIRUPDQFH,QWKLVSDSHUDQ,WHUDWLYH/HDUQLQJ&RQWURO
DOJRULWKP LV XVHG E\ H[SORLWLQJ WKH DWWLWXGH HUURUV DQG WKH FRQWURO LQSXWV IURP SUHYLRXV
RSHUDWLRQV
3.1

Iterative Learning Control (ILC)

7KHDLPRIWKH,WHUDWLYH/HDUQLQJLVWRJHQHUDWHDVHTXHQFHRILQSXWVVXFKWKDWWKHRXWSXWRIWKH
V\VWHP LV DVFORVH DVSRVVLEOHWR WKHGHVLUHGRQHEHLQJWKHLQSXWWKH DWWLWXGHFRQWUROWRUTXH
H[HUWHGDERXWWKHVSDFHFUDIWFHQWUHRIPDVVZKLOHWKHRXWSXWWKHGHVLUHGDWWLWXGHWUDMHFWRU\>@
7KHLQQHUFRUHRIWKH,/&VWUDWHJ\LVWRLPSURYHFRQWUROLQSXWVRQWKHEDVLVRISUHYLRXVRSHUDWLRQ
GDWD7KHFRQWUROOHUFDQOHDUQWRSURGXFH]HURWUDFNLQJHUURUGXULQJUHSHWLWLRQRIDFRPPDQGRU
WRHOLPLQDWHWKHHIIHFWVRIDUHSHDWLQJGLVWXUEDQFH

)LJXUH&ODVVLFDO$ULPRWR¶VW\SH,/&



7RFRXQWHUDFWDSHULRGLFGLVWXUEDQFHVDFRQYHQWLRQDOIHHGEDFNFRQWUROOHUFDQEHDGGHGLQWKH
FRQWUROVWUDWHJ\WRZRUNLQSDUDOOHOZLWK,/&7KHVFKHPHLVQDPHG&XUUHQW&\FOH)HHGEDFN
,WHUDWLYH/HDUQLQJ&RQWURO &&),/& )RUWKRVHV\VWHPVZLWKG\QDPLFVXQFHUWDLQWLHVWKURXJK
LWHUDWLRQVD+LJK2UGHU,WHUDWLYH/HDUQLQJ&RQWURO +2,/& LVXVXDOO\DSSOLHGWRWKHSUREOHP
RI WUDFNLQJ FRQWURO >@ 7KH PHQWLRQHG VWUDWHJ\ XVHV PRUH WKDQ RQH SDVW HUURU KLVWRU\ LQ
GLIIHUHQWLWHUDWLRQV,QWKLVSDSHUD&&)+2,/&VFKHPHLVDGRSWHG7KHFRQWURODFWLRQDWWKH
LWHUDWLRQN LHLQDVSHFLILFRUELW LVJLYHQE\WKHVXPRIWKHFRQWULEXWLRQVDVIROORZV
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ZKHUH ukFB LVWKHIHHGEDFNFRQWUROWRUTXH ukNN LVWKHILUVWJXHVVIRUWKHFRQWUROWRUTXHSURYLGHG
E\WKH11DQG ukFF LVWKH+2,/&IHHGIRUZDUGWHUPXVLQJGDWDIURPXSWRWKUHHLWHUDWLRQEHIRUH
$VDVXPPDU\WKHFRQWUROVWUDWHJ\FDQEHUHVXPHGLQWKUHHVWHSV
&KRRVLQJIHHGEDFNJDLQVVRWKDWWKHHUURUG\QDPLFVDORQJWKHGHVLUHGWUDMHFWRU\LVVWDEOH
8SGDWLQJWKHIHHGIRUZDUGWHUPE\WKHPHDQVRIWKHOHDUQLQJUXOH
&RPSRVLQJ WKH DFWXDO FRQWURO LQSXW VLJQDO E\ XVLQJ ERWK +2,/& DQG 3'IHHGEDFN
FRQWULEXWLRQV VHH)LJXUH 


)LJXUH$GRSWHGFRQWUROVFKHPH



,Q WKLV VWXG\ WKH VHOHFWHG JDLQV DUH K P   K D   L   D   l d  
l d    l d   ,Q WKH QH[W VHFWLRQ WKH VLPXODWLRQ DUFKLWHFWXUH LV GHVFULEHG E\
LQWURGXFLQJWKHWRROVXVHGIRUSHUIRUPLQJWKHG\QDPLFDQDO\VHV7KHPDLQUHVXOWVRIWKHVWXG\
DUHLQWURGXFHGDQGFRPPHQWHG



4



SIMULATION AND RESULTS

,QWKLVVHFWLRQWKHPDQRHXYUHGHSLFWHGLQ)LJXUHLVLQYHVWLJDWHG$UROOWLOWRIGHJUHHVLV
FRQVLGHUHGWREHUHTXLUHGWRDFFRPSOLVKWKHPLVVLRQDQGUHDFKWKHVHQVLQJSKDVH7KHUHOHYDQW
GDWDFRQFHUQLQJWKHHTXLYDOHQWPHFKDQLFDOPRGHOXVHGLQWKHVLPXODWLRQLVUHSRUWHGLQ7DEOH
ZKLOH7DEOHOLVWVWKHEXVDQGVRODUSDQHOVIHDWXUHV
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8SSHU7DQN






 
 
 
 

/RZHU7DQN






 
 
 
 

7DEOH3URSHOODQWSK\VLFDOSDUDPHWHUV
3DUDPHWHU
%XV
 

 

P

 











3DUDPHWHU








6RODU3DQHO
 
 
 
 







7DEOH3ODWIRUPSURSHUWLHV

7KHUHRULHQWDWLRQPDQRHXYUHLVFDUULHGRXWE\PHDQVRIDFRQWUROWRUTXHH[HUWHGE\RQERDUG
GHYLFHV HJUHDFWLRQZKHHOVRUFRQWUROPRPHQWJ\URV (YHQLIWKHIXHOPDVVYDULHVZLWKUHVSHFW
WR WLPH GXULQJ WKH PDQRHXYUH LQ WKLV VWXG\ WKH IXHO FRQVXPSWLRQ KDV EHHQ FRQVLGHUHG DV
QHJOLJLEOH


4.1

Co-simulation

06&$'$06LVD0XOWLERG\'\QDPLFV 0%' FRPPHUFLDOWRROXVHGWRDQDO\VHDUWLFXODWHG
PHFKDQLFDOV\VWHPV %DVHGRQWKHSULQFLSOHVRI/DJUDQJLDQ'\QDPLFVWKHFRGHVROYHVERWK
DOJHEUDLF DQG GLIIHUHQWLDO KLJKO\ QRQOLQHDU HTXDWLRQV DV IXQFWLRQV RI WLPH $ FRVLPXODWLRQ
EHWZHHQ 06& $'$06 DQG 6,08/,1. KDV EHHQ XVHG WR DQDO\VH WKH V\VWHP G\QDPLFV E\
SURYLGLQJWKHRXWSXWRIWKHFRQWUROV\VWHPWRWKHPRGHO7KHFRQWUROODZVKDYHEHHQGHVLJQHG
LQ6,08/,1.VRIWZDUHDQGWKH$'$06PXOWLERG\FRGHUHSURGXFHVWKHV\VWHPG\QDPLFSODQW
VHH)LJXUH 

)LJXUH&RVLPXODWLRQORJLF
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7KHWHFKQLTXHLVVXLWDEOHIRUFRQGXFWLQJ WHVWVRQVSDFHURERWLFV\VWHPV >@>@>@
7KHFKRLFHLVMXVWLILHGE\WKHQHHGRIYDOLGDWLQJDFRQWURODOJRULWKPRQDFRPSOH[PXOWLERG\
VWUXFWXUH7RUXQWKHVLPXODWLRQWKH$'$06 PXOWLERG\PRGHOKDVEHHQLPSRUWHG DV DQ6
IXQFWLRQLQ6,08/,1.ZRUNVSDFH7KHFRQWUROLQSXWVWRWKHG\QDPLFPRGHODUHFDOFXODWHGE\
XVLQJ 0DWODE VFULSWV 7KH RXWSXW RI $'$06 VROYHU DUH WKHQ H[SORLWHG WR FRPSXWH FRQWURO
DFWLRQVWKXVFORVLQJWKHORRS
4.2

Results

7KH 5RRW 0HDQ 6TXDUHG (UURU 506(  LQGH[ KDV EHHQ FKRVHQ DV TXDOLW\ SDUDPHWHU IRU
HYDOXDWLQJWKHOHDUQLQJSHUIRUPDQFHRIWKHFRQWUROOHU6LPXODWLRQVVKRZWKDWWKH,/&FRQWURO
VFKHPH UHGXFHV WKH WUDMHFWRU\ HUURU LQ D PRQRWRQH ZD\ LWHUDWLRQ E\ LWHUDWLRQ 7KH DFKLHYHG
FRQYHUJHQFHLV PRQRWRQHDQGQRW H[SRQHQWLDO,QSDUWLFXODULQ)LJXUH D WKHWUHQGRIWKH
506(ZLWKUHVSHFWWRLWHUDWLRQV ZKHUHRQHLWHUDWLRQFRUUHVSRQGVWRRQHRUELW LVUHSRUWHG(YHQ
LIWKHILUVWJXHVVRIWKH11LPSOLHVDQLQLWLDO506(RIVRPHGHJUHHVWKH,/&FRQWUROOHUSURYHG
WRUHGXFHWKH506(E\DQRUGHURIPDJQLWXGHLQWKHILUVWRUELWV$VDQ(2VSDFHFUDIWKDV
DQRUELWDOSHULRGRIDURXQGPLQXWHVWKHHQGWLPHRIWKHVLPXODWLRQLVDURXQGWHQGD\V7KH
LQWHOOLJHQW FRQWURO V\VWHP LV DEOH WR LPSURYH VLJQLILFDQWO\ WKH WUDFNLQJ SHUIRUPDQFH RI WKH
VDWHOOLWHMXVWE\XVLQJDYDLODEOHLQRUELWGDWDRUDWWLWXGHRULHQWDWLRQ DQGDQJXODUYHORFLWLHV ,W
VKRXOGEHQRWLFHGWKDWQRNQRZOHGJHRIWKHLQWHUDFWLRQEHWZHHQWKHIOH[LEOHVRODUSDQHOVDQG
VORVKLQJPDVVHVG\QDPLFVLVUHTXLUHGWRDFKLHYHWKLVUHVXOW





)LJXUH D 506(RIWKHUROODQJOHWUHQGWKURXJKLWHUDWLRQV E 5ROOWUDMHFWRU\HYROXWLRQWKURXJK
LWHUDWLRQV RUELWV 


,Q)LJXUHD'SORWRIWKHHYROXWLRQRIWKHWUDMHFWRU\LVGHSLFWHGWREHWWHUVKRZWKHFKDQJH
DQGWKHPRGLILFDWLRQVRIWKHWUDMHFWRU\RUELWDIWHURUELW7KHFRPELQDWLRQRIWKH+2,/&DQG)%
FRQWUROOHUKDVSURYHGWREHVXFFHVVIXOLQHQKDQFLQJWKHSUHFLVLRQRIWKHDWWLWXGHWUDFNLQJZKHQ
SHUIRUPLQJUHSHWLWLYHPDQRHXYUHV


700

Learning-based Control of a Spacecraft with Fuel
Sloshing

Angeletti, Stolfi, Gasbarri





)LJXUH7UDMHFWRU\HYROXWLRQWKURXJKLWHUDWLRQV RUELWV 


$VPHQWLRQHGLQ 6HFWLRQ WKHFRQWUROLQSXWLVFRPSRVHGRIWZRWHUPV DIHHGEDFNDQGD
IHHGIRUZDUGVLJQDOV$VWKHIHHGEDFNWHUPGHFUHDVHVLWHUDWLRQE\LWHUDWLRQ VHH)LJXUH WKH
IHHGIRUZDUGFRUUHFWLYHWHUPJUDGXDOO\LQFUHDVHV VHH)LJXUH 7KLVPHDQVWKDWWKHFRQWUROOHU
KDVOHDUQWWKHDPRXQWRIVXSSOHPHQWDU\WRUTXHWRDGGWRWKHVWDQGDUG3'FRQWUROOHUWRWUDFNWKH
WUDMHFWRU\LQSUHVHQFHRIGLVWXUEDQFHVJLYHQE\HODVWLFSDQHOVDQGVORVKLQJPDVVHV




)LJXUH7UHQGRIWKHWRUTXHFRUUHFWLRQWHUP IHHGIRUZDUGWHUP 
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)LJXUH7UHQGRIWKHIHHGEDFNWRUTXH

7KH OHIW VRODU SDQHO WLS GLVSODFHPHQW LV VKRZQ LQ )LJXUH  7KH RUGHU RI PDJQLWXGH RI WKH
PD[LPXPGHIOHFWLRQLVFPEXWLWLVH[SHFWHGLIFRQVLGHULQJWKHDVVXPSWLRQVPDGHLQ6HFWLRQ
7KHUHSRUWHGWLSGLVSODFHPHQWZRXOGFRUUHVSRQGWRDURXJKO\KDOIGHJUHHUHODWLYHURWDWLRQ
EHWZHHQ WZR DGMDFHQW VHFWLRQV LI WKH DUUD\ VHJPHQWV ZHUH FRQVLGHUHG WR EH ULJLG  $V WKH
PDQRHXYUHLVV\PPHWULFWKHWLSGLVSODFHPHQWRIWKHULJKWSDQHOKDVHTXDOQRUPDQGRSSRVLWH
VLJQZLWKUHVSHFWWRWKHOHIWRQHDQGLWLVQRWUHSRUWHGIRUWKHVDNHRIEUHYLW\





)LJXUH7LSGLVSODFHPHQWRIWKHOHIWVRODUSDQHO

,Q )LJXUHV IURP  WR  WKH GLVSODFHPHQW RI WKH VORVKLQJ PDVVHV ZLWK UHVSHFW WR WKHLU
HTXLOLEULXP SRVLWLRQ LQVLGH WKH WDQNV DUH SORWWHG 7KH PD[LPXP GLVSODFHPHQWV RI WKH ILUVW
VORVKLQJPDVVHV mDOWN DQG mUP LQERWKWDQNVDUHRQHRUGHURIPDJQLWXGHKLJKHUWKDQWKH
RWKHURQHVDVWKH\UHSUHVHQWWKHPRGHVDVVRFLDWHGWRSUHGRPLQDQW³PRGDOPDVVHV´
,W LV ZRUWK QRWLQJ WKH ODVW LWHUDWLRQ GLVSODFHPHQWV RI mDOWN  DQG mUP  VKRZ D SKDVH
LQYHUVLRQLIFRPSDUHGWRWKHILUVWRQH7KHVDPHEHKDYLRXUFDQEHSDUWLDOO\REVHUYHGIRUWKH
VHFRQG VORVKLQJ PDVVHV mDOWN  DQG mUP  ZKLOH LW FDQQRW EH GHWHFWHG IRU WKH WKLUG VORVKLQJ
PDVVHV mDOWN DQG mUP 
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 D  E 


)LJXUH D )LUVWVORVKLQJPDVV mDOWN GLVSODFHPHQWVLQWKHORZHUWDQN E 6HFRQGVORVKLQJPDVV

mDOWN GLVSODFHPHQWLQWKHORZHUWDQN





 D  E 


)LJXUH D 7KLUGVORVKLQJPDVV mDOWN GLVSODFHPHQWLQWKHORZHUWDQN  )LUVWVORVKLQJPDVV mUP 
GLVSODFHPHQWLQWKHXSSHUWDQN





 D  E 


)LJXUH D 6HFRQGVORVKLQJPDVV mUP GLVSODFHPHQWLQWKHXSSHUWDQN  7KLUGVORVKLQJPDVV mUP 
GLVSODFHPHQWLQWKHXSSHUWDQN
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7KHGLVSODFHPHQWVRIDOOWKHVORVKLQJPDVVHVDUHFRPSDWLEOHZLWKWKHJHRPHWULFGLPHQVLRQVRI
WKHWDQNV LHWKHPDVVHVGLVSODFHPHQWVGRQRWH[FHHGWKHPD[LPXPDOORZHGYDOXHJLYHQE\
WKHWDQNVUDGLXV 


5

CONCLUDING REMARKS

$QLQYHVWLJDWLRQRQLPSURYLQJWKHDWWLWXGHWUDFNLQJLQFDVHRIUHSHWLWLYHPDQRHXYUHVIRU(DUWK
2EVHUYDWLRQ VSDFHFUDIW KDV EHHQ FRQGXFWHG 7KH SUREOHP RI UHSHDWHGO\ RSHUDWHG G\QDPLF
V\VWHPV LV SDUWLFXODUO\VXLWHGWR OHDUQLQJEDVHGFRQWUROV\VWHPV WKDWDUH DEOHWR XVHLQRUELW
DYDLODEOH GDWD WR LPSURYH WKHLU SHUIRUPDQFH 7KH OHDUQLQJ FRQWURO FDQ HIIHFWLYHO\ FRSH ZLWK
XQFHUWDLQWLHV RU ODFNLQJ RI NQRZOHGJH RI WKH PRGHO 7KH FRQWUROOHU VHHV WKH IOH[LEOH
GHIRUPDWLRQV DQG VORVKLQJ SKHQRPHQD LQGXFHG E\ WKH DWWLWXGH FRQWURO V\VWHP DV H[WHUQDO
GLVWXUEDQFHV7KHFRQWUROV\VWHPFDQJHQHUDWHDQRQOLQHVXSSRUWLQJVLJQDOFRRSHUDWLQJZLWKD
WUDGLWLRQDO3'FRQWUROOHUZLWKIL[HGJDLQVWRDFKLHYHEHWWHUWUDFNLQJSUHFLVLRQEHIRUHWKHVHQVLQJ
SKDVHDQGWRFRXQWHUDFWWRERWKSHULRGLFDODQGQRQSHULRGLFDOGLVWXUEDQFHV$FRPELQDWLRQRID
+LJK2UGHU,/&DQGD3'IHHGEDFNODZKDVSURYHGWREHHIIHFWLYHLQDGGUHVVLQJVXFKLVVXHRQH
RUELWDIWHUWKHRWKHU
7R IXUWKHU H[DPLQH WKH FRQWURO SUREOHP PRUH GHWDLOV VKRXOG EH LQFOXGHG LQ WKH
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ABSTRACT
Teaching collections in technical schools and universities played a crucial role in the early
phases of aircraft preservation in Italy, ensuring the survival of ordinary types not associated
with heroic pilots or records. From 1919 onwards, obsolete aircraft gave young students their
first insights into the practical aspects of technology, which was then applied to new designs
often built directly in university labs. Highlighting the role of technical education in the
survival of aviation heritage, the paper notes that the engineering curriculum has become
uncoupled from direct experience and suggests the value of reinforcing the educationpreservation nexus to maintain crucial skill sets and provide a holistic approach to engineering
challenges. From reverse-engineering parts for short-run spares production to developing
practical engineering skills; from understanding the effects of aging (and develop mitigation
tools) to becoming conversant with operating regulations, vintage aircraft offer numerous
stimulating opportunities to renew a century-old relationship and attract imaginative students
to STEM disciplines. The proposed approach would overcome the limitations of a largely
virtual course of study, making a win-win contribution to both aircraft preservation and
engineering education.
Keywords: Heritage, restoration, preservation, museum
1

INTRODUCTION

With powered flight fast approaching its 120th anniversary, aircraft preservation offers
aerospace education numerous stimulating opportunities. Considering that advanced
materials, electronics (in the broadest sense of the term) and electric propulsion are the
driving forces for 21st century aerospace applications, this concept can appear wishful
thinking, far-fetched or simply wrong. In fact, there is ample evidence in Italy and abroad that
restoration projects, both static and flying, are valuable tools to attract imaginative students to
STEM disciplines, to train a new generation of maintainers and engineers, to apply leadingedge technology and to suggest new avenues for research.
2

TECHNICAL STUDIES AND PRESERVATION

The Italy became the first nation to establish a dedicated aviation museum on 26 May 1913,
when Major Giulio Douhet’s order no. 119 created the Aviation Battalion Museum [1]. The
centrepiece exhibit of this forward-looking initiative was the Blériot XI reputed to have flown
the world’s first operational heavier-than-air sortie in 1911, which survives to this day, but a
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year later the Army Engineers Museum turned down the Flyer in which Wilbur Wright had
taught Mario Calderara and Umberto Savoja in Rome in 1909. Within a few years, the First
World War expanded aviation and created popular heroes like Francesco Baracca and
Gabriele D’Annunzio, whose aircraft were often preserved and survive to this day. The Regia
Aeronautica, predecessor to the Italian Air Force (ITAF), soon established a historical
collection, a small fraction of which would later form the nucleus of a proper museum, and
the Caproni family started a company collection that evolved into a museum around 1940.
In a young field driven by the quest for performance, aircraft not associated with epic
feats were soon scrapped – except when used for technical training. The first and largest
aeronautical engineering collection was assembled around 1919 at Montecelio (now
Guidonia, near Rome) by Lt Col Giulio Costanzi, drawing upon an extensive selection of
German aircraft assigned to Italy after the armistice [1]. A 100 x 25 metre hangar was built to
house a large selection of advanced designs, including the all-metal Junkers J.4 and J.9
armoured ground-attack aircraft (Figure 1). When the collection was dispersed, after some
years of study and test flying, only a handful of its aircraft survived with the Italian Air Force
(J.4) and Caproni (Fokker D.VIII, Siemens-Shuckert D.IV) collections. War preys supplied
by the Italian Army also formed the nucleus of the Turin Polytechnic (PoliTo) engine
collection, which has survived remarkably intact to this day [2]. By 1920, the Army had
presented the Milan Polytechnic (Polimi) with materials for an aeronautics laboratory,
including an airworthy Nieuport Ni.11 Bebé (incidentally, the only one earmarked for
preservation in Italy) and a number of instruments, radios and cameras [3, 4]. A limited but
significant aero engine collection was created at the University of Palermo and still exists [5].
Surviving engineering manuals suggest that designers indeed used the materials for
inspiration and comparative studies [6].

Figure 1: A partial view of the Costanzi collection at Montecelio, c. 1920.

Over the years further teaching collections were assembled for the growing network of
technical schools called to offer aeronautical construction or pre-military courses. Like
various military institutions, these schools received ordinary aircraft in order to train
technicians (periti industriali) and graduate engineers in aircraft, engine and system handling,
repair and design. No comprehensive list appears to exist, but significant nuclei are
documented in Pisa (Istituto Tecnico Industriale “Leonardo da Vinci”), Udine (ITI “Arturo
Malignani”) and Rome (ITI “Carlo Grella”, now “Galileo Galilei”); individual complete
aircraft are documented with schools in Naples (“Bernini”, with a Nieuport Ni.18 in 1926),
and Piazza Armerina (an unnamed professional school, which held a Breda Ba.19, possibly
replacing a previous Hanriot HD.1). Because they were considered obsolete rather than
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historic, these aircraft were mostly lost during the Second World War, with the exception of a
set of original Fiat CR.1 wings (which survive in Pisa), the only IMAM Ro.43 seaplane and
the similarly unique complete Macchi C.200 fighter (both subsequently recovered from the
“Galilei” for the new ITAF Museum [7]).
Teaching collections were re-established after the war. The University of Pisa received
from the ITAF a Republic P-47D Thunderbolt and Macchi C.202; Polimi obtained the
unflown Reggiane Re.2006 fighter prototype and the diminutive Preti PR.2 Saltafossi; Naples
somehow acquired a partial Re.2005 fuselage; Palermo purchased a Fiat G.59B advanced
trainer in 1964. Technical schools also re-established collections, ensuring the survival of a
second wave of obsolete aircraft, including gems like the Macchi C.205 (in Udine), P-47D (at
Milan’s Feltrinelli institute) and CANSA C.6B (Novara, at the newly established ITI
“Giacomo Fauser”) or the more ordinary De Havilland DH.100 (in Rome), Fiat G.59B (at ITI
“Enrico Fermi”, in Naples) and North American F-86E (Rome and Udine). The ITAF built up
a large training collection in Caserta at the Scuola Specialisti (including a Cant Z.1007bis and
Martin M.187 Baltimore), while the Naval Academy borrowed a Macchi C.202 and Bell P-39
Airacobra. Although several were later recovered for display in Italy and abroad (the Rome F86E eventually reaching the RAF Museum at Hendon), the priceless Milan Reggiane and
Caserta Baltimore were unfortunately lost. (By paradoxical contrast, none of the aircraft in the
aeronautical section of the National Science and Technology Museum inaugurated in Milan in
1973 came from technical schools; worse, as M. Longoni points out in another paper, today
there is no proper aerospace technology display in Italy [8]).
By the early 1970s, aircraft preservation was gaining momentum at both the private
collector and institutional levels. The inauguration of large official museums in Britain (RAF
Museum, 1973), the United States (National Air and Space Museum, 1976) and Italy (Museo
Storico dell’Aeronautica Militare, 1977) coincided with the gradual shift from hands-on
engineering practice and direct observation to increasingly theoretical approaches. For the
first time in half a century, older training airframes were not replaced with others better
representative of modern technologies; rather, they turned into monuments and gate
guardians, often decaying through exposure to elements. A significant exception is provided
by the McDonnell Douglas DC-9/32 on display at Volandia, the largest surviving
instructional airframe in Italy (Figure 3). Following military service, this former ITAF VIP
transport, which over its career carried popes, heads of State and government, was used for
over a decade by Alitalia as a technical training aid. In 2016 it narrowly avoiding being
scrapped when it was donated to the museum.

..
(a)

(b)

Figure 3: (a): the former VIP DC-9 in the Alitalia technical training hangar at Fiumicino airport in
2014; (b) the same aircraft reassembled for external display at Volandia in 2016.
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While uncoupling the technical and heritage dimensions has led to a better
understanding of some cultural aspects of flight, it has also diminished institutional interest in
showcasing aircraft as machines rather than cultural constructs, until eventually form trumped
function altogether [9]. In this context, the technical aspect was narrowly defined as an
ancillary and auxiliary tool.
3

PRACTICAL ENGINEERING

In many academic institutions the study of older aircraft went hand-in-hand with the design
and construction of new types, conceived by students or professors and built in-house. The
Milan and Turin polytechnics, arguably the most prestigious Italian schools of aeronautical
engineering, established permanent workshops that produced a number of gliders and lead to
successful industrial products, which anticipated today’s spin-offs.
The Polimi workshops built several prototypes originated by the Centro Studi ed
Esperienze per il Volo a Vela (CVV, active from 1934), including the PR.2 Saltafossi [Figure
2]. A number entered serial production and would today be considered spin-offs, including
the CVV.2/GP.2 (with Aeronautica Lombarda, 1937), CVV.6 (with SAI Ambrosini and
Meteor, 1941) and CVV.8 Bonaventura (with Rio, 1957) [3]. Another was the PM.1 twoseater which, designed by Ermanno Bazzocchi with Vittorio Calderini under the supervision
of professor Silvio Bassi, won the 1939 competition for a new light training and touring
aircraft and was put into production by CNA, in Rome; after the war, it became the basis for
the widely built Macchi MB.308. A postwar CVV spin-off was the Sezione Sperimentale
Volo a Vela (SSVV), led by former student Felice Gonalba, which provided general aviation
maintenance and support services for over 40 years.

(a)

(b)

Figure 2: The PR.2 Saltafossi was designed by Polimi Professor Gildo Preti and built in its CVV
workshops by Angelo Cabrilla (a) during its 1946 flight tests; (b) in the air after restoration by GAVS
Lombardia and Giancarlo Zanardo in 2002.

Among the gliders designed at the Turin CVV by the illustrious professor Piero
Morelli with his brother Alberto, the M.100 (1960) and M.200 (1964) were widely built in
Italy and abroad; in fact, the M.100 established the production record for Italian gliders, with
over 200 units. A number of Morelli designs were eventually preserved in the PoliTo itself.
Turning to secondary schools, an incomplete preliminary list shows that over the years
aircraft were built and flown in Pisa (GCA Pedro, 1950), Udine (MS.21, c. 1960), Milan
(Tobia, 1962, designed by Gianfranco Rotondi, who later taught aeronautical engineering at
Polimi; MG.3 Condor, 1980) and Novara (Zenair, c.1980).
In keeping with the growing emphasis on electronics, flight gradually faded into the
background in favour of other subjects. Today the most prestigious academic aerospace
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engineering activity is probably to put actual experiments into space through “Cubesats”; the
PoliTo and the University of Rome’s School of Aerospace Engineering have successfully
completed a number of these standardised units.
4

RETURN TO THE FUTURE

Aircraft restoration skills are often directly applicable to current production piston engines
and metal airframes. Contrary to popular perception, traditional aerostructures are still widely
used in sport, general aviation and regional aircraft ranging from legacy types (from the
KingAir 350i to the resurrected Twin Otter Series 400) to clean-sheet designs (such as the
Tecnam P.2012 Traveller); similarly, piston engines power the latest LSA designs. In other
words, sheet metal construction and piston engine know-how will remain relevant for many
decades for both production and continuing airworthiness. In this respect, the limited
academic interest in traditional techniques appears both unreasonable and constraining.
From an educational perspective, the first and more widespread opportunity is to use
restoration or reproduction projects as opportunities for design experience sought by
employers or on the job training prescribed to attain professional qualifications. There already
are several such cases in Italy, beginning in the 1990s with Reggiane Re.2002 component
manufacture in Alessandria (ITI Volta, ventral centre-section skin) and Milan (ITI Feltrinelli,
wing spars). A more structured project saw IFP “Veronesi”, in Rovereto, overhaul and
prepare a Caproni Ca.100 biplane for static display at the ITAF Museum, in support of the
ambitious private initiative to build two full-size airworthy reproductions with original
engines. Finally, the Volandia aviation park and museum runs a successful programme in
cooperation with local schools, which allows students to fulfil school-work requirements in
various support roles, including gaining experience in disassembling, assembling, cleaning
and painting aircraft. At university level, however, only a single thesis has been found which
examines the aging and restoration of a traditional construction aircraft [10].

(a)

(b)

Figure 4: CR.42 wheel fairings. (a): the single original recovered in Sweden; (b) the reproductions
reverse-engineered by Polimi and fitted to the restored ITAF Museum CR.42.

Rapid-prototyping, short-run production and additive manufacturing (3D printing)
techniques are all directly applicable to many components required in the restoration of rare
or unique types. Because the originals were often elaborate creations built up from welded or
machined subcomponents, reproductions offer the opportunity to redesign the parts for
modern CAD/CAM techniques and materials. More importantly, the processes and challenges
– particularly those associated with airworthy parts – are identical with those being introduced
to produce spares for modern in-service types, allowing a two-way exchange of experience.

710

Preserving aircraft to teach the future

Alegi

Closely connected is the use of reverse engineering techniques to the manufacture
otherwise unavailable components, a practice of direct interest for applications such as the
FAA Parts Manufacturer Approval (PMA) process [11] or in support of aging fleets for which
limited spares exist. International experiences ranging from complete LeRhone rotary engines
to De Havilland DH.98 Mosquito fuselages underscore potential applications in the heritage
sphere. Italian academic experience in this field seems limited to two sets of Fiat CR.42 wheel
fairings built to airworthy standards in 2003-2004 in collaboration with Polimi, based on an
existing left-hand original [12].
The scientific study of old airframes, whose survival story often includes challenging
circumstances, opens interesting possibilities to understand and extend the life of objects
originally built with short projected lifespans. With numerous significant aircraft approaching
their centennial, there is a clear need to identify procedures to stabilize and treat even
examples to prevent their decay even in museum environments. This includes the
development of appropriate materials and processes to mitigate the effects of aging, which is
particularly important considering the trend of longer in-service lives. Relevant technologies
range from Non-Destructive Testing, particularly in the initial phase in which the need for
possibly invasive interventions must be established, to adhesives, both to assess the condition
of the original organic glues and to develop non-invasive corrective techniques or products
where necessary.
The conservation of a Dornier Do.17 bomber recovered in 2013 from the English
Channel is an extreme example of this particular academic contribution to aircraft
preservation. Because of the poor state of the airframe, from the beginning the RAF Museum
sought to enlist Imperial College London to develop specific solutions to stabilize the fragile
structures [13]. Sadly, despite the involvement of the regional Soprintendenza (Heritage
office) no such effort was made with the Reggiane Re.2000 recovered in 2013 off La Spezia,
whose long-term survival prospects thus appear unlikely. Fortunately some European
universities, including Ferrara and Bologna, are now moving along these lines through the
PROtection and Conservation of Heritage AirCRAFTs (PROCRAFT, submitted in these very
days in reply to the Joint Programming Initiative on Cultural Heritage and Global Change),
which aims to develop coatings to protect relics found underground or water. A less extreme,
but possibly more immediately rewarding, field revolves around technologies to recover, or at
least read, colour schemes and insignia under multiple layers of paint in order to properly
identify the aircraft and its history. The Deutsches Museum in Munich, for instance, enlisted
the local Technical University to attempt to identify the original colours carried by its rare
Messerschmitt Bf.109E [14]. The operation was successful, but the museum then decided to
retain the erroneous scheme applied in the 1960s.
The SIAI Marchetti S.55 flying boat, an icon of Italian industry and technology, shows
the importance of studying historic aircraft from a modern academic perspective, in terms of
engineering design and stress analysis (Figure 5). After a 2003 thesis in Naples showed its
aerodynamic and structural soundness, an ambitious project to build an airworthy full-size
look-alike has enlisted Polito for to redesign the airframe [15, 16]. Interestingly, the basic
soundness of traditional structural design is confirmed by the FEM analysis of the Ansaldo
SVA structure and calculations for the Fokker F.VIIB airworthy reproduction built in
Australia in 1980-87. To a certain extent, these considerations also apply to aircraft systems,
which need to be understood in order to be overhauled, restored or reproduced. Building the
missing shock absorbers for the airworthy UK CR.42 restoration would be an excellent thesis
project, with additional potential to verify theoretical assumptions with actual test data.
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(a)

(b)

Figure 5: Different approaches to recreating the S.55 seaplane. (a) The re-engineered CAD model
produced by the Turin Polytechnic team for the Replica 55 project; (b) The faithful S.55X
reproduction under construction at Volandia by the Savoia Marchetti Heritage Group.

Aircraft preservation offers other interesting approaches in the overall training, education and
research sphere. The airworthy Fiat CR.1 biplane project underway in Rieti at ITI “Celestino
Rosatelli” assigns students roles in procurement, documentation, logistics, marketing in
addition to design and manufacture; in addition, each function operates through teams with
specific tasks and responsibilities. In other words, project outcomes will include management
and industrial organization skills as well as the aircraft itself. This is a crucial aspect for
reasons ranging from involving a broader cross-section of the population to developing
planning tools for future projects. In a similar vein it should be remembered that while
manufacturing and operations are generally accepted as design criteria, their proper
understanding relies on direct experience such as that which can be gained building, restoring,
maintaining and flying historic aircraft.
5

CONCLUSIONS: THE WAY FORWARD

Scholastic/academic cooperation in historic aircraft projects is a worldwide practice. In
addition to cases already mentioned, in France students from the École Nationale Supérieure
d’Aéronautique (Sup’Aéro) and various technical-professional high schools participated in the
construction of the airworthy Bréguet XIV replica F-POST (1993-2003) [17]; in the United
States, the Aviation Institute of Maintenance (AIM) school network has built airworthy First
World War replicas, some part-scale, for the Military Aviation Museum in Virginia Beach.
From understanding the effects of aging to becoming conversant with operating
regulations, static and airworthy projects are ripe with opportunities directly applicable to
engineering training, education and research. Because vintage aircraft are often operated on
Experimental or Permit to Fly basis, like homebuilts, projects face limited certification
requirements – indeed, at the lighter end of the spectrum types qualify as microlights and
escape regulations altogether. In practical terms, such aircraft are well suited for development
and manufacture in a prevalently academic environment, free from excessive bureaucracy and
able to translate rapidly theory into practice. The streamlined regulatory environment also
contributes to reduce project costs, which are already low due to the favourable academic cost
structure.
With today’s prevalence of native digital students and the shift from manufacturing to
services, there is a vital need to reintroduce direct experience in the curriculum of future
aerospace engineers. The education-preservation nexus would make a win-win contribution to
both fields, preserving the vital skill base, expanding engineering knowledge and requiring
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students to think “outside the box” to provide solutions for unusual challenges by using
unfamiliar technologies. Finally, by re-entering the aircraft preservation scene, the STEM
community would rebalance the heritage debate and ensure that the contribution of visual,
tactile, aural and even odorous dimensions are integrated into the understanding of
technological objects [8, 9].
The author is grateful to Maurizio Longoni for the thoughtful input to this paper.
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IROORZHU¶V ZLQJ UHVXOWLQJ IURP WKH OHDGHUV ZDNH DQG VXSHULPSRVHV LW RQ WKH DLUFUDIW VSHHG
GXULQJWKHWUDMHFWRU\FDOFXODWLRQ7KHVHFRQGPRGHOXVHVDYRUWH[ODWWLFHPHWKRGWRPRGHOWKH
DHURG\QDPLFLQWHUDFWLRQVEHWZHHQWKHOHDGHUDQGWKHIROORZHUIRUDVHWRIVSHFLILFIOLJKWVWDWHV
EHIRUHKDQG7KLVGDWDEDVHFDQEHXVHGE\WKHWUDMHFWRU\FDOFXODWLRQWRLQWHUSRODWHWKHDFWXDO
EHQHILWVIRUWKHJLYHQIOLJKW,QWKLVSDSHUIRUDVSHFLILFDLUFUDIWW\SHDQGDQH[DPSOHPLVVLRQ
ERWKPHWKRGVZLOOEHFRPSDUHGDQGLWZLOOEHVKRZQWKDWWKH\FDQEHXVHGWRGHULYHVXUURJDWH
PRGHOVWRSUHGLFWWKHIRUPDWLRQEHQHILWVEDVHGRQJHQHUDOIRUPDWLRQGDWD7RIXUWKHULPSURYH
WKH SUHGLFWLRQ RI WKH DHURG\QDPLF EHQHILWV WKH LQIOXHQFH RI JXVW DQG WXUEXOHQFH ZLOO EH
DVVHVVHG E\ VLPXODWLQJ WKH DLUFUDIW UHDFWLRQ RQ WKH GLVWXUEDQFHV DQG GHULYLQJ D UHGXFWLRQ
IDFWRUGHJUDGLQJWKHDHURG\QDPLFEHQHILWVFUHDWLQJDGDWDEDVHDQGFRUUHVSRQGLQJVXUURJDWH
PRGHOV7KHRFFXUUHQFHRIWXUEXOHQFHDQGJXVWFDQWKHQVWRFKDVWLFDOO\EHLPSRVHGGXULQJWKH
WUDMHFWRU\FDOFXODWLRQDQGWKHVHQVLWLYLW\RIWKHDHURG\QDPLFEHQHILWVZLOOEHH[DPLQHG

Keywords: IRUPDWLRQIOLJKWZDNHVXUILQJHQHUJ\KDUYHVWLQJ
1

INTRODUCTION

7KHDHURG\QDPLFIRUPDWLRQIOLJKWDOVRNQRZQDVZDNHVXUILQJFDQEHFRQVLGHUHGDVRQHRIWKH
PRVWSURPLVLQJRSHUDWLRQDOSURFHGXUHVLQDYLDWLRQHQDEOLQJVXEVWDQWLDOIXHODQGFRVWVDYLQJV
DQGEHDULQJWKHSRWHQWLDOWR UHGXFHFOLPDWH UHOHYDQW JDVHRXVHPLVVLRQV DQGFRQWUDLOLQGXFHG
FLUUXV6HYHUDOVWXGLHVVKRZWKDWWKHSRWHQWLDORIWKLVSURFHGXUHFDQEHUHDOL]HGQRWRQO\XQGHU
H[SHULPHQWDOFRQGLWLRQV EXW DOVR LQ UHDOLVWLFWUDIILFVFHQDULRV +RZHYHULQRUGHUWR HYDOXDWH
VXFKVFHQDULRVWKHDHURG\QDPLFLQWHUDFWLRQEHWZHHQWKHOHDGLQJDQGWKHWUDLOLQJDLUFUDIWQHHGV
WREHPRGHOHGSUHFLVHO\7KHUHIRUHWKHZRUNSUHVHQWHGLQWKLVSDSHUFRPSDUHVWZRPHWKRGV
RI DHURG\QDPLF PRGHOLQJ DGYDQFHG PRGHO DQG VLPSOH PRGHO  DQG SUHVHQWV D PHWKRG WR
DFFRXQWIRUWKHLQIOXHQFHRIWXUEXOHQFHDQGJXVWRQWKHIXHOVDYLQJEHQHILWV
1.1

State of the art

7KH DHURG\QDPLF PRGHOOLQJ LV RQH RI WKH NH\ HOHPHQWV WR DVVHVV IRUPDWLRQ IOLJKW EHQHILWV
0DUNV >@ XVHV D VLPSOH DHURG\QDPLF KRUVHVKRH PRGHO WR FDOFXODWH WKH DHURG\QDPLF
LQWHUDFWLRQEHWZHHQOHDGHUDQGIROORZHU/LX>@DGDSWHGDSRWHQWLDOIORZVROYHUWRLQYHVWLJDWH
WKHSRWHQWLDOGUDJUHGXFWLRQLQIRUPDWLRQIOLJKW9DOLGDWLRQVZLWKZLQGWXQQHOH[SHULPHQWVDQG
WKHRU\ VKRZV D JRRGDJUHHPHQWZLWKWKHXVHG$WKHQD9RUWH[ /DWWLFHPHWKRG $9/ 2WKHU
ZRUNUHODWHGWRWKHLQIOXHQFHRIWXUEXOHQFHDQGJXVWRQWKHIRUPDWLRQEHQHILWVDUHQRWNQRZQ
WRWKHDXWKRUV
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Approach

,Q WKLV VHFWLRQ WKH EDVLF DSSURDFK WR DVVHVV WKH DHURG\QDPLF EHQHILWV HVWLPDWHG E\ WKH
DGYDQFHG PRGHO DQG WKH LQIOXHQFH RI WXUEXOHQFH DQG JXVW DV IROORZHG LQ WKLV SDSHU LV
SUHVHQWHG VHHILJXUH 




)LJXUH6FKHPDWLFDSSURDFKWRDVVHVVWKHDHURG\QDPLFIRUPDWLRQEHQHILWV





%DVHG RQ WKH $WKHQD 9RUWH[ /DWWLFH 0HWKRG $9/    DQG WKH IOLJKW G\QDPLFV PRGHO
VRIWZDUH -6%6LP   WKUHH GDWDEDVHV DUH VHW XS FRQWDLQLQJ LQIRUPDWLRQ DERXW WKH GUDJ RI D
WUDLOLQJ DLUFUDIW LQ VROR IOLJKW %DVH 'UDJ 'DWDEDVH %''  LQ IRUPDWLRQ IOLJKW 'UDJ
5HGXFWLRQ 'DWDEDVH '5'  DV ZHOO DV WKH UHODWLYH FKDQJH LQ GUDJ GXH WR WKH LQIOXHQFH RI
WXUEXOHQFH DQG JXVW 7XUEXOHQFH ,QIOXHQFH 'DWDEDVH 7,'  IRU D VHW RI GLIIHUHQW RSHUDWLQJ
SRLQWVDQGSRVLWLRQVEHKLQGWKHOHDGHU)RUDOOWKHVHGDWDEDVHVVXUURJDWHPRGHOVDUHJHQHUDWHG
WKDW FDQ EH XVHG WR LQWHUSRODWH WKH YDOXHV IRU DQ\ RSHUDWLQJ SRLQWV WKDW RFFXU GXULQJ WKH
WUDMHFWRU\FDOFXODWLRQ  RIWKHIRUPDWLRQPLVVLRQ7KHWUDMHFWRU\FDOFXODWLRQLVGRQHE\WKH
LQKRXVHWRRO7UDMHFWRU\&DOFXODWLRQ0RGHO 7&0 WKDWLVEDVHGRQWKH%DVHRI$LUFUDIW'DWD
%$'$YHUVLRQ IOLJKWSHUIRUPDQFHPRGHOVSURYLGHGE\(852&21752/DQGFDQEHXVHG
WRFDOFXODWHWKHRYHUDOOEHQHILWVIRUDIRUPDWLRQPLVVLRQDQGWKXVWRFUHDWHVXUURJDWHPRGHOVWR
SUHGLFWWKHRYHUDOOIRUPDWLRQEHQHILWV  EDVHGRQDVHWRIIRUPDWLRQSDUDPHWHUV,QVHFWLRQ
WKHUHVXOWVRIWKHDGYDQFHGPRGHOZLOOEHFRPSDUHGWRWKHVLPSOHPRGHO
1.3

Assumptions and scope

:LWKLQ WKLV SDSHU VHYHUDO DVVXPSWLRQV FRQFHUQLQJ WKH FRQGXFWLRQ RI IRUPDWLRQ IOLJKWV DUH
PDGH VHH WDEOH   )LUVW RQO\ WZRDLUFUDIW IRUPDWLRQV ZLOO EH FRQVLGHUHG ZLWK D IROORZHU
LQGH[I IO\LQJLQDQH[WHQGHGIRUPDWLRQIOLJKW ()) DWDERXWZLQJVSDQVEHKLQGDOHDGHU
LQGH[O ,WLVDVVXPHGWKDWWKHUHDUHQRSRVLWLRQDOFKDQJHVDQGWKHIRUPDWLRQRSHUDWHVDWWKH
VDPH DOWLWXGH DQG 0DFK QXPEHU WKURXJKRXW WKH IRUPDWLRQ VHJPHQW 7KH DLUFUDIW W\SH ZDV
FKRVHQWREHWKH%RHLQJDVRQHRIWKHPRVWSUHYDOHQWDLUFUDIWRQWKH1RUWK$WODQWLF
FRUULGRU+HUHDOVRWKHH[DPSOHPLVVLRQLVORFDWHGUHSUHVHQWHGE\DGRXEOH2ULJLQ'HVWLQDWLRQ
SDLU '2'3  ZLWK WKH OHDGHU IO\LQJ IURP /+5 WR -). DQG WKH IROORZHU IURP &'* WR <8/
VHH ILJXUH F  7KH SDVVHQJHU ORDG IDFWRUV RI ERWK DLUFUDIW DUH VHW WR  UHSUHVHQWLQJ DQ
DYHUDJH YDOXH RQ WKH 1RUWK $WODQWLF FRUULGRU ,Q RUGHU WR VHW XS WKH SDUDPHWHU OLPLWV RI WKH
'5'%''DQG7,'WKHFRQVWUDLQWVJLYHQLQ>@ZHUHXVHG7KHYDOXHVIRUHDFKSDUDPHWHU
OHDGWRDPRGHOGDWDVHWRIDERXWVDPSOHVIRUWKH'5'IRUWKH%''DQGIRU
WKH7,')RUWKHYDOLGDWLRQRIWKHPRGHOVDGGLWLRQDOVDPSOHVZHUHUDQGRPO\JHQHUDWHG


QXPEHURIDLUFUDIW
$&W\SHOHDGHU
$&W\SHIROORZHU
2'SDLUOHDGHU
2'SDLUIROORZHU


%
%
/+5-).
&'*<8/

IRUPDWLRQ0DFKQXPEHU
IRUPDWLRQDOWLWXGH
SDVVHQJHUORDGIDFWRU
VWUHDPZLVHVHSDUDWLRQ
VSDQZLVHSRVLWLRQRIIROORZHU

7DEOH6XPPDU\RIUHIHUHQFHPLVVLRQSDUDPHWHUV
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METHODS

,QWKLVVHFWLRQWZRPHWKRGVWRPRGHOWKHDHURG\QDPLFLQWHUDFWLRQVEHWZHHQWKHOHDGHUDQGWKH
IROORZHU DVZHOO DVWKH PRGHOOLQJDSSURDFK IRUWKHLQIOXHQFHRIWXUEXOHQFH DQG JXVW ZLOOEH
SUHVHQWHG
2.1

Simple aerodynamic model

7KHVLPSOHPRGHODVLWLVXVHGLQ>@XVHVWZRSDUDOOHOLQILQLWHYRUWLFHVUHSUHVHQWLQJWKHZDNH
RIWKHOHDGHU VHHILJXUHDQRWWRVFDOH 


D

E






)LJXUH6FKHPDWLFPRGHOXVHGIRUWKHVLPSOHDHURG\QDPLFDVVHVVPHQW D 
VFUHHQVKRWRI%RHLQJ%LQ$9/ E 


,Q RUGHU WR PRGHO WKH XSZDVK Z \  DW WKH IROORZHU¶V SRVLWLRQ WKH +DOORFN%XUQKDP YRUWH[
PRGHO LV XVHG DV SUHVHQWHG LQ HTXDWLRQ   +HUH  UHSUHVHQWV WKH FLUFXODWLRQ RI WKH YRUWH[
FUHDWHGE\WKHOHDGHU\WKHGLVWDQFHWRWKHYRUWH[FRUHDQG WKHFRUHUDGLXVRIWKHYRUWH[WKDW
FDQ EH HVWLPDWHG WR
 ZLWK  DV WKH ZLQJVSDQ RI WKH OHDGHU >@ 7KH DYHUDJH
XSZDVK DWWKHIROORZHU¶VSRVLWLRQLVFDOFXODWHGE\LQWHJUDWLQJWKH XSZDVKRIERWKYRUWLFHV
RYHUWKHIROORZHU¶VZLQJVSDQ DFFRUGLQJWRHTXDWLRQ  














:LWK WKH VSDFLQJ EHWZHHQ ZLQJWLS DQG YRUWH[ FRUH  VHH ILJXUH D  WKH FKDQJH RI WKH
YHORFLW\YHFWRU FDQWKHQEHHVWLPDWHGE\HTXDWLRQ  UHVXOWLQJLQDWKUXVWUHGXFWLRQRIWKH
 IRU D VWDWLRQDU\ IOLJKW DFFRUGLQJ WR HTXDWLRQ   0RUH GHWDLOV RQ WKH VLPSOH
IROORZHU
PRGHOFDQEHIRXQGLQ>@




2.2





Advanced aerodynamic model

 9RUWH[ODWWLFHPHWKRGDQGVLPXODWLRQ
7KHDGYDQFHGPRGHOFDOFXODWHVWKHLQGXFHGORDGVDWWKHWUDLOLQJDLUFUDIWGXHWRWKHYRUWLFHVRI
WKH OHDGLQJ DLUFUDIW XVLQJ D YRUWH[ ODWWLFH PHWKRG 9/0  $GGLWLRQDOO\ HPSLULFDO PHWKRGV
HVWLPDWH WKH YLVFRXV DQG ZDYH GUDJ DW WKH WUDLOLQJ DLUFUDIW ,Q WKH $WKHQD 9RUWH[ /DWWLFH
0HWKRG $9/  D GLVWULEXWLRQ RI KRUVHVKRH YRUWLFHV FDOFXODWH WKH DHURG\QDPLF ORDGV RI WKH
OLIWLQJVXUIDFHVDQGWKHLUWUDLOLQJZDNHVZKLFKDUHJHQHUDWHGE\WKHVXSHULPSRVHGKRUVHVKRH
YRUWLFHV>@$VWKHVRXUFHDQGGRXEOHWGLVWULEXWLRQIRUWKHIXVHODJHLVQRWZHOOYDOLGDWHGWKH
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IXVHODJHLVRPLWWHGLQ$9/DQGUHSODFHGE\DUHFWDQJXODUVXUIDFHEHWZHHQWKHWZRKDOIRIWKH
ZLQJ)LJXUHELOOXVWUDWHVWKHJHQHUDWHGDLUFUDIWJHRPHWU\RID%RHLQJ%LQ$9/$
GHWDLOHG GHVFULSWLRQ RI WKH PHWKRGRORJ\ FDQ EH IRXQG LQ >@ 7KH 9/0 LV OLPLWHG WR WKLQ
SURILOHVVPDOODQJOHVRIDWWDFNDQGVLGHVOLSDQGFDQQRWFDSWXUHIORZVHSDUDWLRQ+RZHYHULQD
VWDWLRQDU\ FUXLVH IOLJKW WKLV OLPLWDWLRQ VKRXOG QRW DIIHFW WKH UHVXOWV $ 3UDQGWO*ODXHUW
FRUUHFWLRQFRQVLGHUVWKHWUDQVRQLFIORZDWFUXLVHIOLJKW7RFDOFXODWHWKHYLVFRXVDQGWKHZDYH
GUDJRIWKHDLUFUDIWWKHGHYHORSHGFDOFXODWLRQHQYLURQPHQWDURXQG$9/XVHVWKHDHURG\QDPLF
IXQFWLRQVRIWKHLQKRXVHFRQFHSWXDODLUFUDIWGHVLJQWRRO0,&$'2ZKLFKDUHEDVHGRQVHPL
HPSLULFDOIXQFWLRQVRI5D\PHUDQG0DVRQ
 6XUURJDWHPRGHOOLQJRIGUDJ
7KH GDWDEDVHV FUHDWHG E\ WKH DGYDQFHG PRGHO FDQ EH XVHG WR FUHDWH VXUURJDWH PRGHOV WR
SUHGLFWWKHH[SHFWHGGUDJLQVROR %'' DQGIRUPDWLRQIOLJKW '5' IRUDQ\RSHUDWLQJSRLQW
,Q WKLV ZRUN WKH .ULJLQJ PHWKRG LV XVHG WR FUHDWH WKH VXUURJDWHV DV WKLV PHWKRG JHQHUDWHV
KLJKO\DFFXUDWHUHSUHVHQWDWLRQV)RUDVHWRIGLIIHUHQW.ULJLQJPRGHOVRULJLQDWLQJIURPYDU\LQJ
SDUDPHWHUVXVHGLQWKHPRGHOFUHDWLRQWKHURRWPHDQVTXDUHHUURUVRIWKHSUHGLFWLRQ 506(3 
ZHUH FDOFXODWHGDQGWKH PRGHOZLWK WKHORZHVW 506(3 ZDVVHOHFWHG 7R FUHDWHWKH.ULJLQJ
PRGHOVLQWKHILUVWSODFHWKH0DWODEWRROER['$&(.ULJLQJZDVXVHG
2.3

Modelling turbulence and gust

 $XWRSLORWDQGVLPXODWLRQ
7RDVVHVVWKHLQIOXHQFHRIWXUEXOHQFHDQGJXVWVWRJHWKHUZLWKWKHLQGXFHGIRUFHVFUHDWHGE\WKH
OHDGLQJ DLUFUDIW D VLPXODWLRQ HQYLURQPHQW ZDV GHYHORSHG $V WKH H[WHUQDO IRUFHV OHDG WR D
PRYHPHQW RI WKH IROORZHU DZD\ IURP WKH GHVLUHG RSWLPDO SRVLWLRQ EHKLQG WKH OHDGHU WKH
VLPXODWLRQLQFOXGHVDVLPSOLILHGDXWRSLORW7KHG\QDPLFGHULYDWLYHVRIWKHWUDLOLQJDLUFUDIWDUH
GHWHUPLQHGE\WKHSURJUDP'$7&203URZKLFKLVEDVHGRQWKH8QLWHG6WDWHV$LU)RUFH
VWDELOLW\DQGFRQWUROGDWDFRPSHQGLXP '$7&20 >@7KHSURJUDPLQWHUSRODWHVWKHLQGXFHG
GUDJUROODQG\DZPRPHQWVIURPWKHSUHYLRXVO\GHVFULEHGDGYDQFHGPRGHO VHHFKDSWHU 
IRU WKH LQLWLDO IOLJKW FRQGLWLRQ IOLJKW VSHHG DOWLWXGH DQG DLUFUDIW PDVVHV  ,Q RUGHU WR DYRLG
HUURUVGXHWRWKHGLIIHUHQWGUDJHVWLPDWLRQPHWKRGVLQ$9/DQG-6%6LPWKHUHODWLYHFKDQJH
LVFDOFXODWHGDFFRUGLQJWR
RIWKHLQGXFHGGUDJDWWKHWUDLOLQJDLUFUDIW








+HUH
UHSUHVHQWVWKHLQGXFHGGUDJFRHIILFLHQWLQIRUPDWLRQIOLJKWDQG
LQVROR
IOLJKW UHVSHFWLYHO\ 7KLV JHQHUDWHV ORRN XS WDEOHV IRU GLIIHUHQW YHUWLFDO DQG VSDQZLVH
VHSDUDWLRQV RI WKH DLUFUDIW 7KH DWPRVSKHULF PRGHO LQ -6%6LP LV EDVHG RQ WKH PLOLWDU\
VSHFLILFDWLRQ 0,/ )& >@ DQG LQFOXGHV GLVFUHWH JXVWV WKDW KDYH D ³FRV´ VKDSH DQG
FRQWLQXRXVWXUEXOHQFHVZKLFKDUHGHVFULEHGE\D'U\GHQVSHFWUXP
Turbulence degree







Wind speed [ft/s]







Gust degree





Gust magnitude [ft/s]





7DEOH7XUEXOHQFHDQGJXVWVHYHULW\OHYHOV 0,/)&>@ 

7DEOH  OLVWV WKH WKUHH GLIIHUHQW WXUEXOHQFH DQG JXVW VHYHULWLHV ZLWK WKH FRUUHVSRQGLQJ ZLQG
VSHHGVRUJXVWPDJQLWXGHV,QWKHVLPXODWLRQWKHJXVWDFWVLQSRVLWLYH\GLUHFWLRQWRZDUGVWKH
ULJKWZLQJWLS7KHDXWRSLORWIXQFWLRQFRQVLVWVRIDQDOWLWXGHDQGDSRVLWLRQKROG7KHSRVLWLRQ
KROGGHWHUPLQHVWKHUHTXLUHGDLOHURQGHIOHFWLRQ
DQGFRQVLVWVRIWZR3,'FRQWUROOHUV)RU
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WKH DOWLWXGH KROG RQH 3,' FRQWUROOHU LV XVHG 7KH FRHIILFLHQWV   DQG  RI WKH 3,'
FRQWUROOHUV DUH HVWLPDWHG ZLWK WKH WXQLQJ PHWKRG E\ &KLHQ +URQHV DQG 5HVZLFN )XUWKHU
H[SODQDWLRQVDERXWWKHDXWRSLORWFDQEHIRXQGLQ>@7RIXUWKHULPSURYHWKHIOLJKWWUDMHFWRU\
WKHSURSRUWLRQDOSDUDPHWHURIWKH3,'FRQWUROOHUDQGLQWDEOHZHUHDGMXVWHG










PID 1 (Position Hold)

PID 2 (Position Hold)

PID 3 (Altitude Hold)













7DEOH3,'FRQWUROOHUSDUDPHWHUV

 6XUURJDWHPRGHOOLQJRIWXUEXOHQFHDQGJXVW
7KHUHVXOWVRIWKH-6%6LPVLPXODWLRQVKRZHGLQVRPHFDVHVDQXQUHDOLVWLFEHKDYLRXU7KLVFDQ
EHH[SODLQHGE\WKHIDFWWKDWWKHVWDWLRQNHHSLQJLQWKH-6%6LPVLPXODWLRQLVQRWRSWLPDOVR
WKDW DSHULRGLF DPSOLILFDWLRQV RI WKH YRUWH[ RIIVHW FDQ RFFXU 7KH FRUUHVSRQGLQJ YDOXHV ZHUH
RPLWWHGGXULQJWKHLQWHUSRODWLRQDQGWKHQHDUHVWQHLJKERXULQWHUSRODWLRQ 11, ZDVFKRVHQIRU
WKH LQWHUSRODWLRQ RI WKH 7,' )RU HDFK JXVWWXUEXOHQFH FRPELQDWLRQ WKH FRUUHVSRQGLQJ GUDJ
UHGXFWLRQ YDOXHV DUH H[WUDFWHG IURP WKH 7,' QRUPHG DQG WKH DYHUDJH YDOXH RI WKH QHDUHVW
QHLJKERXULVXVHGIRUWKHSUHGLFWLRQ
 ,PSRVLQJRQWUDMHFWRULHV
7KHSUREDELOLW\RIWXUEXOHQFHDQGJXVWRFFXUULQJGXULQJDIOLJKWLVDUDQGRPSURFHVV6HYHUDO
DVVXPSWLRQVFRQFHUQLQJWKHSUREDELOLW\RIH[FHHGLQJDFHUWDLQWXUEXOHQFHJXVWOHYHOH[LVW VHH
>@ +RZHYHULQRUGHUWRJLYHDILUVWHVWLPDWHRIWKHLQIOXHQFHRIWXUEXOHQFHDQGJXVWRQWKH
IRUPDWLRQ EHQHILWVRQWUDMHFWRU\OHYHODVLQJOHGLVFUHWH JXVW LV LPSRVHGGXULQJWKHWUDMHFWRU\
FDOFXODWLRQGHJUDGLQJWKHDHURG\QDPLFEHQHILWVRIWKHIROORZHUIRUWKHWLPHLQWHUYDORIVDV
GHILQHG LQ WKH WXUEXOHQFH DQG JXVW VLPXODWLRQ $ ILUVW LQGLFDWLRQ RI WKH PDJQLWXGH RI WKH
JXVWWXUEXOHQFHLQIOXHQFHRQWKHIRUPDWLRQEHQHILWVLVJLYHQLQVHFWLRQ
2.4

Overall benefit estimation

,WZDVVKRZQE\WKHDXWKRUWKDWWKHEHQHILWVRIDIRUPDWLRQPLVVLRQFDQEHHVWLPDWHGXVLQJD
VHW RI  PLVVLRQ SDUDPHWHUV GHVFULELQJ WKH IRUPDWLRQ JHRPHWU\ VSHHG DOWLWXGH DQG ORDG
IDFWRUV >@ ,Q RUGHU WR FUHDWH VXFK VXUURJDWH PRGHOV IRU WKH EHQHILW SUHGLFWLRQ IRU D VHW RI
H[DPSOH PLVVLRQV GHWDLOHG WUDMHFWRU\ FDOFXODWLRQV DUH SHUIRUPHG 7KH VLPSOH DHURG\QDPLF
PRGHO VKRZV WKDW YHU\ KLJK DFFXUDFLHV FDQ EH REWDLQHG XVLQJ PXOWLSOH OLQHDU UHJUHVVLRQV
0/5  RU D .ULJLQJ DSSURDFK 7KH .ULJLQJ DSSURDFK ZDV XVHG LQ WKLV SDSHU WR JHQHUDWH
VXUURJDWHPRGHOVIRUWKHIRUPDWLRQEHQHILWVEDVHGRQWKHDGYDQFHGPRGHO
3

RESULTS

,Q WKLV VHFWLRQ WKH UHVXOWV IRU WKH FUHDWLRQ RI WKH VXUURJDWH PRGHOV IRU WKH GUDJ GDWDEDVHV
%'' '5'  DQG WXUEXOHQFH GDWDEDVH 7,'  DV ZHOO DV D FRPSDULVRQ RI WKH VLPSOH DQG
DGYDQFHG PRGHO ZLOO EH SUHVHQWHG 8VLQJ WKH H[DPSOH PLVVLRQ GHVFULEHG LQ VHFWLRQ  WKH
UHVXOWVRIDQH[HPSODU\WUDMHFWRU\FDOFXODWLRQZLOOEHSUHVHQWHGDQGGLVFXVVHGDQGDILUVWJXHVV
RIWKHLQIOXHQFHRIJXVWRQWKHIRUPDWLRQEHQHILWVZLOOEHJLYHQ
3.1

Surrogate modelling of drag and turbulence

7KH UHVXOWV IRU WKH VXUURJDWH PRGHOV FDOFXODWHG IRU WKH %% IRUPDWLRQ VKRZV IRU WKH
%'' DQG '5'LQWHUSRODWLRQ WKDWDYHU\ JRRGILW RIWKHGDWDLV REWDLQHG7KHTXDOLW\RIWKH
7,'LQWHUSRODWLRQGHSHQGVRQWKHWXUEXOHQFHJXVWOHYHO7KHYDOXHVREWDLQHGGXULQJWKLVZRUN
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DUHVXPPDUL]HGLQWDEOH(VSHFLDOO\IRUWKHJXVWOHYHOWKHSUHGLFWLRQTXDOLW\VKRZHGWREH
UDWKHUSRRU$QLPSURYHPHQWRIWKHDXWRSLORWRUDILQHUUHVROXWLRQRIWKHGDWDEDVHFRXOGKHOS
WRLPSURYHWKHSUHGLFWLRQTXDOLW\


database
%''
'5'
7,' JXVWWXUE 
7,' JXVW 



3.2

RMSEP

mean

H
H
±
±



±


7DEOH9DOLGDWLRQUHVXOWVIRUWKHVXUURJDWHPRGHOV

Aerodynamic model comparison

7R FRPSDUH ERWK DHURG\QDPLF PRGHOV WUDMHFWRU\ FDOFXODWLRQV RI WKH H[DPSOH PLVVLRQ ZHUH
SHUIRUPHG XVLQJ GLIIHUHQW YDOXHV RI  )LJXUH D VKRZV WKH HVWLPDWHG GUDJ FRHIILFLHQWV LQ
DVLWLVXVHGLQWKHWUDMHFWRU\
VRORIOLJKWFDOFXODWHGE\WKH%$'$WRWDOHQHUJ\PRGHO
FDOFXODWLRQ DJDLQVW WKH DGYDQFHG PRGHO
 E\ LQWHUSRODWLRQ RI WKH %'' GXULQJ WKH
IRUPDWLRQVHJPHQW ,WFDQEHIRXQGWKDWWKHDGYDQFHGPRGHOLVVOLJKWO\XQGHUHVWLPDWLQJWKH
GUDJ7KLVFDQEHH[SODLQHGE\WKHIDFWWKDW$9/GRHVQRWFRQVLGHUWKHHIIHFWRIWKHIXVHODJH
RQWKHLQGXFHGGUDJ7KHUHIRUHWKHUHODWLYHGUDJIUDFWLRQ




  



RI WKH GUDJ FRHIILFLHQW LQ IRUPDWLRQ
 UHODWLYH WR WKH GUDJ FRHIILFLHQW LQ VROR IOLJKW
 LV XVHG IRU WKH EHQHILW HVWLPDWLRQ GXULQJ WKH WUDMHFWRU\ FDOFXODWLRQ )LJXUH E VKRZV
RIWKHVLPSOHPRGHO
DJDLQVWWKHDGYDQFHGPRGHOE\LQWHUSRODWLRQRIWKH'5'
 ,W FDQ EH REVHUYHG WKDW WKH HVWLPDWLRQV RI ERWK PRGHOV FDQ EH FRPSDUHG DQG DUH
GHSHQGLQJRQWKHUHODWLYHWLSVSDFLQJ
,QWKLVH[DPSOHD RIDERXWVKRZVD
JRRGPDWFKRIERWKPRGHOV)RUORZHU WKHDGYDQFHGPRGHOVKRZVDORZHUGUDJUHGXFWLRQ
WKDQ WKH VLPSOH PRGHO ZKHUHDV D KLJKHU  OHDGV WR KLJKHU YDOXHV *HQHUDOO\ LW FDQ EH
REVHUYHGWKDWWKHGUDJUHGXFWLRQ
LVUHGXFHGDV LVHQODUJLQJZLWKWKHDLUFUDIWPRYLQJ
IXUWKHURXWRIWKHYRUWH[,QILJXUHFWKHRYHUDOOUHODWLYHIXHOVDYLQJEHQHILWIRUWKHIRUPDWLRQ
PLVVLRQ DVGHILQHGLQ >@LV SUHVHQWHGIRUWKH DGYDQFHG PRGHO DQGWKH VLPSOHPRGHO$V

H[SHFWHGERWKPRGHOV\LHOGWKHVDPH IRU

D

F

E

)LJXUH&RPSDULVRQRIVLPSOHDQGDGYDQFHGDHURG\QDPLFPRGHO
HVWLPDWHGGUDJFRHIILFLHQWLQVRORIOLJKW D UHODWLYHGUDJIUDFWLRQGXHWR
IRUPDWLRQIOLJKW E YDULDWLRQRIWLSVSDFLQJ DQGRYHUDOOPLVVLRQEHQHILW  F 

3.3



Influence of turbulence and gust

,QWKLVVHFWLRQWKHH[DPSOHIRUPDWLRQLVLQYHVWLJDWHGH[HPSODULO\7KHVLPXODWLRQVWDUWVZLWKD
0DFK QXPEHU
 RI  DQ DOWLWXGH
 RI IW ZHLJKWV RI ERWK DLUFUDIW RI
NJDQGWKHZLQJVRYHUODSSLQJE\SHUFHQWRIWKHKDOIVSDQ7KHYHUWLFDOGLVWDQFHLV
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]HUR'XULQJWKHVLPXODWLRQRIWKHWUDLOLQJDLUFUDIWWKHVLPXODWLRQLQFOXGHVWKHLQGXFHGORDGV
IURPWKHDGYDQFHGPRGHO '5' DIWHUV$IWHUVGLVFUHWHJXVWVDQGFRQWLQXRXVWXUEXOHQFH
ZLWKDVHYHULW\RIWZRDFWRQWKHDLUFUDIW)LJXUHVKRZVWKHUHVXOWLQJYDULDWLRQRIWKHDOWLWXGH
D DQGODWHUDOGLVSODFHPHQW E GXULQJWKHVLPXODWLRQSHULRGRIV


D

E



)LJXUH9DULDWLRQRIWKHDOWLWXGH D DQGODWHUDOGLVSODFHPHQW E 
ZLWKRXWDQGZLWKDFWLYDWHGDXWRSLORW





:LWKRXW DQDXWRSLORWWKHIOLJKW DOWLWXGHRVFLOODWHV EHWZHHQIW DQGIW 7KH UHDVRQ
IRUWKLVRVFLOODWLRQFDQEHWKHLQFUHDVHRIWKHLQGXFHGGUDJRXWVLGHRIWKHZDNHYRUWLFHVZKLFK
OHDGV WR D ORZHU YHORFLW\ DQG FRQVHTXHQWO\ OLIW :KHQ WKH DXWRSLORW LV VZLWFKHG RQ WKLV
RVFLOODWLRQLVUHGXFHGDQGWKHDOWLWXGHFKDQJHVEHWZHHQIWDERYHDQGEHORZ
'XHWRWKH
LQGXFHG UROO PRPHQW WKH WUDLOLQJ DLUFUDIW PRYHV RXW RI WKH ZDNH YRUWLFHV RI WKH OHDGLQJ
DLUFUDIW 7KH ODWHUDO JXVW IURP WKH OHIW HQIRUFHV WKLV PRYHPHQW 7KXV WKH ODWHUDO GLVWDQFH
LQFUHDVHV VWURQJO\ DIWHU V :KHQ WKH DXWRSLORW LV DFWLYDWHG WKH ODWHUDO GLVWDQFH RVFLOODWHV
EHWZHHQIWDQGIW7KHDYHUDJHUHODWLYHGUDJIUDFWLRQ  VHHHTXDWLRQ GHWHUPLQHVWKH
GHFUHDVHRIWKHSRWHQWLDOGUDJUHGXFWLRQGXHWRWKHRIIVHWIURPWKHRSWLPXPSRVLWLRQ+HUHWKH
DYHUDJHG WRWDO GUDJ FRHIILFLHQW  LV WKH PHDQ GUDJ FRHIILFLHQW EHWZHHQ V DQG V DQG
 WKH WRWDO GUDJ FRHIILFLHQW DW V ZKHQ QR IRUPDWLRQ LQIOXHQFH DQG DWPRVSKHULF
GLVWXUEDQFHH[LVWV






:KHQ WKH DXWRSLORW LV VZLWFKHG RQ WKH DYHUDJH GUDJ IUDFWLRQ  YDULHV EHWZHHQ  DQG
IRUGLIIHUHQWWXUEXOHQFHDQGJXVWVHYHULWLHV+HQFHWKHDYHUDJHGUDJUHGXFWLRQ

LQIRUPDWLRQIOLJKWDQGDWPRVSKHULFGLVWXUEDQFHVLVEHWZHHQDQGSHUFHQW
3.4

Trajectory analysis and prediction of formation benefits

7KHUHVXOWVRIWKHWUDMHFWRU\FDOFXODWLRQVIRUWKHH[DPSOHPLVVLRQDUHSUHVHQWHGLQILJXUHD,W
FDQFOHDUO\EHVHHQWKDWGXULQJWKHIRUPDWLRQEHJLQQLQJDWWKHIRUPDWLRQVWDUWSRLQW )63 DQG
HQGLQJDWWKHIRUPDWLRQHQGSRLQW )(3 WKHGUDJUHGXFWLRQ
GHFUHDVHVDVWKHZHLJKWV
RI WKH DLUFUDIW FKDQJH GXULQJ WKH FRXUVH RI WKH PLVVLRQ 'HSHQGLQJ RQ  WKHVH UHGXFWLRQ LV
VPDOOHUDQGGHFUHDVHVOHVVDVWKHIROORZHUPRYHVRXWRIWKHOHDGHU¶VZDNH)LJXUHEVKRZV
WKHGUDJUHGXFWLRQIRUWKHH[DPSOHPLVVLRQVKRZLQJWKHLQIOXHQFHRIDJXVW OHYHO HQFRXQWHU
GXULQJ WKH IRUPDWLRQ VHJPHQW 7KH UHGXFHG EHQHILW OHYHO LV PDLQWDLQHG IRU V RI WKH
VLPXODWLRQ &DXVHG E\ WKLV VLQJOH GLVWXUEDQFH WKH RYHUDOO UHODWLYH PLVVLRQ EHQHILWV 
GHFUHDVHIURPWRUHSUHVHQWLQJDGHFUHDVHRIDERXW
7KH SUHGLFWLRQ RI WKH UHODWLYH IRUPDWLRQ EHQHILWV  XVLQJ WKH IRUPDWLRQ SDUDPHWHUV DV
GHVFULEHGLQ>@VKRZVDYHU\JRRGILWWRWKHFDOFXODWHGGDWDLIWKHDGYDQFHGPRGHOLVXVHGWR
GHWHUPLQHWKHDHURG\QDPLFHIIHFWVGXULQJWKHWUDMHFWRU\FDOFXODWLRQ)RUWKHYDOLGDWLRQGDWDD
YHU\JRRGILWZDVREWDLQHGUHVXOWLQJLQD506(3RIDERXWH
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([DPSOHIRUPDWLRQPLVVLRQ



)LJXUH5HVXOWVRIWKHWUDMHFWRU\FDOFXODWLRQIRUWKHH[DPSOHPLVVLRQ
GUDJUHGXFWLRQGHSHQGHQWRQODWHUDOSRVLWLRQ D LQIOXHQFHRIVLQJOH
GLVWXUEDQFH E H[DPSOHIRUPDWLRQPLVVLRQXVHGLQWKLVSDSHU F 

4

CONCLUSIONS AND OUTLOOK

7KHZRUNSUHVHQWHGLQWKLVSDSHUVKRZVWKDWWKHSUHGLFWLRQRIWKHIRUPDWLRQEHQHILWVE\WKH
VLPSOHDQGWKHDGYDQFHGDSSURDFKDUHERWKDSSOLFDEOHLIUHODWLYHYDOXHVDUHXVHGDQG\LHOGD
FRPSDUDEOH SUHGLFWLRQ IRU D WLS VSDFLQJ RI DERXW  RI WKH ZLQJVSDQ RI WKH OHDGHU 7KH
SUHGLFWLRQ RI WKH RYHUDOO IRUPDWLRQ EHQHILWV EDVHG RQ WKH PLVVLRQ SDUDPHWHUV XVLQJ WKH
DGYDQFHGPRGHOZDVIRXQGWREHYHU\DFFXUDWH)XUWKHUPRUHLWZDVVKRZQWKDWDWPRVSKHULF
GLVWXUEDQFHVKDYHDVLJQLILFDQWLQIOXHQFHRQWKHIRUPDWLRQEHQHILWVDVWKHIROORZHULVPRYHG
RXWRIWKHYRUWH[DQGORVHVWKHDHURG\QDPLFDGYDQWDJHV$PHWKRGWRLQGXFHWKHWXUEXOHQFH
DQGJXVWLQIOXHQFHRQWUDMHFWRU\OHYHOZDVSUHVHQWHGDQGLWZDVLQGLFDWHGWKDWGHSHQGLQJRQ
WKH RFFXUUHQFH RI VXFK HYHQWV WKH LQIOXHQFH RQ WKH IRUPDWLRQ EHQHILW FDQQRW EH QHJOHFWHG
+RZHYHU IXUWKHU LPSURYHPHQW PXVW EH GRQH RQ WKH IOLJKW G\QDPLF PRGHO LQFOXGLQJ WKH
DXWRSLORW  WKH WXUEXOHQFH LQWHUSRODWLRQ PHWKRG DQG WKH PRGHOOLQJ RI WKH RFFXUUHQFH RI
DWPRVSKHULFGLVWXUEDQFHVGXULQJWKHIOLJKWWRDFKLHYHPRUHDFFXUDWHUHVXOWV$QH[SDQVLRQRI
WKHUHVHDUFKWRPRUHIRUPDWLRQPLVVLRQVDQGDLUFUDIWW\SHVKDVWRSURYHWKHXQLYHUVDOLW\RIWKLV
DSSURDFKLQWKHIXWXUH
REFERENCES
>@ 'UHOD0<RXQJUHQ+³$9/8VHU3ULPHU´85/KWWSZHEPLWHGXGUHOD3XEOLFZHEDYO
DYOBGRFW[W>UHWULHYHG$SULO@
>@ )LQN5'³86$)VWDELOLW\DQGFRQWUROGDWFRP´$):$/75  
>@ -DWHJDRQNDU 5 )LVFKHQEHUJ ' YRQ *UXHQKDJHQ : ³$HURG\QDPLF 0RGHOLQJ DQG 6\VWHP
,GHQWLILFDWLRQIURP)OLJKW'DWD±5HFHQW$SSOLFDWLRQVDW'/5³  
>@ /LQNH ) ³7UDMHFWRU\ &DOFXODWLRQ 0RGXOH 7&0   7RRO 'HVFULSWLRQ DQG 9DOLGDWLRQ³ ,QWHUQDO
5HSRUW,%*HUPDQ$HURVSDFH&HQWHU  
>@ /LX< ³,QYHVWLJDWLRQ RQ WKH %HQHILW DQG )HDVLELOLW\ RI $SSO\LQJ )RUPDWLRQ )OLJKW WR &LYLO
7UDQVSRUW$LUFUDIW³'RFWRUDOGLVVHUWDWLRQ5:7+$DFKHQ  
>@ 0DUNV 7 ³0RGHOODQVlW]H ]XU %HZHUWXQJ YRQ )RUPDWLRQVIOJHQ LP /XIWWUDQVSRUWV\VWHP³
'RFWRUDOGLVVHUDWLRQ+DPEXUJ8QLYHUVLW\RI7HFKQRORJ\,661  
>@ 1$6$³0LOLWDU\6SHFLILFDWLRQIO\LQJTXDOLWLHVRISLORWHGDLUSODQHV´0,/)&  
>@ =XPHJHQ&6WXPSI(³)OLJKWEHKDYLRXURIORQJKDXOFRPPHUFLDODLUFUDIWLQIRUPDWLRQIOLJKW³
$756:RUOG&RQIHUHQFH$PVWHUGDP  
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ABSTRACT

$XWRQRPRXV URERWLF V\VWHPV DUH FXUUHQWO\ EHLQJ DGGUHVVHG DV D FULWLFDO HOHPHQW LQ WKH
GHYHORSPHQWRISUHVHQWDQGIXWXUHRQRUELWRSHUDWLRQV0RGHUQPLVVLRQVDUHFDOOLQJIRUV\VWHPV
FDSDEOHRIUHSURGXFLQJKXPDQ¶VGHFLVLRQPDNLQJSURFHVVWKXVHQKDQFLQJWKHLUSHUIRUPDQFH
*HQHUDOO\ VSDFH PDQLSXODWRUV DUH PRXQWHG RQ D IORDWLQJ VSDFHFUDIW LQ D PLFURJUDYLW\
HQYLURQPHQW FRQVHTXHQWO\ OHDGLQJ WR D PXWXDO LQIOXHQFH EHWZHHQ WKH URERWLF DUPV DQG WKH
SODWIRUPG\QDPLFVWKXVPDNLQJWKHPRWLRQSODQQLQJDQGFRQWUROGHVLJQPRUHFKDOOHQJLQJWKDQ
WKRVHRIWHUUHVWULDOURERWV$QRWKHUDVSHFWWREHFRQVLGHUHGLVWKDWVSDFHURERWVDUHGHVLJQHG
DVOLJKWZHLJKWV\VWHPVUHVXOWLQJLQDVLJQLILFDQWG\QDPLFFRXSOLQJEHWZHHQWKHLUULJLGPRWLRQ
DQGVWUXFWXUDOHODVWLFLW\7KHVHHIIHFWVLQYROYHFULWLFDOLVVXHVLQPRGHOOLQJWKHLUG\QDPLFVDQG
GHVLJQLQJDVXLWDEOHFRQWUROOHU,QWKLVFRQWH[W'HHS1HXUDO1HWZRUN '11 DUFKLWHFWXUHVDQG
WKHUHODWHG'HHS/HDUQLQJ '/ WHFKQLTXHVKDYHZLGHO\SURYHGWRKDYHSRZHUIXOFDSDELOLW\LQ
VROYLQJ GDWDGULYHQ QRQOLQHDU PRGHOOLQJ SUREOHPV DQG WKH\ FDQ KHQFH UHSUHVHQW D YLDEOH
VROXWLRQIRUVSDFHDFWLYLWLHV7KHSUHVHQWSDSHUGHDOVZLWKWKHGHVLJQRID'11FRQWUROOHUIRUD
VSDFHPDQLSXODWRUV\VWHPZKLFKKDVWRIROORZDVSHFLILFSDWKIRUDW\SLFDORQRUELWVHUYLFLQJ
PLVVLRQ 7KH JRDO LV WR SURYLGH SURSHU FRQWURO LQSXWV DXWRQRPRXVO\ DGDSWLQJ WR WKH JLYHQ
GHVLUHG WUDMHFWRU\ 7KH HIIHFWV RI IOH[LELOLW\ MRLQW IULFWLRQ DQG GHOD\ RQ FRQWURO DFWLRQV DUH
LPSOHPHQWHGLQWKHG\QDPLFPRGHODQGDQDO\VHG

Keywords: 6SDFH 0DQLSXODWRU 6\VWHP 2QRUELW VHUYLFLQJ 'HHS 1HXUDO 1HWZRUN 'HHS
/HDUQLQJ
1

INTRODUCTION



7KH H[WUHPHO\ KLJK QXPEHU RI REMHFWV RUELWLQJ WKH (DUWK FDOOV IRU VROXWLRQV WR NHHS IUHH
RSHUDWLRQDO VSDFH IRU WHOHFRPPXQLFDWLRQ V\VWHPV LQ JHRV\QFKURQL]HG RUELW DV ZHOO DV WR
SUHYHQW HQGDQJHULQJ RI VSDFH V\VWHPV LQ ORZ(DUWK RUELW $ IHDVLEOH ZD\ WR KDQGOH WKHVH
SUREOHPVPLJKWEHWRHQIRUFHWKHRSHUDWLRQDOUHTXLUHPHQWWRXVHVRPHGHGLFDWHGUHVLGXDOIXHO
IRUDFRQWUROOHGGHRUELWLQJRULQWKHFDVHRI*(2 *HRVWDWLRQDU\2UELW VDWHOOLWHVWROLIWWKH
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ODWWHUDWWKHLUHQGRIOLIHLQWRDJUDYH\DUGRUELW'HVSLWHWKHVHPHDVXUHVPDOIXQFWLRQVRIVRODU
SDQHOVFRQWUROV\VWHPVRUWKUXVWHUVFDQQRWEHFRPSOHWHO\DYRLGHG7KHUHIRUHRQRUELWVHUYLFLQJ
ZLOOEHDPDQGDWRU\DQGFKDOOHQJLQJWRSLFIRUVSDFHURERWLFVLQWKHXSFRPLQJ\HDUV3URVSHFWLYH
PLVVLRQV ZLOO LQYROYH FRPSOH[ WDVNV VXFK DV WKH FDSWXULQJ RI XQIXQFWLRQDO VDWHOOLWHV VSHQW
VSDFHFUDIW RU ODVW VWDJHV RI URFNHWV >@ 6RPH RI WKHP DUH UHODWHG WR DFFXUDWH SRVLWLRQ DQG
DWWLWXGHFRQWUROLQDXWRQRPRXVWUDFNLQJDQGUHQGH]YRXVRSHUDWLRQVEHWZHHQWKHFKDVHUVDWHOOLWH
DQGWDUJHWREMHFW:LWKLQWKLVIUDPHZRUNUHVHDUFKHUVKDYHVXJJHVWHGURERWVZLOOSOD\DUHOHYDQW
UROH $OWKRXJK URERWLF V\VWHPV KDYH PDQ\ OLPLWDWLRQV WKH\ RIIHU LPSRUWDQW DGYDQWDJHV WR
DXJPHQWRULQVRPHFDVHVUHSODFHDVWURQDXWV¶FDSDELOLWLHVLQRUELW5RERWVKDYHORZHUFRVW
UHTXLUH PLQLPDO VXSSRUW LQIUDVWUXFWXUH DQG KDYH DQ LQGHILQLWH ZRUN OLIH LQ RUELW $ 6SDFH
0DQLSXODWRU6\VWHP 606 LVIRUPHGE\DEDVHSODWIRUPHTXLSSHGZLWKRQHRUPRUHURERWLF
DUPV7KHPLVVLRQVLQYROYLQJWKHXVHRI606VFDQEHFKDUDFWHUL]HGE\WKHIROORZLQJSKDVHVD 
2UELWDODSSURDFKE 5HQGH]YRXV>@F 5RERWLFDUPVGHSOR\PHQW>@G 3UHJUDVSLQJ>@H 
*UDVSLQJDQGRSHUDWLRQV>@,QWKHSUHVHQWZRUNWKH$XWKRUVZLOOIRFXVRQSKDVHF KDYLQJWKH
WDVNRIEULQJLQJWKHURERWLFDUPVIRUPWKHLULQLWLDO VWRZHG FRQILJXUDWLRQWRWKHDSSURSULDWH
ILQDOFRQGLWLRQVZKLFKDUHFRPSDWLEOHZLWKVXFFHVVLYHJUDVSLQJRSHUDWLRQVRIDWDUJHWREMHFWWR
EHFDSWXUHG7KHODWWHULVLQGHHGDFUXFLDOVWDJHIRUPLVVLRQVXFFHVV$VDPDWWHURIIDFWWKH
URERWLFHTXLSPHQWLVSODFHGLQLWVVWRZHGFRQILJXUDWLRQGXULQJODXQFKDQGQHHGVWREHGHSOR\HG
RQFHLQRUELWWRUHDFKWKHWDUJHWRILQWHUHVW1HYHUWKHOHVVWKHDFKLHYHPHQWRIWKLVJRDOSRVHVD
IHZLVVXHVWREHDGGUHVVHGGLIIHUHQWO\IURPRQJURXQGRSHUDWLRQVZKHUHERWKWKHWDUJHWDQGWKH
EDVHRIWKHURERWDUHFRQVWUDLQHGWKHRQRUELWHQYLURQPHQWUHTXLUHVDQDGKRFDSSURDFKGXHWR
WKHIDFWLQWKLVFDVHWKH\DUHIORDWLQJLQVWHDGFRQVHTXHQWO\OHDGLQJWRDPXWXDOLQIOXHQFHEHWZHHQ
WKHPRWLRQRIWKHDUPVDQGWKHWUDQVODWLRQDODQGDWWLWXGHG\QDPLFVRIWKHEDVHSODWIRUP7KLV
FKDUDFWHULVWLFLVGHQRWHGDV³G\QDPLFFRXSOLQJ´DQGPDNHVWKHG\QDPLFVPRGHOOLQJDQGPRWLRQ
SODQQLQJRIDVSDFHURERWPXFKPRUHFRPSOLFDWHGWKDQWKRVHRIIL[HGEDVHPDQLSXODWRUV>@
$QRWKHUDVSHFWWREHFRQVLGHUHGLVWKDWVSDFHPDQLSXODWRUVDUHGHVLJQHGDVOLJKWZHLJKWV\VWHPV
UHVXOWLQJ LQ D VLJQLILFDQW LQWHUDFWLRQ EHWZHHQ WKHLU ULJLG PRWLRQ DQG VWUXFWXUDO HODVWLFLW\
)XUWKHUPRUH MRLQW IULFWLRQ FDQ KDYH D KLJKHU LPSDFW RQ VSDFH RSHUDWLRQV WKDQ RQ WHUUHVWULDO
GHYLFHV
$OO WKHVHHIIHFWV LQYROYHFULWLFDO LVVXHVLQ PRGHOOLQJWKHG\QDPLFV DQGGHVLJQLQJWKH
FRQWUROVWUDWHJ\IRUD606:LWKLQWKLVIUDPHZRUN1HXUDO1HWZRUNV 11V KDYHZLGHO\SURYHG
WRKDYHSRZHUIXOFDSDELOLW\LQVROYLQJGDWDGULYHQQRQOLQHDUPRGHOOLQJSUREOHPVDQGKHQFH
WKH\ FDQUHSUHVHQW DYLDEOHVROXWLRQ IRUVSDFH DFWLYLWLHV1RQHWKHOHVV 'HHS1HXUDO 1HWZRUN
'11 DUFKLWHFWXUHVDQGWKHUHODWHG'HHS/HDUQLQJ '/ WHFKQLTXHVFDQEHDGRSWHGLQRUGHUWR
HPEHGDFRPSOH[DQGDXWRPDWLFIHDWXUHH[WUDFWLRQSURFHVVLQWKHWUDLQLQJSURFHVVDQGWRPDNH
SHUIRUPDQFHVLQGHSHQGHQWRIWKHSK\VLFDOQDWXUHRIGDWDWREHSURFHVVHG,QWKHSUHVHQWSDSHU
'/VWUDWHJLHVDSSOLHGWRWKHGHSOR\PHQWPDQHXYHURID606DUHLQYHVWLJDWHG7KHSXUSRVHLV
WRGHVLJQD'11FRQWUROOHUEDVLFDOO\GHDOLQJZLWKGDWDUHJUHVVLRQDQGPRGHOLQYHUVLRQZKLFK
FRXOG SURYLGH SURSHU FRQWURO LQSXWV ZKHQ WKH GHVLUHG WUDMHFWRU\ LV JLYHQ LQ D ZD\ WKDW WKH
FRQWUROOHUFDQDXWRQRPRXVO\DGDSWLIWKHWDVNLVFKDQJHG,QSDUWLFXODUZHDGRSW/RQJ6KRUW
7HUP0HPRU\ /670 QHWZRUNVIRU606GDWDSUHGLFWLRQ7KHODWWHUDUHDW\SHRI5HFXUUHQW
1HXUDO1HWZRUN 511 DEOHWROHDUQORQJWHUPGHSHQGHQFLHVDPRQJGDWD>@7KHHIIHFWVRI
IOH[LELOLW\MRLQWIULFWLRQDQGGHOD\RQFRQWURODFWLRQVDUHLPSOHPHQWHGLQWKHG\QDPLFPRGHO
DQG DQDO\VHG 'HWDLOV UHJDUGLQJ LPSOHPHQWDWLRQ WUDLQLQJ DQG YDOLGDWLRQ RI WKH WHVWEHG DUH
SUHVHQWHGDQGGLVFXVVHGDVZHOO
7KH SDSHU LV VWUXFWXUHG DV IROORZV 6HFWLRQ  SUHVHQWV WKH JHRPHWULFDO DQG LQHUWLDO
FKDUDFWHULVWLFVRIWKH606XQGHUH[DPLQDWLRQWRJHWKHUZLWKWKHDYDLODEOHDFWXDWLRQKDUGZDUH
SUHVHQWRQERDUG6HFWLRQLOOXVWUDWHVWKHWKHRU\EHKLQGWKHDSSOLFDWLRQRI/670QHWZRUNVWR
WKH SUHGLFWLRQ RI G\QDPLF V\VWHPV EHKDYLRXU 6HFWLRQ  GHVFULEHV WKH FDVH VWXG\ EHLQJ
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FRQVLGHUHGDQGDQDO\VHVWKHREWDLQHGQXPHULFDOUHVXOWV)LQDOO\WKHFRQFOXVLRQVDUHJLYHQLQ
6HFWLRQ

2

SPACE MANIPULATOR SYSTEM DESCRIPTION







)LJXUH6SDFH0DQLSXODWRU6\VWHPVWRZHG OHIW DQGGHSOR\HG ULJKW FRQILJXUDWLRQ


7KH606KHUHEHLQJFRQVLGHUHGLVGHSLFWHGLQ)LJXUH,WLVIRUPHGE\DSULVPDWLFEDVH KDYLQJ
GLPHQVLRQV[[PDQGPDVVHTXDOWRNJ HTXLSSHGZLWKWZRGHJUHHRIIUHHGRP
URERWLFDUPV7KHMRLQWV ZHLJKLQJNJHDFKLQFOXGLQJWKHPRWRUZHLJKW DUHDOORIUHYROXWH
W\SRORJ\ ZLWK D[HV DOORZLQJ WKH DUPV PRWLRQ LQ WKUHHGLPHQVLRQDO VSDFH 7KH OLQNV DUH
DOXPLQXPKROORZF\OLQGHUVKDYLQJGLDPHWHUDQGWKLFNQHVVUHVSHFWLYHO\HTXDOWRFPDQG
PP)XUWKHUPRUHWKHILUVWRQHLVPORQJDQGVHFRQGRQHP:KLOHWKHEDVHSODWIRUPLV
ULJLGWKHDUPVOLQNVDUHVWUXFWXUDOO\IOH[LEOH PRGHOOHGE\XVLQJ'EHDPHOHPHQWV $VIDUDV
WKHDFWXDWRUVDUHFRQFHUQHGWKHIRUPHULVHTXLSSHGZLWKWKUXVWHUVDQGFRQWUROPRPHQWJ\URV
DOLJQHGWRLWVERG\D[HV ZKLFKDUHSDUDOOHOWRWKHEDVHHGJHV IRUUHVSHFWLYHO\FRQWUROOLQJLWV
SRVLWLRQDQGRULHQWDWLRQRQWKHRWKHUKDQGDURWDWLRQDOPRWRULVSODFHGDWHDFKUHYROXWHMRLQW
7KHPD[LPXPDFWLRQVZKLFKDUHSURYLGDEOHE\WKHFRQWUROKDUGZDUHDUHOLVWHGLQ7DEOH-RLQW
IULFWLRQLVFRQVLGHUHGDVZHOODQGKDVEHHQPRGHOOHGDVDIXQFWLRQRIUHODWLYHDQJXODUYHORFLW\
EHWZHHQWKHLQWHUFRQQHFWHGERGLHVLQSDUWLFXODULWKDVEHHQDVVXPHGWREHWKHVXPRI6WULEHFN
&RXORPEDQGYLVFRXVFRPSRQHQWV>@

$FWXDWRU
0D[LPXPYDOXHRIVXSSOLHGFRQWURODFWLRQ
%DVHWKUXVWHUV
1
%DVH$&6
1P
-RLQWPRWRUV
1P




7DEOH0D[LPXPFRQWURODFWLRQVWKDWFDQEHVXSSOLHGE\WKH606DFWXDWRUV

7KHQXPHULFDOWHVWEHGKDVEHHQGHYHORSHGZLWKLQWKH0$7/$%6LPVFDSHHQYLURQPHQW
WRJHWKHUZLWK6LPXOLQNIRUWKHGHILQLWLRQRIWKHFRQWUROV\VWHPDUFKLWHFWXUH VHH)LJXUH 7KLV
VLPXODWLRQ PHWKRGRORJ\ DOORZV IRU FRPSOH[ PHFKDQLFDO IHDWXUHV WR EH LQFOXGHG ZLWKLQ WKH
PRGHODQGWRVLPXOWDQHRXVO\GHYHORSWKHFRQWUROSODQWZLWKLQWKHVDPHVLPXODWLRQHQYLURQPHQW
WKXV UHGXFLQJ WKH RYHUDOO FRPSXWDWLRQDO WLPH FRVW ZKLFK LV D UDWKHU UHOHYDQW DVSHFW ZKHQ
DQDO\VLQJDUWLFXODWHGG\QDPLFV\VWHPVDVVSDFHPDQLSXODWRUVDUH 
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)LJXUH6SDFH0DQLSXODWRU6\VWHPDQGFRQWURODUFKLWHFWXUHPRGHOGHYHORSHGZLWKLQWKH6LPVFDSH
DQG6LPXOLQNHQYLURQPHQW
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LONG SHORT-TERM MEMORY NETWORKS

,QWKHIROORZLQJ/670QHWZRUNVZLOOEHDGRSWHGDVWKHUHIHUHQFHIRUHFDVWLQJPRGHO/670
PRGHOVKDYHEHHQLQWURGXFHGLQ>@DQGWKH\KDYHEHHQSURYHGWREHHIIHFWLYHLQVHYHUDOILHOGV
LQSDUWLFXODUWLPHVHULHVIRUHFDVWLQJ7KH\DUHVSHFLILFDOO\GHVLJQHGWRWDNHDGYDQWDJHRIORQJ
WHUP GHSHQGHQFLHVEHLQJDEOHWR HIILFLHQWO\WDFNOHDFODVVRISUREOHPV 606VG\QDPLFVDQG
FRQWUROFDQEHIUDPHGZLWKLQ%\LQWURGXFLQJWKHDELOLW\RIVXLWDEO\KDQGOLQJSDVWLQIRUPDWLRQ
LQ D VLQJOH FHOO '11 DUFKLWHFWXUHV FDQ EHQHILW IURP FRQQHFWLQJ VHYHUDO /670 OD\HUV 7KH
DUFKLWHFWXUHXVHGLQWKHSUHVHQWSDSHULVLOOXVWUDWHGLQ)LJXUHZLWKWKHIROORZLQJGHWDLOV

 6HTXHQFHOD\HUVHWVWKH GDWDVWUXFWXUHVIRUEDFNZDUGWUDLQLQJDQGIHHGIRUZDUGWHVWDW
HDFKWLPHVWHS
 /670 OD\HU HPEHGGLQJ  LV DQ /670 OD\HU DV GHVFULEHG LQ WKH IROORZLQJ ZLWK D
QXPEHU RI KLGGHQ XQLWV WKDW DLP DW UHFRQVWUXFWLQJ WKH LQWHUQDO VWDWH HYROXWLRQ RI WKH
XQNQRZQREVHUYHGV\VWHP
 /670 OD\HU SUHGLFWLRQ  LV WKH /670 OD\HU LQ ZKLFK VWDUWLQJ IURP WKH HPEHGGHG
LQWHUQDOVWDWHSUHGLFWLRQLVSHUIRUPHGFRQVLGHULQJWKHORQJWHUPGHSHQGHQFLHVOHDUQHG
E\WKHUHFXUUHQWG\QDPLFDOPRGHO
 )XOO\&RQQHFWHGOD\HULVDVWDQGDUGIHHGIRUZDUGOD\HUFRQQHFWLQJDOOWKHKLGGHQXQLWV
LQWKH/670OD\HUWRWKHRXWSXWDFWLQJLQGHSHQGHQWO\DWHDFKWLPHVWHS
 5HJUHVVLRQ OD\HU FRPSXWHV WKH KDOIPHDQVTXDUHGHUURU ORVV DW WKH RXWSXW IRU WKH
UHJUHVVLRQSUREOHPWREHVROYHGGXULQJWUDLQLQJ


/D\HU 
6HTXHQFH ,QSXW




/D\HU
/670
HPEHGGLQJ

/D\HU 
/670
SUHGLFWLRQ

/D\HU 
)XOO\&RQQHFWHG

/D\HU 
5HJUHVVLRQ 2XWSXW



)LJXUH$UFKLWHFWXUHRIWKHDGRSWHG/670QHWZRUN

/HW
EHDYHFWRUWLPHVHULHVWREHSUHGLFWHGDVVXPLQJWKHFXUUHQWVDPSOHDW
WLPHVWHS DQGDOOWKHSUHYLRXVRQHVDVNQRZQ)RUHYHU\WLPHVWHSWKHILUVW/670OD\HUZLOO
ZKRVHHQWULHVDUHWKRVHRIWKHFXUUHQW
EHIHGE\DQ GLPHQVLRQDOFROXPQYHFWRU
VDPSOH
DQGSRVVLEO\RIRWKHUSUHYLRXVVDPSOHVWKDWDUHFKRVHQE\XVLQJDVXLWHGFULWHULRQ
>@ 7KH /670 OD\HU LV PDGH RI  KLGGHQ XQLWVHDFK XQLW FRPSXWHV DW WLPH  WKH VFDODU
RXWSXWRU³KLGGHQVWDWH´
DQGWKHVFDODU³FHOOVWDWH´
7KHFROXPQYHFWRUV
DQG
ZKRVHHQWULHVDUHWKHUHODWHGVFDODUYDOXHVZLOOUHSUHVHQWWKHZKROH
KLGGHQVWDWHDQGWKHZKROHFHOOVWDWHRIWKH/670OD\HUDWWLPH (DFKXQLWFRPSXWHVERWKLWV
KLGGHQ DQG FHOO VWDWHV LQ UHFXUVLYH IDVKLRQ WDNLQJ  DQG WKH SUHYLRXV VWDWHV
 DV
LQSXWV WKH ODWWHU FRPLQJ IURP LWVHOI DQG DOO RWKHU XQLWV  $W HDFK WLPH VWHS WKH OD\HU DGGV
LQIRUPDWLRQWRRUUHPRYHVLWIURPWKHFHOOVWDWH7KLVFRQWUROLVFDUULHGRQYLDWKH³JDWHV´LQHDFK
KLGGHQXQLWDWWLPH WKHJDWHRXWSXWVDUHFRPSXWHGLQWKH WKKLGGHQXQLW
DV
IROORZV

,QSXW JDWH  UHJXODWHV KRZ PXFK RI WKH FXUUHQW LQSXW WR OHW WKURXJK IRU WKH QHZO\
FRPSXWHGVWDWH



)RUJHWJDWH UHJXODWHVKRZPXFKRIWKHSUHYLRXVVWDWHWROHWWKURXJK
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&HOOFDQGLGDWH

UHJXODWHVWKHVHOHFWLYHPHPRU\RIWKHSDVW




2XWSXW JDWH
 UHJXODWHV KRZ PXFK RI WKH LQWHUQDO VWDWH WR H[SRVH WR WKH H[WHUQDO
QHWZRUN KLJKHUOD\HUVDQGVXFFHVVLYHWLPHVWHS 




5RZYHFWRUV

UHSUHVHQWVWKH/670LQSXWZHLJKWVRIWKHJDWHVURZYHFWRUV

UHSUHVHQWWKH/670UHFXUUHQWZHLJKWV
DUHVFDODUYDOXHVUHSUHVHQWLQJWKH/670
ELDVHV
 LV WKH VLJPRLG DFWLYDWLRQ IXQFWLRQ
 LV WKH
K\SHUEROLFWDQJHQWDFWLYDWLRQIXQFWLRQ
GHQRWHVWKHVSHFLILFJDWHW\SH7KHFHOO
VWDWHRIWKHXQLWLVJLYHQE\



DQGWKHKLGGHQVWDWHLVJLYHQE\



,Q)LJXUHDFRPSDFWUHSUHVHQWDWLRQRIWKH/670OD\HULVVKRZQ







)LJXUH8QUROOHGDUFKLWHFWXUHRIWKH/670OD\HUWKHKLGGHQVWDWH DWWLPH EDVLFDOO\GHSHQGVRQ
WKHLQSXW DWVDPHWLPHDQGRQWKHSUHYLRXVVWDWH
WKLVLVHTXLYDOHQWWRSURJUDPDWLFDOO\FRQVLGHU
FDVFDGHGEORFNVZKHUHKLGGHQVWDWHVDUHSURSDJDWHGSURSHUO\LQVWHDGWRIHHGEDFNDVDPH XQLTXH 
/670EORFN



7KH VHFRQG /670 QHWZRUN ZRUNV VLPLODUO\ EXW LQ WKLV FDVH LQVWHDG RI  WKH LQSXW WR WKH
QHWZRUNZLOOEHWKHYHFWRU RIKLGGHQVWDWHVGHWHUPLQHGE\WKHSUHYLRXV/670OD\HU7KH
ILQDO RXWSXW
 RI WKH VHFRQG /670 QHWZRUN DW WLPH  LV FRPSXWHG E\ WKH )XOO\
&RQQHFWHGOD\HUE\XVLQJWKHKLGGHQVWDWHV FRPSXWHGE\WKHVHFRQG/670OD\HU
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ZKHUH

DQG
DUHZHLJKWVDQGELDVHVRIWKHOD\HUUHVSHFWLYHO\
7KHSDUDPHWHUVWREHWUDLQHGLQWKLVPRGHODUHWKHPDWULFHVIRUHDFK/670QHWZRUN
IRUDWRWDORIPDWULFHVIRUERWKWKH/670OD\HUVSOXVWKHRXWSXWPDWULFHV
DQG ,Q
RUGHUWRGHDOZLWKDFRPSDFWUHSUHVHQWDWLRQRIWKHSDUDPHWHUVSDFHDFROXPQYHFWRU ZLOOVWRUH
DOOWKHHOHPHQWVRIWKHVHPDWULFHVZKLFKDUHWKHSDUDPHWHUVWREHWUDLQHG$QLPSRUWDQWUHPDUN
PXVWEHGRQHRQWKHRXWSXW DQGLWVDVVRFLDWLRQZLWKIXWXUHVDPSOHVRIWKHSUHGLFWHGWLPH
VHULHV,QIDFWWKHUHODWLRQ
LVFRPPRQO\XVHGZKHUH
DQG
LVWKH
HVWLPDWHGVDPSOHDWDSUHGLFWLRQGLVWDQFH
DOWKRXJKRWKHURSWLRQVFDQEHDGRSWHGWRWKLV
HQG>@
*HQHUDOO\ WKH LQLWLDOL]DWLRQ RI WKH QHWZRUN SDUDPHWHUV LV UDQGRP DQG KHQFH WKH
SHUIRUPDQFHV DUH QRW DOZD\V WKH VDPH DV WKH ILQDO SDUDPHWHUV GHSHQG XSRQ WKH VSHFLILF
 LH WKH
LQLWLDOL]DWLRQ 7KH SDUDPHWHUV HVWLPDWLRQ QHHGV WKH  LQSXWRXWSXW SDLUV
WUDLQLQJVHW ZKHUHLQGH[ VSDQVZLWKLQWKHWLPHLQGLFHVRIWKHSDLUVNQRZQEHIRUHOHDUQLQJ
7KH WUDLQLQJ DOJRULWKP XVHG LQ WKLV SDSHU LV WKH DGDSWLYH PRPHQW HVWLPDWLRQ $'$0 
LQWURGXFHGLQ>@

4.
APPLICATION OF LSTM NETWORKS TO THE SMS ROBOTIC ARMS
DEPLOYMENT MANOEUVRE
$VWUDWHJ\EDVHGRQ/670QHWZRUNVZLOOEHDSSOLHGWRWKHGHSOR\PHQWPDQRHXYUHRIWKH606
URERWLFDUPV$VVWDWHGLQWKHSUHYLRXVVHFWLRQVXFKW\SHRIDSSURDFKUHTXLUHVWKHGHILQLWLRQRI
DWUDLQLQJVHW7KHJHQHULFLQSXWFRQVLVWVRIWKHEDVHSRVLWLRQDQGDWWLWXGHYDULDEOHVDQGHDFK
MRLQWDQJOHDQGUHOHYDQWMRLQWDQJOHUDWHIRUDWRWDORI1L YDULDEOHVRQWKHRWKHUKDQGWKH
JHQHULFRXWSXWLVIRUPHGE\WKHFRQWURODFWLRQVSURYLGHGE\WKH606DFWXDWRUVIRUDWRWDORI
1R  YDULDEOHV IRUWKHVDNHRIFRPSOHWHQHVVWKHILUVWVL[FRPSRQHQWVFRQFHUQLQJWKHEDVH
SODWIRUPDUHH[SUHVVHGZLWKUHVSHFWWRWKHLQHUWLDOIUDPHDQGWKH\DUHVXLWDEO\GHULYHGIURPWKH
DFWLRQVVXSSOLHGE\WKHEDVHDFWXDWRUVWKHPVHOYHV ,WKDVWREHQRWLFHGHDFKDFWXDWRUVXSSOLHV
DFRQWURODFWLRQUHVSRQGLQJWRDVHWSRLQW3URSRUWLRQDO'HULYDWLYH 3' FRQWUROODZDFWLQJRQ
WKHUHOHYDQWYDULDEOHV LHWKHEDVHFRQWUROIRUFHVZLOOLPSOHPHQWDFRQWUROEDVHGRQWKHSODWIRUP
SRVLWLRQDQGWUDQVODWLRQDOYHORFLW\HUURUVWKHEDVHFRQWUROWRUTXHVRQWKHSODWIRUPDWWLWXGHDQG
DQJXODUYHORFLWLHVHUURUVDQGWKHMRLQWPRWRUVZLOOUHIHUWRWKHHUURUVRQWKHMRLQWDQJOHDQGMRLQW
DQJOHUDWH 
,QRUGHUWRJDWKHUWKHQHFHVVDU\GDWDGHSOR\PHQWWHVWPDQRHXYUHVKDYHEHHQFDUULHG
RXW 7KH PDQRHXYUHV KDYH D GXUDWLRQ RI
 7KH ZRUNVSDFH ZLWKLQ ZKLFK WKH ODWWHU DUH
 DQG
 DUH UHVSHFWLYHO\ WKH EDVH SURSRUWLRQDO DQG
SHUIRUPHG LV LOOXVWUDWHG LQ 7DEOH 
 DQG
 DUH WKH VDPH TXDQWLWLHV EXW UHIHUUHG WR WKH MRLQWV LQVWHDG 7KH
GHULYDWLYH JDLQV
YDULDEOH
 LV WKH GHVLUHG UHODWLYH DQJOH IRU WKH MWK MRLQW RI WKH LWK DUP WKH FRUUHVSRQGLQJ
GHVLUHG UDWHV DUH KHOG FRQVWDQW WR D QXOO YDOXH DQG DUH QRW UHSRUWHG LQ WDEOH IRU WKH VDNH RI
FRQFLVHQHVV 7KHDGRSWHGORJLFZDVWRFKRRVHQRPLQDOSDUDPHWHUVIRUWKH3'&RQWUROJDLQV
DQG WKH GHVLUHG YDOXHV IRU MRLQW DQJOHV DQG FRUUHVSRQGLQJ GHVLUHG UDWHV WKHQ WKH DFWXDO
SDUDPHWHUVXVHGLQHDFKVLPXODWLRQDUHUDQGRPO\FKRVHQZLWKLQDQLQWHUYDOUDQJLQJ
IURP
WKH QRPLQDO YDOXHV WKHPVHOYHV 7KLV DOORZV IRU D GLYHUVLILFDWLRQ RI WKH WUDLQLQJ VHW DQG D
FRQVHTXHQW ZLGHU UDQJH RI RSHUDWLRQDO FDSDELOLW\ IRU WKH SURSRVHG /670EDVHG FRQWURO
VWUDWHJ\ 7KH GHVLUHG SRVLWLRQ DQG RULHQWDWLRQ RI WKH EDVH SODWIRUP DQG WKH UHOHYDQW WLPH
GHULYDWLYHV DUHNHSWIL[HGWRQXOOYDOXHV
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1RPLQDOYDOXH
















7DEOH1RPLQDOYDOXHVXVHGIRUQHXUDOQHWZRUNWUDLQLQJ

7KHPHWKRGRORJ\XVHGIRUWKH11WUDLQLQJDQGWHVWLQJLVWKHVRFDOOHGNH\IROGLQJLQ
SDUWLFXODUDIROGVWUXFWXUHKDVEHHQFKRVHQ7KLVPHDQVWKDWLQSXWRXWSXWSDLUVRIWLPH
VHULHVDUHXVHGIRUWUDLQLQJWKHQHWZRUN LHLGHQWLI\LQJWKHPDWULFHVUHSRUWHGLQ6HFWLRQ DQG
DUHLQVWHDGWHVWHGLQRUGHUWRHYDOXDWHWKHIRUHFDVWLQJSHUIRUPDQFHRIWKHGHYHORSHG117KH
VHOHFWLRQRIWKHSDLUVWREHXVHGWDNHVSODFHLQDUDQGRPIDVKLRQDQGWKHSURFHGXUHLVUHSHDWHG
IRUDWRWDORIWLPHV [  QHYHUWKHOHVVWKHDOJRULWKPLVIRUPXODWHGLQVXFKDZD\
HDFKWLPHWKHVHWVXVHGIRUQHWZRUNWHVWLQJGRQRWLQFOXGHDQ\ZKLFKKDYHEHHQDOUHDG\
FKRVHQIRUWKHVDPHSXUSRVHLQDSUHYLRXVLWHUDWLRQ,QWKLVZD\DOOSDLUVZLOOKDYHEHHQXVHG
IRUERWKWUDLQLQJDQGWHVWLQJDWWKHHQGRIWKHSURFHGXUHWKXVJXDUDQWHHLQJDIXOOH[SORLWDWLRQRI
WKH DYDLODEOH GDWD )XUWKHUPRUH LQ RUGHU WR RYHUFRPH WKH DERYH VWDWHG LVVXH UHJDUGLQJ WKH
YDULDELOLW\ RI QHWZRUN SHUIRUPDQFH GHSHQGLQJ XSRQ WKH VSHFLILF LQLWLDOL]DWLRQ RI QHWZRUN
SDUDPHWHUVWKHHQWLUHSURFHGXUHKDVEHHQUHSOLFDWHGIRUWLPHVXVLQJGLIIHUHQWLQLWLDOVHWVRI
WKH/670PDWULFHV)LQDOO\WKHQXPEHURI/670FHOOVDQGKLGGHQVWDWHV LQWKHILUVW/670
QHWZRUNLVVHWWRE\GHIDXOWWRZKLOVWWKHVDPHQXPEHU LQWKHVHFRQG/670QHWZRUNLV
VHWWR
7DEOH  UHSRUWV WKH 5RRW 0HDQ 6TXDUH (UURU DQG 6WDQGDUG 'HYLDWLRQ RI WKH RXWSXW
YDULDEOHV7KHODWWHUDUHFRPSXWHGRYHUîî WHVWV)XUWKHUPRUH)LJXUHVIURP
WR  VKRZ VRPH LQGLFDWLYH SORWV ZKHUH WKH UHDO LH GHULYHG IURP WKH WHVW VHTXHQFHV  DQG
SUHGLFWHGYDOXHVRIWKHRXWSXWVDUHFRPSDUHG,WFDQEHVHHQKRZWKH/670QHWZRUNLVDEOHWR
SUHGLFWWKHEHKDYLRXURIWKHUHOHYDQWFRQWURODFWLRQVZLWKTXLWHJRRGDFFXUDF\7KHUHDUHLQGHHG
VRPHGHYLDWLRQVEHWZHHQWKHUHDODQGSUHGLFWHGWUHQGVQHYHUWKHOHVVWKLVVKRUWFRPLQJPD\DV
ZHOOEHVROYHGE\IXUWKHULQFUHDVLQJWKHGLPHQVLRQVRIWKHDGRSWHGGDWDVHWIRUWKH11WUDLQLQJ
DQGDOVRE\WU\LQJDGLIIHUHQWWXQLQJRIWKHOHDUQLQJDOJRULWKP¶VK\SHUSDUDPHWHUV
)LJXUHVEDQGEVKRZWKHSUHGLFWHGFRQWUROWRUTXHVOLJKWO\H[FHHGVWKHOLPLWRQWKH
DYDLODEOHMRLQWWRUTXH7KLVSUREOHPFDQEHHDVLO\DYRLGHGE\LQWURGXFLQJDVDWXUDWLRQRQWKH
FRQWURODFWLRQVSURYLGHGE\WKHDFWXDWRUVZKHQWKH/670EDVHGVWUDWHJ\LVXVHGWRFRPSXWH
WKHP2QHODVWFRPPHQWKDVWREHPDGHZLWKUHVSHFWWRWKHODFNRIGDWDLQWKHUHSRUWHGILJXUHV
IURP
WR
7KLVLVGXHWRWKHVRFDOOHG³GURSRXW´RIWKHQHWZRUNLWLVDQLQWULQVLF
WLPHLQWHUYDOWKH11QHHGVWRSURSHUO\VWDUW³WUDFNLQJ´WKHV\VWHP7KHYDOXHRI LVDTXLWH
FRQVHUYDWLYHFKRLFHIRUVXFKSDUDPHWHU,WFRXOGZHOOEHUHGXFHGWRGLPLQLVKWKLVLQLWLDOWLPH
JDS 7KH UHSRUWHG ILJXUHV DUH UHODWLYH WR GLIIHUHQW WHVWV LQVWHDG RI D VLQJOH RQH 7KLV KDV
SXUSRVHO\EHHQGRQHLQRUGHUWRVKRZKRZWKHSUHGLFWLRQSHUIRUPHGE\WKH11H[KLELWVDJRRG
TXDOLW\RQDGLIIHUHQWYDULHW\RIH[SHULPHQWV7KHWRUTXHVFRPSXWHGE\PHDQVRIWKH/670
EDVHGVWUDWHJ\ZLOOEHDSSOLHGLQDQRSHQORRSIDVKLRQWRWKH606WRDFFRPSOLVKWKHGHVLUHG
WDVN1HYHUWKHOHVVDIHHGEDFNFRPSHQVDWLRQLV DOZD\VWR EHLQWURGXFHGWRSURSHUO\PDQDJH
XQFHUWDLQWLHVDQGGLVWXUEDQFHVQRWDFFRXQWHGIRULQWKHQHWZRUNWUDLQLQJWKXVPDNLQJWKHRYHUDOO
FRQWUROV\VWHPUREXVW
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,WLVLPSRUWDQWWRRQFHDJDLQKLJKOLJKWKRZWKH11LVFDSDEOHRIFKDQJLQJLWVRXWSXWWR
DGDSW WR D GLIIHUHQW LQSXW ZLWKLQ WKH ZRUNVSDFH XVHG IRU WUDLQLQJ WKH QHWZRUN LWVHOI  WKXV
DOORZLQJIRUDJUHDWHURSHUDWLRQDOIOH[LELOLW\DVWKHGLYHUVLILFDWLRQRIWKHWUDLQLQJVHWLVHQKDQFHG






9DULDEOH

















506(















6W'HY















7DEOH'HWDLOVRIWKHVLPXODWLRQ5RRW0HDQ6TXDUHG(UURU 506( DQG6WDQGDUG'HYLDWLRQRIWKH
RXWSXWV


D  E 

 F 




)LJXUH%DVHFRQWUROIRUFHLQHUWLDOFRPSRQHQWV D ;D[LV E <D[LV F =D[LV
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D  E 

 F 






)LJXUH%DVHFRQWUROWRUTXHLQHUWLDOFRPSRQHQWV D ;D[LV E <D[LV F =D[LV





D  E 


)LJXUH8SSHUDUPMRLQWWRUTXHV D )LUVWMRLQW E 6HFRQGMRLQW
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D  E 


)LJXUH8SSHUDUPMRLQWWRUTXHV D 7KLUGMRLQW E )RXUWKMRLQW






 D  E 





)LJXUH/RZHUDUPMRLQWWRUTXHV D )LUVWMRLQW E 6HFRQGMRLQW

 D  E 


)LJXUH/RZHUDUPMRLQWWRUTXHV D 7KLUGMRLQW E )RXUWKMRLQW
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CONCLUSIONS

1HXUDO QHWZRUNV FDQ UHSUHVHQW DQ LQQRYDWLYH DSSURDFK WR WKH FRQWURO RI DXWRQRPRXV VSDFH
URERWLF PDQLSXODWRU V\VWHPV $ /670EDVHG VWUDWHJ\ KDV EHHQ LPSOHPHQWHG WR SUHGLFW WKH
EHKDYLRXURIDWZRDUPVSDFHPDQLSXODWRUDQGWRSURSHUO\WXQHWKHQHFHVVDU\FRQWURODFWLRQV
ILQDOL]HGWRLWVGHSOR\PHQWPDQRHXYUH7KHSURSRVHGDSSURDFKKDVSURYHGWREHVXLWDEOHIRU
VXFK NLQG RI DSSOLFDWLRQ VKRZLQJ JRRG SHUIRUPDQFH DQG HIIHFWLYHQHVV 7KH QH[W VWHS ZLOO
FRQVLVWLQDSSO\LQJWKHSUHGLFWHGFRQWURODFWLRQVWRWKH606LQDIHHGIRUZDUGIDVKLRQWRREWDLQ
DSUHFLVHTXDQWLILFDWLRQRIWKHILQDOHUURUVRQWKHEDVHDQGMRLQWNLQHPDWLFYDULDEOHV)XWXUHZRUN
ZLOOFRQVLGHUDGGLWLRQDOUHILQHPHQWVWREHFDUULHGRXWWRIXUWKHULPSURYHWKHREWDLQDEOHUHVXOWV
E\LQWHUYHQLQJRQWKH11LQWHUQDOFRQWUROSDUDPHWHUVLQFUHDVLQJWKHDYDLODEOHGDWDVHWXVHGIRU
QHWZRUN WUDLQLQJ DQG WHVWLQJ DGGLWLRQDO DSSURDFKHV IRU WKH QHWZRUN WUDLQLQJ DQG WHVWLQJ
SURFHGXUH$PRUHGLYHUVLILHGWUDLQLQJZRUNVSDFHZLOOEHFRQVLGHUHGDVZHOOWRDXJPHQWWKH
RSHUDWLRQDOFDSDELOLWLHVRIWKHSURSRVHG/670EDVHGFRQWURODSSURDFK
REFERENCES
>@$)ORUHV$EDG20D.3KDP68OULFK$UHYLHZRIVSDFHURERWLFVWHFKQRORJLHVIRU
RQRUELWVHUYLFLQJ3URJUHVV$HURVS6FLVol. 68SS  
>@'.LQJ6SDFH6HUYLFLQJ3DVW3UHVHQWDQG)XWXUHLQ³3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO
6\PSRVLXP RQ $UWLILFLDO ,QWHOOLJHQFH DQG 5RERWLFV  $XWRPDWLRQ LQ 6SDFH´ 0RQWUpDO
&DQDGD  
>@6'L&DLUDQR+3DUN,.ROPDQRYVN\0RGHO3UHGLFWLYH&RQWURODSSURDFKIRUJXLGDQFH
RIVSDFHFUDIWUHQGH]YRXVDQGSUR[LPLW\PDQHXYHULQJ,QWHUQDWLRQDO-RXUQDORI5REXVWDQG
1RQOLQHDU&RQWUROVol. 22 (12)  
>@$6WROIL3*DVEDUUL06DEDWLQL2SWLPDOLQRUELWRSHUDWLRQVRIDPXOWLGHJUHHRIIUHHGRP
VSDFH PDQLSXODWRU LQ ³3URFHHGLQJV RI WKH WK ,QWHUQDWLRQDO $VWURQDXWLFDO &RQJUHVV
,$& ´%UHPHQ*HUPDQ\  
>@$6WROIL3*DVEDUUL06DEDWLQL$FRPELQHGLPSHGDQFH3'DSSURDFKIRUFRQWUROOLQJD
GXDODUPVSDFHPDQLSXODWRULQWKHFDSWXUHRIDQRQFRRSHUDWLYHWDUJHW$FWD$VWURQDXWLFD
Vol. 139SS  
>@$6WROIL3*DVEDUUL$.0LVUD$WZRDUPIOH[LEOHVSDFHPDQLSXODWRUV\VWHPIRUSRVW
JUDVSLQJ PDQLSXODWLRQ RSHUDWLRQV RI D SDVVLYH WDUJHW REMHFW LQ ³3URFHHGLQJV RI WKH WK
,QWHUQDWLRQDO$VWURQDXWLFDO&RQJUHVV ,$& ´:DVKLQJWRQ'&86$  
>@3*DVEDUUL$3LVFXOOL'\QDPLFFRQWUROLQWHUDFWLRQVEHWZHHQIOH[LEOHRUELWLQJVSDFHURERW
GXULQJJUDVSLQJGRFNLQJDQGSRVWGRFNLQJPDQHXYHUV$FWD$VWURQDXWLFDVol. 110SS
 0D\-XQH 
>@  ' 0HQJ : /X : ;X < 6KH ; :DQJ % /LDQJ % <XDQ 9LEUDWLRQ VXSSUHVVLRQ
FRQWURO RI IUHHIORDWLQJ VSDFH URERWV ZLWK IOH[LEOH DSSHQGDJHV IRU DXWRQRPRXV WDUJHW
FDSWXULQJ$FWD$VWURQDXWLFDVol. 151SS 2FWREHU 
>@6-LD<-LD6;X4+X0DQHXYHUDQGDFWLYHYLEUDWLRQVXSSUHVVLRQRIIUHHIO\LQJVSDFH
URERW,(((7UDQVDFWLRQVRQ$HURVSDFHDQG(OHFWURQLF6\VWHPVVol. 54 (3)SS
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6WROIL$QJHOHWWL*DVEDUUL3DQHOOD

>@6+RFKUHLWHU<%HQJLR3)UDVFRQL-6FKPLGKXEHU*UDGLHQWIORZLQUHFXUUHQWQHWV
WKH GLIILFXOW\ RI OHDUQLQJ ORQJWHUP GHSHQGHQFLHV LQ ³$ )LHOG *XLGH WR '\QDPLFDO
5HFXUUHQW1HXUDO1HWZRUNV´  
>@+2OVVRQ.-$VWUऺP&&DQXGDVGH:LW0*नIYHUW3/LVFKLQVN\)ULFWLRQ0RGHOV
DQG)ULFWLRQ&RPSHQVDWLRQ(XURSHDQ-RXUQDORI&RQWURO  
>@6+RFKUHLWHU-6FKPLGKXEHU/RQJVKRUWWHUPPHPRU\1HXUDOFRPSXWDWLRQVol. 9(8)
SS  
>@  $ 5RVDWR 0 3DQHOOD 5 $UDQHR $ $QGUHRWWL $ 1HXUDO 1HWZRUNEDVHG 3UHGLFWLRQ
6\VWHP RI 'LVWULEXWHG *HQHUDWLRQ IRU 7KH 0DQDJHPHQW RI 0LFURJULGV ,(((
7UDQVDFWLRQVRQ,QGXVWU\$SSOLFDWLRQV  
>@$5RVDWR5$OWLOLR5$UDQHR03DQHOOD3UHGLFWLRQLQSKRWRYROWDLFSRZHUE\QHXUDO
QHWZRUNV(QHUJLHVVol. 10 (7)SS  
>@'.LQJPD-%D$GDP$PHWKRGIRUVWRFKDVWLFRSWLPL]DWLRQLQ³3URFHHGLQJVRIWKHUG
,QWHUQDWLRQDO &RQIHUHQFH RQ /HDUQLQJ 5HSUHVHQWDWLRQV ,&/5  6DQ 'LHJR &$ 86$
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675$72)/<$&$'(0<,163,5(<281**(1(5$7,216
$1'%(,163,5('%<1(:,'($6
5)XVDUR



%D\LQGLU6DUDFRJOX&KULVWRSKH6FKUDP9RONHU*UHZH0DUFR

19LROD
0DULQL5REHUWR6FLJOLDQR6DQWLDJR+HUQDQGH]'LGLHU+DXJOXVWDLQH&KULVWHU)XUHE\
0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ'HSDUWPHQW3ROLWHFQLFRGL7RULQR

&RUVR'XFDGHJOL$EUX]]L7XULQ,WDO\
9RQ.DUPDQ,QVWLWXWHIRU)OXLG'\QDPLFV

:DWHUORRVHVWHHQZHJ%6LQW*HQHVLXV5RGH%HOJLXP
,QVWLWXWIU3K\VLNGHU$WPRVSKlUH'HXWVFKHV=HQWUXPIU/XIWXQG5DXPIDKUW

2EHUSIDIIHQKRIHQ0QFKQHU6WUDH:HVVOLQJ*HUPDQ\

&HQWUR,WDOLDQR5LFHUFKH$HURVSD]LDOL9LD0DLRULVH&DSXD

'/5 

&( ,WDO\

'HSDUWPHQWRI&RQVWUXFWLRQ7HFKQRORJ\8QLYHUVLW\RI/D&RUXQD

5~DGD0DHVWUDQ]D$&RUXxD6SDLQ

/DERUDWRLUHGHV6FLHQFHVGX&OLPDWHWGHO (QYLURQQHPHQW

*LIVXU<YHWWH&('(;±)UDQFH

/6&( &156

6ZHGLVK'HIHQFH5HVHDUFK$JHQF\)2,7RWDOI|UVYDUHWVIRUVNQLQJVLQVWLWXW
6WRFNKROP 6ZHGHQ 






UREHUWDIXVDUR#SROLWRLW

$%675$&7 7LPHV1HZ5RPDQSWEROGVLQJOHOLQHVSDFLQJOHIWDOLJQHGWH[W 
This paper addresses the STRATOFLY Academy initiative, one of the dissemination actions of
the H2020 STRATOFLY project. In particular, the STRATOFLY Academy has been set up to
disseminate among new generations the results of the on-going activities in the field of highspeed transportation. The idea is to inspire new generation of students with technical and
operational challenges currently faced during the design of a high-speed transportation
system and that are not usually taught at Universities. Thus, international and heterogeneous
teams consisting of bachelor, master of science and PhD students have been organized.
Considering that the H2020 STRATOFLY project shall run up until the end of 2020, two
different yearly challenges have been envisaged for the Academy. The first challenge has
already started in September 2018 while the second will be kicked off in September 2019.
In particular, this paper aims at describing the First Challenge of the STRATOFLY Academy,
highlighting, the organization, the timeline, the evaluation process and the awards and, last
but not least, the technical contents.
.H\ZRUGV+\SHUVRQLFFLYLOWUDQVSRUWDWLRQ675$72)/<+RUL]RQ(GXFDWLRQ
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7KH675$72)/<SURMHFWIXQGHGE\WKH(XURSHDQ&RPPLVVLRQXQGHUWKHIUDPHZRUNRIWKH
+RUL]RQSODQDLPVDWDVVHVVLQJSRWHQWLDORIK\SHUVRQLFWUDQVSRUWDWLRQV\VWHPVWRUHDFK
75/ E\  ZLWK UHVSHFW WR NH\ WHFKQRORJLFDO VRFLHWDO DQG HFRQRPLFDO DVSHFWV 0DLQ
LVVXHV DUH WKHUPDO DQG VWUXFWXUDO LQWHJULW\ ORZHPLVVLRQV FRPELQHG SURSXOVLRQ F\FOHV
VXEV\VWHPV GHVLJQ DQG LQWHJUDWLRQ LQFOXGLQJ VPDUW HQHUJ\ PDQDJHPHQW HQYLURQPHQWDO
DVSHFWV LPSDFWLQJ FOLPDWH FKDQJH QRLVH HPLVVLRQV DQG VRFLDO DFFHSWDQFH DQG HFRQRPLF
YLDELOLW\DFFRXQWLQJIRUVDIHW\DQGKXPDQIDFWRUV$VSDUWRIWKHGLVVHPLQDWLRQDFWLRQVRIWKH
SURMHFW WKH 675$72)/< $FDGHP\ LQLWLDWLYH KDV EHHQ VHW WR GLVVHPLQDWH WKH UHVXOWV RI WKH
RQJRLQJDFWLYLWLHVLQWKHILHOGRIKLJKVSHHGWUDQVSRUWDWLRQDPRQJQHZJHQHUDWLRQV
7KH LGHD LV WR LQVSLUH VWXGHQWV ZLWK WHFKQLFDO DQG RSHUDWLRQDO DFWLYLWLHV WKDW DUH QRW XVXDOO\
WDXJKW DW 8QLYHUVLWLHV 7KXV LQWHUQDWLRQDO DQG KHWHURJHQHRXV WHDPV FRQVLVWLQJ RI EDFKHORU
PDVWHU RI VFLHQFH DQG 'RFWRUDO VWXGHQWV KDYH EHHQ RUJDQL]HG &RQVLGHULQJ WKDW WKH +
675$72)/<SURMHFWVKDOOUXQXSXQWLOWKHHQGRIWZRGLIIHUHQW\HDUO\FKDOOHQJHVKDYH
EHHQHQYLVDJHG IRUWKH $FDGHP\ 7KH ILUVWFKDOOHQJH KDVDOUHDG\VWDUWHG LQ6HSWHPEHU
ZKLOHWKHVHFRQGZLOOEHNLFNHGRIILQ6HSWHPEHU
,Q SDUWLFXODU WKLV SUHVHQWDWLRQ DLPV DW GHVFULELQJ WKH )LUVW &KDOOHQJH RI WKH 675$72)/<
$FDGHP\ WKDW LV FXUUHQWO\ RQJRLQJ KLJKOLJKWLQJ WKH RUJDQL]DWLRQ WKH WLPHOLQH WKH
HYDOXDWLRQSURFHVVDQGWKHDZDUGVDQGODVWEXWQRWOHDVWWKHWHFKQLFDOFRQWHQWV
%DVLFDOO\ WKH 675$72)/< $FDGHP\ LV FXUUHQWO\ RUJDQL]HG LQ  &ODVV 7HDPV
KRPRJHQHRXVJURXSVFRQVLVWLQJRIVWXGHQWVFRPLQJIURPWKHVDPH8QLYHUVLW\VSUHDGDOORYHU
WKH ZRUOG DQG  7KHVLV 7HDPV KHWHURJHQHRXV JURXSV RI VWXGHQWV FRPLQJ IURP GLIIHUHQW
QDWLRQDODQGLQWHUQDWLRQDO8QLYHUVLWLHVDQGFRQWULEXWLQJZLWKWKHLURZQWKHVHV7KHILQDOJRDO
RIHDFK7HDPLVWRSURYLGHDSUHVHQWDWLRQDQGSRVVLEO\DQH[HFXWLYHVXPPDU\HQFRPSDVVLQJ
WKHDFWLYLWLHV RIWKHHQWLUHWHDP7KHSUHVHQWDWLRQ DQGDOOWKH GRFXPHQWVSURYLGHG LQVXSSRUW
E\WKHVWXGHQWVZLOOEHMXGJHGE\WKH675$72)/<$FDGHP\%RDUGFRQVLVWLQJRIH[SHUWVLQ
WKH ILHOGEHORQJLQJ WR675$72)/<SURMHFWFRQVRUWLXP RU WRWKH([WHUQDO([SHUW$GYLVRU\
%RDUG&XUUHQWO\DERXWVWXGHQWVFRPLQJIURPFRXQWULHVDQGGLIIHUHQW8QLYHUVLWLHV
DUHLQYROYHGLQWKH675$72)/<$FDGHP\¶VILUVWFKDOOHQJHZLWKWKHLUWXWRUV
7KH ILUVWFKDOOHQJH KDVEHHQ NLFNHGRII LQ6HSWHPEHUDQGWKHFORVLQJ DZDUGFHUHPRQ\
ZLOO EH KHOG LQ $WKHQV LQ WKH FRQWH[W RI WKH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ ,QQRYDWLRQ LQ
$YLDWLRQ DQG 6SDFH WK ($61 &RQIHUHQFH  ZKHUH WKH ILQDOLVWV ZLOO KDYH WKH SRVVLELOLW\ WR
SUHVHQWWKHRXWFRPHRIWKHLUUHVHDUFKDFWLYLWLHVLQDGHGLFDWHGVHVVLRQ
7KH&KDOOHQJHRIWKHILUVW7RSLFLV7RVKRUWHQWKHIOLJKWWLPHRIRQHRUGHURIPDJQLWXGH ZLWK
UHVSHFWWRWKHVWDWHRIWKHDUWRIFLYLODYLDWLRQ RIDWOHDVWFLYLOSDVVHQJHUVDORQJORQJKDXO
DQG DQWLSRGDO URXWHV WKURXJK WKH SUHOLPLQDU\ GHVLJQ RI D 0DFK  YHKLFOH IO\LQJ DW
VWUDWRVSKHULF DOWLWXGHV ZLWKLQ D IXWXUH &16$70 VFHQDULR H[SORLWLQJ H[LVWLQJ RQ-JURXQG
LQIUDVWUXFWXUHV LQ FRPSOLDQFH ZLWK HQYLURQPHQWDO FRPSDWLELOLW\ DQG VDIHW\ LVVXHV DVVHVVLQJ
WKHRYHUDOOHFRQRPLFIHDVLELOLW\RIWKHVROXWLRQ
&RPSOHPHQWDU\WKHVHFRQG\HDU&KDOOHQJHZLOOIRFXVPRUHRQWKHRSHUDWLRQDODVSHFWVRIWKH
IXWXUHKLJKVSHHGWUDQVSRUWDWLRQV\VWHPV
,QWKLVSDSHUDIWHUWKLVEULHILQWURGXFWLRQDQRYHUYLHZRIWKH+675$72)/<SURMHFWLV
SURYLGHGWRPDNHWKHUHDGHUVDZDUH RIWKHFRQWH[W LQZKLFK WKHDFWLYLWLHV KDYHEHHQFDUULHG
RXW7KHQ6HFWLRQDLPVDWSUHVHQWLQJWKHZD\LQZKLFKWKHLQLWLDWLYHKDVEHHQRUJDQL]HGDQG
PDQDJHG ZKLOH 6HFWLRQ  VXPPDUL]HV VRPH RI WKH PRVW LQWHUHVWLQJ RXWFRPHV RI WKH ILUVW
&KDOOHQJH(YHQWXDOO\PDLQFRQFOXVLRQVDUHGUDZQDQGLGHDVIRUWKHVHFRQGFKDOOHQJHDVZHOO
DVSRVVLEOHV\QHUJLHVZLWKRWKHUHGXFDWLRQDODFWLYLWLHVDUHSUHVHQWHG
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+675$72)/<352-(&7

&RQVLGHULQJ WKH (XURSHDQ FRQWH[W WKDW LV FXUUHQWO\ XUJLQJ WKH DHURQDXWLFDO DQG DHURVSDFH
VHFWRUVWRHQKDQFHWKHPDWXULW\ OHYHO RINH\ HQDEOLQJWHFKQRORJLHVLQWKHILHOG RI KLJKVSHHG
WUDQVSRUWDWLRQ WKH 675$72)/< SURMHFW KDV EHHQ IXQGHG E\ WKH (XURSHDQ &RPPLVVLRQ
XQGHU WKH IUDPHZRUN RI WKH +RUL]RQ  +  SODQ 675$72)/< SURMHFW DLPV DW
DVVHVVLQJWKHSRWHQWLDORIWKLVW\SHRIKLJKVSHHGWUDQVSRUWDWLRQWRUHDFK75/E\ZLWK
UHVSHFW WR NH\ WHFKQRORJLFDO VRFLHWDO DQG HFRQRPLFDO DVSHFWV 0DLQ LVVXHV DUH UHODWHG WR
WKHUPDO DQG VWUXFWXUDO LQWHJULW\ ORZHPLVVLRQV FRPELQHG SURSXOVLRQ F\FOHV VXEV\VWHPV
GHVLJQDQGLQWHJUDWLRQLQFOXGLQJVPDUWHQHUJ\PDQDJHPHQWHQYLURQPHQWDODVSHFWVLPSDFWLQJ
FOLPDWHFKDQJHQRLVHHPLVVLRQVDQGVRFLDODFFHSWDQFHDQGHFRQRPLFYLDELOLW\DFFRXQWLQJIRU
VDIHW\DQGKXPDQIDFWRUV
7KXV RQH RI WKH PDLQ REMHFWLYHV RI WKH 675$72)/< SURMHFW LV WR HYROYH DQG LPSURYH WKH
VWDUWLQJ UHIHUHQFH FRQILJXUDWLRQ LH /$3&$7 05 PRYLQJ WR 675$72)/< 05 VHH
)LJD  7KLV QHZ FRQILJXUDWLRQ LV FXUUHQWO\ XQGHUGHYHORSPHQW DQG LW LV UHVXOWLQJ IURP
UHILQHPHQWV RI WKH YHKLFOH H[WHUQDO OD\RXW DV ZHOO DV IURP LPSURYHPHQWV DW VXEV\VWHP OHYHO
)LJ E  ,W LV ZRUWK QRWLFLQJ WKDW LQ WKH SDVW (XURSHDQ SURMHFWV PDLQ DWWHQWLRQ KDV EHHQ
GHYRWHGWRWKHJHQHUDWLRQRIYHKLFOHOD\RXWWDUJHWLQJWKHRSWLPL]DWLRQRIDHURWKHUPRG\QDPLFV
DQG SURSXOVLYH LVVXHV &RQYHUVHO\ DSDUW IURP VRPH VWXGLHV VSHFLILFDOO\ WDFNOLQJ WKH
SURSXOVLYHVXEV\VWHPRUWKH7KHUPDODQG(QHUJ\0DQDJHPHQWVXEV\VWHPYHU\IHZDQDO\VHV
ZHUHIRFXVLQJRQRQERDUGVXEV\VWHPV,WLVPDLQO\IRUWKLVUHDVRQWKH+675$72)/<
SURMHFWLVDFWXDOO\FRPPLWWHGWRWKHGHVLJQVL]LQJDQGLQWHJUDWLRQRIDOOWKHPDLQVXEV\VWHPV
WREHLQVWDOOHGRQERDUG


)LJXUH675$72)/<05YHKLFOHFRQILJXUDWLRQ D UHQGHULQJRIWKHH[WHUQDOOD\RXW E ,QWHUQDO
OD\RXWDUUDQJHPHQW




675$72)/<$&$'(0<

$VDQWLFLSDWHGDERYHWKH 675$72)/<$FDGHP\ LVRQH RI WKHGLVVHPLQDWLRQ DFWLRQVWDNHQ
E\ WKH FRQVRUWLXP RI WKH + 675$72)/< 3URMHFW DQG DLPLQJ DW LQYROYLQJ VWXGHQWV LQ
UHVHDUFKDFWLYLWLHVRQWRSLFVUHODWHGWRKLJKVSHHGFLYLOWUDQVSRUWDWLRQ
,QGHHG WKH PDLQ LGHD LV WR GLVVHPLQDWH DPRQJ WKH QHZ JHQHUDWLRQ RI VWXGHQWV WKH PDLQ
DFKLHYHPHQWV RI WKH 675$72)/< SURMHFW DV ZHOO DV WR PDNH WKHP DZDUH RI WKH PDLQ
FKDOOHQJHVDQGJRDOVWKDWDUHXUJLQJHQJLQHHUVDOODURXQGWKHZRUOGLQWKHILHOGRIKLJKVSHHG
WUDQVSRUWDWLRQ

6WXGHQWV FDQ EH LQYROYHG LQ WZR GLIIHUHQW ZD\V WKURXJK FODVV ZRUNV RU WKURXJK WKHLU
LQGLYLGXDOZRUNVVXFKDVD7KHVLV7KXVWZRGLIIHUHQWW\SHVRI7HDPVKDYHEHHQVHWXS&ODVV
7HDPV KRPRJHQHRXV JURXSV RI VWXGHQWV FRPLQJ IURP WKH VDPH LQVWLWXWLRQ RU WKH 7KHVLV
7HDPV D JURXS RI VWXGHQW FRPLQJ IURP GLIIHUHQW 8QLYHUVLWLHV DQG 5HVHDUFK &HQWUHV 7KH
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3DUWQHUV RI WKH + 675$72)/< FRQVRUWLXP DFW DV H[SHUWV DQG WXWRUV PHQWRULQJ WKH
VWXGHQWVWKDQNVWRWKHLUH[SHUWLVHLQWKHILHOG
$V LW LV EULHIO\ VXPPDULVHG LQ )LJ  WKH PDLQ H[SHFWHG RXWFRPH IURP HDFK 7HDP RI WKH
675$72)/<$FDGHP\LVDILQDOSUHVHQWDWLRQDQGRUDQH[HFXWLYHVXPPDU\WREHMXGJHGE\
WKH675$72)/<$FDGHP\%RDUGFRQVLVWLQJLQWHFKQLFDOH[SHUWVLQWKHILHOG
)LJXUH  VKRZV WKH QDWLRQDOLW\ RI WKH  RI VWXGHQWV WKDW KDV SDUWLFLSDWHG WR WKH ILUVW \HDU
&KDOOHQJHGHPRQVWUDWLQJDZRUOGZLGHLQWHUHVWLQWKLVWRSLF

Academic
Tutor

Academic
Tutor

Student

Student

Academic
Tutor

Executive summaries and
Technical presentations
will be evaluated by experts.

Academic
Tutor

Best TeamAward
B

ACADEMY BOARD

((scientific publication)



)LJXUH675$72)/<$FDGHP\RUJDQLVDWLRQ




Concordia
University

 VKI
 Hamburg University
 Stuttgart University

ESTACA
University of Southern
California

Eastern Mennonite
University

Lisbon University

 Politecnico di Torino
 Federico II University of
Naples

 Belo Horizonte University

About 100 students all
around the world


)LJXUH675$72)/<$FDGHP\ZRUOGZLGHVWXGHQWSDUWLFLSDWLRQ
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(;$03/(62)287&20(62)7+(675$72)/<±),567&+$//(1*(

6WDUWLQJIURPWKHJHQHUDODVVLJQPHQWRIWKHILUVW\HDUFKDOOHQJH

To shorten the flight time of one order of magnitude (with respect to the state of the art of
civil aviation) of at least 300 civil passengers along long haul and antipodal routes, through
the preliminary design of a Mach 8 vehicle, flying at stratospheric altitudes within a future
CNS/ATM scenario, exploiting existing on-ground infrastructures, in compliance with
environmental compatibility and safety issues, assessing the overall economic feasibility of
the solution.

(DFK6WXGHQWFDQFRQWULEXWHWKURXJKWKHGHVLJQRIDK\SHUVRQLFYHKLFOHFRQFHSWRUWKURXJKDQ
LQGHSWK LQYHVWLJDWLRQ RI RQH RI LWV PRVW FULWLFDO VXEV\VWHPV SURSXOVLRQ VWUXFWXUH WKHUPDO
DQG HQHUJ\ PDQDJHPHQW VXEV\VWHP HWF«  RU DQ HQDEOLQJ WHFKQRORJ\ IRU KLJKVSHHG
WUDQVSRUWDWLRQ 7KH VWXGHQWV ZHUH IUHH WR WDNH LQVSLUDWLRQ IURP WKH 675$72)/< UHIHUHQFH
YHKLFOH /$3&$705 DVZHOODVWRGHYHORSDQGVXJJHVWQHZFRQFHSWVHLWKHUDWYHKLFOHRU
DWVXEV\VWHPOHYHO
6WXGHQWV FDQ SDUWLFLSDWH DV &ODVV 7HDP PHPEHUV DV ZHOO DV 7KHVLV 7HDP PHPEHU &ODVV
7HDPVDUH KRPRJHQHRXVJURXSV RIVWXGHQWVFRPLQJIURP WKHVDPH8QLYHUVLW\ZKLOH7KHVLV
7HDPV KDYH EHHQ VHW XS ZLWK WKH LGHD RI FUHDWLQJ D PXOWLGLVFLSOLQDU\ JURXS ZKHUH VWXGHQWV
KDYLQJ GLIIHUHQW EDFNJURXQGV FDQ EHQHILW IURP ZRUNLQJ WRJHWKHU 6WXGHQWV DUH WXWRUHG E\ D
SURIHVVRU RI WKHLU RZQ LQVWLWXWLRQ EXW WKH H[SHUWV RI WKH + 675$72)/< SURMHFW FDQ
SURYLGHWKHQHFHVVDU\VXSSRUW
)LJXUHUHSRUWVVRPHRIWKHWRSLFVGHDOWZLWKGXULQJWKHILUVWFKDOOHQJHZKLOHLQWKHIROORZLQJ
VXEVHFWLRQVH[DPSOHVRIWKHUHVXOWVDFKLHYHGE\IRXU&ODVV7HDPVDUHVXPPDUL]HG

&RQFHSW XDO DQG
3U HOLPLQDU \'HVLJQRI  D
0DFK  :DYHU LGHU 
H[SORLW LQJ
+\GU RFDU ERQI XHO

&RQFHSW XDO DQG
3U HOLPLQDU \'HVLJQI RU 
DVLQJOHVW DJHU HXVDEOH
DFFHVVW R VSDFHYHKLFOH

Some of the topics currently
under investigation

3U RSXOVLRQ FRPEXVW LRQ
V\VW HP:DYHU LGHU 
0DFK 

6\VW HPV(QJLQHHU LQJ
DSSOLHGDW K\SHU VRQLF
YHKLFOHVDQGPLVVLRQ
FRQFHSW

+RW  VW U XFW XU HVKHDOW K
PRQLW RU LQJW KU RXJK
I LEU HRSW LFV
W HFKQRORJ\
'HVLJQDQG
GHYHORSPHQW RI 
GHGLFDW HGDYLRQLFV
HTXLSPHQW 

'HVLJQDQG2SW LPL]DW LRQ
RI D &U \RJHQLF0XOW L
/REH, QW HJU DO:LQJ7DQN
I RU D+\SHU VRQLF:DYH
5LGHU &RQI LJXU DW LRQ

7KHU PDO0DQDJHPHQW 
6\VW HP&RQFHSW  I RU D
VHDW +\SHU VRQLF:DYH
5LGHU &RQI LJXU DW LRQ

&RQFHSW  RI 2SHU DW LRQVRI 
K\SHU VRQLFFLYLO
W U DQVSRU W DW LRQV\VW HPV

Updat e of t he
AeroDat aBase f or a M8
waverider vehicle
conf igurat ion



)LJXUH675$72)/<$FDGHP\H[DPSOHRIWRSLFVLQYHVWLJDWHGE\WKHVWXGHQWV




7($0±&RQFHSWXDODQG3UHOLPLQDU\'HVLJQRID0DFK:DYHULGHUH[SORLWLQJ
/+IXHO
7KHJRDO RI7HDP FRQVLVWLQJ RI06FVWXGHQWV IURP3ROLWHFQLFRGL7RULQR ZDVWRGHVLJQ
IURPVNHWFKDYHKLFOHDEOHWRWUDQVSRUWSDVVHQJHUVDW DWLPHDORQJORQJDQWLSRGDOURXWHV
LQWHJUDWLQJ $75 $LU7XUER 5RFNHW  DQG '05 'XDO 0RGH 5DPMHW  WHFKQRORJLHV LQ D
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ZDYHULGHU YHKLFOH FRQILJXUDWLRQ 7R DFKLHYH WKLV JRDO WKH YHKLFOH VKDOO EH DEOH WR H[SORLW
OLTXLGK\GURJHQDVSURSHOODQW6RPHRIWKHUHVXOWVRIWKHFRQFHSWXDODQGSUHOLPLQDU\GHVLJQRI
WKH 7HDP DUH FROOHFWHG LQ )LJ  ,W LV ZRUWK QRWLFLQJ WKDW DSDUW IURP GHILQLQJ WKH YHKLFOH
OD\RXW D JUHDW DWWHQWLRQ KDV EHHQ SD\HG WR WKH GHVLJQ VL]LQJ DQG LQWHJUDWLRQ RI WKH PDLQ
VXEV\VWHPV



)LJXUH6XPPDU\RIWKHRXWFRPHVDFKLHYHGE\7($0




7($0&RQFHSWXDODQG3UHOLPLQDU\'HVLJQRID0DFK:DYHULGHUH[SORLWLQJ
+\GURFDUERQIXHO
7KHJRDORI7HDP FRQVLVWLQJRI06FVWXGHQWVIURP3ROLWHFQLFRGL7RULQR ZDVWKHGHVLJQ
RIDZDYHULGHUYHKLFOHFRQILJXUDWLRQIRUD0DFKYHKLFOHH[SORLWLQJWUDGLWLRQDOK\GURFDUERQ
IXHOV 'XH WR WKLV FRQVWUDLQWV WKH VWXGHQWV VWDUWHG IURP WKH DVVHVVPHQW RI WKH FDSDELOLWLHV RI
WKH DLUFUDIW DLPHG DW ILQGLQJ WKH EHVW FRPSURPLVH EHWZHHQ IXHO PDVV DQG WKXV DFKLHYDEOH
UDQJH  DQG SD\ORDG PDVV )LJ D UHSRUWV WKH ILQDO DUFKLWHFWXUH LQFOXGLQJ WKH LQWHJUDWLRQ RI
PDLQVXEV\VWHPVDQGHTXLSPHQWRQERDUGH[SORLWLQJSDUDPHWULF&$'PRGHOOLQJWHFKQLTXHV
,QDGGLWLRQWRWKDWDFRPPHUFLDOIOLJKWVLPXODWRUKDVEHHQXVHGWRWHVWDQGYDOLGDWHWKHYHKLFOH
DQGPLVVLRQFRQFHSWV )LJE 



)LJXUH7($0±D &$'PRGHODQGE LPSOHPHQWDWLRQLQWRDIOLJKWVLPXODWRU
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7($0&RQFHSWXDODQG3UHOLPLQDU\'HVLJQRIIUHHFRQILJXUDWLRQ0DFK
YHKLFOH
7HDP FRQVLVWLQJRI06FVWXGHQWVIURP3ROLWHFQLFRGL7RULQR DLPVDWGHVLJQLQJD0DFK
YHKLFOHDEOHWRWUDQVIHUSDVVHQJHUVDORQJDQWLSRGDOURXWHVZLWKRXWDQ\FRQVWUDLQWVQHLWKHU
LQWHUPVRIFRQILJXUDWLRQQRUIRUWKHVXEV\VWHPVDQGWHFKQRORJLHVWREHDGRSWHG)LJUHSRUWV
WKHILQDOFRQILJXUDWLRQGHYHORSHGE\WKH7HDPWKHLQWHJUDWLRQRIDOOWKHPDLQVXEV\VWHPVRQ
ERDUGDVZHOODVH[DPSOHRIDQDO\VLVRIWKHYHKLFOHSHUIRUPDQFHXVLQJDIOLJKWVLPXODWRU
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7($0±3UHOLPLQDU\6DIHW\$VVHVVPHQWRI&DQGLGDWH675$72)/<9HKLFOH
FRQILJXUDWLRQV
7KH 0DLQ JRDO RI 7HDP  06F VWXGHQWV IURP 8QLYHUVLW\ RI 6RXWKHUQ &DOLIRUQLD  ZDV WR
SHUIRUP D SUHOLPLQDU\ VDIHW\ DQDO\VLV RI WKH 675$72)/< YHKLFOH WR IXOO\ FKDUDFWHUL]H WKH
RYHUDOO ULVN WR IOLJKW FUHZ SDVVHQJHUV JURXQG SURFHVVLQJ SHUVRQQHO DQG WKH XQLQYROYHG
SXEOLF$WWKLVSXUSRVHWKHPRVWFULWLFDOKD]DUGDUHDVDQGULVNVLQWKHGHVLJQDQGRSHUDWLRQRI
WKLV YHKLFOHVKDOOEHLGHQWLILHGDQDO\]HGDQGPLWLJDWHGE\WKHGHVLJQWHDP7RFDUU\ RXWWKLV
DQDO\VLVWKHIROORZLQJGRFXPHQWVKDVEHHQFRQVLGHUHGDVUHIHUHQFH
• ,$$6666,&RPPHUFLDO+XPDQ5DWHG6\VWHPVWDQGDUGV
• 1$6$&&75(4UHTXLUHPHQWVIRUWKH,QWHUQDWLRQDO6SDFH6WDWLRQ
,Q SDUWLFXODU D 3UHOLPLQDU\ +D]DUG $VVHVVPHQWV 3+$V  FRQVLVWHQW ZLWK D 1$6$ SKDVH 
6DIHW\ 5HYLHZ KDV EHHQ FDUULHG RXW 7KHQ IRU HDFK RI WKH LGHQWLILHG FDWDVWURSKLF HYHQWV D
SURSHU)DXOW7UHH$QDO\VHV )7$V  )LJ KDVEHHQGHYHORSHGDOORZLQJWKHLGHQWLILFDWLRQRI
WKH PXVW ZRUNPXVW QRW ZRUN IXQFWLRQV ,Q SDUWLFXODU DIWHU D KLJKOHYHO DVVHVVPHQW WKUHH
PDLQ DUHDV RI FRQFHUQ IRU WKH VDIHW\ RI WKH YHKLFOH ZHUH LQGHSWK LQYHVWLJDWHG )LUH DQG
([SORVLRQ/RVVRI+DELWDEOH(QYLURQPHQWDQG&ROOLVLRQ7KHRXWFRPHVRIWKLVZRUNKDVDOVR
EHHQSUHVHQWHGLQWRWKH,$$66&RQIHUHQFHLQ/RV$QJHOHV
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Hazard Effect

Severity

/+ /HDN PLQRU

6DILQJDQGPLWLJDWLRQ
SURFHGXUHVULVNRIILUHLQ
YHKLFOHQHDUSDVVHQJHUV

0DUJLQDO

/+ /HDN PDMRU

5LVNRIIXVHODJHILUHHQJLQH
ORVVHPHUJHQF\VDILQJODQGLQJ

&ULWLFDO

-S/HDN PLQRU

6DILQJDQGPLWLJDWLRQ
SURFHGXUHVULVNRIILUHLQ
SURSHOODQWVWRUDJH

0DUJLQDO

-S/HDN PDMRU

(QJLQHORVVHPHUJHQF\
VDILQJODQGLQJSURFHGXUHV

&ULWLFDO

3URSHOODQWJURXQGKDQGOLQJ
ILUHH[SORVLRQGXULQJIXHOLQJ

/RVVRISURSHOODQWSRWHQWLDO
GDPDJHWRYHKLFOHSHUVRQQHO

&ULWLFDO

Safety Requirement

,$$66

3URSHOODQWLJQLWLRQGXHWR
HOHFWULFDOGLVFKDUJH

/RVVRISURSHOODQWGDPDJHWR
RWKHUHQJLQHSURSHOODQW
VXEV\VWHPV

&ULWLFDO

/RVVRIHQJLQHHPHUJHQF\
UHVSRQVHSURFHGXUHV

&ULWLFDO &DWDVWURSKLF

Possible Verifications

Likelihood and Fault
Tolerance
8QOLNHO\
)7

5HJXODUYDOYHLQVSHFWLRQWHVWLQJ
')05IHHGOLQHWDQNV\VWHP

,$$66

/+ WDQNUXSWXUH

Possible Hazard Controls

Viola N. et al.

,$$66
 LJQLWLRQ
 OLJKWQLQJ

$VSHU,$$66
(PHUJHQF\UHOLHIYDOYHV\VWHP
³7KHYHKLFOHVKDOOSURYLGHGDWD
&ROOLVLRQPLWLJDWLRQ VHFWLRQ
UHODWHGWRSUHVVXUHWHPSHUDWXUH
DQGTXDQWLW\JDXJLQJRIWKH
SURSXOVLRQV\VWHPWDQNV
5HJXODUYDOYHLQVSHFWLRQWHVWLQJ
FRPSRQHQWVDQGOLQHVWRWKH
')05IHHGV\VWHP
IOLJKWFUHZWRHQVXUHV\VWHP
KHDOWKDQGVDIHW\´
$XWRPDWLFOLQHWDQNVKXWRII
SURFHGXUHV
&ROOLVLRQPLWLJDWLRQ VHFWLRQ
D$GHTXDWHWUDLQLQJLQIUDVWUXFWXUH
IRUFU\RJHQLFVKDQGOLQJ /+
E6WDQGDUGSURFHGXUH -S
0LQLPL]DWLRQRILJQLWLRQVRXUFHV
QHDUYHKLFOHZKLOHRQJURXQG

1$

8QOLNHO\
)7
8QOLNHO\
)7
5HPRWH
)7

8QOLNHO\
)7

5HOLHIYDOYHV\VWHPUHGXQGDQF\
)DWLJXHF\FOHWHVWUHJLPH
DQGWHVWLQJ
0D[LPXPSUHVVXUHUDWHGWR
5HJXODUVWUHQJWKDQGOLIHLQVSHFWLRQ WUDQVLHQWSUHVVXUHVSLNHVZLWKD
IRUIHHGV\VWHPDQGWDQNV
IDFWRURIVDIHW\

8QOLNHO\
)7

,QVXODWLRQRIDOOHOHFWULFDO
FRPSRQHQWV
5HGXQGDQF\LQEUHDNHUVWRSUHYHQW 6HH,$$66DQGRQ
RYHUORDG
,JQLWLRQ3UHYHQWLRQDQG(OHFWULFDO
/LJKWQLQJPDQDJHPHQWDQG
6\VWHPV6HSDUDWLRQ
SURWHFWLRQV\VWHP )DUDGD\FDJHWKDW
KDVQRFRQWDFWZLWKIXHO WDQNV

8QOLNHO\
)7



)LJXUH7($0([DPSOHRI3UHOLPLQDU\VDIHW\DQGUHOLDELOLW\DVVHVVPHQW





&21&/86,216

7KLVSDSHUSUHVHQWVWKH675$72)/<$FDGHP\,QLWLDWLYHRQHRIWKHGLVVHPLQDWLRQDFWLRQVRI
WKH+RUL]RQ675$72)/<3URMHFW7KHLQLWLDWLYHKDVVXFFHVVIXOO\DSSURDFKLQJWKHHQG
RI WKH ILUVW \HDU FKDOOHQJH ZKHUH PRUH WKDQ  VWXGHQWV IURP DOO RYHU WKH ZRUOG KDYH EHHQ
LQYROYHG 7KH UHVXOWV DFKLHYHG E\ WKH VWXGHQWV DUH DEVROXWHO\ UHPDUNDEOH DQG WKH PRVW
RXWVWDQGLQJ RQHV ZLOO EH SUHVHQWHG ZLWKLQ D GHGLFDWHG VHVVLRQ DW WKH WK ($61 ,QWHUQDWLRQDO
&RQIHUHQFHLQ$WKHQV
)RUWKHQH[W\HDUWKHVHFRQGFKDOOHQJHZLOOPHPRUHIRFXVHGRQWKHRSHUDWLRQDODVSHFWVWREH
WDFNOHG,QWKLVFDVHWKHFKDOOHQJHZLOOEHRSHQHGWRVWXGHQWVZLWKGLIIHUHQWEDFNJURXQGVVXFK
DVWKHODZ\HUVGRFWRUVVFLHQWLVWVHFRQRPLVWVHWF

$&.12:/('*0(17
7KLVSURMHFWKDVUHFHLYHGIXQGLQJIURPWKH(XURSHDQ8QLRQ¶V+RUL]RQUHVHDUFKDQG
LQQRYDWLRQSURJUDPPHXQGHUJUDQWDJUHHPHQW1RZLWKLQWKH6WUDWRVSKHULF)O\LQJ
2SSRUWXQLWLHVIRU+LJK6SHHG3URSXOVLRQ&RQFHSWV 675$72)/< 3URMHFW
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ABSTRACT
:KHQGHDOLQJZLWKSUR[LPLW\RSHUDWLRQVEHWZHHQD7DUJHWDQGD&KDVHUVSDFHFUDIW WKH GHVLJQRIDQHIIHFWLYH
LQVSHFWLRQ VWUDWHJ\ UHTXLUHV DQ DSSURDFK WKDW LV DEOH WR FRQVLGHU PDQ\ UHTXLUHPHQWV DQG FRQVWUDLQWV 7KH
QRQOLQHDULW\RIVXFKUHTXLUHPHQWVKLQGHUVWKHHIIHFWLYHQHVVRIFODVVLFDOWUDMHFWRU\RSWLPL]DWLRQPHWKRGV
,Q WKLV ZRUN DQ 6%03 DOJRULWKP EDVHGRQ 'LIIHUHQWLDO $OJHEUD '$  LV SURSRVHG 6WDUWLQJ IURP DQ DUELWUDU\
FRPPDQGVSDFHWKHDOJRULWKPH[SORUHVWKURXJKDKHXULVWLFWKHPRVWUHOHYDQWUHJLRQVRIWKHFRQWUROVSDFHDQG
WKHQDVVRFLDWHVWRHDFKSRVVLEOHPDQHXYHUDVSHFLILFVFRUHZKLFKLVUHODWHGWRWKHPLVVLRQJRDOVDQGFRQVWUDLQWV
7RHVWLPDWHWKHUHZDUGWKHWUDMHFWRU\RIWKHUHODWLYHG\QDPLFVPXVWDOVREHTXLFNO\SUHGLFWHG7KDQNVWRWKHXVH
RI DUELWUDU\ RUGHUV 7D\ORU SRO\QRPLDOV WKH '$ WHFKQLTXH DOORZV WR DSSUR[LPDWH WKH UHODWLYH G\QDPLFV ZLWK
LPSURYHGDFFXUDF\ZLWKUHVSHFWWR&:ZKLOHVWLOODYRLGLQJQXPHULFDOLQWHJUDWLRQV
7KHSHUIRUPDQFHRIWKHSURSRVHG'$6DPSOLQJEDVHGDOJRULWKPLVDVVHVVHGRQDQXPHULFDOWHVWFDVHFRPSDUHGWR
DSSURDFKHV IURP OLWHUDWXUH  7KH ZRUN VKRZV WKDW WKH SURSRVHG WHFKQLTXH DFKLHYHV WKH LQVSHFWLRQ JRDO ZKLOH
IXOILOOLQJVDIHW\UHTXLUHPHQWVDQGPLQLPL]LQJFRVW7KLVLVH[SHFWHGWRRSHQWKHSRVVLELOLW\IRUDIXWXUHDXWRQRPRXV
RQERDUGSODQQLQJRIWKHLQVSHFWLRQPDQHXYHUV


Keywords: 6DWHOOLWH ,QVSHFWLRQ, 'LIIHUHQWLDO $OJHEUD 6DPSOLQJ%DVHG 0RWLRQ 3ODQQLQJ
$OJRULWKP
1

INTRODUCTION

)URPWKHEHJLQQLQJRIWKH6SDFH$JHXSWRWKHFRPLQJRISULYDWHVSDFHIOLJKWVWKHQXPEHURI
VDWHOOLWHVODXQFKHGLQWR(DUWKRUELWVKDVH[SRQHQWLDOO\LQFUHDVHGPDNLQJ6SDFH'HEULVEHFRPH
DVHULRXVSUREOHPIRUVSDFHRSHUDWLRQV7KHDYHUDJHUDWHV RIIRXUWRILYHEUHDNXSVSHU \HDU
RFFXUULQJLQRUELWGHPRQVWUDWHVWKDWWKHQXPEHURIGHEULVLVVWHDGLO\LQFUHDVLQJDVZHOODVWKH
SUREDELOLW\RIFROOLVLRQVZLWKVSDFHFUDIWV>@0DQ\RIWKHVHREMHFWVFDQGDPDJHSDUWLDOO\RU
JOREDOO\WKHVDWHOOLWHVOHDGLQJWRPLVVLRQIDLOXUHDQGHFRQRPLFORVV,QWKLVFRQWH[W*XLGDQFH
&RQWURO $OJRULWKPV *&$  DUH HVVHQWLDO WR PDNH WKH VSDFHFUDIW DEOH WR SHUIRUP DQ RQRUELW
LQVSHFWLRQ7KHJXLGDQFHSUREOHPLVDQRSWLPDOFRQWUROSUREOHPLQZKLFKWKHSURSHURSWLPDO
PDQHXYHU PXVW EH IRXQG DQG H[HFXWHG E\ WKH VSDFHFUDIW ZKLOH VDWLVI\LQJ UHTXLUHPHQWV DQG
FRQVWUDLQWV7KLVUHTXLUHVWKHFRPSXWDWLRQRIWKHVROXWLRQVWRDFRPSOH[RSWLPL]DWLRQSUREOHP
>@,QGHHGRQHRIWKHPRVWFULWLFDODVSHFWLVWKHFRPSXWDWLRQDOFRVWRIWHFKQLTXHVXVXDOO\XVHG
IRU WUDMHFWRU\ RSWLPL]DWLRQ 7KHUHIRUH WKH LPSOHPHQWDWLRQ RI DQ HIILFLHQW DQG HIIHFWLYH
DOJRULWKPLVQHFHVVDU\WRLPSURYHWKHSHUIRUPDQFHRIWKHVSDFHFUDIWLQSUR[LPLW\PDQHXYHUV
7KH *&$ WHFKQLTXHV FDQ EH GLYLGHG LQ WKUHH FDWHJRULHV 0RGHO 3UHGLFWLYH &RQWURO 03& 
$UWLILFLDO3RWHQWLDO)XQFWLRQV $3) EDVHGFRQWUROVDQG0RWLRQ3ODQQLQJ $OJRULWKP 03$ 
03&FRQVLVWVRIDIHHGEDFNODZVROYLQJDQRSWLPDOSUREOHPDWHDFKWLPHVWHSZLWKWKHFXUUHQW
VWDWH DV WKH LQLWLDO RQH 7KH PDLQ GUDZEDFN RI WKLV WHFKQLTXH LV WKH VLJQLILFDQW LQFUHDVH RI
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FRPSXWDWLRQDO WLPH WR REWDLQ WKH RSWLPDO VROXWLRQ >@ $3) EDVHG FRQWUROV GHVFULEH WKH
HQYLURQPHQWLQZKLFKWKHVDWHOOLWHRSHUDWHVLQWHUPVRIVWDWHVSDFHFRPSRQHQWV7KH\FDQEH
XVHGWRGHQRWHERWKFRQVWUDLQWVDQGJRDOVDQGDJUHDWDWWHQWLRQPXVWEHSDLGWRWKHIRUPXODWLRQ
RIWKHVHIXQFWLRQVWKDWDUHFDVHGHSHQGDQW03$LQYROYHVDVHTXHQFHRIGHFLVLRQVLQRUGHUWR
DFKLHYHWKHKLJKOHYHOJRDORIWKHPLVVLRQ,IDVDPSOLQJEDVHGDSSURDFKLVXVHGWRGLVFUHWL]H
WKHSUREOHPWKLVPHWKRGOHDGVWRDQLPSRUWDQWUHGXFWLRQRIWKHFRPSXWDWLRQDOWLPH,QGHHGLQ
WKHZRUN>@DFRPELQDWLRQRIDQ6%03$OJRULWKPDQG03&DOORZVWRHDVLO\LQWURGXFHFRQWURO
LQSXWV DQG FRQVWUDLQWV DQG WR HQVXUH KLJK FRPSXWDWLRQDO HIILFLHQF\ )RU ZKDW FRQFHUQV WKH
PRGHOXVHGWRGHVFULEHWKHUHODWLYHPRWLRQWKHOLQHDU&:PRGHOLVWKHPRVWFRQVROLGDWHGRQH
>@
7KHDLPRIWKLVZRUNLVWRVKRZWKHIHDVLELOLW\RIWKH2Q2UELW6DWHOOLWH,QVSHFWLRQ 226, XVLQJ
DQ 6%03 $OJRULWKP DSSUR[LPDWLQJ WKH QRQOLQHDU UHODWLYH G\QDPLFV ZLWK WKH 'LIIHUHQWLDO
$OJHEUD '$  7KH '$ DOORZV WR DSSUR[LPDWH WKH QRQOLQHDU UHODWLYH G\QDPLFV WKDQNV WR
SRO\QRPLDOPDSVH[SUHVVHGDVIXQFWLRQVRIDQLQLWLDOFRQGLWLRQZKLFKFDQEHFRPSXWHGDQG
WKHQVWRUHGLQWKHRQERDUGFRPSXWHURIWKHVSDFHFUDIW
,QWKHQH[WVHFWLRQWKHEDVLFWKHRU\EHKLQG'$LVSUHVHQWHGWKHQLQ&KDSWHUWKHLQVSHFWLRQ
FRQFHSW LV GHVFULEHG ,Q &KDSWHU  WKH HTXDWLRQV RI PRWLRQ ZLWK WKHLU DVVXPSWLRQV DUH
IRUPXODWHGLQ&KDSWHUDSRO\QRPLDOPDSVYDOLGDWLRQLVSHUIRUPHGWKURXJKDQDQDO\VLVRIWKH
DFFXUDF\,Q&KDSWHUWKH$OJRULWKPLVGHVFULEHGDQGWKHQWKHVLPXODWLRQ¶VUHVXOWVSUHVHQWHG
LQ&KDSWHUDUHGLVFXVVHGLQ&KDSWHU
2

DIFFERENTIAL ALGEBRA

)LJXUH$QDORJ\EHWZHHQWKHIORDWLQJSRLQWUHSUHVHQWDWLRQRIUHDOQXPEHUVLQDFRPSXWHU
HQYLURQPHQW OHIWILJXUH DQGWKHLQWURGXFWLRQRIWKHDOJHEUDRI7D\ORUSRO\QRPLDOVLQWKHGLIIHUHQWLDO
DOJHEUDLFIUDPHZRUN ULJKWILJXUH 


'$ WHFKQLTXHV ILQG WKHLU RULJLQ LQ WKH DWWHPSW WR VROYH DQDO\WLFDO SUREOHPV E\ DQ DOJHEUDLF
DSSURDFK >@ +LVWRULFDOO\ WKH WUHDWPHQW RI IXQFWLRQV LQ QXPHULFV KDV EHHQ EDVHG RQ WKH
WUHDWPHQWRIQXPEHUVDQGWKHFODVVLFDOQXPHULFDODOJRULWKPVDUHEDVHGRQWKHPHUHHYDOXDWLRQ
RIIXQFWLRQVDWVSHFLILFSRLQWV'$WHFKQLTXHVDUHEDVHGRQWKHREVHUYDWLRQWKDWLWLVSRVVLEOHWR
H[WUDFWPRUHLQIRUPDWLRQRQDIXQFWLRQUDWKHUWKDQLWVPHUHYDOXHV7KHEDVLFLGHDLVWREULQJ
WKHWUHDWPHQWRIIXQFWLRQVDQGWKHRSHUDWLRQVRQWKHPWRWKHFRPSXWHUHQYLURQPHQWLQDVLPLODU
ZD\DVWKHWUHDWPHQWRIUHDOQXPEHUV5HIHUULQJWR)LJXUHFRQVLGHUWZRUHDOQXPEHUVDDQG
E7KHLUWUDQVIRUPDWLRQ LQWRWKHIORDWLQJSRLQW )3  UHSUHVHQWDWLRQ DQG LV SHUIRUPHGWR
RSHUDWH RQ WKHP LQ D FRPSXWHU HQYLURQPHQW 7KHQ JLYHQ DQ\ RSHUDWLRQ î LQ WKH VHW RI UHDO
QXPEHUVDQDGMRLQWRSHUDWLRQ LVGHILQHGLQWKHVHWRI)3QXPEHUVVXFKWKDWWKHGLDJUDPLQ
ILJXUHFRPPXWHV&RQVHTXHQWO\WUDQVIRUPLQJWKHUHDOQXPEHUDDQGELQWKHLU)3UHSUHVHQWDWLRQ
DQG RSHUDWLQJ RQ WKHP LQ WKH VHW RI )3 QXPEHUV UHWXUQ WKH VDPH UHVXOW DV FDUU\LQJ RXW WKH
RSHUDWLRQ LQ WKH VHW RI UHDO QXPEHUV DQG WKHQ WUDQVIRUPLQJ WKH DFKLHYHG UHVXOW LQ LWV )3
UHSUHVHQWDWLRQ,QDVLPLODUZD\VXSSRVHWZRVXIILFLHQWO\UHJXODUIXQFWLRQVIDQGJDUHJLYHQ
,QWKHIUDPHZRUNRI'$WKHFRPSXWHURSHUDWHVRQWKHPXVLQJWKHLU7D\ORUVHULHVH[SDQVLRQV
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) DQG * 7KHUHIRUH WKH WUDQVIRUPDWLRQ RI UHDO QXPEHUV LQ WKHLU )3 UHSUHVHQWDWLRQ LV QRZ
VXEVWLWXWHG E\ WKH H[WUDFWLRQ RI WKH 7D\ORU H[SDQVLRQV RI I DQG J )RU HDFK RSHUDWLRQ LQ WKH
IXQFWLRQVSDFHDQDGMRLQWRSHUDWLRQLQWKHVSDFHRI7D\ORUSRO\QRPLDOVLVGHILQHGVXFKWKDWWKH
FRUUHVSRQGLQJGLDJUDPFRPPXWHV([WUDFWLQJ7D\ORUH[SDQVLRQVRI IDQGJUHWXUQVWKHVDPH
UHVXOWDVRSHUDWLQJRQIDQGJLQWKHRULJLQDOVSDFHDQGWKHQFRPSXWLQJWKH7D\ORUH[SDQVLRQRI
WKH UHVXOWLQJ IXQFWLRQ 7KH VWUDLJKW IRUZDUG LPSOHPHQWDWLRQ RI '$ LQ D FRPSXWHU DOORZV WR
FRPSXWHUWKH7D\ORUFRHIILFLHQWVRIDIXQFWLRQXSWRDVSHFLILHGRUGHUQDORQJZLWKWKHIXQFWLRQ
HYDOXDWLRQ ZLWK D IL[HG DPRXQW RI HIIRUW 7KH 7D\ORU FRHIILFLHQWV RI RUGHU Q IRU VXPV DQG
SURGXFW RI IXQFWLRQV DV ZHOO DV WKH SURGXFW ZLWK UHDOV FDQ EH FRPSXWHG IURP WKRVH RI
VXPPDQGVDQGIDFWRUVWKHUHIRUHWKHVHWRIHTXLYDOHQFHFODVVHVRIIXQFWLRQVFDQEHHQGRZHG
ZLWK ZHOOGHILQHG RSHUDWLRQV OHDGLQJ WR WKH VRFDOOHG WUXQFDWHG SRZHU VHULHV DOJHEUD >@
6LPLODU WR WKH DOJRULWKPV IRU )3 DULWKPHWLF WKH DOJRULWKP IRU IXQFWLRQ IROORZHG LQFOXGLQJ
PHWKRGV WR SHUIRUP FRPSRVLWLRQ RI IXQFWLRQV WR LQYHUW WKHP WR VROYH QRQOLQHDU V\VWHP
H[SOLFLWO\ DQG WR WUHDW FRPPRQ HOHPHQWDU\ IXQFWLRQV >@ ,Q DGGLWLRQ WR WKHVH DOJHEUDLF
RSHUDWLRQV DOVR WKH DQDO\WLF RSHUDWLRQV RI GLIIHUHQWLDWLRQ DQG LQWHJUDWLRQ DUH LQWURGXFHG VR
ILQDOL]LQJWKHGHILQLWLRQRIWKH'$VWUXFWXUH7KH'$VNHWFKHGLQWKLVVHFWLRQZDVLPSOHPHQWHG
E\%HU]DQG0DNLQRLQWKHVRIWZDUH&26<,QILQLW\>@ZKLOHWKH'$&(OLEUDU\ZDVXVHGWR
H[WUDFWWKHSRO\QRPLDOPDSVXVHGLQWKLVZRUN>@
3

INSPECTION CONCEPT

7KHPLVVLRQLVWRLQVSHFWDQRQFRRSHUDWLYHWXPEOLQJVSDFHFUDIWZKLFKZLOOEHQDPHGDV7DUJHW
ORFDWHGDWDORZ(DUWKRUELW /(2 7KHRUELWLVDVVXPHGWREHFLUFXODU7KHLQVSHFWLRQPLVVLRQ
LVDVVXPHGVXFFHVVIXOLIWKHVRFDOOHG&KDVHUREVHUYHVIRUDFHUWDLQDPRXQWRIWLPHWKHZKROH
7DUJHW)RUWKLVUHDVRQDQ2EVHUYDWLRQ0RGHOLVGHILQHG5HIHUULQJWR)LJXUHIHDWXUHVDUH
LGHQWLILHGLQRUGHUWRKDYHDWRWDOLPDJLQJRIWKH7DUJHW6L[IHDWXUHVDUHWKHFHQWHUVRIWKHIDFHV

)LJXUH2EVHUYDWLRQ0RGHO


RIWKH7DUJHWPHDQWDVDFXEHDQGWKHUHPDLQLQJHLJKWUHIHUWRLWVFRUQHUV7KHREVHUYDWLRQV
RFFXUZKHQHYHUWKH&KDVHULVEHWZHHQDPLQLPXPDQGPD[LPXPGLVWDQFHUREVPLQDQGUREVPD[
ZLWK UHVSHFW WR WKH7DUJHWDQGWKH DQJOHEHWZHHQWKHUHODWLYHSRVLWLRQYHFWRU DQGWKHYHFWRU
FRQQHFWLQJWKHFHQWHUDQGHDFKIHDWXUHLVORZHUWKDQDSUHVFULEHGYDOXH,QDGGLWLRQD.HHSRXW
=RQH .2) LVGHILQHGVLQFHWKH&KDVHUPXVWQRWFRPHFORVHUWKDQDGLVWDQFH UPLQIURPWKH
7DUJHW7KLVOHDGVWRWKH2EVHUYDWLRQPRGHOFRPSRVHGE\FRQHVDQGDVSKHUHDURXQGWKH
REMHFWLYH)XUWKHUPRUHWKH$WWLWXGHPRWLRQRIWKH7DUJHWLVDVVXPHGWREHNQRZQZKLOHWKH
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$WWLWXGH&RQWURORIWKH&KDVHULVFRQVLGHUHGJLYHQDQGWKHSRLQWLQJFRQVWUDLQWDOZD\VYHULILHG
VLQFHWKHZRUNLVIRFXVHGRQDUHODWLYHJXLGDQFHSUREOHP7KHWRWDOLQVSHFWLRQPLVVLRQPXVW
ODVWPD[LPXPWZRGD\V
4

RELATIVE ORBITAL MECHANICS

:KHQSUR[LPLW\PDQHXYHUVDUHLQYROYHGWKHUHODWLYHHTXDWLRQVRIPRWLRQDUHWKHPRVWVXLWDEOH
WRGHVFULEHWKHPRWLRQRIWKH&KDVHUZLWKUHVSHFWWRWKH7DUJHW7KHQRUPDOL]HGXQSHUWXUEHG
QRQOLQHDUHTXDWLRQVRIPRWLRQ 1(50 XQGHUWKHDVVXPSWLRQRIFLUFXODURUELWDUHH[SUHVVHG
DVIROORZV









ZLWK
7KHSRVLWLRQYHORFLW\DQGWLPHDUHQRUPDOL]HGZLWKUHVSHFWWR
7DUJHW RUELWDO UDGLXV 7DUJHW YHORFLW\PRGXOXVDQGȦZKLFKLV WKHDQJXODUYHORFLW\RIWKH
7DUJHW1(50DUHH[SUHVVHGLQWKH/9/+IUDPHZKHUH[D[LVGHQRWHGDV9EDUGLUHFWLRQLV
GLUHFWHGWRZDUGVWKH7DUJHWRUELWDOYHORFLW\]D[LVGHQRWHGDV$OWLWXGHGLUHFWLRQLVFRQVWDQWO\
DOLJQHGZLWKWKH7DUJHWRUELWDOUDGLXVDQG\D[LVGHQRWHGDV&URVVWUDFNGLUHFWLRQFRPSOHWHV
WKHULJKWKDQGHGFRRUGLQDWHV\VWHP>@6LQFHWKHRUELWRIWKH7DUJHWLVFLUFXODUWKHDQJXODU
YHORFLW\RIWKH/9/+IUDPHLVHTXDOWRWKHRQHRIWKH7DUJHW,QDGGLWLRQ DVVXPLQJWKDWWKH
UHODWLYHSRVLWLRQPRGXOXVLVPXFKVPDOOHUWKDQWKH7DUJHWRUELWDOUDGLXVLWLVSRVVLEOHWRVLPSOLI\
1(50OHDGLQJWRWKHOLQHDUVROXWLRQVRIUHODWLYHPRWLRQGHILQHGE\WKH&:PRGHO7KHH[SOLFLW
VROXWLRQV>@DUH









ZKHUHWLVWKHWLPHDQGWKHVXEVFULSWGHQRWHVWKHLQLWLDOFRQGLWLRQFRPSRQHQWV$QLPSRUWDQW
UHODWLRQ FDQ EH IRUPXODWHG XVLQJ WKH OLQHDU VROXWLRQV )RU WKH LQVSHFWLRQ WKH PRVW VXLWDEOH
WUDMHFWRULHVDUHWKHVRFDOOHG)RRWEDOO2UELWV )2 7KH\DUHSHULRGLFRUELWVZKLFKPDNHVWKH
&KDVHUUHWXUQDWWKHVDPHSRLQWDIWHUDQRUELWDOSHULRGRIWKH7DUJHWXQWLODQH[WHUQDOIRUFHLV
LQWURGXFHG(YHU\WLPHWKHLQLWLDOFRQGLWLRQUHVSHFWVWKHIROORZLQJH[SUHVVLRQ


  


WKHUHVXOWLQJWUDMHFWRU\LVD3HULRGLF1DWXUDO0RWLRQ7UDMHFWRU\ 107 >@
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POLYNOMIAL MAPS VALIDATION

7KHSRO\QRPLDOPDSVH[SUHVVLQJDSDUWLFXODUG\QDPLFVDUHH[WUDFWHGWKURXJK'$&(OLEUDU\
>@E\SHUIRUPLQJD7D\ORUH[SDQVLRQRIWKHVROXWLRQZLWKUHVSHFWWRDUHIHUHQFHFRQGLWLRQ
ZKLFKLQWKLVFDVHLVWKH7DUJHW7KHFRUUHVSRQGLQJPDSVDUHHYDOXDWHGWRREWDLQWKHUHVXOWRI
WKHSURSDJDWLRQRIDGLVSODFHGLQLWLDO FRQGLWLRQIURPWKH7DUJHW7KHYDOLGLW\RIWKHPDSVLV
HVWLPDWHGLQWHUPVRIDFFXUDF\ZLWKUHVSHFWWRWKHQXPHULFDOVROXWLRQZKLFKLVWKHQFRPSDUHG
WR WKH RQH JXDUDQWHHG E\ WKH &: VROXWLRQ 7KH IROORZLQJ H[SUHVVLRQ JHQHUDOL]HV WKH
FRPSXWDWLRQ
  



İUHSUHVHQWVWKHDFFXUDF\ZKLOHxWDQGxS&:DUHUHVSHFWLYHO\WKHQXPHULFDOVWDWHVROXWLRQDQG
WKH SRO\QRPLDO RU WKH &: VROXWLRQV 7KH H[SUHVVLRQ UHSUHVHQWV WKH LQILQLW\ QRUP RI WKH
GLIIHUHQFH EHWZHHQ WKH QXPHULFDOO\ SURSDJDWHG SRVLWLRQ YHFWRU DQG WKH RQH JLYHQ E\ WKH
SRO\QRPLDOPDSVRUWKH&:VROXWLRQ7KH3LFDUG,WHUDWLYH7HFKQLTXH 3,7 DOORZVWRFRPSXWH
SRO\QRPLDOPDSVH[SDQGLQJWKHVROXWLRQZLWKUHVSHFWWRERWKVWDWHDQGWLPH>@7KLVPHWKRG
JXDUDQWHHVWKDWWKHOHYHORIDFFXUDF\RIDJLYHQQRUGHULVUHDFKHGLIWKH3,7LVUHSHDWHGQWLPHV
LQ WKH'$IUDPHZRUN 7KH3,7LV XVHGWR FRPSXWHSRO\QRPLDOPDSVIURP WKHILUVW WR QLQWK
RUGHU7KHLUDFFXUDF\LVWKHQDQDO\VHGZLWKUHVSHFWWRWKH&:VROXWLRQ7KHNH\WRREWDLQPDSV
ZLWKDOHYHORIDFFXUDF\FRPSDUDEOHZLWKWKH&:RQHLVWRXVHUHFXUVLYHSRO\QRPLDOPDSV
$VVXPHWRKDYHDPDSREWDLQHGIRUDJLYHQSURSDJDWLRQWLPH:LWKWKH7DUJHWEHLQJWKH

)LJXUH$FFXUDF\FRPSDULVRQEHWZHHQ3RO\QRPLDOVDQG&:


UHIHUHQFHVWDWHWKHPDSFDQEHHYDOXDWHGWRREWDLQIRUDQ\GLVSODFHGLQLWLDOFRQGLWLRQIURPWKH
7DUJHW WKH FRUUHVSRQGLQJ ILQDO VWDWH DIWHU WKH VHOHFWHG SURSDJDWLRQ WLPH7KHQ WKLV VROXWLRQ
EHFRPHVWKHQHZGLVSODFHGLQLWLDOFRQGLWLRQIURPZKLFKWKHILQDOVWDWHLVFRPSXWHGDQGVRRQ
7KURXJKWKLVWHFKQLTXHRQHFDQLWHUDWHWKHVWDWHHVWLPDWLRQDORQJWKHRUELWIRUORQJHUSURSDJDWLRQ
WLPHVZLWKDEHWWHUDQGPRUHKRPRJHQHRXVDFFXUDF\,QGHHG)LJXUHVKRZVWKDWIRURQHRUELWDO
SHULRGRIWKH7DUJHW SODFHGDWDQDOWLWXGHRI.P WKHDFFXUDF\JXDUDQWHHGE\WKHPDSVLV
FRPSDUDEOHZLWKWKH&:RQH7KHHUURUHYROXWLRQZDVFRPSXWHGE\FRQVLGHULQJWKH&KDVHURQ
DQ,QFOLQHG)RRWEDOO2UELW ,)2 ZLWKWKHIROORZLQJLQLWLDOFRQGLWLRQ>PPPȦ
PVPVPV@
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ALGORITHM



)LJXUH$OJRULWKP)ORZ&KDUW


7KH 6%03 GHVFULEHG LQ WKLV VHFWLRQ LV LQVSLUHG E\ WKH ZRUN >@ 5HIHUULQJ WR )LJXUH  WKH
DOJRULWKPFRQVLVWVRIDSODQQLQJSKDVHDQGDSURSDJDWLRQSKDVH6WDUWLQJIURPDQLQLWLDOVDPSOHG
FRPPDQG VSDFH GHILQHG DV D VHW RI ǻY SRLQWV HDFK SRVVLEOH WUDMHFWRU\ LV REWDLQHG E\ WKH
SURSDJDWLRQ RI WKH LQLWLDO FRQGLWLRQ FRXSOHG ZLWK HDFK FRQWURO LQSXW XVLQJ WKH SRO\QRPLDO
PDSV6LQFHWKH$WWLWXGHPRWLRQRIWKH7DUJHWLVDVVXPHGWREHNQRZQD/RRNXSWDEOHLVXVHG
WRVWRUHWKHRULHQWDWLRQLQIRUPDWLRQRIHDFKIHDWXUH,QWKLVZD\LWLVSRVVLEOHWRFKHFNLIWKH
REVHUYDWLRQFRQVWUDLQWVDUHVDWLVILHGDQGWRFROOHFWWKHWLPHVSHQWLQVLGHHDFKFRQHE\WKH&KDVHU
7KHQDVFRUHLVDVVRFLDWHGWRHDFKSRVVLEOHPDQHXYHUDQGLVGHILQHGDVIROORZV






ȦȖDQGȦǻYDUHZHLJKWLQJWHUPVVHOHFWHGLQRUGHUWRHQGRUVHIRUPDQHXYHUVZKLFKJXDUDQWHHVD
FORVHUHODWLYHGLVWDQFHRUDSURSHOODQWFRQVXPSWLRQPLQLPL]DWLRQ7KHWHUPILQWHJUDWHGRYHU
WKHSURSDJDWLRQWLPHWILVFRPSXWHGDV









7JRDO LV WKH PLQLPXP WLPH WKDW WKH &KDVHU PXVW VSHQG LQVLGH HDFK FRQH QS 7REVL LV WKH WRWDO
REVHUYDWLRQWLPHRIHDFKIHDWXUHREWDLQHGIURPWKHEHJLQQLQJRIWKHPLVVLRQXSWRWKHFXUUHQW
PDQHXYHU HYDOXDWLRQ DQG 7XVHIXOL LV WKH XVHIXO DGGLWLRQDO WLPH VHW WR ]HUR LI WKH IHDWXUH KDV
DOUHDG\EHHQREVHUYHGIRU7JRDO7KHSDUDPHWHUİ7HQVXUHVWKDWWKHDGGLWLRQRIWKHREVHUYDWLRQ
WLPH FORVH WR WKH FRPSOHWLRQ VWLOO JLYHV D KLJK VFRUH 7KH WZR VXPPDWLRQ WHUPV SUHYLRXVO\
GHVFULEHGDUHPXOWLSOLHGE\DWHUPUHODWHGWRWKHSURSHOODQWFRQVXPSWLRQH[SUHVVHGDVǻYZKLFK
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DUHWKHEXUQVFRPLQJIURPWKHLQLWLDOVDPSOHGFRPPDQGVSDFH,QDGGLWLRQWKHVFRUHFDQEH
H[SORLWHGWRJXDUDQWHHSDVVLYHVDIHW\EHWZHHQ&KDVHUDQG7DUJHW:KHQDSDUWLFXODUSDWKPDNHV
WKH&KDVHUPRYHWRZDUGVWKH.2=WKHVFRUHLVVHWWR]HURLQRUGHUWRGLVFDUGWKHFRUUHVSRQGLQJ
WUDMHFWRU\GXULQJWKHFKRLFHRIWKHRSWLPDOPDQHXYHU7KHVDPHLVGRQHZKHQWKH&KDVHUJRHV
IDUWKHUWKDQDSUHVFULEHGYDOXHUPD[WRDYRLGHVSDFHPDQHXYHUV$IWHUREWDLQLQJWKHVFRUHIRU
HDFKSRVVLEOHPDQHXYHUDKHXULVWLFUHILQHPHQWLVSHUIRUPHGLQRUGHUWRH[SORUHUHJLRQVRIWKH
LQLWLDOPHVKZKHUHWKHSRLQWVZLWKWKHKLJKHVWVFRUHDUHSODFHG>@2QFHWKHQHZVDPSOHG
FRPPDQGVSDFHLVJHQHUDWHGDOOWKHSUHYLRXVVWHSVDUHUHSHDWHGDQGWKHRSWLPDOPDQHXYHULV
VHOHFWHGDQGH[HFXWHG,QWKHSURSDJDWLRQSKDVHWKHRSWLPDOPDQHXYHULVXVHGWRLQWHJUDWHWKH
1(50DQGREWDLQWKHUHDOSDWKREWDLQHGIURPWKHFKRLFHPDGHLQWKHSUHYLRXVSKDVH$WWKLV
SRLQW LI WKH DOJRULWKP KDV QRW UHDFKHG WKH KLJKOHYHO JRDO 0F RI WKH PLVVLRQ LW FRQWLQXHV
LWHUDWLYHO\ FRPSXWLQJ WKH QH[W RSWLPDO PDQHXYHU XVLQJ DV LQLWLDO FRQGLWLRQ WKH ILQDO RQH
REWDLQHGDVWKHUHVXOWRIWKHSUHYLRXVRSWLPDOWUDMHFWRU\RWKHUZLVHWKHDOJRULWKPVWRSVDQGWKH
PLVVLRQLVDFFRPSOLVKHG7KHKLJKOHYHOJRDO0FLVUHODWHGGLUHFWO\WRWKHVHFRQGVXPPDWLRQ
WHUPRI(TXDWLRQDQGLVFRPSXWHGDVIROORZV






7

SIMULATION AND RESULTS


7KHVLPXODWLRQRIWKHSURSRVHGDOJRULWKPLVSHUIRUPHGWRFRPSDUHWKHXVHRIWKHSRO\QRPLDO
PDSVZLWKWKH&:PRGHO7KHRQO\GLIIHUHQFHLQWHUPVRIFRGHLVLQWKHSODQQLQJSKDVHZKHQ
DOOWKHSRVVLEOHWUDMHFWRU\PXVWEHSURSDJDWHG7KHVLPXODWLRQLVUXQZLWK0DWODEVRIWZDUHRQD

)LJXUH,QVSHFWLRQ6WUDWHJ\


PDFKLQHZLWKDQ,QWHO&RUHL40 SURFHVVRUDW*+]7KHVLPXODWLRQFRQVLGHUV
GLIIHUHQWRUGHUVRISRO\QRPLDOPDSVDQGWKH&:PRGHOVKDULQJWKHVDPHUDQGRPO\JHQHUDWHG
VDPSOHVDQGWKHVDPHLQLWLDOFRQGLWLRQ>PPPȦPVPVPV@LQRUGHUWR
HIIHFWLYHO\KDYHDFRPSDULVRQEHWZHHQWKHWZRPRGHOV5HFDOOLQJ)LJXUHWKHDOJRULWKPFDQ
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REWDLQ DQ LQVSHFWLRQ VWUDWHJ\ ZLWK DQ DFFXUDF\ LQ WKH RUGHU RI FHQWLPHWHU XVLQJ HDFK PRGHO
LQYROYHGWKHUHFXUVLYHSRO\QRPLDOPDSVDUHDEOHWRDSSUR[LPDWHWKHUHDOG\QDPLFVVXFKWKDW
WKH\REWDLQWKHVDPHUHVXOWVRIWKH&:PRGHOLQWHUPVRIREVHUYDWLRQWLPHSHUHDFKIHDWXUH
SURSHOODQW FRQVXPSWLRQ DQG LQVSHFWLRQ RUELWDO SDWKV )LJXUH  VKRZV WKH LQVSHFWLRQ VWUDWHJ\
REWDLQHGIURPDOOWKHPRGHOV7KHDOJRULWKPFKRRVHVRSWLPDOPDQHXYHUVVXFKWKDWWKHUHVXOWLQJ
RUELWDOSDWKVDUHOLNH)2VLQWURGXFHGLQ&KDSWHU,QDGGLWLRQDOVRWKHREVHUYDWLRQWLPHSHU
HDFKIHDWXUHDQGWKHVFRUHFRPSDULVRQZLWKUHVSHFWWRWKHYDOXHREWDLQHGE\LQWHJUDWLQJ1(50
DUHVKRZQLQ)LJXUHVDQG



)LJXUH7RWDO2EVHUYDWLRQWLPHSHUHDFKIHDWXUH )LJXUH6FRUH&RPSDULVRQEHWZHHQWKHQXPHULFDO
VROXWLRQDQGWKHRQHHVWLPDWHGLQWKHSODQQLQJSKDVH

7KHRQO\GLIIHUHQFHEHWZHHQUHFXUVLYHSRO\QRPLDOPDSVDQGWKH&:PRGHO LVUHODWHGWRWKH
FRPSXWDWLRQDO WLPH 7KH IROORZLQJ )LJXUHV VKRZ WKH FRPSXWDWLRQDO WLPH QHHGHG E\ WKH
DOJRULWKPWRILQGDQGVHOHFWHDFKRSWLPDOPDQHXYHUSHUHDFKSRO\QRPLDOPDSIURPWKHILIWKWR
WKHQLQWKRUGHUDQGWKH&:PRGHO





)LJXUH&RPSXWDWLRQDOWLPHRIWKHVL[WKRUGHU
SRO\QRPLDOPDS

)LJXUH&RPSXWDWLRQDOWLPHRIWKHILIWKRUGHU
SRO\QRPLDOPDS

)LJXUH&RPSXWDWLRQDOWLPHRIWKHVHYHQWK
RUGHUSRO\QRPLDOPDS





)LJXUH&RPSXWDWLRQDOWLPHRIWKHHLJKWK
RUGHUSRO\QRPLDOPDS
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)LJXUH&RPSXWDWLRQDOWLPHRI&:PRGHO

)LJXUH&RPSXWDWLRQDOWLPHRIWKHQLQWK
RUGHUSRO\QRPLDOPDS


7KHWDEOHVXPPDUL]HVWKHDYHUDJHFRPSXWDWLRQDOWLPHSHUHDFKUHFXUVLYHSRO\QRPLDOPDSDQG
WKH&:PRGHO

Orders





&:
Average
     
Computational
time [s]
7DEOH$YHUDJH&RPSXWDWLRQDO7LPH

8

CONCLUSIONS

7KH REMHFWLYH RI WKLV ZRUN ZDV WR GHPRQVWUDWH WKH IHDVLELOLW\ RI DQ 226, XVLQJ DQ 6%03
$OJRULWKP EDVHG RQ SRO\QRPLDOV GHVFULELQJ WKH UHDO G\QDPLFV 7KH UHVXOWV VKRZ WKDW WKH
DOJRULWKPDFKLHYHVWKHKLJKOHYHOJRDORIWKHPLVVLRQXVLQJERWKWKHUHFXUVLYHSRO\QRPLDOPDSV
DQG &: PRGHO 7KH PDSV RIIHU DQ DFFXUDF\ ORZHU WKDQ WKH &: RU DW OHDVW HTXDO ZKLOH WKH
FRPSXWDWLRQDOWLPHWHQGVWREHKLJKHUWKDQWKHRQHREWDLQHGE\WKH&:VROXWLRQ7KLVUHVXOWLV
GXHWRKRZWKHSRO\QRPLDOVDUHFRPSRVHG7KHPDSVZLWKKLJKHURUGHUKDYHDKLJKHUQXPEHU
RIPRQRPLDOVWREHFRPSXWHGZKHQWKHSURSDJDWLRQLVSHUIRUPHG)RUWKLVUHDVRQWKHDYHUDJH
FRPSXWDWLRQDOWLPHWHQGVWRLQFUHDVHZLWKWKHRUGHU7KHUHDVRQEHKLQGWKLVUHVXOWLVGXHWRWKH
WLPHUDQJHYDOLGLW\RIWKH VSHFLILFSRO\QRPLDO )URP)LJXUHLWLV FOHDU WKDWWKHWLPHUDQJH
YDOLGLW\RIWKHILIWKRUGHUPDSLVYHU\ORZVHFRQGV7KXVLQRUGHUWRREWDLQDSURSDJDWLRQ
IRURQHKDOIRUELWDOSHULRGWKHPDSKDVWREHUHHYDOXDWHGPDQ\WLPHVOHDGLQJWRDJHQHUDWLRQ
RIDVHULHVRILIFKHFNVWKDWFDQDIIHFWWKHWLPHQHHGHGWRREWDLQWKHRSWLPDOPDQHXYHU7KH
VLPXODWLRQ KDV VKRZQ WKH SRWHQWLDOLW\ RI UHFXUVLYH SRO\QRPLDO PDSV RIIHULQJ LQVSHFWLRQ
VWUDWHJLHVFRPSDUDEOHZLWK UHVSHFW WR WKH&:PRGHO DQGWKHUHDO G\QDPLFVIROORZHGE\WKH
&KDVHU)XWXUHGHYHORSPHQWVRIVXFKDOJRULWKPFDQDFWRQERWKDOJRULWKPLFVWUXFWXUHDQGWKH
DSSUR[LPDWLRQPRGHORIWKHG\QDPLFVVXFKDVFRQVLGHULQJSHUWXUEDWLRQWHUPVLQWKHG\QDPLFV
DQGLQWURGXFLQJRWKHUFRQVWUDLQWVIRUWKHHYDOXDWLRQRIHDFKSRVVLEOHWUDMHFWRULHV

REFERENCES
>@ (XURSHDQ6SDFH$JHQF\$ERXW6SDFH'HEULV
KWWSZZZHVDLQW2XUB$FWLYLWLHV2SHUDWLRQV6SDFHB'HEULV$ERXWBVSDFHBGHEULV  
>@ 03DYRQH%$oLNPHúH,$1HVQDVDQG-6WDUHN6SDFHFUDIW$XWRQRP\&KDOOHQJHVIRU
1H[W*HQHUDWLRQ6SDFH0LVVLRQVLQ³&KDOOHQJHVLQ$HURVSDFH'HFLVLRQDQG&RQWURO$LU
7UDQVSRUWDWLRQ 6\VWHPV /HFWXUH 1RWHV LQ &RQWURO DQG ,QIRUPDWLRQ 6FLHQFHV´ 6SULQJHU
/LQN%HUOLQVol. 460SS  
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>@ ' ' 'XQODS ( * &ROOLQV -U DQG & 9 &DOGZHOO 6DPSOLQJ %DVHG 0RGHO 3UHGLFWLYH
&RQWURO ZLWK $SSOLFDWLRQ WR $XWRQRPRXV 9HKLFOH *XLGDQFH LQ ³3URFHHGLQJ RI )ORULGD
&RQIHUHQFHRQ5HFHQW$GYDQFHVLQ5RERWLFV)&5$5´)ORULGD  
>@ )&DSROXSR60DVW6DPSOLQJ%DVHG5HFHGLQJ+RUL]RQ*XLGDQFHIRUWKH6DIH,QVSHFWLRQ
RI D 7XPEOLQJ 6SDFHFUDIW LQ ³3URFHHGLQJ RI $GYDQFHV LQ WKH $VWURQDXWLFDO 6FLHQFHV
$$6$,$$*XLGDQFH1DYLJDWLRQDQG&RQWURO´Vol. 164  
>@ *5)UH\&'3HWHUVHQ)$/HYH,9.ROPDQRYVN\DQG$5*LUDUG&RQVWUDLQHG
6SDFHFUDIW5HODWLYH0RWLRQ3ODQQLQJ([SORLWLQJ3HULRGLF1DWXUDO0RWLRQ7UDMHFWRULHVDQG
,QYDULDQFH-RXUQDORI*XLGDQFH&RQWURODQG'\QDPLFVVol. 401R  
>@ - $ 6WDUHN ( 6FKPHUOLQJ * ' 0DKHU % : %DUEHH DQG 0 3DYRQH 5HDO7LPH
3URSHOODQW2SWLPL]HG 6SDFHFUDIW 0RWLRQ 3ODQQLQJ XQGHU &ORKHVV\:LOWVKLUH+LOO
'\QDPLFV,((($HURVSDFH&RQIHUHQFH%LJ6N\0786$  
>@ 0%HUW]³0RGHUQ0DS0HWKRGVLQ3DUWLFOH%HDP3K\VLFV´$FDGHPLF3UHVV1HZ<RUN
Chapter 2SS  
>@ 0 %HUW]7KH1HZ0HWKRGRI736$DOJHEUDIRUWKH'HVFULSWLRQRI %HDP '\QDPLFV WR
+LJK 2UGHUV 7HFKQLFDO 5HSRUW $7$71 /RV $ODPRV 1DWLRQDO /DERUDWRU\ /RV
$ODPRV10  
>@ 0 %HUW] DQG . 0DNLQR &26< ,1),1,7< YHUVLRQ  UHIHUHQFH PDQXDO 068 5HSRUW
068+(30LFKLJDQ6WDWH8QLYHUVLW\(DVW/DQVLQJ0,  
>@ '$&(OLEUDU\9HUVLRQ5HOHDVHKWWSJLWKXEFRPGDFHOLEGDFHUHOHDVHV
>@ 3'L/L]LD5$UPHOOLQ)%HUQHOOL=D]]HUDDQG0%HUW]+LJK2UGHU2SWLPDO&RQWURO
RI6SDFH7UDMHFWRULHVZLWK8QFHUWDLQ%RXQGDU\&RQGLWLRQV$FWD$VWURQDXWLFDVol. 93SS
  
>@ :+&ORKHVV\DQG56:LOWVKLUH7HUPLQDO*XLGDQFH6\VWHPIRU6DWHOOLWH5HQGHYRXV
-RXUQDORIWKH$HURVSDFH6FLHQFHVVol. 271RSS  
>@ ' & :RIILQGHQ 2Q2UELW 6DWHOOLWH ,QVSHFWLRQ 1DYLJDWLRQ DQG ǻY $QDO\VLV
0DVVDFKXVVHWV,QVWLWXWHRI7HFKQRORJ\0DVVDFKXVVHWV86$  
>@ 00DVVDUL3'L/L]LD)&DYHQDJRDQG$:LWWLJ'LIIHUHQWLDO$OJHEUD6RIWZDUH/LEUDU\
ZLWK$XWRPDWLF&RGH*HQHUDWLRQIRU6SDFH(PEHGGHG$SSOLFDWLRQ$,$$,QIRUPDWLRQ
6\VWHPV$,$$,QIRWHFK.LVVLPPHH)ORULGD  
>@ - *URWH +LJK2UGHU &RPSXWHU$VVLVWHG (VWLPDWHV RI 7RSRORJLFDO (QWURS\ 3K '
'LVVHUWDWLRQ 'HSDUWPHQW RI 3K\VLFV DQG $VWURQRP\ DQG 0DWKHPDWLFV 0LFKLJDQ 6WDWH
8QLYHUVLW\0LFKLJDQ  
>@ (.RPHQGHUD'-6FKHHUHVDQG%(OL]DEHWK,QWHOOLJHQW&RPSXWDWLRQRI5HDFKDELOLW\
6HWVIRU6SDFH0LVVLRQVLQ³3URFHHGLQJRIWKH7ZHQW\)RXUWK,QQRYDWLYH$SSOLFDWLRQVRI
$UWLILFLDO,QWHOOLJHQFH&RQIHUHQFH´  
>@ (.RPHQGHUD'-6FKHHUHVDQG%(OL]DEHWK(IILFLHQWO\/RFDWLQJ,PSDFWDQG(VFDSH
6FHQDULRVLQ6SDFHFUDIW5HDFKDELOLW\6HWV$,$$$$6$VWURG\QDPLFV6SHFLDOLVW&RQIHUHQFH
0LQQHDSROLV0LQQHVRWD  
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ANALYSIS OF THE DOCKING PHASE BETWEEN TWO
CUBESATS USING A PERMANENT-MAGNET DOCKING
MECHANISM
60ROLQLQL )6WHVLQD


',0($6'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ3RO\WHFKQLFRI7XULQ
&RUVR'XFDGHJOL$EUX]]L7RULQR 72 ,WDO\


ABSTRACT

VLOYLDPROLQLQL#VWXGHQWLSROLWRLW

,QWKHODVW\HDUVVSDFHDFWRUVDUHVKRZLQJDQLQFUHDVLQJLQWHUHVWLQFXEHVDWVIRUDZLGHUDQJH
RIIXWXUHDSSOLFDWLRQV2QHRIWKHQHZFRQFHSWVUHODWHGWRDFXEHVDWPLVVLRQLVWKHUHQGH]YRXV
DQGGRFNLQJFDSDELOLW\,QWKLVFRQWH[WWKHLVVXHLVIRUWKHVSDFHFUDIWWRPDLQWDLQSRVLWLRQDQG
DWWLWXGHZLWKVWULQJHQWDFFXUDF\DQGVWDELOLW\GXULQJDQGDIWHUWKHFRQWDFW7KHSDSHUGHDOVZLWK
WKH DQDO\VLV RI WKH GRFNLQJ SKDVH EHWZHHQ WZR FXEHVDWV MRLQLQJ ZLWK D 3HUPDQHQW0DJQHW
'RFNLQJ 0HFKDQLVP 30'0  7KH SURSRVHG VROXWLRQ DGRSWV PLFURSURSXOVLRQ V\VWHPV WR
SURGXFHWKHUHTXLUHGFRQWURODFWLRQ0(06VHQVRUVDQGWDLORUHGDOJRULWKPVWRHVWLPDWHWKH
UHODWLYHSRVLWLRQZLWKKLJKSUHFLVLRQV7RSHUIRUPWKHDQDO\VLVD0DWODE6LPXOLQNPRGHORIWKH
V\VWHPLVJHQHUDWHGLQFOXGLQJVSDFHFUDIWURWDWLRQDOG\QDPLFDQGNLQHPDWLFDQGUHODWLYHPRWLRQ
EHWZHHQFKDVHUDQGWDUJHWGLVWXUEDQFHWRUTXHVDQGIRUFHVVHQVRUDQGDFWXDWRUVEHKDYLRXUV
DQGXQFHUWDLQW\SDUDPHWHUVLGHQWLILFDWLRQ7KHUHVXOWVVKRZWKDWWKHGRFNLQJPDQRHXYUHVDUH
FRPSOHWHGZLWKWKHUHTXLUHGDFFXUDF\FRQVLGHULQJGLIIHUHQWYDOXHVRIPDJQHWLFIRUFHREWDLQHG
FKDQJLQJWKHFXUUHQWLQWKHFRLOVLQOHVVWKDQVHFRQGV7KHNLQHWLFHQHUJ\GXHWRWKHLPSDFW
LVFRUUHFWO\GDPSHGDQGWKHGHVLUHGDWWLWXGHRIWKHGRFNHGV\VWHPLVTXLFNO\UHFRYHUHGLIDQ
DQJXODUPLVDOLJQPHQWRFFXUV

Keywords: &XEH6DWGRFNLQJPHFKDQLVPFRQWURO
1

INTRODUCTION

7KH UHQGH]YRXV DQG GRFNLQJ 59'  LV EHFRPLQJ D FUXFLDO SKDVH IRU IXWXUH VPDOO VDWHOOLWH
PLVVLRQV7KLVSKDVHLVFKDUDFWHUL]HGE\DVHULHVRIRUELWDOPDQRHXYUHVWRPDLQWDLQFRQWUROOHG
WUDMHFWRULHVLQRUGHUWREULQJDYHKLFOH FKDVHU LQSUR[LPLW\DQGWKHQLQFRQWDFWZLWKDQRWKHU
WDUJHW ,QWKHODVWSDUWRIWKHDSSURDFKWUDMHFWRU\WKHFKDVHUVKDOOUHPDLQLQVLGHWKHQDUURZ
ERXQGDULHVRISRVLWLRQYHORFLWLHVDQGDWWLWXGHDQGDQJXODUUDWHVUHTXLUHG,QSDUWLFXODUWKHPDLQ
IHDWXUHVRIDW\SLFDOGRFNLQJDQGILQDODSSURDFKSURFHVVDUHUHGXFWLRQRIODWHUDODQGURWDWLRQDO
DSSURDFK YHORFLW\ DFKLHYHPHQW RI WKH DSSURDFK ODWHUDO DQG DQJXODU DOLJQPHQW DQG UREXVW
PDWLQJZLWKWKHKRVWLQJGRFNLQJPHFKDQLVPV
7KH SDSHU DLPV DW LQYHVWLJDWLQJ WKH FRQWURO VWUDWHJ\ WR SHUIRUP UHQGH]YRXV DQG GRFNLQJ
PDQRHXYUHVRIWZR&XEH6DWVDGRSWLQJDSHUPDQHQWPDJQHWGRFNLQJPHFKDQLVP,QGHWDLOVWKH
ILQDO PDWLQJ SKDVH WKH SRVWGRFNLQJ G\QDPLFV DQG WKH FRQWURO RI WKH GRFNHG &XEH6DWV DUH
VWXGLHG7RGHVLJQWKHFRQWUROOHUSHUIRUPWKHDQDO\VLVDQGDVVHVVWKHUHVXOWVWKHPDWKHPDWLFDO
PRGHORI&XEH6DWVURWDWLRQDOG\QDPLFVWKHUHODWLYHDQGDEVROXWLRQWUDQVODWLRQDOPRWLRQ DQG
HQYLURQPHQWFRQGLWLRQVZHUHLPSOHPHQWHGLQ0DWODE6LPXOLQN
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DOCKING MECHANISM

7KHGHVLJQDQGVL]LQJRIPDWLQJPHFKDQLVPVGHSHQGRQWKHPLVVLRQREMHFWLYHVWKHFRQGLWLRQV
DWFRQWDFWWKHUHTXLUHPHQWVIRUORDGFDUU\LQJFDSDELOLW\VWLIIQHVVDQGDOLJQPHQWDFFXUDF\
7KH UHTXLUHPHQW IRU HIIHFWLYH DOLJQPHQW IRU FDSWXUH DW WKH ILUVW FRQWDFW FDQ EH PDLQO\
LPSOHPHQWHGE\DFHQWUDOFDSWXUHPHFKDQLVP>@ZKLFKFRQVLVWVRQWKHVLGHRIWKHFKDVHURI
DURG SUREH ZLWKRQHHQGIOH[LEO\FRQQHFWHGWRWKHVSDFHFUDIWVWUXFWXUHDQGRQWKHVLGHRIWKH
SDVVLYHYHKLFOHRIDKROORZFRQH GURJXH UHFHLYLQJWKHWLSRIWKHURGDQGJXLGLQJLWWRWKHFRQH
FHQWUH ZKHUH LW FDQ EH FDSWXUHG 7KH 0,7 /DERUDWRU\ WRJHWKHU ZLWK 1$6$ DQG '$53$
GHYHORSHG WKH 8'3 >@ FKDUDFWHUL]HG E\ DQ DQGURJ\QRXV LQWHUIDFH ZLWK WZR GRFNLQJ SRUWV
KDYLQJDFRPSOHPHQWDU\PHWDOODQFHDQGDQRSHQLQJ7KH$0'6RI0LFKLJDQ$HURVSDFH>@
H[SORLWVDQH[WHQGDEOHSUREHZKLFKLVFDSWXUHGE\WKHGURJXHDQGWKHQUHWUDFWVFDXVLQJWKHWZR
YHKLFOHVWRPDWHEHIRUHDVHULHVRIPHFKDQLFDOODWFKHVVHFXUHVWKHFRQQHFWLRQ,WXVHVDFDEOH
ZLWKDODWFKLQJHQGHIIHFWRUWKDWH[WHQGVLQWRDFRQLFDODOLJQPHQWVRFNHWDQGDQLQHUWUHFHSWDFOH
7KH$5&$'(5SUREHGURJXHGRFNLQJV\VWHPE\WKH8QLYHUVLW\RI3DGXD>@LVFRPSRVHG
E\WZRLQWHUIDFHVDFWXDWHGE\HOHFWURPDJQHWLFDFWXDWRUVZKHUHWKUHHVROHQRLGVFUHDWHWKHVROLG
MRLQW LQ KDUGGRFNLQJ FRQILJXUDWLRQ7KHSUREHSUHVHQWV D FRQLFDO VKDSH ZLWK DPDJQHWLFWLS
PRXQWHG RQ D VSULQJGDPSHU WR DEVRUE FRQWDFW IRUFHV GXULQJ GRFNLQJ SURFHGXUHV ZKLOH WKH
GURJXH KDV D FRQLFDO VKDSH WR PDWFK WKDW RI WKH SUREH 7KH\ SURSRVHG DOVR D WHWKHUHG
PHFKDQLVP 7(' >@FRQVLVWLQJLQDQHOHFWURPDJQHWLFGHYLFHZKRVHSUREHLVFRQQHFWHGWRWKH
FKDVHUE\DWHWKHUZKLFKLVGHSOR\HGWRZDUGVWKHWDUJHWDQGODXQFKHGWKDQNVWRDPHFKDQLVP
7KHSD\ORDGLVFRPSRVHGDOVRRIDGHSOR\DEOHIDFHQDPHG&76DVFLVVRUPHFKDQLVPDEOHWR
GHSOR\WKHWDUJHWDQGJLYHLWVRPHIUHHGRPRIPRYHPHQW7KH$$5H67IOLJKWGHPRQVWUDWRU
XVHVWKHHOHFWURPDJQHWLF.HOYLQ&ODPSGRFNLQJPHFKDQLVP>@,WFRPSULVHVIRXUSXOVHZLGWK
PRGXODWHG+EULGJHGULYHQGXDOSRODULW\SXUHLURQFRUHGHOHFWURPDJQHWVPRXQWHGLQERWKWKH
VSDFHFUDIWV7KHVHDUHFRXSOHGWRWKUHHSUREHGURJXHW\SHPHFKDQLFDOGRFNLQJSRUWVDUUDQJHG
WRIRUPDQGH[WHQGHGDUHDGRFNLQJVXUIDFH
2.1

Permanent-Magnet Docking Mechanism (PMDM)

7KH DQDO\VLV SUHVHQWHG LQ WKLV SDSHU LV EDVHG RQ WKH GRFNLQJ PHFKDQLVP FDOOHG 3HUPDQHQW
0DJQHW 'RFNLQJ 0HFKDQLVP FRPSRVHG E\ D VFLVVRU V\VWHP DQG DQ HOHFWURPDJQHWLF SUREH
GURJXH7KHILUVWLVGHVLJQHGWRGHSOR\WKHWDUJHWVXUIDFHDWDGLVWDQFHRIDWOHDVWPDIWHUWKH
RUELW LQVHUWLRQ JLYLQJ WKH VDWHOOLWH VRPH IUHHGRP RI PRYHPHQW GXULQJ WKH LPSDFW SKDVH
UHGXFLQJ WKH UHTXLUHG PDJQHWLF DWWUDFWLRQ IRUFH DQG WKHUHIRUH SRZHU EXGJHW DQG JLYLQJ WKH
SRVVLELOLW\WRUHSHDWWKHVRIWGRFNLQJVHYHUDOWLPHV




 


D  E  F  G 
)LJXUH D 6FLVVRUPHFKDQLVP E 3D\ORDGFRQILJXUDWLRQ F 0DJQHWVSRVLWLRQLQWKHFXEHVDW
G 0HFKDQLVPSUREHGURJXH
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7DNLQJLQVSLUDWLRQIURPWKH.HOYLQ&ODPSSULQFLSOHZKLFKHPSOR\VDVSKHUHVORWWLQJLQWRD9
JURRYHDUUDQJHGLQWRWKHERG\WKHNLQHPDWLFFRQVWUDLQWLVHVWDEOLVKHGZLWKDFODVVLFDOSUREH
GURJXH FXSDQGFRQH ZKHUHWKHZLGHDFFHSWDQFHFRQHKDVDQHOHFWURPDJQHWLFFRUH
ZKLFKFDQFDSWXUHDVOHQGHUERG\7KHVWDLQOHVVVWHHOSUREHKDVDILQDOVSKHULFDOPDJQHWLFSDUW
RIPPGLDPHWHU$FWLYDWLQJWZRFRXSOHVRIFRLOVLQERWKVDWHOOLWHVWKH\SHUIRUPDPDJQHWLF
FRQWDFW ZKLFK KDV D ORW RI DGYDQWDJHV OLNH QR QDUURZ DWWLWXGH FRQWURO V\VWHP UHTXLUHPHQWV
SRLQWLQJDQGSUR[LPLW\QDYLJDWLRQUHTXLUHPHQWVUHGXFHGORZLPSDFWIRUFHVHOIDGMXVWLQJSUREH
V\VWHPQRLQHUWLDODQGIULFWLRQDOUHVLVWDQFH6XFFHVVIXOGRFNLQJZLWKWKHVHPDJQHWVKDVEHHQ
REVHUYHG IURP D UHODWLYH GLVWDQFH RI DURXQG FPV WR FPV 0RUHRYHU VZLWFKLQJ ERWK WKH
HOHFWURPDJQHWVLQWRUHSXOVLRQPRGHWKHFKDVHULVDEOHWRXQGRFNDQGVORZO\PRYHDZD\
3

MATHEMATICAL MODEL

(TXDWLRQVRIPRWLRQFDQFRQYHQLHQWO\EHXVHGIRUWUDMHFWRU\DQDO\VLVXQWLOWKHFKDVHUYHKLFOHLV
LQWKHFORVHYLFLQLW\RIWKHWDUJHW&RQVLGHULQJWKHFRRUGLQDWHV\VWHP2í[í\í]PRYLQJZLWK
WKHRULJLQ 2 LQDFLUFXODUSDWKDWUDGLXV ZLWKWKHD[HVDQGDVDWHOOLWHPRYLQJLQWKHYLFLQLW\
RIWKHRULJLQ2LWVYHFWRUSRVLWLRQUHODWLYHWRWKHFHQWUDOERG\LV ZKLOHLWVSRVLWLRQUHODWLYHWR
WKHPRYLQJIUDPHLV VRWKHYHFWRUUHODWLRQLV




:LWKWKHDSSUR[LPDWLRQWKDW 5LWLVSRVVLEOHWRREWDLQDQDSSUR[LPDWLQJHTXDWLRQWKDWLV
OLQHDU)RUUHODWLYHQDYLJDWLRQLWEHFRPHVPRUHFRQYHQLHQWWRNHHSRQHRIWKHVSDFHFUDIWVDVD
IL[HGSRLQWIRUH[DPSOHFRQVLGHULQJORRNLQJDWWKHFKDVHUPRWLRQDVDQDVWURQDXWVLWWLQJLQWKH
WDUJHW YHKLFOH ZRXOG 0DGH WKH DVVXPSWLRQV RI VSKHULFDO (DUWK FLUFXODU UHIHUHQFH RUELW DQG
OLQHDUL]HGHTXDWLRQVWKHUHODWLYHPRWLRQFRXOGEHGHVFULEHGE\WKH+LOOHTXDWLRQV

  

  

:KHUH LVWKHDQJXODUIUHTXHQF\RIWKHFLUFXODUWDUJHWRUELW WKHPDVVRIWKHFKDVHUYHKLFOH
DQG *0  PVWKHJUDYLWDWLRQDOSRWHQWLDO7KH[DQG]PRWLRQVDUHFRXSOHG
ZKLOH WKH \ PRWLRQ LV XQFRXSOHG IURP WKHVH 7KH PRWLRQ FDQ EH GLVWXUEHG E\ LPSRVHG
DFFHOHUDWLRQV
7KLVV\VWHPRIOLQHDUWLPHYDU\LQJGLIIHUHQWLDOHTXDWLRQVLVWKH
JHQHUDOV\VWHPYDOLGIRUDQDUELWUDU\UHODWLYHWUDMHFWRU\EHWZHHQDFKDVHUVSDFHFUDIWDQGDWDUJHW
ZKHUHWKHODWWHUPRYHVXQGHUWKHLQIOXHQFHRIDFHQWUDO JUDYLW\ILHOG RQO\DQGFDQEHVROYHG
XVLQJWKH/DSODFHWUDQVIRUPDWLRQPHWKRG
,Q DGGLWLRQ WKH VDWHOOLWH DWWLWXGH FRQWURO UHTXLUHV WKH DQDO\VLV RI WKH G\QDPLF DQG NLQHPDWLF
DWWLWXGH RI WKH VSDFHFUDIW )RU D ULJLG VDWHOOLWH LQ D FLUFXODU RUELW NLQHPDWLFV FRXOG EH
SDUDPHWHUL]HGDFFRUGLQJWRWKH(XOHUWKHRUHPZKLFKVD\VWKDWHDFKVSKHULFDOPRWLRQFDQEH
UHSUHVHQWHGDVDURWDWLRQRIDPSOLWXGHDURXQGDQD[LVSDVVLQJWKURXJKWKHIL[HGSRLQWZLWKWKH
TXDWHUQLRQT,WGHVFULEHVWKUHHZD\JXLGHOLQHVGHJUHHVRIIUHHGRPXVLQJIRXUSDUDPHWHUVDQG
IRUWKHPWREHXQLTXHO\GHILQHGWKH\DUHERXQGWRPRYHRQDK\SHUVSKHUHRIXQLWDU\UDGLXV
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(DFKURWDWLRQFDQEHUHSUHVHQWHGE\DQRUWKRJRQDOPDWUL[HDFKDURXQGRQHRIWKHWKUHHD[HV
%\DSSURSULDWHO\PXOWLSO\LQJWKHWKUHHVLQJOHPDWULFHVWKHURWDWLRQPDWUL[LVREWDLQHG

  

:HFDQFKDUDFWHUL]HWKHWHPSRUDOYDULDWLRQRIWKHTXDWHUQLRQEDVHGRQWKHNQRZOHGJHRIDWWLWXGH
TXDWHUQLRQDQGDQJXODUYHORFLW\RIWKHV\VWHPWKURXJKWKHIROORZLQJGLIIHUHQWLDOHTXDWLRQ
  

 

7KHUHODWLYHNLQHPDWLFPDNHSRVVLEOHWRGHVFULEHWKHRULHQWDWLRQRIWKHV\VWHPDQGWKHUHODWLYH
RQH¶V URWDWLRQV WKURXJK OLQHDU UHODWLRQVKLSV DYRLGLQJ WKH HYDOXDWLRQ RI QXPHURXV IXQFWLRQV
WULJRQRPHWULF 7KLV VWUHDPOLQHV FDOFXODWLRQ WLPH DQG HQVXUHV EHWWHU PDQDJHPHQW HUURU
SURSDJDWLRQHVSHFLDOO\LQWKHQXPHULFDOLQWHJUDWLRQ
7KHURWDWLRQDOG\QDPLFVRIDERG\LVFRPSOHWHO\FKDUDFWHUL]HGE\WKHVHFRQGFDUGLQDOHTXDWLRQ
RIWKHG\QDPLFVZKLFKLQLWVVLPSOHVWIRUPDQGJHQHUDOFDQEHZULWWHQDV
 

7KHHTXDWLRQVRIG\QDPLFVDOORZRQFHLQWHJUDWHGWRGHULYHWKHDQJXODUVSHHGODZRIWKHV\VWHP
7KHNQRZOHGJHRIWKLVPDJQLWXGHLVDEOHWKURXJKWKHHTXDWLRQVRIWKHDWWLWXGHNLQHPDWLFVWR
GHWHUPLQHWKHRULHQWDWLRQRIWKHV\VWHPLQUHIHUHQFHWRDQDSSURSULDWHUHIHUHQFHVHW
0RUHRYHUHDFK8VDWHOOLWHKDVSHUVRQDOSURSHUWLHVLQWHUPVRIPDVVDQGGLPHQVLRQVEXWZKHQ
WZR8FXEHVDWVGRFNWKH\JHQHUDWHD8VSDFHFUDIWZLWKRZQSURSHUWLHV

D



 E 




)LJXUH D 5HODWLYHPRWLRQ E X&XEHVDWGLPHQVLRQV
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Property
0DVV
0RPHQWRILQHUWLDDURXQG[D[LV

60ROLQLQL

,[ 

6u Cubesat
0F NJ
NJP

12u Cubesat
0 NJ
NJP

0RPHQWRILQHUWLDDURXQG\D[LV

,\ 

NJP

NJP

0RPHQWRILQHUWLDDURXQG]D[LV
%DVLV
+HLJKW
'HSWK

,]

3.1

NJP
E P
K P
G P

NJP
EBWF P
KBWF P
GBWF P

7DEOH&XEHVDWVSURSHUWLHV

Disturbance torques and forces

 $HURG\QDPLFIRUFHDQGWRUTXH
,Q /RZ (DUWK 2UELW /(2  RQH RI WKH PRVW VLJQLILFDQW GLVWXUEDQFHV LV WKH GUDJ GXH WR WKH
UHVLGXDODWPRVSKHUH7KHGUDJIRUFHE\WKHUHVLGXDODWPRVSKHUHDFWLQJRQDVSDFHFUDIWLV

  
ZKHUH
LVWKHRUELWDOYHORFLW\ LVWKHGUDJFRHIILFLHQW$LVWKHFURVVVHFWLRQRIWKH
ERG\DQGȡLVWKHDWPRVSKHULFGHQVLW\
7KH DHURG\QDPLF WRUTXH LV JHQHUDWHG PXOWLSO\LQJ WKLV IRUFH IRU WKH GLVWDQFH EHWZHHQ WKH
DSSOLFDWLRQRIWKHIRUFHIURPWKHSUHVVXUHFHQWUHRIWKHVDWHOOLWH
 0DJQHWLFIRUFH
&DOFXODWLQJWKHIRUFHRIDWWUDFWLRQEHWZHHQWZRPDJQHWVLVDQH[WUHPHO\FRPSOH[RSHUDWLRQLW
GHSHQGVRQWKHVKDSHWKHGHJUHHRIPDJQHWL]DWLRQWKHRULHQWDWLRQDQGWKHGLVWDQFHRIWKHWZR
PDJQHWV$QDSSUR[LPDWLRQLVJLYHQE\*LOEHUW¶VPRGHOZKLFKDVVXPHVWKDWWKHPDJQHWLFILHOG
LVEHLQJSURGXFHGE\PDJQHWLFFKDUJHVRQWKHSROHVXUIDFHVRWKHSROHVWUHQJWKFDQEHIRXQGE\
FDOFXODWLQJWKHPRPHQWDVVRFLDWHGZLWKHDFKFRLODQGGLYLGLQJLWE\WKHOHQJWK
  

:KHUHPLVWKHGLSROHVWUHQJWK>$PP@1LVWKHQXPEHURIWXUQV,LVWKHFXUUHQW$LVWKHFURVV
VHFWLRQDODUHDRIHDFKGLSROH>P@/LVWKHOHQJWKRIWKHPDJQHWLFILHOGJDS /FRUH/JDS >P@
,QWKHVLPSOHVWFDVHRIWZRPRQRSROLHVLHWZRK\SRWKHWLFDOSDUWLFOHVFRQVLVWLQJRIDVLQJOH
PDJQHWLFSROHDQGWKHUHIRUHKDYLQJDQHWPDJQHWLFFKDUJHWKHIRUFH>1@LV

  

:KHUH ȝ LV WKH PDJQHWLF SHUPHDELOLW\ RI WKH PHGLXP >+P@ P DQG P DUH SROHV VWUHQJWK
>$PP@ DQG U LV WKH GLVWDQFH EHWZHHQ WKH WZR PRQRSROLHV >P@ %HWZHHQ WZR ERGLHV DOO
LQWHUDFWLRQVFRPHDWDFHUWDLQGLVWDQFHDERG\JHQHUDWHVIRUFHVLQWKHVXUURXQGLQJVSDFHWKDW
DFWRQERGLHVKDYLQJWKHVDPHSURSHUWLHV7KHPDJQHWLFIRUFHEHWZHHQWZRERGLHVRIPDVVHVP
DQGPLVLQYHUVHO\SURSRUWLRQDOWRWKHVTXDUHRIWKHGLVWDQFHDPRQJWKHP
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 0DJQHWLFWRUTXH
6LQFH(DUWKDFWVOLNHDPDJQHWWKHXVHRIDPDJQHWLFGRFNLQJPHFKDQLVPLVSUREOHPDWLFEHFDXVH
DGLVWXUEDQFHWRUTXHLVJHQHUDWHGGXHWRLWVLQWHUDFWLRQZLWKWKHPDJQHWLFILHOGRIWKH(DUWK

  

:KHUH%>ȝ7@LVWKH(DUWKPDJQHWLFILHOGZKLFKLQDQNPRUELWYDULHVEHWZHHQȝ7DWWKH
LVWKHPDJQHWLFPRPHQWRIDOOWKHIRXUVROHQRLGV
HTXDWRUWRȝ7DWWKHSROHVDQG

  

:KHUH,>$@LVWKHFXUUHQW$>P@LVWKHFURVVVHFWLRQDODUHD1>@WKHQXPEHURIWXUQVDQGQ>@
VR
WKHQXPEHURIVROHQRLGV)RUWKHXVHGFRLOVWKHWRWDOPDJQHWLFYDOXHLV
WKHWRUTXHDFWLQJRQWKHGLSROHUHVXOWVEHWZHHQP1PDQGP1PGHSHQGLQJRQODWLWXGH
 *UDYLW\JUDGLHQWWRUTXH
%HFDXVHWKHVDWHOOLWHLVQRWDQLVRWURSLFVSKHUHDWRUTXHLVFUHDWHGE\JUDYLW\ZKLFKWHQGVWR
DOLJQWKHD[LVRIPLQLPXPPRPHQWRILQHUWLDRIWKHVDWHOOLWHYHUWLFDOO\7KHJUDYLW\JUDGLHQW
WRUTXHIRUDULJLGERG\LQRUELWFDQEHH[SUHVVHGDV

  

:KHUH LVWKH(DUWKJUDYLWDWLRQDOSDUDPHWHUU LVWKHUDGLXVRIWKHRUELW
LVDXQLWYHFWRU
LVWKHLQHUWLDPDWUL[RIWKHVDWHOOLWH
LQWKHERG\IUDPHSRLQWLQJWRZDUGORFDOQDGLUDQG
 6HQVRUVEHKDYLRXUHPXODWLRQ
2QHRIWKHPRVWLPSRUWDQWUHTXLUHPHQWVIRUVDWHOOLWHQDYLJDWLRQLVWKDWLQWKHYLFLQLW\RIWKH
GRFNLQJSRUWWKHQDYLJDWLRQHUURUVVKDOOEHFRPHVPDOOHQRXJKWRNHHSWKHFRQWUROHUURUVZLWKLQ
WKHUHFHSWLRQUDQJHRIWKHGRFNLQJPHFKDQLVP ,QFOXGLQJWKHVHQVRUPHDVXUHPHQWHUURUWKH
DFWXDOSRVLWLRQ[DFWDQGYHORFLW\ DFWPD\EHGHILQHGDV

  


ZKHUH[WK WK LVWKHQRPLQDO[ FRPSRQHQWǻ[ ǻ WKHSRVLWLRQ YHORFLW\ PHDVXUHPHQW
HUURU$VWKHVHHUURUVDUHDIXQFWLRQRIWKHUDQJHRIWKHDFWXDOWUDMHFWRU\SRLQWDRIUDQJH
VHQVRUDFFXUDF\LQDFORVHGORRSFRQWUROOHGV\VWHPPD\SHUPLWKLJKSRVLWLRQDFFXUDF\
 $FWXDWLRQVLPXODWLRQ
7KHFRQWUROOHGV\VWHPPXVWJLYHDVWHDG\VWDWHHUURURISRVLWLRQDQGYHORFLWLHVLQWRWKHOLPLWVRI
FPDQGFPV7KHFRQWUROOHUPXVWEHVXIILFLHQWO\UREXVWZLWKRXWEHLQJWRRVHQVLWLYHWRSODQW
GLVWXUEDQFHV DQG WKH FRQWURO VLJQDO VKRXOG EH NHSW VPDOO WR PLQLPLVH WKH SURSHOODQW
FRQVXPSWLRQ$3URSRUWLRQDO,QWHJUDWLYH±'HULYDWLYHFRQWUROOHUKDVEHHQXVHG
0RUHRYHUDVWKHDFWXDWLRQV\VWHPRIWKHFXEHVDWLVFRPSRVHGRIPXOWLSOHVWKUXVWHUVIRUFKDQJHV
LQWKHRUELWSODQHWKHDWWLWXGHFRQWUROWDNHVSODFHWKURXJKFRQWUROV\VWHPVE\WXUQLQJRQRIIWKH
JDVMHWV :HFRQVLGHU D 0L36&ROG *DV7KUXVWHUZKLFKSURGXFHWKUXVW E\ WKHH[SXOVLRQRI
EXWDQHDQLQHUWQRQWR[LFSURSHOODQWVWRUHGLQKLJKSUHVVXUH,WSURYLGHVDP1WKUXVWDQGD
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VSHFLILFLPSXOVHVRDVDWXUDWRUWROLPLWWKHVLJQDOLQDUHDOUDQJHRIYDOXHVDQGDTXDQWL]HU
WRVLPXODWHWKHUHDOEHKDYLRXURIDWKUXVWHUDUHQHHGHG
7KH G\QDPLF DQG NLQHPDWLF URWDWLRQDO PRWLRQ RSHUDWHV ZLWK D WRUTXH FRQWURO DQG JLYHV DV
RXWSXWVWKHDQJXODUPLVDOLJQPHQWVLQWKHWKUHHD[HV7KHFRQWUROOHULVDVDWXUDWHGDQGTXDQWL]HG
3'UHJXODWRUWKDWDFWVRQWKHTXDWHUQLRQDQGWKHERG\ORFDOYHORFLW\
4

SIMULATIONS RESULTS

4.1

Experimental setup definition

&RQVLGHULQJPUHODWLYHGLVWDQFHEHWZHHQWDUJHWDQGFKDVHUDVLQLWLDOFRQGLWLRQPRUHVWDUWLQJ
SRLQWV IRU WKH VLPXODWLRQ KDYH EHHQ FRQVLGHUHG LQ RUGHU WR LQYHVWLJDWH WKH V\VWHP EHKDYLRXU
GXULQJWKHPDWLQJSKDVHIURPSRVLWLRQVDQGYHORFLWLHVGLIIHUHQWIURPWKHVWUDLJKWOLQHDQGDQ
DQJXODUPLVDOLJQPHQWIURPWR
*RLQJ LQWR GHWDLOV DW FRQWDFW WKH FRQWURO V\VWHP RI WKH FKDVHU PXVW KDYH DFKLHYHG ODWHUDO
SRVLWLRQDQGDQJXODUDOLJQPHQWZLWKWKHWDUJHWGRFNLQJPHFKDQLVPVXFKWKDWWKHUHVLGXDOHUURUV
ILWLQWRWKHUHFHSWLRQUDQJHRIWKHGRFNLQJLQWHUIDFHV7KUHHFRQFHSWVRIDSSURDFKFRQWUROKDYH
EHHQFRQVLGHUHGD WKHSRVLWLRQRIWKHWDUJHWFHQWUHRIPDVVE WKHSRVLWLRQRIWKHWDUJHWGRFNLQJ
SRUWF WKHSRVLWLRQDQGWKHUHODWLYHDWWLWXGHRIWKHWDUJHWGRFNLQJSRUW






)LJXUH$SSURDFKFRQWUROFRQFHSWVIRUGRFNLQJ


,QDGGLWLRQZLWKQRDWWLWXGHRUDQJXODUHUURUVFKDQJLQJWKHPDJQHWLFIRUFHWKHUHODWLYHGLVWDQFH
EHWZHHQWDUJHW DQGFKDVHUWKDWDFWLYDWHVLWVHOI FKDQJHVWRR$ YDULRXVVHWRIVLPXODWLRQV KDV
EHHQGHILQHGZKRVHRSHUDWLQJFRQGLWLRQVLQ7DEOHDUHUHSRUWHG


Constant parameters
Sim # Initial positions [x, y, z]
Initial speeds [
]
$OWLWXGH
NP

>PPP@
>PVPVPV@
2UELWDOSHULRG
PLQ VHF 

>PPP@
>PVPVPV@
(DUWKPDJQHWLFILHOG
% ȝ7

>PPP@
>PVPVPV@
(DUWKDQJXODUVSHHG

>PPP@
>PVPVPV@
F  UDGV
&KDVHUDQJXODUVSHHG

>PPP@
>PVPVPV@
F  UDGV
Sim # Initial quaternion q0
Initial misalignment [Z Y X]
Sim #
Force (Fcoils)
Relative distance

>@
>@

1
P

>@
>@

1
P

>@
>@

1
P

>@
>@

1
P

>@
>@

1
P


7DEOH2SHUDWLQJSDUDPHWHUV


7KH )LJXUH  VKRZV WKH VLPXODWLRQV UHVXOWV LQFUHDVLQJ WKH LQLWLDO PLVDOLJQPHQW LQ WHUPV RI
SRVLWLRQ D DQGVSHHG E UHVSHFWWRWKH9EDUGLUHFWLRQWKHWLPHLQZKLFKWKHPDJQHWVHQWHULQ
FRQWDFWGHFUHDVHVZKLOHDVWDUWLQJDQJXODUPLVDOLJQPHQWWLOORQWKHWKUHHD[HV FGH LV
UHFRYHUHGLQDURXQGVHFRQGV
7KH PDWLQJ SKDVH KDSSHQV LQ D VKRUWHU WLPH LI WKH PDJQHWLF IRUFH GURSV ZKLOH WKH UHODWLYH
GLVWDQFH EHWZHHQ WKH WZR VDWHOOLWHV ULVHV 'XULQJ GRFNLQJ WDUJHW DQG FKDVHU H[FKDQJH D
PDJQHWLFIRUFHDWFRQWDFWZKLFKFDXVHVDQJXODUPLVDOLJQPHQWV IJK UHFRYHUHGLQDURXQG
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VHFRQGVWRR7KH\DUHGXHWRWKHFRXSOHJHQHUDWHGIURPWKHLPSXOVLYHIRUFHPXOWLSOLHGIRUWKH
GLVWDQFHEHWZHHQWKHPDJQHWDQGWKHFHQWUHRIPDVV








)LJXUH6LPXODWLRQVUHVXOWV D 5HODWLYHSRVLWLRQ E 5HODWLYHVSHHG
FGH ,QLWLDOPLVDOLJQPHQWDQJOHV IJK 0LVDOLJQPHQWDQJOHVDIWHUGRFNLQJ
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ABSTRACT
,QWKHSUHVHQWHUDWKHSRVVLELOLW\WRJHQHUDWHHOHFWULFDOHQHUJ\IURPDQRSHUDWLRQDOHQYLURQPHQW
LVDFULWLFDOIDFWRUIRUDQDHURVSDFHLQGXVWU\SDUWLFXODUO\WRGULYHPLFURHOHFWURQLFFRPSRQHQWV
,Q WKLV UHVHDUFK D VROXWLRQ IRU HQHUJ\ KDUYHVWLQJ PHFKDQLVP EDVHG RQ IOXLGVWUXFWXUH
LQWHUDFWLRQ )6, LVLQYHVWLJDWHGYLDH[SHULPHQWDOFDPSDLJQ7KHSRVVLELOLW\WRKDUYHVWHQHUJ\
IURP/LPLW&\FOH2VFLOODWLRQV /&2V E\PHDQV RISLH]RHOHFWULFWUDQVGXFWLRQLVLQYHVWLJDWHG
H[SHULPHQWDOO\$W\SLFDOFRQGLWLRQIRUHQHUJ\KDUYHVWLQJZKLFKUHTXLUHVDVWURQJLQWHUDFWLRQ
EHWZHHQWKHH[WHUQDOHQHUJ\DQGWKHFRPSRQHQWVZKHUHWKHKDUYHVWHULVHPEHGGHG0RUHRYHU
WKHIOXWWHULQVWDELOLW\RIDFDQWLOHYHUHGIODJZLWKSLH]RHOHFWULFDQGDOXPLQLXPSDWFKHVVXEMHFWHG
WR DQ D[LDO IORZ KDV EHHQ H[SHULPHQWDOO\ VWXGLHG 7KH SUDFWLFDO LQWHUHVW RI WKLV LQVWDELOLW\
PHFKDQLVP ZKLFK FDQ OHDG WR VHOIVXVWDLQHG RVFLOODWLRQV LV WKH SRVVLEOH DSSOLFDWLRQ LQIORZ
HQHUJ\ KDUYHVWLQJ 7KH SUHVHQWHG PRGHO LV VXLWDEOH WR KDUYHVW HQHUJ\ DQG WR GULYH ZLUHOHVV
VHQVRUV7KHPD[LPXPSRZHURXWSXWREWDLQHGE\WKHGHVLJQHGSLH]RHOHFWULFDHURHODVWLFHQHUJ\
KDUYHVWHU 3$(+ LVIRXQGWREHP:IRU.RIUHVLVWDQFH

Keywords: 3LH]RHOHFWULF(QHUJ\+DUYHVWHU)ODJ)OXWWHU$HURHODVWLF
1

INTRODUCTION

7KHSLH]RHOHFWULFPDWHULDOSOD\VDQLPSRUWDQWUROHLQWKHILHOGRIHQHUJ\KDUYHVWLQJDVWKH\FDQ
JHQHUDWH HOHFWULFDO HQHUJ\ IURP H[WHUQDO VWUHVVHV DQG WKLV HQHUJ\ FDQ EH XWLOL]HG WR SRZHU
ZLUHOHVV VHQVRUV RU DFWXDWRUV KDYLQJ YDVW DSSOLFDWLRQV LQ WKH ILHOG RI DHURVSDFH LQGXVWU\
3LH]RHOHFWULFPDWHULDOVKDYHKLJKSHUIRUPDQFHDQGFDQEHPDQXIDFWXUHGLQDQ\VFDOHZLWKIHZHU
FRPSOLFDWLRQV>@7KLVHQHUJ\FDQDOVREHVWRUHGLQEDWWHULHVWRSHUIRUPYDULRXVWDVNVODWWHUO\
)RUHOHFWURPHFKDQLFDOLQWHUDFWLRQWZRW\SHVRISLH]RHOHFWULFLW\SKHQRPHQDFDQRFFXU>@%RWK
GLUHFWDQGFRQYHUVHSLH]RHOHFWULFHIIHFWVKDYHEHHQDSSOLHGVLQFHWKHQLQQXPHURXVDSSOLFDWLRQV
WRHQKDQFHWKHVHQVRULDO DQGDFWXDWLRQFDSDELOLWLHVDORQJZLWKWKHHYROXWLRQRISLH]RHOHFWULF
PDWHULDOV>@7KHLPSRUWDQFHRIWKHSLH]RHOHFWULFEDVHGV\VWHPPRGHOOLQJLVZLGHO\HPSKDVL]HG
LQ WKHOLWHUDWXUHDQGPDQ\FRPPHUFLDOO\DYDLODEOHWRROVKDYHEHHQGHYHORSHGIRUWKHEHDP
SODWH DQG VKHOO W\SH RI KDUYHVWHUV > @ 7KH\ KDYH D ZLGH UDQJH RI DSSOLFDWLRQV LQ VPDUW
VWUXFWXUHV>@DQGPLFUR1DQRHOHFWURPHFKDQLFDOV\VWHPV>@$ORWRIUHVHDUFKKDVEHHQ
GRQHRQWKHFRXSOLQJRISLH]RHOHFWULFPDWHULDOIRUWKHDSSOLFDWLRQRIHQHUJ\KDUYHVWLQJDQGPDQ\
GHVLJQVKDYHEHHQSUHVHQWHG>@.LPHWDOSUHVHQWHGLQWKHGHWDLOHGLPSURYHGPRGHOIRU
DEVRUELQJWKHYLEUDWLRQVIURPVXUURXQGLQJVDQGFLUFXLWU\IRUHQHUJ\KDUYHVWLQJDSSOLFDWLRQVE\
FRPELQLQJWZRKDUYHVWHUVLQWRRQH>@,PSURYHGFLUFXLWU\FDQUHVXOWLQKLJKHUHIILFLHQF\RI
WKHKDUYHVWLQJV\VWHPDQGLWFDQEHLPSURYHGE\XVLQJYDULDEOHH[WHUQDOUHVLVWDQFHLQWKHFLUFXLW
WR SUHGLFW WKH RSWLPDO UHVLVWDQFH > @ 7KH WRSLF RI HQHUJ\ KDUYHVWLQJ LV RI VLJQLILFDQW
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LPSRUWDQFHIURPWKHODVWIHZGHFDGHVDQGWKHGHYHORSPHQWLQWKLVILHOGKDVUHYROXWLRQL]HGWKH
PLFURHOHFWURPHFKDQLFDO V\VWHPV 7KH SLH]RHOHFWULF VHQVRUV DQG WUDQVGXFHUV WKDW DEVRUE
DPELHQWHQHUJ\IURPYLEUDWLRQVDUHYHU\PXFKLQGHPDQGEHFDXVHRIWKHLUHQHUJ\KDUYHVWLQJ
FDSDELOLW\>@7KHHQHUJ\JHQHUDWHGE\WKHSLH]RHOHFWULFKDUYHVWHUVFDQEHXWLOL]HGHLWKHUWR
SRZHUPLFURHOHFWURQLFV\VWHPVRUFDQEHVWRUHGLQEDWWHULHV0DQ\UHVHDUFKHUVKDYHHPSKDVL]HG
RQVHOISRZHUHGVHQVRUVDQGDFWXDWRUVUDWKHUWKDQUHO\LQJRQEDWWHULHV$VEDWWHULHVDUHKHDY\LQ
ZHLJKWDQGWKHLUPDLQWHQDQFHFRVWLVKLJKVRPHWLPHVLPSRVVLEOHLHLQVXERUELWDOPLVVLRQV
6R WKLV JDS RSHQV D FKDQFH IRU SLH]RHOHFWULF KDUYHVWHUV WR GHYHORS VHOISRZHUHG SRUWDEOH
HOHFWURQLFGHYLFHV7KH SLH]RHOHFWULFEDVHGKDUYHVWHUVDUHOLJKW LQ ZHLJKWDQGDUHFDSDEOHRI
VHOIGHSHQGHQW DFWXDWLRQ7KHVHKDUYHVWHUVDUHFDSDEOHRIRSHUDWLQJZLUHOHVV VHQVRUVLHIRU
VXERUELWDOPLVVLRQVDQGKDYHQXPHURXVDSSOLFDWLRQVDVVPDUWVWUXFWXUHVLQWKHILHOGRIDHURVSDFH
>@

7KHFRXSOLQJEHWZHHQWKHVWUXFWXUHDQGIORZKDSSHQVEHFDXVHWKHQDWXUDOERXQGDU\FRQGLWLRQV
RIWKHVWUXFWXUHDUHPXWXDOO\LQIOXHQFHGE\WKHIORZDQGVWUXFWXUH7KLVUHVXOWVLQDQLQWULQVLFDOO\
XQVWDWLRQDU\SKHQRPHQRQZKLFKLVFRPSOH[DQGLWLVQRWSRVVLEOHWRFRQVLGHUWKHIORZDQG
VWUXFWXUHVHSDUDWHO\>@7KHDHURHODVWLFKDUYHVWHUWHQGVWRIODSZKHQWKHFULWLFDOYHORFLW\
RI WKH IORZ DULVHV LH IOXWWHU YHORFLW\ 7KLV IOXWWHU YHORFLW\ LV GHSHQGHQW RQ WKH PHFKDQLFDO
SURSHUWLHV RI WKH VXUURXQGHG V\VWHP DQG WKH IORZLQJ PHGLD 7KH DHURHODVWLF KDUYHVWHU LV
FRQVLGHUHGQRWWREHVWDEOHDQ\PRUHLQLWVXQSHUWXUEHGFRQGLWLRQDIWHUWKLVFULWLFDOYHORFLW\RI
WKHIORZDQGWKHVWDEOHRVFLOODWLRQVDULVHV /&2V ZKLFKWHQGVWRVWDELOL]HWKHV\VWHP>@,Q
SK\VLFDOWHUPVLWPHDQVWKDWWKHDHURHODVWLFV\VWHPLVJRLQJWKURXJKWKH+RSIELIXUFDWLRQ>
@0DQ\UHVHDUFKHUVKDYHZRUNHGRQWKHVHOIH[FLWHGRVFLOODWLRQVDVWKHVHDUHYHU\ULFKIURP
WKHG\QDPLFSRLQWRIYLHZ>@7KHVHRVFLOODWLRQVFDQSOD\DYLWDOUROHLQWKHPHFKDQLVPRI
HQHUJ\KDUYHVWLQJDVWKHVHRVFLOODWLRQVFDQEHWUDQVIHUUHGWRWKHSLH]RHOHFWULFSDWFKIURPWKH
DLUIRLO H[SHULHQFLQJ DLUIORZ 7KH SLH]RHOHFWULF SDWFK XWLOL]HV WKHVH RVFLOODWLRQV WR KDUYHVW
HOHFWULFDOHQHUJ\>@




)LJXUH6XEFULWLFDO+RSIELIXUFDWLRQRINQHHOLNHVKDSH>@


,QGHVLJQLQJRI3$(+LWLVLPSRUWDQWWRFRQVLGHUWKHSKHQRPHQRQRIIOXWWHUEHQLJQDQGSUH
FULWLFDORUSRVWFULWLFDOIOXWWHU>@7KHILUVWFDVHGHILQHVWKHWHQGHQF\RIWKHV\VWHPWRVWDEOH
/&2VDERYHWKHOLQHDUIOXWWHUVSHHGVXSHUFULWLFDO+RSIELIXUFDWLRQDVVKRZQLQ)LJXUH:KLOH
LQWKHVHFRQGFDVHWKHUHLVDSRVVLELOLW\WKDWV\VWHPJRHVWKURXJKLQVWDELOLW\HYHQEHORZWKH
OLQHDUIOXWWHUVSHHGIRUYDOXHVRI99)7KLVFRQGLWLRQRFFXUVLIWKHLQLWLDOFRQGLWLRQVDUHKLJK
HQRXJK LH VXEFULWLFDO +RSI ELIXUFDWLRQ $ V\VWHP ZLOO JR WKURXJK D VXGGHQ DPRXQW RI
GHVWUXFWLYH LQVWDELOLW\ LI LW OLHV EHORZ WKH OLQHDU IOXWWHU VSHHG 9) >@ )LJXUH  GHSLFWV WKH
VXEFULWLFDO +RSI ELIXUFDWLRQ WKDW RFFXUV ZKHQ WKH IORZ YHORFLW\ LV OHVV WKDQ OLQHDU IOXWWHU
YHORFLW\7KHNQHHLQWKHELIXUFDWLRQGLDJUDPUHSUHVHQWVWKHXQVWDEOH/&2VWHQGVLQWRDVWDEOH
RQH>@
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7KH HQHUJ\ KDUYHVWLQJ IURP SLH]RHOHFWULF WUDQVGXFWLRQ LQ DQ DHURHODVWLF V\VWHP LV RI JUHDW
LQWHUHVWIRUPDQ\UHVHDUFKHUV>@(OYLQHWDOSUHVHQWHGWKHGLVWULEXWHGSDUDPHWULFPRGHOIRU
HOHFWURPHFKDQLFDO HQHUJ\ KDUYHVWLQJIURPFDQWLOHYHUEHDP >@ 7KHRGRUVHQ¶VSUHVHQWHGWKH
FODVVLFDODHURHODVWLFPRGHOEDVHGRQIOXWWHUIRUDVPDOODQJOHRIDWWDFN>@ZKLOH%HUDQHWDO
SUHVHQWHGWKHDHURHODVWLFPRGHOIRUODUJHDQJOHRIDWWDFNE\DGGLQJTXDVLVWHDG\DSSUR[LPDWLRQ
>@0XWXULHWDOSUHVHQWHGWKDWDPSOLWXGHRI/&2VUHPDLQVWHDG\IRUWKHQRQOLQHDUDHURHODVWLF
V\VWHPLIWKH\DUHLQLWLDOO\H[FLWHGRYHUWKHFULWLFDOYDOXH>@$EGHONHILHWDOGHPRQVWUDWHGWKH
HIIHFWRIOLQHDUDQGQRQOLQHDUWRUVLRQDOVSULQJLQ3$(+VDQGHPSKDVL]HGRQWKHRSWLPL]DWLRQRI
WKHORDGUHVLVWDQFH>@:XHWDOSUHVHQWHGWKHHIILFLHQF\RI3$(+EDVHGRQIOXWWHUPHFKDQLVP
E\DQDO\]LQJWKHSRVLWLRQRIWKHHODVWLFD[LV>@%DRHWDOSUHVHQWHGWKH3$(+EDVHGRQVWDOO
IOXWWHUDQGWKHRXWSXWRI:KDVEHHQREWDLQHGXQGHUWKHVHYLEUDWLRQV>@(ODKLHWDO
GHPRQVWUDWHGWKHLPSRUWDQFHRIWKHDHURG\QDPLFPRGHOIRUWKHWUXHSUHGLFWLRQRISHUIRUPDQFH
DQG HYDOXDWLRQ RI WKH 3$(+ 0RUHRYHU LW LV VWUHVVHG WKDW WKH HYDOXDWLRQ RI WKH WUXH V\VWHP
VWDELOLW\PDUJLQLVSRVVLEOHRQO\LIXQVWHDG\DHURG\QDPLFPRGHOLVFRQVLGHUHG>@
:LWKWKHSHUVSHFWLYHRIXVLQJWKHIOXWWHUSKHQRPHQRQIRUHQHUJ\KDUYHVWLQJSXUSRVHVDGHHSHU
FRPSUHKHQVLRQ RI WKH G\QDPLFV RI WKH IOXLGVWUXFWXUH LQWHUDFWLRQ RI D FDQWLOHYHUHG IODJ LV
UHTXLUHG 7KLV SDSHU DLP WRZDUGV WKH H[SHULPHQWDO HYDOXDWLRQ RI D SLH]RHOHFWULF HQHUJ\
KDUYHVWHUEDVHGRQIODJIOXWWHU7KH/&2VDUHWKHFDXVHRIHQHUJ\KDUYHVWLQJLQWKHGHVLJQHG
3$(+)XUWKHULWLVVKRZQWKDWWKHGHVLJQHG3$(+LVHIIHFWLYHDQGFDQEHXWLOL]HGLQPDQ\
DHURVSDFH LQGXVWULDO DSSOLFDWLRQV WR GULYH PLFURHOHFWURQLF GHYLFHV 7KH HQHUJ\ KDUYHVWLQJ
PHFKDQLVPIRUWKH3$(+DQGWKHH[SHULPHQWDOPRGHORIWKHKDUYHVWHULVHODERUDWHGLQ6HFWLRQ
0RUHRYHUGLVFXVVLRQRQWKHSHUIRUPDQFHRI3$(+LVDQDO\VHGLQ6HFWLRQ

2

EXPERIMENTAL SETUP


,QWKLVUHVHDUFKZRUNWKHKDUYHVWHULVEXLOWE\DQDLUIRLODSSUR[LPDWHGDVDSODWHDVVKRZQLQ
)LJ7KHELPRUSKFRQILJXUDWLRQLVVHOHFWHGIRU3$(+7ZRSDWFKHVRI3,&DUHDWWDFKHG
WR WKH JODVV ILEHU SODWH RQ WKH IL[HG HQG DWWDFKHG ZLWK H[WHUQDO FLUFXLWU\ :KHQ DQ DLUIRLO LV
VXEMHFWHGWRDLUIORZWKHRVFLOODWLRQVZLOOEHWUDQVIHUUHGIURPDQDLUIRLOWRWKHSLH]RHOHFWULFSDWFK
WKDWUHVXOWVLQSKHQRPHQRQRIHQHUJ\KDUYHVWLQJ7KHRYHUDOOPHFKDQLVPRI3$(+LVVKRZQLQ
)LJ7KHPDWHULDOSURSHUWLHVRIWKHJODVVILEHUDQGWKHSLH]RHOHFWULFSDWFKDUHVKRZQLQ7DE




)LJXUH3$(+H[SHULPHQWDOPHFKDQLVP


7KHH[SHULPHQWDWLRQKDVEHHQFDUULHGRXWLQWKHVWUXFWXUDOG\QDPLFODERUDWRU\DQGZLQGWXQQHO
ODERUDWRU\RIWKH'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ ',0$ 8QLYHUVLW\
RI5RPH³/D6DSLHQ]D´7KHZLQGWXQQHOXVHGIRUWKHH[SHULPHQWVKDVDFLUFXODUWHVWFURVV
VHFWLRQZLWKDGLDPHWHURIPDQGLWFDQSURYLGHDPD[LPXPDLUIORZRIPV 7KHPHDQ
IORZYHORFLW\ZDVPHDVXUHGDQGFRQWUROOHGE\D3LWRWVWDWLFWXEH$KLJKVSHHGYLGHRFDPHUD
3KRWURQ)DVWFDP0LQL$;DOLJQHGZLWKWKHYHUWLFDOD[LVZDVIL[HGDWWKHWRSRIWKHZLQGWXQQHO
7KH FDPHUD ZDV RSHUDWLQJ DW ISV ZLWK D îSL[HO UHVROXWLRQ 7KH FDPHUD
YLVXDOL]DWLRQVZHUHXVHGWRH[WUDFWWKHIOXWWHUDPSOLWXGH$DQGLWVIUHTXHQF\IE\GHWHFWLQJLQ
HDFKVQDSVKRWRIWKHSODWHWKHGHIOHFWLRQRILWVWLS2QFHWKHWHVWVDPSOHDQGFDPHUDZHUHVHWXS
LQ WKH ZLQG WXQQHO WKH IORZ YHORFLW\ ZDV JUDGXDOO\ LQFUHDVHG VWDUWLQJ IURP ]HUR $W VPDOO
YHORFLWLHVWKHSODWHDSSHDUHGVWDEOHKHQFHVWHDG\DQGDOLJQHGZLWKWKHIORZ7KHFULWLFDOIORZ
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YHORFLW\8)LVGHILQHGDVWKHRQHIRUZKLFKWKHSODWHVWDUWHGIODSSLQJZKHUHDVIRU88)
HYHU\ VPDOO GLVWXUEDQFH ZDV GDPSHG RXW 2QFH WKH FULWLFDO IOXWWHU YHORFLW\ ZDV UHDFKHG WKH
KLJKVSHHGDQGWKHUHFRUGLQJRIGDWDIURPDFFHOHURPHWHUVZHUHWXUQHGRQDQGWKHIOXWWHURIWKH
VDPSOHZDVFDSWXUHGIRUV LHIUDPHV 7KHLPDJHVZHUHWKHQWUDQVIHUUHGWRWKH
FRPSXWHU7KHYLGHRVZHUHSURFHVVHGODWHUXVLQJWKH,PDJH3URFHVVLQJWHFKQLTXHVWRGHWHUPLQH
WKH IODSSLQJ IUHTXHQF\ DQG DPSOLWXGH 'LIIHUHQW FRQILJXUDWLRQV RI IODJV ZHUH WULHG
H[SHULPHQWDOO\LQRUGHUWRLQYHVWLJDWHWKHDHURHODVWLFEHKDYLRXUNHHSLQJWKHVDPHGHVLJQ7KH
GLPHQVLRQVRIWKHIODJDQGWKHSLH]RHOHFWULFSDWFKDUHUHSUHVHQWHGLQ7DE
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)LJXUH3$(+IODJIOXWWHU



RESULTS AND DISCUSSION


,QRUGHUWRDQDO\VHWKHSHUIRUPDQFHRIWKHHQHUJ\KDUYHVWLQJPHFKDQLVPIRUWKH3$(+IODJ
IOXWWHUWKHRXWSXWSRZHUZDVH[SHULPHQWDOO\FDOFXODWHGDJDLQVWYDULDEOHH[WHUQDOUHVLVWDQFHWR
SUHGLFWWKHRSWLPDOUHVLVWDQFHDVVKRZQLQ)LJ7KHDLUIORZZDVLQFUHDVHGIURP]HURWRWKH
FULWLFDOYDOXHZKHUHWKH3$(+IODJVWDUWHGIODSSLQJWKHVHRVFLOODWLRQVZHUHWUDQVIHUUHGWRWKH
SLH]RSDWFKIURPWKHIODJUHVXOWLQJLQHQHUJ\KDUYHVWLQJ7KLVKDUYHVWHGHQHUJ\LVPHDVXUHGLQ
WHUPVRISRZHU : E\PRQLWRULQJWKHSHDNWRSHDNYROWDJHDQGURRWPHDQVTXDUHYDOXHYLD
GLJLWDO FDWKRGH UD\ RVFLOORVFRSH &52  7KH RXWSXW SRZHU LV FDOFXODWHG IURP  WR  0 RI
UHVLVWDQFHVDQGLWZDVREVHUYHGWKDWWKHPD[LPXPSHDNSRZHURXWSXWREWDLQHGE\WKHGHVLJQHG
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IODJLVIRXQGWREH:IRU.RIUHVLVWDQFHDQGDIWHUWKLVSRLQWWKHRXWSXWSRZHUKDV
DQHJDWLYHOLQHDUEHKDYLRUXQWLO.DIWHUWKLVSRLQWWKHHIIHFWLVDOPRVWFRQVWDQW
,Q JHQHUDO LW KDV EHHQ REVHUYHG WKDW IOXWWHU WDNHV SODFH LQ DQ DEUXSW PDQQHU RQFH WKH IORZ
YHORFLW\UHDFKHVDFULWLFDOSRLQWYLEUDWLRQGHYHORSVVXGGHQO\ZLWKDODUJHDPSOLWXGH2QWKH
RWKHUKDQGZKHQWKHSODWHLVDOUHDG\LQYLEUDWLRQDQGWKHIORZYHORFLW\LVJUDGXDOO\UHGXFHG
WKHSODWHPD\UHWXUQWRUHVWDWDQRWKHUFULWLFDOSRLQWORZHUWKDQWKHIRUPHURQHUHVXOWLQJLQD
K\VWHUHVLVORRS7KLVK\VWHUHVLVSKHQRPHQRQDOVRLPSOLHVWKDWWKHG\QDPLFVGHSHQGVRQLQLWLDO
FRQGLWLRQV WZR VWDEOH VWDWHV FRH[LVW EHWZHHQ WKH ORZHU DQG WKH XSSHU FULWLFDO SRLQWV %\
FRQVLGHULQJWKHV\VWHPEHKDYLRUIRUGLIIHUHQWIORZYHORFLWLHVDK\VWHUHVLVSKHQRPHQRQKDVEHHQ
REVHUYHGIRUWKHGHVLJQHGIODJ'LIIHUHQWFRQILJXUDWLRQVZHUHWULHGH[SHULPHQWDOO\LQRUGHUWR
LQYHVWLJDWHWKHDHURHODVWLFEHKDYLRUNHHSLQJWKHVDPHGHVLJQEXWYDU\LQJWKHFLUFXLWFRQQHFWLRQV
LHZLWKRSHQFLUFXLW VHH)LJ DQGZLWKDOXPLQLXPSDWFK VHH)LJ 7KHVHWZRGLIIHUHQW
FRQILJXUDWLRQVKLJKOLJKWHGWKHHIIHFWRISLH]RHOHFWULFRQWKHVWUXFWXUDOG\QDPLFVRIWKHIODJ,Q
RUGHUWRREVHUYHWKLVWUHQGWKHIODJLVLQWURGXFHGWRD[LDODLUIORZE\LQFUHDVLQJJUDGXDOO\WKH
IORZYHORFLW\DQGZDLWLQJWKDWSODWHVIOXWWHUVSRQWDQHRXVO\WKHIOXWWHUYHORFLW\RFFXUUHGIRUD
YDOXHHTXDOWRPVIRUSLH]RHOHFWULFSDWFKDQGPVIRUDOXPLQLXPSDWFKHGIODJ7KHQ
GHFUHDVLQJ VORZO\ WKH IORZ YHORFLW\ XS WR  PV IRU SLH]RHOHFWULF SDWFK DQG  PV IRU
DOXPLQLXPSDWFKHGIODJWKHIODJUHWXUQHGWRLWV]HURVWDWHIRUERWKWKHFDVHV7KHWUHQGRIWKH
REWDLQHGK\VWHUHVLVUHSUHVHQWVDVXEFULWLFDOELIXUFDWLRQRIILIWKRUGHUILWWLQJ









)LJXUH2SWLPDOUHVLVWDQFHSUHGLFWLRQIRUPD[RXWSXWSRZHU

)LJXUH%LIXUFDWLRQGLDJUDPIRURSHQFLUFXLW
3=7SDWFKHGIODJ
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,QRUGHUWRKDYHWKHRYHUYLHZRIWKHIOXWWHUERXQGDU\FRQGLWLRQVDYDOLGDWLRQRIWKHH[SHULPHQWDO
GDWD ZLWK WKH OLWHUDWXUH LV FDUULHG RXW 7KH VDPH H[SHULPHQWDWLRQ KDV EHHQ GRQH E\ XVLQJ
DOXPLQLXPSDWFKHVLQVWHDGRISLH]RHOHFWULFSDWFKHV7KHFRPSDULVRQRIWKHFXUUHQWVWXG\ZLWK
WKHOLWHUDWXUH>@LVUHSUHVHQWHGLQ)LJZKHUHWKHIOXWWHUERXQGDU\LQWHUPVRIWKHPDVVUDWLR
LVVKRZQ7KHSUHVHQWH[SHULPHQWDOGDWDLVIRXQGWREHLQDJRRGDJUHHPHQWZLWKWKHWKHRULHV
FDUULHG RXW LQ OLWHUDWXUH >@ )LJ  UHSUHVHQWV WKH UHODWLRQ EHWZHHQ WKH PRVW FRQWUROODEOH
SDUDPHWHUVLQH[SHULPHQWDWLRQLHWKHOHQJWKRIIODJ/DQGWKHFULWLFDOIORZYHORFLW\8&,WFDQ
EH REVHUYHG WKDW IRU WKH VPDOO YDOXHV RI / 8& LV KLJKO\ VHQVLWLYH ZKLOH LW UHPDLQV DOPRVW
FRQVWDQWIRUWKHODUJHYDOXHVRI/



)LJXUH&RPSDULVRQDQGYDOLGDWLRQRIWKHRUHWLFDOSUHGLFWLRQVDQGH[SHULPHQWDOPHDVXUHPHQWVIRU
GLIIHUHQWIODJV VHH5HI>@ 

4

CONCLUDING REMARKS

7KHPDLQREMHFWLYHRIWKLVUHVHDUFKLVWRDQDO\VHWKHHQHUJ\KDUYHVWHGE\WKHFDQWLOHYHUHG3$(+
IODJDQGIOXWWHULQVWDELOLW\RIWKHIODJVXEMHFWHGWRWKHD[LDOIORZLQVLGHWKHZLQGWXQQHO7KH
PD[LPXP SRZHU RXWSXW REWDLQHG E\ WKH GHVLJQHG IODJ LV IRXQG WR EH  P: DW RSWLPDO
UHVLVWDQFH RI . 7KH SUHVHQWHG PRGHO LV VXLWDEOH WR KDUYHVW HQHUJ\ IRU DHURVSDFH
DSSOLFDWLRQVLHVXERUELWDOPLVVLRQVDQGWRGULYHZLUHOHVVVHQVRUV)URPWKHELIXUFDWLRQJUDSKV
LWLVIRXQGWKDWWKHIOXWWHUYHORFLW\IRUWKHGHVLJQHGIODJLVPVIRUIRUSLH]RHOHFWULFSDWFKDQG
 PV IRU DOXPLQLXP SDWFKHG IODJ WKH WUHQG RI WKH REWDLQHG K\VWHUHVLV UHSUHVHQWV D NQHH
VKDSHGVXEFULWLFDOELIXUFDWLRQRIILIWKRUGHUILWWLQJ$IOXWWHUERXQGDU\LVREWDLQHGLQWKHIRUP
RIFULWLFDOIORZYHORFLW\YHUVXVWKHOHQJWKRIWKHIOH[LEOHSODWH,WLVIRXQGWKDWWKHFULWLFDOIORZ
YHORFLW\LVYHU\VHQVLWLYHWRSODWHOHQJWKZKHQWKHSODWHLVVKRUWZKLOHLWLVDOPRVWLQYDULDQW
ZKHQWKHSODWHLVVXIILFLHQWO\ORQJ7KHIOXWWHUERXQGDU\DQGIOXWWHUIUHTXHQFLHVPRGHVREWDLQHG
XVLQJWKHSUHVHQWH[SHULPHQWDWLRQDUHFRPSDUHGDQGYDOLGDWHGZLWKWKHUHVXOWVRIRWKHUWKHRULHV
LQWKHOLWHUDWXUHDQGLWLVIRXQGWREHLQJRRGDJUHHPHQW
REFERENCES
>@3DROR*DXGHQ]L6PDUWVWUXFWXUHVSK\VLFDOEHKDYLRXUPDWKHPDWLFDOPRGHOOLQJDQGDSSOLFDWLRQV-RKQ:LOH\
6RQV

>@+DVVDQ(ODKL0DUFR(XJHQLDQG3DROR*DXGHQ]L$UHYLHZRQPHFKDQLVPVIRUSLH]RHOHFWULFEDVHGHQHUJ\
KDUYHVWHUV(QHUJLHV  

>@ $KPDG 6DIDUL DQG ( .RUD\ $NGRJDQ 3LH]RHOHFWULF DQG DFRXVWLF PDWHULDOV IRU WUDQVGXFHU DSSOLFDWLRQV
6SULQJHU6FLHQFH %XVLQHVV0HGLD

766

5XQQLQJWLWOH



$XWKRUV¶VXUQDPH


>@+DVVDQ(ODKL=XEDLU%XWW0DUFR(XJQHL3DROR*DXGHQ]LDQG$VLI,VUDU(IIHFWVRIYDULDEOHUHVLVWDQFHRQ
VPDUWVWUXFWXUHVRIFXELFUHFRQQDLVVDQFHVDWHOOLWHVLQYDULRXVWKHUPDODQGIUHTXHQF\VKRFNLQJFRQGLWLRQV-RXUQDO
RI0HFKDQLFDO6FLHQFHDQG7HFKQRORJ\  ±

>@ +DVVDQ (ODKL 0DUFR (XJHQL 3DROR *DXGHQ]L 0DGLKD *XO DQG 5DHHV )LGD 6ZDWL 3LH]RHOHFWULF WKHUPR
HOHFWURPHFKDQLFDOHQHUJ\KDUYHVWHUIRUUHFRQQDLVVDQFHVDWHOOLWHVWUXFWXUH0LFURV\VWHP7HFKQRORJLHVSDJHV±


>@3DROR*DXGHQ]LDQG.ODXV-XUJHQ%DWKH$QLWHUDWLYHILQLWHHOHPHQWSURFHGXUHIRUWKHDQDO\VLVRISLH]RHOHFWULF
FRQWLQXD-RXUQDORI,QWHOOLJHQW0DWHULDO6\VWHPVDQG6WUXFWXUHV  ±

>@+DVVDQ(ODKL0DUFR(XJHQLDQG3DROR*DXGHQ]L(OHFWURPHFKDQLFDOGHJUDGDWLRQRISLH]RHOHFWULFSDWFKHV,Q
+ROP$OWHQEDFK(UDVPR&DUUHUDDQG*HQQDG\.XOLNRYHGLWRUV$QDO\VLVDQG0RGHOOLQJRI$GYDQFHG6WUXFWXUHV
DQG6PDUW6\VWHPVSDJHV±6SULQJHU6LQJDSRUH6LQJDSRUH

>@ 5 ) 6ZDWL +DVVDQ (ODKL / + :HQ $ $ .KDQ 6 6KDG DQG 0 5L]ZDQ 0XJKDO :LUHOHVV VWUXFWXUDO
VHQVLQJLQ$GYDQFHGDUSURSHUWLHVRIFDUERQILEHUUHLQIRUFHGFRPSRVLWHVZLWKDQGZLWKRXWSLH]RHOHFWULFSDWFKHV
IRUPLFURFUDFNSURSDJDWLRQXVLQJH[WHQGHGILQLWHHOHPHQWPHWKRG0LFURV\VWHP7HFKQRORJLHV6HS

>@ 3DROR *DXGHQ]L DQG *LDQOXFD )DFFKLQL :LUHOHVV VWUXFWXUDO VHQVLQJ ,Q 60$57¶ 6PDUW 0DWHULDOV DQG
6WUXFWXUHVYROXPHRI$GYDQFHG0DWHULDOV5HVHDUFKSDJHV±7UDQV7HFK3XEOLFDWLRQV

>@.$&RRN&KHQQDXOW 17KDPEL DQG $06DVWU\3RZHULQJ PHPVSRUWDEOHGHYLFHVDUHYLHZRI QRQ
UHJHQHUDWLYH DQG UHJHQHUDWLYH SRZHU VXSSO\ V\VWHPV ZLWK VSHFLDO HPSKDVLV RQ SLH]RHOHFWULF HQHUJ\ KDUYHVWLQJ
V\VWHPV6PDUW0DWHULDOVDQG6WUXFWXUHV  

>@*.2WWPDQ+)+RIPDQQ$&%KDWWDQG*$/HVLHXWUH$GDSWLYHSLH]RHOHFWULFHQHUJ\KDUYHVWLQJ
FLUFXLWIRUZLUHOHVVUHPRWHSRZHUVXSSO\,(((7UDQVDFWLRQVRQ3RZHU(OHFWURQLFV  ±6HS

>@ $OSHU (UWXUN :*5 9LHLUD & 'H 0DUTXL -U DQG '- ,QPDQ 2Q WKH HQHUJ\ KDUYHVWLQJ SRWHQWLDO RI
SLH]RDHURHODVWLFV\VWHPV$SSOLHG3K\VLFV/HWWHUV  

>@ +DVVDQ (ODKL 0DUFR (XJHQL 3DROR *DXGHQ]L )DLVDO 4D\\XP 5DHHV )LGD 6ZDWL DQG +D\DW 0XKDPPDG
.KDQ5HVSRQVHRISLH]RHOHFWULFPDWHULDOVRQWKHUPRPHFKDQLFDOVKRFNLQJDQGHOHFWULFDOVKRFNLQJIRUDHURVSDFH
DSSOLFDWLRQV0LFURV\VWHP7HFKQRORJLHVSDJHV±

>@ / /DPSDQL 5 *ULOOR DQG 3 *DXGHQ]L )LQLWH HOHPHQW PRGHOV RI SLH]RHOHFWULF DFWXDWLRQ IRU DFWLYH IORZ
FRQWURO$FWD$VWURQDXWLFD

>@9LFWRU*LXUJLXWLX(PEHGGHGQGHZLWKSLH]RHOHFWULFZDIHUDFWLYHVHQVRUVLQDHURVSDFHDSSOLFDWLRQV(FKRHV
5

>@ + (ODKL $ ,VUDU 5) 6ZDWL +0 .KDQ DQG $ 7DPRRU 6WDELOLW\ RI SLH]RHOHFWULF PDWHULDO IRU VXVSHQVLRQ
DSSOLFDWLRQV,Q)LIWK,QWHUQDWLRQDO&RQIHUHQFHRQ$HURVSDFH6FLHQFH (QJLQHHULQJ ,&$6( SDJHV±
,(((

>@6KXQ4L=KDQJ*XR=KRQJ=KDR0HNDOD1DUDVLPKD5DR5XGLJHU6FKPLGWDQG<LQJ-LH<X$UHYLHZ
RQPRGHOLQJWHFKQLTXHVRISLH]RHOHFWULFLQWHJUDWHGSODWHVDQGVKHOOV-RXUQDORI,QWHOOLJHQW0DWHULDO6\VWHPVDQG
6WUXFWXUHV  ±

>@(DUO'RZHOO$0RGHUQ&RXUVHLQ$HURHODVWLFLW\6SULQJHU,QWHUQDWLRQDO3XEOLVKLQJ

>@(DUO+'RZHOODQG0DUDW,OJDPRY&KDRWLF2VFLOODWLRQVLQ0HFKDQLFDO6\VWHPVSDJHV±6SULQJHU
1HZ<RUN1HZ<RUN1<

>@ -RKQ *XFNHQKHLPHU DQG 3KLOLS - +ROPHV 1RQOLQHDU RVFLOODWLRQV G\QDPLFDO V\VWHPV DQG ELIXUFDWLRQV RI
YHFWRUILHOGVYROXPH6SULQJHU6FLHQFH %XVLQHVV0HGLD
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>@0(XJHQL''HVVLDQG)0DVWURGGL$QRUPDOIRUPDQDO\VLVLQDILQLWHQHLJKERUKRRGRIDKRSIELIXUFDWLRQ
RQWKHFHQWHUPDQLIROGGLPHQVLRQ1RQOLQHDU'\QDPLFV  ±

>@0DUFR(XJHQL)UDQFR0DVWURGGLDQG(DUO+'RZHOO1RUPDO IRUPDQDO\VLVRIDIRUFHGDHURHODVWLFSODWH
-RXUQDORIVRXQGDQGYLEUDWLRQ±

>@ $EGHVVDWWDU $EGHONHIL *OREDO QRQOLQHDU DQDO\VLV RI SLH]RHOHFWULF HQHUJ\ KDUYHVWLQJ IURP DPELHQW DQG
DHURHODVWLFYLEUDWLRQV9LUJLQLD3RO\WHFKQLF,QVWLWXWHDQG6WDWH8QLYHUVLW\

>@ $ $EGHONHIL $HURHODVWLF HQHUJ\ KDUYHVWLQJ $ UHYLHZ ,QWHUQDWLRQDO -RXUQDO RI (QJLQHHULQJ 6FLHQFH
±

>@ ' 'HVVL DQG ) 0DVWURGGL /LPLWF\FOH VWDELOLW\ UHYHUVDO YLD VLQJXODU SHUWXUEDWLRQ DQG ZLQJIODS IOXWWHU
-RXUQDORIIOXLGVDQGVWUXFWXUHV  ±

>@''HVVL)0DVWURGGLDQG/0RULQR/LPLWF\FOHVWDELOLW\UHYHUVDOQHDUDKRSIELIXUFDWLRQZLWKDHURHODVWLF
DSSOLFDWLRQV-RXUQDORIVRXQGDQGYLEUDWLRQ  ±

>@1LHOO*(OYLQDQG$OH[$(OYLQ7KHIOXWWHUUHVSRQVHRIDSLH]RHOHFWULFDOO\GDPSHGFDQWLOHYHUSLSH-RXUQDO
RI,QWHOOLJHQW0DWHULDO6\VWHPVDQG6WUXFWXUHV  ±

>@7KHRGRUH7KHRGRUVHQDQG:+0XWFKOHU*HQHUDOWKHRU\RIDHURG\QDPLFLQVWDELOLW\DQGWKHPHFKDQLVPRI
IOXWWHU

>@3KLOLS6%HUDQ7KRPDV:6WUJDQDF.LXQ.LPDQG&KHWDQ1LFKNDZGH6WXGLHVRIVWRUHLQGXFHGOLPLWF\FOH
RVFLOODWLRQVXVLQJDPRGHOZLWKIXOOV\VWHPQRQOLQHDULWLHV1RQOLQHDU'\QDPLFV  ±

>@1GXQJX0XWXUL$OH[&6SLHV.DWKHULQH%HQGHUDQG&KULV//HH6WDOOIOXWWHURVFLOODWLRQPHDVXUHPHQWVIURP
D WZR GHJUHHRIIUHHGRP DLUIRLO ZLWK QRQOLQHDU VWLIIQHVV ,Q  WK $,$$$60($6&($+6$6& 6WUXFWXUHV
6WUXFWXUDO'\QDPLFVDQG0DWHULDOV&RQIHUHQFHSDJH

>@$$EGHONHIL$+1D\IHKDQG05+DMM(QKDQFHPHQWRISRZHUKDUYHVWLQJIURPSLH]RDHURHODVWLFV\VWHPV
1RQOLQHDU'\QDPLFV  ±

>@<LQLQJ:X'DRFKXQ/LDQG-LQZX;LDQJ3HUIRUPDQFHDQDO\VLVDQGSDUDPHWULFGHVLJQRIDQDLUIRLOEDVHG
SLH]RDHURHODVWLFHQHUJ\KDUYHVWHU,QWK$,$$$6&($+6$6&6WUXFWXUHV6WUXFWXUDO'\QDPLFVDQG0DWHULDOV
&RQIHUHQFHSDJH

>@&XQ\X%DR<XWLQJ'DL3HQJ:DQJDQG*XRMLDQ7DQJ$SLH]RHOHFWULFHQHUJ\KDUYHVWLQJVFKHPHEDVHGRQ
VWDOOIOXWWHURIDLUIRLOVHFWLRQ(XURSHDQ-RXUQDORI0HFKDQLFV%)OXLGV±

>@ +DVVDQ (ODKL 0DUFR (XJHQL DQG 3DROR *DXGHQ]L 'HVLJQ DQG SHUIRUPDQFH HYDOXDWLRQ RI D SLH]RHOHFWULF
DHURHODVWLFHQHUJ\KDUYHVWHUEDVHGRQWKHOLPLWF\FOHRVFLOODWLRQSKHQRPHQRQ$FWD$VWURQDXWLFD±


>@ /LDRVKD 7DQJ 0LFKDHO 3 3DÕ HW DO 2Q WKH LQVWDELOLW\ DQG WKH SRVWFULWLFDO EHKDYLRXU RI WZRGLPHQVLRQDO
FDQWLOHYHUHGIOH[LEOHSODWHVLQD[LDOIORZ-RXUQDORI6RXQGDQG9LEUDWLRQ  ±
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COMPARATIVE DESIGN & SENSITIVITY STUDIES ON
BOX-WING AIRPLANES
5-0(OPHQGRUS */D5RFFDÁ


'HOIW8QLYHUVLW\RI7HFKQRORJ\*%'HOIW7KH1HWKHUODQGV


5-0(OPHQGRUS#WXGHOIWQO
Á
*/D5RFFD#WXGHOIWQO


ABSTRACT
The PrandtlPlane is a novel airplane based on the box-wing configuration under investigation
within the H2020 project PARSIFAL. The evaluation of the performance of the PrandtlPlane in
comparison to conventional airplane and the sensitivity to top-level requirements at the
conceptual design stage are important inputs to the collaborative design process under
development in the project. A design synthesis tool, the Initiator, developed at the Delft
University of Technology enables the quick generation of an airplane conceptual design which
can be used as starting point for more advanced and comprehensive multidisciplinary analysis
(and optimization) studies. In order to support the PARSIFAL objectives, the Initiator is extended
with a finite-element based wing weight estimation method. With this tool, PrandtlPlane and
conventional designs are generated for the same top-level requirements. In this way, the designs
can directly be compared in terms of fuel usage per seat. Furthermore, the influence of the wing
span constraint on the performance has been evaluated. In addition, the sensitivity of the design
to changing requirements such as range, payload, cruising speed and take-off distance are
assessed. Using these methods it is shown that a box-wing aircraft performs comparable to
current state-of-the-art airplanes and has an advantage over conventional designs in a spanconstrained scenario.
Keywords: 3UDQGWO3ODQH3$56,)$/SURMHFWDLUSODQHGHVLJQ)(EDVHGZHLJKWHVWLPDWLRQ
1

INTRODUCTION

0DQ\ DLUSRUW DUH VDWXUDWHG DQG WKH FRQFHUQV UHJDUGLQJ HQYLURQPHQWDO LPSDFW QRLVH DQG
HPLVVLRQ DUHJURZLQJ7KHUHLVQHHGRIEUHDNWKURXJKLQQRYDWLRQWRPHHWWKHWDUJHWRIIOLJKWSDWK
,QUHFHQW\HDUVLQWHUHVWLQHOHFWULILFDWLRQDVZHOODVLQGLVUXSWLYHYHKLFOHFRQILJXUDWLRQV
KDVEHHQLQFUHDVLQJ7KH3UDQGWO3ODQHLVDQLQWHUHVWLQJFRQILJXUDWLRQEHFDXVHRIWKHSURPLVHG
VLJQLILFDQWUHGXFWLRQLQLQGXFHGGUDJ>@'XHWRWKHQDWXUHRIWKHFRQILJXUDWLRQDKLJKSD\ORDG
FDSDFLW\DLUSODQHZLWKDZLQJVSDQXVXDOO\DVVRFLDWHGZLWKPXFKVPDOOHUFDSDFLW\DLUSODQHVLV
IHDVLEOH IRUH[DPSOHSDVVHQJHUVZLWKLQDPZLQJVSDQ 'XHWRWKHODFNRIVWDWLVWLFDO
GDWDRQWKHVHQRYHOFRQILJXUDWLRQVQHZGHVLJQPHWKRGVDUHUHTXLUHG7KHVHPHWKRGVVKRXOGEH
PRUH SK\VLFV EDVHG WKDQ FRQWHPSRUDU\ FRQFHSWXDO GHVLJQ WRROV DQG VKRXOG SURYLGH GHVLJQ
VHQVLWLYHUHVXOWVWRHQDEOH0'2DQGFUHDWHLQVLJKWLQWKHFKDUDFWHULVWLFVRIWKHVHQHZDLUSODQH
FRQILJXUDWLRQV:LWKDQ\QHZGHVLJQLWLVLPSRUWDQWWRH[SORUHWKHGHVLJQVSDFHDQGPDNHIDLU
FRPSDULVRQEHWZHHQWKHSURSRVHGUDGLFDOFKDQJHDQGWKHFXUUHQWVWDWHRIWKHDUW2QHRIWKH
JRDOVRIWKH3$56,)$/SURMHFWLVWRGHYHORSWKHVHPHWKRGVDQGLQVLJKWV,QDGGLWLRQWKHSURMHFW
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SURSRVHVDVKRUWUDQJH EHORZNP KLJKHUFDSDFLW\ SDVVHQJHUV DLUSODQHWRDGGUHVV
WKHIXWXUHJURZWKLQDLUWUDYHOGHPDQG±DPDUNHWQRZGRPLQDWHGE\WKHORZHUFDSDFLW\$LUEXV
$DQG%RHLQJ
7KH 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\ LV FRQWULEXWLQJ WR WKLV GHVLJQ VWXG\ DQG DPRQJ RWKHUV
EULQJLQJLQDFRQFHSWXDOGHVLJQWRROFDOOHGWKH,QLWLDWRUZKLFKLVSUHVHQWHGLQ6HFWLRQ7KLV
WRROKDVEHHQH[WHQGHGIRUER[ZLQJGHVLJQVE\DGGLQJDQHZZLQJZHLJKWHVWLPDWLRQPHWKRG
DQG KDV EHHQ YHULILHG DJDLQVW H[LVWLQJ FRQYHQWLRQDO DLUSODQHV 6HFWLRQ   7KH VHWXS RI WKH
GHVLJQRIH[SHULPHQWVFDQEHIRXQGLQ6HFWLRQ±LWVUHVXOWVFDQEHIRXQGLQ6HFWLRQ

2

METHODOLOGY

,QWKLVVWXG\WKHVRIWZDUHXVHGIRUWKHDXWRPDWLFDLUSODQHFRQFHSWJHQHUDWLRQDQGDQDO\VLVLV
WKH ,QLWLDWRU >@ *LYHQ D VHW RI WRSOHYHO UHTXLUHPHQWV 7/5V  WKH ,QLWLDWRU PDNHV XVH RI D
FRPELQDWLRQRIVWDWLVWLFDOVHPLHPSLULFDODQGSK\VLFVEDVHGPHWKRGVWRV\QWKHVLVHERWKFODVVLF
WXEHDQGZLQJDLUSODQHVDQGPRUHXQFRQYHQWLRQDOFRQILJXUDWLRQVLQFOXGLQJWKHER[ZLQJ7KH
VL]LQJSURFHVVLVEDVHGRQDQLWHUDWLYHDSSURDFKLQYROYLQJDJHRPHWU\JHQHUDWRUDQGDVHWRI
PXOWLGLVFLSOLQDU\ DQDO\VLV PRGXOHV RI YDU\LQJ ILGHOLW\ OHYHOV )LJXUH  VKRZV WKH DFWLYLW\
GLDJUDPRIWKH,QLWLDWRUZLWKLWVWKUHHPDLQGHVLJQFRQYHUJHQFHORRSV



)LJXUH,QLWLDWRUDFWLYLW\GLDJUDP
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)LUVW D &ODVV , ZHLJKW HVWLPDWLRQ LV SHUIRUPHG UHVXOWLQJ LQ WKH EDVLF GHVLJQ ZHLJKWV RI WKH
DLUFUDIW ,Q DGGLWLRQ WKH ZLQJORDGLQJ DQG WKUXVWWRZHLJKW UDWLR LV GHWHUPLQHG XVLQJ WKH
FRQYHQWLRQDOGHVLJQSRLQWGHWHUPLQDWLRQFRQVLGHULQJDZLGHUDQJHRIFRQVWUDLQWV WDNHRIIDQG
ODQGLQJ GLVWDQFH VWDOO FOLPE UHTXLUHPHQWV HWF  %DVHG RQ WKH GHVLJQ SRLQW WKH YHKLFOH
FRPSRQHQWV DUH VL]HG XVLQJ KDQGERRN GHVLJQ UXOHV 8VLQJ WKH DLUSODQH JHRPHWU\ D ZLGH
VHOHFWLRQ RI DQDO\VHV DUH SHUIRUPHG LQFOXGLQJ D &ODVV ,, ZHLJKW HVWLPDWLRQ D YRUWH[ODWWLFH
DHURG\QDPLF DQDO\VLV DXJPHQWHG ZLWK D SDUDVLWH DQG ZDYHGUDJ HVWLPDWLRQ DQG DQ HQJLQH
PRGHO7KHGHVLJQLVLWHUDWHGE\UHJHQHUDWLQJLWZLWKWKHXSGDWHGDHURG\QDPLFFKDUDFWHULVWLFV
DQG ZHLJKWV XQWLO WKH PD[LPXP WDNHRII PDVV 0720  FRQYHUJHV $IWHU FRQYHUJHQFH D
PLVVLRQDQDO\VLVPRGXOHDQGDSK\VLFVEDVHGZHLJKWHVWLPDWLRQRIOLIWLQJVXUIDFHVDQGIXVHODJH
DUHWULJJHUHGIRUWKHVHFRQGDQGWKLUGGHVLJQF\FOH(DFKWLPHWKHZKROHGHVLJQORRSLVHYDOXDWHG
XQWLOWKH0720FRQYHUJHV7KHFRQYHUJHGGHVLJQFDQEHH[SRUWHGDVD&3$&6>@ILOHIRU
VKDULQJYLVXDOL]DWLRQRUIXUWKHUGHVLJQDQGDQDO\VHVXVLQJKLJKHUILGHOLW\WRROV

2.1

FE-based wing weight estimation

7KHRULJLQDO&ODVV,,9PHWKRGLPSOHPHQWHGLQWKH,QLWLDWRUIRUWKHPDVVSUHGLFWLRQRIWKHPDLQ
OLIWLQJ VXUIDFHV ZDV (0:(7 >@ D PRGLILHG YHUVLRQ RI 7RUHQEHHN¶V PHWKRG >@ ZKLFK LV
VHQVLWLYH WR WKH VSHFLILF VKDSH RI WKH ZLQJ VHFWLRQ DQG WKH VSDQZLVH OLIW ORDG GLVWULEXWLRQ
$OWKRXJKIDVWDQGDFFXUDWH(0:(7LVOLPLWHGWRFDQWLOHYHUZLQJVDQGWKHUHIRUHQRWDSSOLFDEOH
WRER[ZLQJV\VWHPV:LWKLQWKHIUDPHZRUNRIWKH3$56,)$/SURMHFWDQHZDQDO\VLVPRGXOH
KDVEHHQGHYHORSHGZKLFKFDQDGGUHVVERWKFDQWLOHYHUDQGFORVHGZLQJV\VWHPV7KLVYHUVDWLOLW\
LVHVVHQWLDOWRHQDEOHIDLUFRPSDULVRQVWXGLHVEHWZHHQGLIIHUHQWDLUFUDIWFRQILJXUDWLRQV6LQFH
WKHRULJLQDOSXUSRVHRIWKH,QLWLDWRULVWKHUDSLGHYDOXDWLRQRIDLUSODQHFRQFHSWVDQGSDUDPHWHU
VWXGLHVDULJKWEDODQFHEHWZHHQDFFXUDF\GHVLJQVHQVLWLYLW\DQGFRPSXWDWLRQDOFRVWLVHVVHQWLDO
7R WKLV SXUSRVH D ILQLWHHOHPHQW EHDP GLVFUHWLVDWLRQ DSSURDFK >@ ZDV LPSOHPHQWHG IRU WKH
GHWHUPLQDWLRQRIWKHLQWHUQDOIRUFHVDQGPRPHQWVGXHWRWKHORDGFDVHV7KHEHDPHOHPHQWPHVK
IRUWKHER[ZLQJLVVKRZQLQ)LJXUH)RUHDFKHOHPHQWWKHLQWHUQDOVWUHVVHVDUHGHWHUPLQHG
XVLQJDQLGHDOLVHGERRPUHSUHVHQWDWLRQRIWKHZLQJVHFWLRQDVGHVFULEHGLQ0HJVRQ>@6LQFH
WKHLQWHUQDOIRUFHVDQGVWUHVVHVDUHDIXQFWLRQRIWKHVHFWLRQSURSHUWLHV ERRPDUHDVDQGVNLQ
WKLFNQHVVHV  D VL]LQJ DOJRULWKP LV UHTXLUHG $Q RSWLPLVDWLRQ SUREOHP KDV EHHQ VHW XS WR
GHWHUPLQHWKHPLQLPXPDPRXQW RISULPDU\VWUXFWXUHUHTXLUHGWRZLWKVWDQG WKHFULWLFDO ORDG
FDVHVZLWKRXWH[FHHGLQJWKHPD[LPXPDOORZDEOHPHFKDQLFDOVWUHVVLQWKHVWUXFWXUDOPHPEHUV
VHH(TXDWLRQDQG)LJXUH 7RUHGXFHWKHQXPEHURIGHVLJQYDULDEOHVWKHERRPDUHDVDQG
VNLQWKLFNQHVVHVDUHSDUDPHWULVHGDVDIXQFWLRQRIWKHVSDQZLVHSRVLWLRQDVLOOXVWUDWHGLQ)LJXUH



)LJXUH%RRPDUHDSDUDPHWULVDWLRQ

=
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7KHERRPDUHDVDQGVNLQWKLFNQHVVHVQHHGWREHVSHFLILHGDWWKHURRWDQGWLSRIHDFKZLQJ,Q
DGGLWLRQDQ\QXPEHURILQWHUPHGLDWHSRLQWVFDQEHDGGHGLWVVSDQZLVHORFDWLRQLVDOVRRQHRI
WKHGHVLJQYDULDEOHV,QWKHFDVHRIWKHER[ZLQJWKHSDUDPHWULVDWLRQRIWKHWRSERWWRPDQG
FRQQHFWLQJZLQJFDQEHFRQWUROOHGVHSDUDWHO\

0LQLPLVH
= ( ̅ )




6XEMHFWWR 
( ̅) ≤
( ̅) ≤





:KHUH
(1)
̅ = ( ,…, , ,…, )



1..

1..

,

1..





)LJXUH:LQJVL]LQJRSWLPLVDWLRQSUREOHP

)RUWKHFRQFHSWXDOGHVLJQWKHDHURG\QDPLFDQGLQHUWLDOORDGVGHULYHGIURPWKHPLQLPXPDQG
PD[LPXPORDGIDFWRUVIURP&6 JJ DWWKHFULWLFDODLUVSHHGDQGDOWLWXGHZLWKD
IDFWRURIVDIHW\IRUERWKWKHPD[LPXPFUXLVLQJZHLJKW IXOOIXHOWDQN DQGWKH]HURIXHOZHLJKW
DUHDVVXPHGWREHWKHVL]LQJORDGFDVHVIRUWKHSULPDU\ZLQJVWUXFWXUH7KHZLQJVWUXFWXUHDQG
VLJQLILFDQWZLQJPRXQWHGFRPSRQHQWV HQJLQHV DUHLQFOXGHGLQWKHLQHUWLDOORDGV,QDGGLWLRQ
PD[LPXPDOORZHGVWUXFWXUDOGHIOHFWLRQVFDQEHVSHFLILHGDVDGGLWLRQDOFRQVWUDLQWV



)LJXUH:LQJZHLJKWEUHDNGRZQ EDVHGRQ>@ 
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7RHVWLPDWHWKHWRWDOZLQJZHLJKWEDVHGRQWKHZHLJKWRIWKHSULPDU\VWUXFWXUH WKHZLQJER[ 
WKH PHWKRG GHVFULEHG E\ 7RUHQEHHN >@ LV XVHG ,Q DGGLWLRQ WR WKH VHFRQGDU\ VWUXFWXUHV DQG
³QRQRSWLPXP´ ZHLJKW WKLV PHWKRG LQFOXGHV RSWLRQDO  GHVLJQ VHQVLWLYH UHODWLRQV IRU WKH
DGGLWLRQDOZHLJKWGXHWRKLJKOLIWGHYLFHV SODLQVLQJOHGRXEOHVORWWHGIRZOHU FRQWUROVXUIDFHV
DQGVSRLOHUV7KHZHLJKWEUHDNGRZQRIWKHZLQJVWUXFWXUHHVWLPDWHGE\WKLVPHWKRGFDQEHVHHQ
LQ)LJXUH
3

VERIFICATION

7KH,QLWLDWRUKDVEHHQYHULILHGDIWHUWKHQHZZLQJPDVVHVWLPDWLRQKDVEHHQLPSOHPHQWHG7KLV
YHULILFDWLRQLVEDVHGRQWKHPHWKRGXVHGGXULQJWKHRULJLQDOGHYHORSPHQWRIWKH,QLWLDWRU>@
7KLVPHWKRGFRPSDUHVWKHFRQYHUJHGRXWSXWRIWKHGHVLJQWRROZLWKUHIHUHQFHGDWDJDWKHUHGIRU
H[LVWLQJ DLUSODQHV ,GHDOO\ HDFK FRPSRQHQW DQG PHWKRG LQ WKH ,QLWLDWRU VKRXOG EH YDOLGDWHG
LQGHSHQGHQWO\ 'XH WR WKH KLJK OHYHO RI FRXSOLQJ EHWZHHQ GLVFLSOLQHV DQG PXWXDO LQIOXHQFH
EHWZHHQPHWKRGVWKHUHLVQRVWUDLJKWIRUZDUGZD\RIYDOLGDWLQJHDFKPHWKRG LQRWKHUZRUGV
WKHUHVXOWRIRQHPHWKRGGHSHQGVRQWKHRXWFRPHRIRWKHUPHWKRGVLQFOXGLQJLWVRZQUHVXOWIURP
DSUHYLRXVLWHUDWLRQWKHVRFDOOHG³VQRZEDOOHIIHFW´ ,QDGGLWLRQGHWDLOHGUHIHUHQFHGDWDRQ
FRPSRQHQWOHYHOLVVFDUFH
)RUWKHVHUHDVRQVWKHGHVLJQWRROLVYHULILHGDVDQLQWHJUDWHGV\VWHP7RSOHYHOUHTXLUHPHQWV
DUHIRUPXODWHGIURPVSHFLILFDWLRQVRIH[LVWLQJDLUSODQHV7KHFRQYHUJHGGHVLJQVV\QWKHVLVHGE\
WKH,QLWLDWRUDUHFRPSDUHGWRUHIHUHQFHGDWDRIWKHH[LVWLQJDLUSODQHV


)LJXUH&RPSDULVRQRI,QLWLDWRU0720DQG2(0ZLWKUHIHUHQFHGDWDIURP>@
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)LJXUHVKRZVWKHFRPSDULVRQRIFRQYHQWLRQDOGHVLJQVE\WKH,QLWLDWRUIRUWKHVDPH7/5V
PD[LPXPSD\ORDGUDQJHWDNHRIIOHQJWKHWF DVH[LVWLQJDLUSODQHV$VFDQEHVHHQIRUPRVW
RI WKH FDVHV WKH PD[LPXP WDNHRII PDVV 0720  DQG RSHUDWLRQDO HPSW\ PDVV 2(0  DUH
ZLWKLQ  DFFXUDF\ ZLWK D VOLJKW WHQGHQF\ WR EHLQJ XQGHUHVWLPDWHG 7KH GHVLJQV DUH DOO
V\QWKHVLVHGZLWKWKHVDPH,QLWLDWRUVHWWLQJVDQGSDUDPHWHUV:KLOHWXQLQJWKHSDUDPHWHUVZRXOG
OLNHO\LPSURYHWKH³PDWFKLQJ´RIWKHUHIHUHQFHDLUFUDIW,WZDVGHFLGHGQRWWRWXQHWKH,QLWLDWRU
WR VSHFLILF DLUSODQH GHVLJQV LQ RUGHU WR YHULI\ WKH XWLOLW\ RI WKH ,QLWLDWRU DV D JHQHUDO WRRO WR
HVWLPDWHDLUSODQHVIRUDQ\VHWRI7/5V
7KH GUDJ SRODUV RI WKH DLUSODQHV LQ FOHDQ FRQILJXUDWLRQ DUH FRPSDUHG ZLWK UHIHUHQFH GDWD LQ
LVRYHUHVWLPDWHGIRUWKHORQJUDQJHDLUFUDIW
)LJXUH,WFDQEHVHHQWKDWWKH]HUROLIWGUDJ
7KLVLVPRVWO\GXHWRWKHDIRUHPHQWLRQHGIL[HGGHVLJQVHWWLQJVZKLFKUHVXOWVLQDQRYHUVL]HG
IXVHODJH



)LJXUH'UDJSRODUFRPSDULVRQZKHUH

4

=

+

>@

DESIGN OF EXPERIMENTS SETUP

7KH GHVLJQ RI H[SHULPHQWV KDV EHHQ SHUIRUPHG XVLQJ WKH DLUSODQH GHILQHG E\ WKH WRSOHYHO
UHTXLUHPHQWVRIWKH3$56,)$/SURMHFWDVDEDVHOLQH7KHILUVWVHWRIGHVLJQVLVWRGLUHFWO\FRPSDUH
ER[ZLQJDQGFRQYHQWLRQDODLUSODQHVGHVLJQHGIRUWKHVDPHUHTXLUHPHQWVDQGFRQVWUDLQWV,Q
DGGLWLRQDER[ZLQJDLUSODQHZLWKDKLJKHUZLQJORDGLQJDQGDFRQYHQWLRQDODLUSODQHZLWKRXW
WKHPVSDQZLGWKFRQVWUDLQWLVDGGHGWRWKHFRPSDULVRQ
7KHVHDUHFRPSDUHGWRGHVLJQVJHQHUDWHGE\WKH,QLWLDWRUIRUVSHFLILFDWLRQVRIH[LVWLQJDLUSODQHV
ZKLFKDUHHYDOXDWHGDWWKHLUKDUPRQLFRSHUDWLQJSRLQWDVZHOODVWKHSD\ORDGDQGUDQJHRIWKH
EDVHOLQHGHVLJQ
$PRUHGHWDLOHGVWXG\RQWKHLQIOXHQFHRIWKHVSDQRQWKHDLUFUDIWSHUIRUPDQFHLVSUHVHQWHGLQ
WKH ILUVW VHQVLWLYLW\ VWXG\ 6HQVLWLYLWLHV WR WKH RWKHU WRSOHYHO UHTXLUHPHQWV UDQJH SD\ORDG
FUXLVHVSHHGWDNHRII ODQGLQJGLVWDQFH DUHLQYHVWLJDWHGDVZHOO
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4.1

Elmendorp, La Rocca

Figures of merit

'LIIHUHQWDLUSODQHVGHVLJQHGIRUWKHVDPHWRSOHYHOUHTXLUHPHQWFDQEHGLUHFWO\FRPSDUHGE\
FRQVLGHULQJWKHXVXDOGHVLJQSURSHUWLHVVXFKDVWKHPD[LPXPWDNHRIIPDVVRSHUDWLRQDOHPSW\
PDVVOLIWWRGUDJUDWLRHWF:KHQWZRGHVLJQVDUHFUHDWHGXVLQJGLIIHUHQWSD\ORDGDQGUDQJH
UHTXLUHPHQWVRWKHUILJXUHVRIPHULWVKRXOGEHFRQVLGHUHG7KHSD\ORDGUDQJHHIILFLHQF\

DQGUDQJHSDUDPHWHU HQDEOHVXFKFRPSDULVRQV>@7KHSD\ORDGUDQJHHIILFLHQF\LVDPHWULF
IRUWKHDPRXQWRI³XVHIXOZRUN´SHUXQLWRIIXHO7KHUDQJHSDUDPHWHUVLVUHODWHGWRWKHRYHUDOO
WHFKQRORJ\OHYHORIWKHDLUSODQH

⋅
⋅
(2)
=
=
4.2

Top-level requirements

$OOGHVLJQVDUHJHQHUDWHGIRUWKHVDPHWRSOHYHOUHTXLUHPHQWVOLVWHGLQ7DEOH>@7KH
DLUSODQHVDUHV\QWKHVLVHGXVLQJWKHVDPH,QLWLDWRUPHWKRGVDQGGHVLJQSDUDPHWHUV
7DEOH7RSOHYHOUHTXLUHPHQWV
Requirement
1XPEHURISDVVHQJHUV >@
+DUPRQLFUDQJH >NP@
&UXLVHDOWLWXGH >P@
7DNHRIIGLVWDQFH >P@
/DQGLQJGLVWDQFH >P@
&UXLVH0DFKQXPEHU >@
7LPHWRFOLPEWRFUXLVHDOWLWXGH >PLQ@
:LQJVSDQ >P@ ,&$2& 


7KH PD[LPXP OLIW FRHIILFLHQW RI WKH ODQGLQJ FRQILJXUDWLRQ FRQVWUDLQWV WKH PD[LPXP ZLQJ
ORDGLQJ6LQFHQRGHWDLOHGKLJKOLIWDHURG\QDPLFDQDO\VLVLVLQFOXGHGLQWKHGHVLJQD
LV
DVVXPHGDVOLVWHGLQ7DEOH:KHQQRWVSHFLILHGWKHORZZLQJORDGLQJER[ZLQJLVXVHGLQWKH
VHQVLWLYLW\ VWXGLHV VLQFH WKLV UHSUHVHQWV PRVW FORVHO\ WKH FXUUHQW VWDWH RI WKH GHVLJQ LQ WKH
3$56,)$/ SURMHFW7KHKLJKZLQJORDGLQJER[ZLQJKDVEHHQLQFOXGHGWR UHSUHVHQW D IXUWKHU
GHYHORSHG3$56,)$/GHVLJQ

7DEOH0D[LPXPOLIWFRHIILFLHQWV
Design
%R[ZLQJ ORZ:6 

%R[ZLQJ KLJK:6 

&RQYHQWLRQDO


5

RESULTS

5.1

Reference designs

7DEOHV  VKRZ WZR ER[ZLQJ DQG D FRQYHQWLRQDO FRQILJXUDWLRQ GHVLJQHG IRU WKH WRSOHYHO
UHTXLUHPHQWVDVOLVWHGLQ7DEOH
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7DEOH%R[ZLQJ ORZ:6 

 


:LQJORDGLQJ
7KUXVWWRZHLJKWUDWLR
0D[LPXPWDNHRIIPDVV
2SHUDWLRQDOHPSW\PDVV
)XHOPDVV
/LIWWRGUDJUDWLR
2VZDOGIDFWRU

Elmendorp, La Rocca

1PP

NJ
NJ
NJ



7DEOH%R[ZLQJ KLJK:6 

 


:LQJORDGLQJ
7KUXVWWRZHLJKWUDWLR
0D[LPXPWDNHRIIPDVV
2SHUDWLRQDOHPSW\PDVV
)XHOPDVV
/LIWWRGUDJUDWLR
2VZDOGIDFWRU

7DEOH&RQYHQWLRQDO VSDQOLPLWHG 



:LQJORDGLQJ
7KUXVWWRZHLJKWUDWLR
0D[LPXPWDNHRIIPDVV
2SHUDWLRQDOHPSW\PDVV
)XHOPDVV
/LIWWRGUDJUDWLR
2VZDOGIDFWRU

1PP

NJ
NJ
NJ



1PP

NJ
NJ
NJ







5.2

7DEOH&RQYHQWLRQDO VSDQQRWOLPLWHG 
:LQJORDGLQJ 1PP
7KUXVWWRZHLJKWUDWLR 
0D[LPXPWDNHRIIPDVV NJ
2SHUDWLRQDOHPSW\PDVV NJ
)XHOPDVV NJ
/LIWWRGUDJUDWLR 
2VZDOGIDFWRU 
:LQJVSDQ P



Comparison with existing airplanes

7KHGHVLJQVSUHVHQWHGLQWKHSUHYLRXVVHFWLRQKDYHEHHQFRPSDUHGWRGHVLJQVJHQHUDWHGE\WKH
,QLWLDWRUIRUUHTXLUHPHQWVRIH[LVWLQJDLUSODQHVUHVSWKH$DQGWKH$XVLQJGDWD
IURP5RX[>@DVDUHIHUHQFH6LQFHWKH$FDQQRWWUDQVSRUWSDVVHQJHUVWZRDLUSODQHV
ZRXOGEHUHTXLUHGWRIXOILOWKHVDPHDPRXQWRISDVVHQJHUGHPDQG7KLVZRXOGUHVXOWLQGLIIHUHQW
RSHUDWLYHFRVWVZKLFKLVFRQVLGHUHGRXWRIVFRSHIRUWKHFRPSDULVRQSUHVHQWHGLQWKLVSDSHU
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6LQFHWKH$DQG$DUHQRW RSHUDWLQJDW WKHLUGHVLJQPLVVLRQWKH\ RSHUDWHDW DORZHU
HIILFLHQF\DVFDQEHVHHQLQ7DEOH
7KH$SHUIRUPVWKHZRUVWZKLFKLVH[SHFWHGVLQFHLWLVRSHUDWLQJIDURXWVLGHLWVLQWHQGHG
GHVLJQSRLQW)URPDOOGHVLJQVZLWKLQWKHPVSDQOLPLWWKHER[ZLQJZLWKKLJKZLQJORDGLQJ
SHUIRUPV WKH EHVW +RZHYHU GURSSLQJ WKLV FRQVWUDLQW VKRZV WKDW D FRQYHQWLRQDO DLUSODQH
GHVLJQHG IRU WKH PLVVLRQ SHUIRUPV WKH EHVW 5HPRYLQJ WKLV FRQVWUDLQW IRU WKH ER[ZLQJ
FRQILJXUDWLRQGRHVQRWUHVXOWLQDEHWWHUGHVLJQZKLFKLVHODERUDWHGLQWKHVHQVLWLYLW\VWXG\RI
WKHQH[WVHFWLRQ
7DEOH&RPSDULVRQRIER[ZLQJDQG H[LVWLQJ FRQYHQWLRQDODLUSODQHV
PRE
PRE
Fuel/Pax/
Airplane
Pax
MTOM TOM OEM (design) (4000km)
100km

$
$
%R[ZLQJ ORZ:6 
%R[ZLQJ KLJK:6 
&RQYHQWLRQDO
&RQYHQWLRQDO QRVSDQOLPLW 

5.3








W
W
W
W
W
W

W
W
W
W
W
W

W
W
W
W
W
W















NJ
NJ
NJ
NJ
NJ
NJ

Span


)LJXUH2YHUOD\RIER[ZLQJGHVLJQVRILQFUHDVLQJZLQJVSDQ

)RUWKHWKUHHGHVLJQV FRQYHQWLRQDOORZ:6ER[ZLQJDQGKLJK:6ER[ZLQJ SUHVHQWHGLQ
WKHSUHYLRXVVHFWLRQDGHVLJQVZHHSE\FKDQJLQJWKHDVSHFWUDWLRZDVSHUIRUPHG6LQFHWKH
ZLQJSODQIRUPDUHDLVGHWHUPLQHGXVLQJWKHFRQVWUDLQWVLPSOHPHQWHGLQWKH,QLWLDWRUWKLVZLOO
UHVXOWLQGLIIHUHQWZLQJVSDQV,QDOOILJXUHVWKHFXUUHQWEDVHOLQHSDUDPHWHUYDOXHLVVKRZQ
ZLWKDYHUWLFDOOLQH
,Q)LJXUHLWFDQEHVHHQWKDWWKHFRQYHQWLRQDODLUSODQHKDVWKHORZHVWRYHUDOOPD[LPXP
WDNHRIIPDVVZKLFKLVDUHVXOWRIWKHORZHURSHUDWLRQDOHPSW\PDVV$VH[SHFWHGWKH
RSHUDWLRQDOHPSW\PDVVLQFUHDVHVZLWKLQFUHDVLQJZLQJVOHQGHUQHVV
&RPELQHGZLWK)LJXUHLWFDQEHVHHQWKDWWKHER[ZLQJZLWKKLJKHUZLQJORDGLQJKDVD
FOHDUDGYDQWDJHLQSD\ORDGUDQJHHIILFLHQF\IRUZLQJVSDQVVPDOOHUWKDQPHWUHV$ERYH
WKLVWKHFRQYHQWLRQDODLUSODQHLVPRUHIXHOHIILFLHQWGXHWRWKHDGYDQWDJHRIORZHUVWUXFWXUDO
PDVV7KHLQFUHDVHGUDQJHSDUDPHWHURIWKHER[ZLQJDLUSODQHVLVDVH[SHFWHGFRQVLGHULQJWKH
KLJKHUOLIWWRGUDJUDWLRIRUDJLYHQZLQJVSDQ
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Elmendorp, La Rocca


)LJXUH0D[LPXPWDNHRIIPDVVDQGRSHUDWLRQDOHPSW\PDVVRIWKHER[ZLQJDQGFRQYHQWLRQDO
GHVLJQVIRUGLIIHUHQWZLQJVSDQV




)LJXUH3D\ORDGUDQJHHIILFLHQF\DQGUDQJHSDUDPHWHUDVDIXQFWLRQRIZLQJVSDQ


5.4

Range

$VLPLODUGHVLJQVZHHSLVSHUIRUPHGIRUWKHKDUPRQLFUDQJH,Q)LJXUHWKHSD\ORDGUDQJH
HIILFLHQF\LVSORWWHGIRUWKHWKUHHGHVLJQV$VZDVDOVRDSSDUHQWLQWKHSUHYLRXVVZHHSWKHKLJK
ZLQJORDGLQJER[ZLQJDLUSODQHSHUIRUPVWKHEHVWDOODURXQG7KHH[SHFWHGULVHDQGGURSRI
35(LVYLVLEOHLQWKHSORWZLWKDFOHDUVHSDUDWLRQEHWZHHQWKHGLIIHUHQWFRQILJXUDWLRQV
$ QG RUGHU SRO\QRPLDO KDV EHHQ ILWWHG VLQFH WKH GHVLJQ SRLQWV KDYH D VOLJKW VFDWWHU GXH WR
WROHUDQFHVRQWKHGHVLJQFRQYHUJHQFH
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)LJXUH3D\ORDGUDQJHHIILFLHQF\DVDIXQFWLRQRIUDQJH

5.5

Passengers

)RUWKHORZZLQJORDGLQJER[ZLQJWKHQXPEHURISDVVHQJHUVKDVEHHQYDULHGZKLFKZLOOUHVXOW
LQ D ODUJHU IXVHODJH DQG SD\ORDG PDVV 7KH QXPEHU RI VHDWV DEUHDVW DQG RWKHU FDELQ
FRQILJXUDWLRQSDUDPHWHUVKDYHEHHQNHSWFRQVWDQW$OOJHQHUDWHGGHVLJQVKDYHDZLQJVSDQRI
P)LJXUHVKRZVWKHLQFUHDVLQJHPSW\PDVVDQGWDNHRIIPDVVIRULQFUHDVLQJQXPEHURI
SDVVHQJHUV )LJXUH  VKRZV WKH SD\ORDGUDQJH HIILFLHQF\ DQG UDQJH SDUDPHWHU ZKLFK
LQWHUHVWLQJO\VKRZVDQRSWLPXPDURXQGSDVVHQJHUV


)LJXUH0D[LPXPWDNHRIIPDVVDQGRSHUDWLRQDOHPSW\PDVVDVDIXQFWLRQRIQXPEHURISDVVHQJHUV
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)LJXUH3D\ORDGUDQJHHIILFLHQF\DQGUDQJHSDUDPHWHUDVDIXQFWLRQRIQXPEHURISDVVHQJHUV

5.6

Cruise speed

7KHFUXLVHVSHHGUHTXLUHPHQWKDVDODUJHLPSDFWRQWKHZLQJVWUXFWXUHDQGDHURG\QDPLFV GXH
WRWKHVZHHSDQJOH DQGSURSXOVLRQ$VFDQEHVHHQLQ)LJXUHIURP0DFKWRDQ
LQFUHDVHLQSD\ORDGUDQJHHIILFLHQF\FDQEHVHHQGXHWRWKHLQFUHDVHLQ %H\RQGWKLVVSHHG
WKHLQFUHDVHLQVWUXFWXUDOPDVVUHGXFHVWKHRYHUDOOHIILFLHQF\ )LJXUH 



)LJXUH3D\ORDGUDQJHHIILFLHQF\DQGUDQJHSDUDPHWHUDVIXQFWLRQRIFUXLVHVSHHG
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)LJXUH2SHUDWLRQDOHPSW\PDVVDVIXQFWLRQRIFUXLVH0DFKQXPEHU

5.7

Runway length

)LJXUHVKRZVWKHHIIHFWRIFKDQJLQJWKHWDNHRIIGLVWDQFHUHTXLUHPHQW7KHODQGLQJGLVWDQFH
KDVEHHQDOWHUHGDVZHOOPDLQWDLQLQJWKHVDPHUDWLREHWZHHQWKHGLVWDQFHVDVOLVWHGLQ7DEOH
$VH[SHFWHGWKHUHTXLUHGWKUXVWGHFUHDVHVZLWKLQFUHDVLQJUXQZD\OHQJWK$ORQJHUUXQZD\DOVR
HQDEOHVWKHVHOHFWLRQRIDKLJKHUZLQJORDGLQJ0DLQWDLQLQJDVSDQRIPWKLVUHVXOWVLQDPRUH
VOHQGHUZLQJ7KLVEHQHILWVWKHSD\ORDGUDQJHHIILFLHQF\RIWKHDLUSODQH


)LJXUH D 7KUXVWWRZHLJKWUDWLRSD\ORDGUDQJHHIILFLHQF\DQG E ZLQJDVSHFWUDWLRDQGZLQJ
ORDGLQJDVIXQFWLRQRIWDNHRIIGLVWDQFH

6

CONCLUSIONS

7KH ,QLWLDWRU DQ LQWHJUDWHG FRQFHSWXDO DLUSODQH GHVLJQ WRRO KDV EHHQ LPSURYHG E\ DGGLQJ
VXSSRUWIRUWKH3UDQGOW3ODQHDQGKDVEHHQHQKDQFHGE\LQFOXGLQJDILQLWHHOHPHQWEDVHGZLQJ
ZHLJKWHVWLPDWLRQPHWKRG7KHWRROKDVEHHQYHULILHGZLWKUHIHUHQFHGDWDIURPH[LVWLQJGHVLJQV
7KLVWRROKDVEHHQXVHGWRFRPSDUHWKHER[ZLQJFRQILJXUDWLRQZLWKWKHFRQYHQWLRQDOWXEHDQG
ZLQJFRQILJXUDWLRQ
)RU DLUSODQHV ZLWKLQ WKH ,&$2 & OLPLWV P  WKH ER[ZLQJ FRQILJXUDWLRQ SURYLGHV DQ
RSSRUWXQLW\WRHQDEOHKLJKHUDPRXQWRISDVVHQJHUVSHUIOLJKW&RPSDUHGWRWKH$DQG$
LWKDVDORZHUIXHOXVDJHDWDUDQJHRINP+RZHYHUFRPSDUHGWRDFRQYHQWLRQDODLUSODQH
GHVLJQHGZLWKWKHVDPHUHTXLUHPHQWVDQGVSDQOLPLWWKHER[ZLQJVKRZVRQO\DVOLJKW DURXQG
 LPSURYHPHQWLQSD\ORDGUDQJHHIILFLHQF\ZKLFKFRQVLGHULQJWKHORZILGHOLW\RIWKHGHVLJQ
PHWKRGVXVHGUHTXLUHVIXUWKHULQYHVWLJDWLRQ

781

Comparative design & sensitivity studies on box-wing airplanes


Elmendorp, La Rocca

%HFDXVHRIWKHVOHQGHUQHVVRIWKHWZRVXUIDFHVRIWKHER[ZLQJLQFUHDVLQJWKHDVSHFWUDWLRKDV
D GHWULPHQWDO HIIHFW RQ WKH HIILFLHQF\ EH\RQG P ZLQJVSDQ IRU WKH FRQVLGHUHG GHVLJQ
UHTXLUHPHQWV GXHWRWKHLQFUHDVHGVWUXFWXUDOZHLJKW,WKDVEHHQVKRZQWKDWWKHZLQJORDGLQJ
KDVDVLJQLILFDQWLPSDFWRQWKHHIILFLHQF\RIWKHDLUSODQHEXWDVSHFWVQRWLQFOXGHGRUWKRURXJKO\
DQDO\VHGLQWKLVVWXG\ VXFKDVKLJKOLIWGHYLFHVIOXWWHUHWF VKRXOGEHFRQVLGHUHG
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Á

GDULRGHPDULQLV#DUWRUJXQLEHFK IUDQFHVFRERQHOOL#SROLEDLW JLXVHSSHSDVFD]LR#SROLEDLW

$%675$&7
,Q WKLV ZRUN D ZHOOHVWDEOLVKHG ,PPHUVHG %RXQGDU\ ,%  DSSURDFK IRU WKH )DYUH$YHUDJHG
1DYLHU²6WRNHV HTXDWLRQV LV HPSOR\HG LQ RUGHU WR VROYH K\SHUVRQLF IORZV RFFXUULQJ DURXQG
VSDFHFDSVXOHVHQWHULQJSODQHWDU\DWPRVSKHUHVRUDURXQGK\SHUVRQLFYHKLFOHVGHYHORSHGIRU
IXWXUHWUDQVFRQWLQHQWDOIOLJKWVRUPLOLWDU\DSSOLFDWLRQV
7KH VWURQJ VKRFN ZDYH WKDW IRUPV DW VXFK VSHHGV H[FLWHV PROHFXOHV DQG DFWLYDWHV FKHPLFDO
UHDFWLRQV PDNLQJ WKH FDORULFDOO\ SHUIHFW JDV DVVXPSWLRQ DEVROXWHO\ LQDFFXUDWH 0RUHRYHU
WKHUPRFKHPLFDO QRQHTXLOLEULXP KDV WR EH WDNHQ LQWR DFFRXQW VLQFH WKH IOXLG G\QDPLF
FKDUDFWHULVWLFWLPHLVFRPSDUDEOHZLWKWKHWKHUPDODQGFKHPLFDORQHV
,QWKLV VFHQDULRWKHDLP RI WKLVZRUNLV WR VKRZWKHFDSDELOLWLHVRI WKH,%DSSURDFKWR FRSH
ZLWKWKHUPRFKHPLFDOQRQHTXLOLEULXPHIIHFWVE\XVLQJWKHZHOONQRZQ3DUNWZRWHPSHUDWXUH
PRGHO
7ZR GLPHQVLRQDO VLPXODWLRQV RI D FRQYHUJHQWGLYHUJHQW QR]]OH DQG RI VHYHUDO IORZV SDVW D
FLUFXODUF\OLQGHUKDYHEHHQLQYHVWLJDWHG7KHUHVXOWVREWDLQHGZLWKWKH,%DSSURDFKKDYHEHHQ
FRPSDUHG ZLWK WKRVH REWDLQHG ERWK H[SHULPHQWDOO\ DQG ZLWK D ZHOOHVWDEOLVKHG ERG\ ILWWHG
VROYHU

.H\ZRUGV,PPHUVHG%RXQGDU\WKHUPRFKHPLFDOQRQHTXLOLEULXPK\SHUVRQLFIORZV


,1752'8&7,21

7KHLQYHVWLJDWLRQRISKHQRPHQDRFFXUULQJDURXQGDQREMHFWPRYLQJDWK\SHUVRQLFVSHHGLVD
UHOHYDQW WRSLF DGGUHVVHG E\ VHYHUDO UHVHDUFKHUV >@ LQ RUGHU WR EHWWHU GHVLJQ VSDFH FDSVXOHV
HQWHULQJ SODQHWDU\ DWPRVSKHUHV RU K\SHUVRQLF YHKLFOHV GHYHORSHG WR UHGXFH WKH WUDYHOOLQJ
WLPHRIWUDQVFRQWLQHQWDOIOLJKWV HJ/RQGRQWR6\GQH\ RUWRZRUNDVPLVVLOHV
,Q WKLV VFHQDULR UHFHQW HIIRUWV LQ IOXLG G\QDPLFV DLP WR LPSURYH WKHRUHWLFDO PRGHOV DQG
QXPHULFDOPHWKRGVLQRUGHUWRJLYHDSUHFLVHSLFWXUHRIWKHIORZILHOGDURXQGDYHKLFOHPRYLQJ
LQK\SHUVRQLFUHJLPH
8VXDOO\WKHIORZJRYHUQLQJHTXDWLRQVDUHVROYHGE\XVLQJDERG\ILWWHGDSSURDFK>@KRZHYHU
GHDOLQJZLWKFRPSOH[WKUHHGLPHQVLRQDOJHRPHWULHVHJWKHVSDFHVKXWWOHRQHPD\UHTXLUHDQ
H[FHVVLYHHIIRUWIRUJHQHUDWLQJWKHFRPSXWDWLRQDOJULG7KH,%DSSURDFK >@DOORZVRQHWR
VDYHWKHXVHULQWHUDFWLRQWLPHQHHGHGIRUJULGJHQHUDWLRQE\VROYLQJWKHJRYHUQLQJHTXDWLRQV
RQ D &DUWHVLDQ JULG DQG E\ DFFRXQWLQJ IRU ZDOO HIIHFWV E\ LPSRVLQJ D GLUHFW IRUFLQJ >@ RQ
WKRVHFHOOVWKDWVWUDGGOHWKHVROLGIOXLGLQWHUIDFH
7KH DLP RI WKLV ZRUN LV WR VKRZ WKH FDSDELOLWLHV RI VXFK DQ DSSURDFK WR FRSH ZLWK
WKHUPRFKHPLFDO QRQHTXLOLEULXP HIIHFWV E\ XVLQJ WKH ZHOONQRZQ 3DUN WZRWHPSHUDWXUH
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PRGHO >@ ,QGHHG DW K\SHUVRQLF VSHHG D VWURQJ VKRFN ZDYH IRUPV LQ IURQW RI WKH YHKLFOH
FRQYHUWLQJNLQHWLFHQHUJ\LQWRPROHFXODURQHDFURVVVHYHUDOGHJUHHVRIIUHHGRP WUDQVODWLRQDO
URWDWLRQDOYLEUDWLRQDOHOHFWURQLFDQGFKHPLFDO 0RUHRYHULQVXFKFRQGLWLRQVWKHIOXLGIORZ
FKDUDFWHULVWLFWLPHLVRIWKHVDPHRUGHURIWKHWKHUPDODQGFKHPLFDOUHOD[DWLRQWLPH,QRUGHU
WRDFFRXQWIRUVXFKSKHQRPHQDWKH3DUNPRGHOFRQVLGHUVWKHWUDQVODWLRQDODQGURWDWLRQDOPRGH
LQ HTXLOLEULXP DQG FKDUDFWHUL]HG E\ D URWRWUDQVODWLRQDO WHPSHUDWXUH 7  RQ WKH RWKHU KDQG
WKHYLEUDWLRQDOPRGHLVLQQRQHTXLOLEULXPZLWKWKHILUVWWZRPRGHVDQGLVFKDUDFWHUL]HGE\D
%ROW]PDQQ GLVWULEXWLRQ DW WHPSHUDWXUH 7Y HYROYLQJ ZLWK D /DQGDX7HOOHU ODZ )LQDOO\
FKHPLFDO QRQHTXLOLEULXP LV DGGUHVVHG E\ FRQVLGHULQJ ILQLWH UDWH UHDFWLRQV ZLWK $UUKHQLXV
FRHIILFLHQWVWKDWDUHHYDOXDWHGDWDQHIIHFWLYHWHPSHUDWXUHZKLFKLVDJHRPHWULFDOPHDQRI7
DQG7YLQRUGHUWRDFFRXQWWKHHIIHFWVRIWKHUPDOQRQHTXLOLEULXPRQFKHPLFDOUHDFWLRQV
7KHFDSDELOLWLHVRIWKHSURSRVHG,%DSSURDFKDUHGHPRQVWUDWHGE\FRPSDULQJWKHUHVXOWVZLWK
WKRVHREWDLQHGERWKH[SHULPHQWDOO\DQGZLWKDZHOOHVWDEOLVKHGERG\ILWWHGVROYHU>@
7KH ILUVW WHVW FDVH UHJDUGV WKH ZHOONQRZQ 6KDUPD QR]]OH >@ ZKHUH D PL[WXUH RI 11 DW
VWDJQDWLRQWHPSHUDWXUHDQGSUHVVXUHHTXDOWR.DQGDWPDFFHOHUDWHVLQWKHGLYHUJHQW
SDUWUHDFKLQJK\SHUVRQLFFRQGLWLRQVWRZDUGVWKHQR]]OHH[LWZKHUHWKHUPDOQRQHTXLOLEULXP
LV HYLGHQW +HUH D JRRG DJUHHPHQW ZDV IRXQG ZLWK ERWK H[SHULPHQWV DQG WKH ERG\ ILWWHG
DSSURDFK
,QRUGHUWRGHDOZLWKIORZVZLWKVWURQJVKRFNZDYHVWKHRWKHUWHVWFDVHVUHJDUGWKHK\SHUVRQLF
IORZ RI QLWURJHQ SDVW D FLUFXODU F\OLQGHU DW GLIIHUHQW IUHHVWUHDP FRQGLWLRQV 7KH ZRUN LV
RUJDQL]HG DV IROORZ LQ 6HFWLRQ  WKH JRYHUQLQJ HTXDWLRQV DUH JLYHQ LQ 6HFWLRQ  WKH
QXPHULFDOVROYHUVDUHGHVFULEHGZLWKHPSKDVLVRQWKHIHDWXUHVRIWKHHPSOR\HG,%DSSURDFK
UHVXOWVDUHVKRZQLQ6HFWLRQILQDOO\6HFWLRQSURYLGHVVRPHFRQFOXGLQJUHPDUNV


)/8,''<1$0,&02'(/6



*RYHUQLQJHTXDWLRQV

7KH SK\VLFV RI K\SHUVRQLF IORZV KDV EHHQ VWXGLHG E\ VROYLQJ WKH ' 1DYLHU²6WRNHV 16 
HTXDWLRQVIRUD11UHDFWLYHPL[WXUHDOVRLQFOXGLQJWKHYLEUDWLRQDOHQHUJ\WUDQVSRUWHTXDWLRQ
LQRUGHUWRDFFRXQWIRUWKHUPRFKHPLFDOQRQHTXLOLEULXP7KHHTXDWLRQVLQLQWHJUDOIRUPUHDG
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YLE  1 
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+HUH  1  DQG 1 DUHWKHJDVGHQVLW\WKH1DQG1SDUWLDOGHQVLWLHVUHVSHFWLYHO\ X DQG Y
DUHWKHYHORFLWLHVLQWKH[DQG\GLUHFWLRQVUHVSHFWLYHO\SLVWKHWKHUPRG\QDPLFSUHVVXUHHLV
WKHVSHFLILFWRWDOHQHUJ\DQG YLE 1  WKHVSHFLILF1YLEUDWLRQDOHQHUJ\ 1  DQG 1 DUHWKH1
DQG1VRXUFHWHUPVFRPSXWHGE\XVLQJWKHODZRIPDVVDFWLRQDQGUDWHFRHIILFLHQWVSURYLGHG
E\3DUN>@ YLE1  LVWKH1YLEUDWLRQDOHQHUJ\VRXUFHWHUPHYDOXDWHGZLWKWKH/DQGDX7HOOHU
HTXDWLRQ>@
1DQG1GLIIXVLRQYHORFLWLHVWKHYLVFRXVVWUHVVWHQVRUWKHWRWDOHQHUJ\KHDWIOX[DQGWKH1
YLEUDWLRQDOHQHUJ\KHDWIOX[DUHHYDOXDWHGDVIROORZV
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,QWKHHTXDWLRQVDERYHWKHVXEVFULSWLUHIHUVWR1DQG1FRPSRQHQWV<LVWKHPDVVIUDFWLRQ7
DQG 7YLE 1  DUHWKHWUDQVODWLRQDODQGYLEUDWLRQDOWHPSHUDWXUHUHVSHFWLYHO\DQGKLLVWKHVSHFLILF
HQWKDOS\ RI WKH LWK VSHFLHV LQFOXGLQJ DOVR YLEUDWLRQDO DQG IRUPDWLRQ FRQWULEXWLRQV  ' LV WKH
ELQDU\ GLIIXVLRQ FRHIILFLHQW LV WKH PL[WXUH YLVFRVLW\ W  DQG YLE 1  DUH WKH PL[WXUH
WUDQVODWLRQDO FRQGXFWLYLW\ DQGWKH1YLEUDWLRQDOFRQGXFWLYLW\UHVSHFWLYHO\ %LQDU\GLIIXVLRQ
DQG VLQJOH FRPSRQHQW YLVFRVLW\ DUH HYDOXDWHG E\ XVLQJ *XSWD V FXUYH ILWV >@ ZKHUHDV WKH
(XFNHQIRUPXODLVXVHGWRHVWLPDWHVLQJOHFRPSRQHQWWUDQVODWLRQDOFRQGXFWLYLWLHVDQGWKH1
YLEUDWLRQDO FRQGXFWLYLW\ 0L[WXUH SURSHUWLHV DUH FRPSXWHG E\ XVLQJ WKH :LONH UXOH DQG WKH
0DVRQDQG6D[HQDDGDSWDWLRQ>@
7KHJRYHUQLQJHTXDWLRQDUHFORVHGE\XVLQJWKHSHUIHFWJDVDVVXPSWLRQWKDWOLQNVSDQGH>@


1XPHULFDOVROYHUV

7KH JRYHUQLQJ HTXDWLRQV   DUH VROYHG E\ XVLQJ D ILQLWH YROXPH DSSURDFK 7ZR QXPHULFDO
VROYHUVEDVHGUHVSHFWLYHO\RQDERG\ILWWHGDSSURDFKDQGRQDQ,%DSSURDFKIRULPSRVLQJWKH
ZDOOERXQGDU\FRQGLWLRQVDWWKHERG\VXUIDFHZLOOEHGHVFULEHGKHUHDIWHU
7KHFRQYHFWLYHDQGYLVFRXVIOX[HVDUHGLVFUHWL]HGXVLQJWKHVDPHVFKHPHVIRUERWKWKHERG\
ILWWHGDQG,%VROYHUVZKLOVWWKHWLPHLQWHJUDWLRQLVSHUIRUPHGXVLQJWZRGLIIHUHQWVFKHPHV
$V UHJDUGV VSDFH GLVFUHWL]DWLRQ RI WKH FRQYHFWLYH SDUW RI WKH IUR]HQ 16 HTXDWLRQV WKH )OX[
9HFWRU6SOLWWLQJ )96 RI6WHJHUDQG:DUPLQJLVHPSOR\HGKHUHVHFRQGRUGHUVSDFHDFFXUDF\
LVREWDLQHGE\XVLQJD086&/ PRQRWRQHXSVWUHDPFHQWUHGVFKHPHVIRUFRQVHUYDWLRQODZV 
UHFRQVWUXFWLRQ RI WKH SULPLWLYH YDULDEOHV ZKHUHDV VWDELOLW\ LV HQVXUHG E\ D PLQPRG IOX[
OLPLWHU 9LVFRXV IOX[HV DUH FRPSXWHG ZLWK VHFRQG RUGHU DFFXUDF\ E\ DSSO\LQJ WKH *DXVV
GLYHUJHQFHWKHRUHPDQGDOLQHDUUHFRQVWUXFWLRQRIWKHSULPLWLYHYDULDEOHV
7KH ERG\ ILWWHG VROYHU XVHV DQ RSHUDWRU VSOLWWLQJ PHWKRG IRU GHFRXSOLQJ IOXLG G\QDPLFV
QRQUHDFWLYH RU IUR]HQ 16 HTXDWLRQV  IURP VWLII FKHPLFDO VRXUFH WHUPV FKHPLFDO HTXDWLRQ 
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7KHWLPHLQWHJUDWLRQRIWKHIUR]HQ16 HTXDWLRQV LV SHUIRUPHGE\XVLQJDQH[SOLFLW5XQJH²
.XWWDVFKHPH 2QWKHRWKHU KDQGWKHVWLII FKHPLFDO HTXDWLRQLV VROYHGE\ XVLQJ DQLPSOLFLW
*DXVV²6HLGHO DOJRULWKP ZLWK D VXEWLPHVWHS WKDW LV D IUDFWLRQ RI WKH IOXLG G\QDPLF RQH
ZKLFKLQWXUQLVFRPSXWHGRQWKHEDVLVRIWKH&)/FRQGLWLRQ
2Q WKH FRQWUDU\ WKH ,% VROYHU XVHV DQ LPSOLFLW WLPH LQWHJUDWLRQ VFKHPH > @ WR VROYH WKH
HQWLUHV\VWHPRIJRYHUQLQJHTXDWLRQVLQDFRXSOHGZD\
 ,PPHUVHG%RXQGDU\PHWKRG
7KH ,% PHWKRG DOORZV RQH WR JUHDWO\ VLPSOLI\ WKH JULG JHQHUDWLRQ SURFHVV DQG HYHQ WR
DXWRPDWH LW FRPSOHWHO\ 7KH JRYHUQLQJ HTXDWLRQV DUH VROYHG GLUHFWO\ RQ D &DUWHVLDQ JULG E\
PHDQVRIGLVFUHWL]DWLRQVFKHPHVDOUHDG\ZHOOYDOLGDWHGLQOLWHUDWXUHIRUWKLVW\SHRIJULGV2Q
WKHRWKHUKDQGWKHHIIHFWRIWKHERG\KDVWREHDFFRXQWHGIRUDQGWKHUHODWLYHSRVLWLRQRIHDFK
JULGFHOOZLWKUHVSHFWWRLWKDVWREHGHWHUPLQHG7KLVLVDFFRPSOLVKHGE\DWDJJLQJWHFKQLTXH
WKDWILUVWO\GHWHFWVZKLFKFHOOIDFHVDUHFXWE\WKHERG\VXUIDFHDQGWKHQGLYLGHVWKHFHOOVLQWR
WKUHH W\SHV VROLG DQG IOXLG FHOOV ZKRVH FHQWUHV OLH ZLWKLQ WKH ERG\ DQG ZLWKLQ WKH IOXLG
UHVSHFWLYHO\DQGIOXLGLQWHUIDFHFHOOVZKLFKKDYHDWOHDVWRQHRIWKHLUQHLJKERXUFHOOVLQVLGH
WKH ERG\ 7KHQ WKH FHQWUHV RI WKH IOXLGLQWHUIDFH FHOOV DUH SURMHFWHG RQWR WKH ERG\ VXUIDFH
DORQJLWVORFDOQRUPDOGLUHFWLRQVRDVWRREWDLQIOXLGFHOOSURMHFWLRQSRLQWV )&33V 
7KHERXQGDU\FRQGLWLRQVWKDWDFFRXQWIRUWKHSUHVHQFHRIWKHERG\DUHPLPLFNHGE\DVSHFLDO
WUHDWPHQW RI WKH IOXLGLQWHUIDFH FHOOV DFFRUGLQJ WR WKH GLUHFW IRUFLQJ SURFHGXUH SURSRVHG E\
0RKG<XVRI>@,QJHQHUDOWKHSRVLWLRQRIWKHFHQWUHRIDIOXLGLQWHUIDFHFHOOGRHVQRWOLHRQ
WKH LPPHUVHG ERXQGDU\ DQG WKHUHIRUH DQ LQWHUSRODWLRQ SURFHGXUH LV UHTXLUHG WR WUDQVIHU WKH
ERXQGDU\ FRQGLWLRQV RQWR WKH FHQWUHV RI WKH IOXLGLQWHUIDFH FHOOV ZKHUHDV WKH JRYHUQLQJ
HTXDWLRQVDUHVROYHGDWDOORIWKHIOXLGFHOOFHQWUHVDQGWKHVROLGFHOOVKDYHQRGLUHFWLQIOXHQFH
RQWKHIOXLGGRPDLQ
,QWKLVSDSHUWKHDXWKRUVSURSRVHWRH[WHQGWRK\SHUVRQLFIORZFRQILJXUDWLRQVWKHXVHRIWZR
LQWHUSRODWLRQSURFHGXUHVWKDWKDYHEHHQDOUHDG\SURYHGWRFRSHZLWKPRGHUDWH0DFKQXPEHU
IORZV>@



D  E 



)LJXUH,QWHUSRODWLRQSURFHGXUHIRULPPHUVHGERXQGDU\FRQGLWLRQV D 2QHGLPHQVLRQDO
UHFRQVWUXFWLRQVFKHPH E /HDVWVTXDUHVUHFRQVWUXFWLRQVFKHPH

)ROORZLQJ WKH LGHD RI )DGOXQ HW DO >@ WKH ILUVW LQWHUSRODWLRQ SURFHGXUH LV EDVHG RQ D RQH
GLPHQVLRQDO UHFRQVWUXFWLRQ VFKHPH )RU HDFK IOXLGLQWHUIDFH FHOO WKH VKRUWHVW &DUWHVLDQ
GLVWDQFHEHWZHHQWKHFHOOFHQWUHDQGWKHZDOOLVHYDOXDWHGDQGWKHUHODWLYH)&33LVGHWHUPLQHG
DORQJWKHFRUUHVSRQGLQJ&DUWHVLDQGLUHFWLRQDVVKRZQLQ)LJXUH D 7KHIORZYDULDEOHDWWKH
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FHQWUHRIWKHLQWHUIDFHFHOO SRLQW, LVOLQHDUO\LQWHUSRODWHGEHWZHHQWKHLPSRVHGYDOXHDWWKH
)&33 SRLQW: DQGWKHFRPSXWHGYDOXHDWWKHQHLJKERXULQJIOXLGFHOOFHQWUH SRLQW$ 
7KH VHFRQG LQWHUSRODWLRQ SURFHGXUH LV EDVHG RQ D OHDVWVTXDUHV UHFRQVWUXFWLRQ VFKHPH VHH
)LJXUH E )RUHDFKLQWHUIDFHFHOO SRLQW, WKHGLVWDQFHEHWZHHQWKHFHOOFHQWUHDQGWKHZDOO
LV HYDOXDWHG DQG WKH UHODWLYH )&33 SRLQW :  LV GHWHUPLQHG 7KH YDOXH RI HDFK YDULDEOH RI
LQWHUHVWDWWKHFHQWUHRIHDFK,LVFRPSXWHGE\OLQHDULQWHUSRODWLRQRIWKHSUHVFULEHGYDOXHVDW
: DQG WKH FRPSXWHG RQHV DW WKH ORFDWLRQ RI D SUREH / SODFHG DW D GLVWDQFH į IURP WKH ZDOO
DORQJ LWV ORFDO QRUPDO GLUHFWLRQ WKLV GRHV QRW FRLQFLGH ZLWK D IOXLGFHOO FHQWUH DQG LV WR EH
HYDOXDWHG LQ WHUPV RI WKH YDOXHV DW  WKH QHLJKERXULQJ IOXLGFHOO FHQWUHV 7KH LQWHUSRODWLRQ
SURFHGXUH WR FRPSXWH WKH YDOXH RI WKH YDULDEOHV DW / LV WKH RQH SURSRVHG E\ 9DQHOOD DQG
%DODUDV >@ D VXSSRUWGRPDLQ LV GHILQHG DURXQG HDFK SUREH DQG D VKDSH IXQFWLRQ LV
FRQVWUXFWHGLQLWEDVHGRQDOHDVWVTXDUHVDSSURDFK7KHFKRLFHRIįZKLFKLVFULWLFDOIRUWKH
DSSOLFDWLRQRIWKLVSURFHGXUHKDVEHHQFKRVHQHTXDOWRWZLFHWKHODUJHVWGLVWDQFHEHWZHHQWKH
IOXLGLQWHUIDFHFHOOVDQGWKHZDOO
)LQDOO\ERWKSURFHGXUHVDOORZWRLPSRVHDILUVWRUGHUDFFXUDWH1HXPDQQERXQGDU\FRQGLWLRQ
IRUFLQJWKHYDOXHDWSRLQW,WREHHTXDOWRWKHFRPSXWHGYDOXHDWHLWKHUSRLQW$RUSRLQW/


5(68/76

7KH SURSRVHG PHWKRGRORJ\ KDV EHHQ WHVWHG ZLWK VHYHUDO WHVWFDVHV LQYROYLQJ WZR
GLPHQVLRQDO VWHDG\ IORZV LQ DQ H[WHQGHG UDQJH RI 0DFK QXPEHUV SDVW IL[HG JHRPHWULHV LQ
RUGHUWRGHPRQVWUDWHWKHFDSDELOLWLHVRIWKH,%DSSURDFKE\FRPSDULQJWKHUHVXOWVZLWKWKRVH
REWDLQHGERWKH[SHULPHQWDOO\DQGZLWKDZHOOHVWDEOLVKHGERG\ILWWHGVROYHU>@
7KHILUVWWHVWFDVH 6HFWLRQ UHJDUGVWKHZHOONQRZQ6KDUPDQR]]OH>@ZKLOHWKHRWKHUWHVW
FDVHV 6HFWLRQ   UHJDUG K\SHUVRQLF IORZV RI QLWURJHQ SDVW D FLUFXODU F\OLQGHU DW GLIIHUHQW
IUHHVWUHDPFRQGLWLRQV


6KDUPDQR]]OH

7KHDFFXUDF\DQGUHOLDELOLW\RIWKH,%VROYHUKDYHEHHQDVVHVVHGE\FRPSDULQJWKHQXPHULFDO
UHVXOWVZLWKWKHRQHVREWDLQHGLQWKH(OHFWULF$UF6KRFN7XEH ($67 IDFLOLW\DW1$6$$PHV
5HVHDUFK&HQWHU>@WKDWDUHZHOONQRZQWREHDFFXUDWHO\SUHGLFWHGE\WKH3DUNPRGHO



D  E 



)LJXUH6KDUPDQR]]OHFRPSDULVRQRIWKHWHPSHUDWXUHSURILOHVDORQJWKHFHQWHUOLQH D DQGDORQJWKH
ZDOO E 

,Q WKHLU ZRUN 6KDUPD DQG 5XIILQ >@ FRQVLGHUHG D QLWURJHQ H[SDQVLRQ LQ D ' FRQYHUJLQJ
GLYHUJLQJ QR]]OH ZLWK WKH IROORZLQJ JHRPHWU\ WRWDO OHQJWK RI  FP ZLGWK RI  FP
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WKURDWKHLJKWRIFP ORFDWHGFPGRZQVWUHDPRIWKHVWDJQDWLRQFKDPEHU DQGDQR]]OH
DUHDODZGRZQVWUHDPWKHWKURDWJLYHQE\

 
$  $W  [    

ZKHUH $W DQG [ DUH WKH WKURDW DUHD DQG WKH D[LDO GLVWDQFH IURP WKH WKURDW H[SUHVVHG LQ FP
6WDJQDWLRQ SUHVVXUH DQG VWDJQDWLRQ WHPSHUDWXUH DUH HTXDO WR DERXW  DWP DQG  .
UHVSHFWLYHO\$GLDEDWLFFRQGLWLRQKDVEHHQLPSRVHGDWWKHZDOO
6LQFH DOO WKH UHVXOWV REWDLQHG ZLWK WKH ,% OHDVWVTXDUHV DQG WKH ,% )DGOXQ DSSURDFKHV DUH
FRLQFLGHQWZLWKLQSORWWLQJDFFXUDF\H[FHSWIRURQHFDVHLQZKDWIROORZVDOOWKH,%UHVXOWVLI
QRWRWKHUZLVHVSHFLILHGDUHUHODWHGWRWKHOHDVWVTXDUHVUHFRQVWUXFWLRQ
)LJXUH D VKRZVWKHUHVXOWVREWDLQHGZLWKERWKWKHERG\ILWWHGDQGWKH,%VROYHUVLQWHUPVRI
FHQWHUOLQH WHPSHUDWXUH SURILOHV DORQJ ZLWK H[SHULPHQWDO GDWD RI WKH YLEUDWLRQDO WHPSHUDWXUH
$V UHJDUGV YLEUDWLRQDO WHPSHUDWXUH WKH SURILOHV REWDLQHG ZLWK WKH WZR VROYHUV DUH RQ WRS RI
HDFKRWKHUDQGLQDJRRGDJUHHPHQWZLWKH[SHULPHQWDOGDWD$YHU\JRRGDJUHHPHQWEHWZHHQ
WKH,%DQGWKHERG\ILWWHGUHVXOWVLVDOVRVKRZQLQWHUPVRIWUDQVODWLRQDOWHPSHUDWXUH
2Q WKH RWKHU KDQG WKH ZDOO WHPSHUDWXUH SURILOHV JLYHQ LQ )LJXUH  E  VKRZ D GLVFUHSDQF\
EHWZHHQWKHERG\ILWWHGDQGWKH,%DSSURDFK+RZHYHUWKHUHLVDOVRDQLPSRUWDQWGLIIHUHQFH
EHWZHHQWKHOHDVWVTXDUHVDQG)DGOXQDSSURDFKWKXVVXJJHVWLQJWKDWDWZDOOWKHVROXWLRQRIWKH
IORZ ILHOG LV YHU\ VHQVLWLYH WR WKH ERXQGDU\ FRQGLWLRQ 7KLV RXWFRPH FRXOG EH GXH WR DQ
LQVXIILFLHQWJULGUHVROXWLRQDWZDOODQGGHVHUYHVIXUWKHUDQDO\VLV


+\SHUVRQLFIORZVSDVWDFLUFXODUF\OLQGHU

+HUHWKHK\SHUVRQLFIORZVSDVWDFLUFXODUF\OLQGHUZLWKUDGLXV5 PPLVFRQVLGHUHGLQIRXU
GLIIHUHQWFRQILJXUDWLRQV UHIHUUHGWRLQWKHIROORZLQJDVFDVHFDVHFDVHFDVH ZKRVH
IUHHVWUHDPYHORFLW\LVHTXDOWRPVDQGWKHELQDU\VFDOLQJSDUDPHWHU
5 LV HTXDO WR     NJP UHVSHFWLYHO\ $OO FDVHV KDYH WKH
IROORZLQJERXQGDU\FRQGLWLRQVZDOOWHPSHUDWXUH7ZDOO .IUHHVWUHDPWHPSHUDWXUH7 
.1SDUWLDOGHQVLW\ 1   
7KH FRPSXWDWLRQDO GRPDLQ XVHG IRU WKH ,% VROYHU H[WHQGV GRZQVWUHDP RI WKH F\OLQGHU
ZKHUHDVRQO\WKHXSVWUHDPIORZILHOGKDVEHHQVLPXODWHGZLWKWKHERG\ILWWHGDSSURDFK
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)LJXUH+\SHUVRQLFIORZVSDVWDF\OLQGHUFRPSDULVRQRIWKHWHPSHUDWXUHSURILOHVDORQJWKH
VWDJQDWLRQOLQHIRUWKHWHVWFDVH D  E  F DQG G 

,Q)LJXUHIRUWKHIRXUGLIIHUHQWWHVWFDVHVWKHVWDJQDWLRQOLQHWHPSHUDWXUHSURILOHVREWDLQHG
XVLQJWKHOHDVWVTXDUHV,%DSSURDFKDUHFRPSDUHGZLWKWKHRQHVREWDLQHGXVLQJWKHERG\ILWWHG
PHWKRG $OO WKH ,% UHVXOWV SUHVHQW D JRRG DJUHHPHQW ZLWK WKH ERG\ ILWWHG RQHV IRU ERWK WKH
URWRWUDQVODWLRQDODQGWKHYLEUDWLRQDOWHPSHUDWXUHV7KHUHODWLYHHUURURIWKHQRUPDOL]HGVKRFN
VWDQGRII GLVWDQFH REWDLQHG XVLQJ WKH ,% PHWKRG ZLWK UHVSHFW WR WKH RQH REWDLQHG XVLQJ WKH
ERG\ILWWHGPHWKRGLVORZHUWKDQIRUDOOWKHFRQVLGHUHGFRQILJXUDWLRQV
'RZQVWUHDP RI WKH VSKHUH D UHFLUFXODWLRQ DQG DQ H[SDQVLRQ ]RQH DUH IRUPHG DV VKRZQ LQ
)LJXUHZKLFKSURYLGHVWKHVWDJQDWLRQOLQHYHORFLW\SURILOHVREWDLQHGZLWKWKH,%DSSURDFK
7KHIRXUFDVHVKDYHDGLIIHUHQWH[WHQVLRQRIWKHUHFLUFXODWLRQ]RQHZKHUHDVVKRZQLQ)LJXUH
DVWURQJQRQHTXLOLEULXPHIIHFWDULVHVDQGH[WHQGVLQWKHH[SDQVLRQ]RQH



)LJXUH+\SHUVRQLFIORZVSDVWDF\OLQGHUFRPSDULVRQRIWKHYHORFLW\SURILOHVREWDLQHGZLWKWKH,%
DSSURDFKIRUWKHIRXUFDVHVFRQVLGHUHG



&21&/8',1*5(0$5.6

7KLVSDSHUSURYLGHVWKHFXUUHQWVWDWHRIWKHDUWLQGHYHORSLQJDQXPHULFDOPHWKRGEDVHGRQDQ
,PPHUVHG %RXQGDU\ ,%  DSSURDFK IRU FRSLQJ ZLWK WKHUPRFKHPLFDOQRQHTXLOLEULXP HIIHFWV
LQK\SHUVRQLFIORZFRQILJXUDWLRQV7KHPHWKRGHPSOR\HVWKH)OX[9HFWRU6SOLWWLQJ )96 RI
6WHJHU DQG :DUPLQJ ZLWK VHFRQG RUGHU DFFXUDWH VSDFH DFFXUDF\ DQG DQ LPSOLFLW WLPH
LQWHJUDWLRQVFKHPHWRVROYHWKHV\VWHPRIJRYHUQLQJHTXDWLRQVDWVWHDG\VWDWH
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7KH FDSDELOLW\ RI WZR LQWHUSRODWLRQ SURFHGXUHV RI WKH ,% DSSURDFK WR WDNH LQWR DFFRXQW WKH
HIIHFWRIWKHERG\KDVEHHQLQYHVWLJDWHG
)LUVW WKH ,% VROYHU KDV EHHQ WHVWHG YHUVXV WKH 6KDUPD QR]]OH ZKHUH D PL[WXUH RI 11
DFFHOHUDWHVLQWKHGLYHUJHQWSDUWUHDFKLQJK\SHUVRQLFFRQGLWLRQVWRZDUGVWKHQR]]OHH[LW7KH
WHPSHUDWXUH SURILOHV RQ WKH FHQWUHOLQH VKRZ D JRRG DJUHHPHQW ZLWK WKH RQHV REWDLQHG XVLQJ
WKHERG\ILWWHGDSSURDFK7KHWHPSHUDWXUHSURILOHVDWWKHZDOOVKRZDVHQVLWLYLW\RIWKHQRQ
HTXLOLEULXPHIIHFWVWRWKHLPSRVHGERXQGDU\FRQGLWLRQV
7KHQWKH,%VROYHUKDVEHHQWHVWHGYHUVXVWKHK\SHUVRQLFIORZSDVWD FLUFXODUF\OLQGHUZLWK
LQFUHDVLQJO\KLJKIUHHVWUHDP0DFKQXPEHU7KHVKRFNVDUHZHOOFDSWXUHGDQGWKHSRVLWLRQRI
WKHQRUPDOL]HGVWDQGRIIGLVWDQFHGLIIHUVIURPWKHRQHVREWDLQHGXVLQJWKHERG\ILWWHGVROYHUE\
OHVVWKDQ7KHVLPSOHUJHQHUDWLRQRIWKH&DUWHVLDQJULGXVHGLQWKH,%DSSURDFKDOORZVXV
WR VROYH DOVR WKH IORZ ILHOG GRZQVWUHDP WKH F\OLQGHU WKDW ZRXOG UHTXLUHV D FRQVLGHUDEOH
LQFUHDVHRIFRPSXWDWLRQDOWLPHXVLQJDERG\ILWWHGVROYHU
7KHVHUHVXOWVUHQGHUWKHSURSRVHGPHWKRGDSURPLVLQJWRROIRUFRPSXWLQJWKUHHGLPHQVLRQDO
K\SHUVRQLFIORZVSDVWRUWKURXJKFRPSOH[JHRPHWULHVZKHQWKHUPRFKHPLFDOQRQHTXLOLEULXP
HIIHFWVDUHUHOHYDQW
5()(5(1&(6
>@ *9&DQGOHU5DWH(IIHFWVLQ+\SHUVRQLF)ORZV$QQXDO5HYLHZRI)OXLG0HFKDQLFV
SS  
>@ * &RORQQD ) %RQHOOL DQG * 3DVFD]LR ,PSDFW RI D IXQGDPHQWDO PROHFXODU NLQHWLFV RQ
PDFURVFRSLFSURSHUWLHVRIKLJKHQWKDOS\IORZVWKHFDVHRIK\SHUVRQLFDWPRVSKHULFHQWU\
3K\VLFDO5HYLHZ)OXLGVSS  
>@ 0 ' GH 7XOOLR 3 'H 3DOPD * ,DFFDULQR * 3DVFD]LR 0 1DSROLWDQR $Q LPPHUVHG
ERXQGDU\ PHWKRG IRU FRPSUHVVLEOH IORZV XVLQJ ORFDO JULG UHILQHPHQW -RXUQDO RI
&RPSXWDWLRQDO3K\VLFVSS  
>@ ''H0DULQLV0'GH7XOOLR01DSROLWDQR*3DVFD]LR,PSURYLQJDFRQMXJDWHKHDW
WUDQVIHU LPPHUVHGERXQGDU\ PHWKRG ,QWHUQDWLRQDO -RXUQDO RI 1XPHULFDO 0HWKRGV IRU
+HDWDQG)OXLG)ORZSS  
>@ -0RKG<XVRI&RPELQHGLPPHUVHGERXQGDU\%VSOLQHPHWKRGVIRUVLPXODWLRQVRIIORZ
LQFRPSOH[JHRPHWULHV&HQWHUIRU7XUEXOHQFH5HVHDUFK$QQXDO5HVHDUFK%ULHIV
 
>@ &3DUN1RQHTXLOLEULXPK\SHUVRQLF$HURWKHUPRG\QDPLFV:LOH\1HZ<RUN  
>@ 6 3 6KDUPD 6 0 5XIILQ : ' *LOOHVSLH 6 $ 0H\HU 9LEUDWLRQDO UHOD[DWLRQ
PHDVXUHPHQWV LQ DQ H[SDQGLQJ IORZ XVLQJ VSRQWDQHRXV 5DPDQ VFDWWHULQJ -RXUQDO RI
WKHUPRSK\VLFVDQG+HDW7UDQVIHUSS  
>@ 5 1 *XSWD - 0 <RV 5 $ 7KRPSVRQ .3 /HH $ 5HYLHZ RI 5HDFWLRQ 5DWHV DQG
7KHUPRG\QDPLFDQG7UDQVSRUW3URSHUWLHVIRUDQ6SHFLHV$LU0RGHOIRU&KHPLFDODQG
7KHUPDO 1RQHTXLOLEULXP&DOFXODWLRQVWR .5HIHUHQFH3XEOLFDWLRQ 1$6$
:DVKLQJWRQ'& 
>@ ( $ )DGOXQ 5 9HU]LFFR 3 2UODQGL - 0RKG<XVRI &RPELQHG LPPHUVHGERXQGDU\
ILQLWHGLIIHUHQFH PHWKRGV IRU WKUHHGLPHQVLRQDO FRPSOH[ IORZ VLPXODWLRQV -RXUQDO RI
FRPSXWDWLRQDOSK\VLFV  SS  
>@ 0 9DQHOOD ( %DODUDV $ PRYLQJOHDVWVTXDUHV UHFRQVWUXFWLRQ IRU HPEHGGHG
ERXQGDU\IRUPXODWLRQV-RXUQDORI&RPSXWDWLRQDO3K\VLFVSS  
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'HSDUWPHQWRI,QGXVWULDO(QJLQHHULQJ8QLYHUVLW\RI1DSOHV³)HGHULFR,,´3LD]]DOH7HFFKLR
1DSOHV,WDO\
DOHQRFHULQR#VWXGHQWLXQLQDLWUREHUWRRSURPROOD#XQLQDLWPLFKHOHJUDVVL#XQLQDLW
JLDQFDUPLQHIDVDQR#XQLQDLWJLDQFDUORUXILQR#XQLQDLW

$%675$&7
Autonomous relative navigation for safe approach manoeuvres with respect to an
uncooperative space target is a critical task for many space applications such as on-orbit
servicing (OOS) or active debris removal (ADR). Due to the uncooperative nature of the target,
Electro-Optical sensors mounted on board the chaser must be exploited to enable relative
navigation: the focus here is placed on active systems, e.g., LIDARs. In this paper, an original
loosely-coupled relative navigation architecture which integrates pose determination
algorithms designed to process raw LIDAR data (i.e. 3D point clouds) with a multiplicative
extended Kalman filter is presented. Performance assessment is carried out within a numerical
simulation environment reproducing the operation of a scanning LIDAR and the relative
motion between two spacecraft.
.H\ZRUGV 2QRUELW VHUYLFLQJ DFWLYH GHEULV UHPRYDO VSDFHFUDIW UHODWLYH QDYLJDWLRQ SRVH
GHWHUPLQDWLRQXQFRRSHUDWLYHWDUJHWV/,'$5


,1752'8&7,21

7KH GHYHORSPHQW RI D UHOLDEOH DQG DXWRQRPRXV UHODWLYH QDYLJDWLRQ DUFKLWHFWXUH IRU FORVH
SUR[LPLW\ RSHUDWLRQV LV RQH RI WKH IRFXV RI VSDFH UHVHDUFK LQ WKH ODVW GHFDGHV ,W KDV PDQ\
SRWHQWLDO DSSOLFDWLRQV HVSHFLDOO\ UHODWHG WR WKH SUREOHP RI VSDFH GHEULV VLQFH LW ZLOO HQDEOH
PLVVLRQVVXFKDV$FWLYH'HEULV5HPRYDO $'5 DQG2Q2UELW6HUYLFLQJ0DQ\VROXWLRQVKDYH
EHHQSURSRVHGWRUHWULHYHUHODWLYHVWDWHLQIRUPDWLRQEDVHGRQ(OHFWUR2SWLFDOVHQVRUV>@)RU
LQVWDQFH D VWHUHRYLVLRQ V\VWHP LV FRQVLGHUHG LQ >@ >@ DQG >@ ZKLOH D PRQRFXODU FDPHUD
LQWHJUDWHGZLWKD/,'$5V\VWHPLVSURSRVHGLQ>@7KHPDLQSUREOHPUHODWHGWRWKHSUHVHQFH
RIDYLVXDO FDPHUDLV WKDW LWUHTXLUHV DOJRULWKPV DEOH WR UREXVWO\ LGHQWLI\ DQGWUDFNDFHUWDLQ
QXPEHU RI IHDWXUHV RQ WKH WDUJHW VXUIDFH 7KLV WDVN PD\ EH FRPSOLFDWHG E\ WKH DGYHUVH
LOOXPLQDWLRQFRQGLWLRQVW\SLFDORIWKHVSDFHHQYLURQPHQWWKHSRWHQWLDOSUHVHQFHRIWKH(DUWKLQ
WKHLPDJHEDFNJURXQGDQGWKHUHFXUVLYHDSSHDUDQFHGLVDSSHDUDQFHRIQHZIHDWXUHVGXHWRWKH
UHODWLYHG\QDPLFVZKLFKPD\OHDGWRRXWOLHUVLQWKHIHDWXUHPDWFKLQJSURFHVV8QOLNHH[LVWLQJ
DSSURDFKHV>@WKLVSDSHUSUHVHQWVDQRULJLQDOUHODWLYHQDYLJDWLRQILOWHUFKDUDFWHUL]HGE\D
ORRVHO\FRXSOHGFRQILJXUDWLRQ6SHFLILFDOO\UDZ/,'$5PHDVXUHPHQWVVXSSOLHGE\DVFDQQLQJ
/,'$5DUHSURFHVVHGWRHVWLPDWHWKHWDUJHWFKDVHUUHODWLYHDWWLWXGHDQGSRVLWLRQE\H[SORLWLQJ
SRVH GHWHUPLQDWLRQ DOJRULWKPV >@ 6XFK SRVH HVWLPDWH LV WKHQ XVHG WR FRUUHFW WKH UHODWLYH
QDYLJDWLRQVWDWHLQWKHXSGDWHSURFHVVRIDPXOWLSOLFDWLYH([WHQGHG.DOPDQ)LOWHU 0(.) $Q
H[WHQVLYH FDPSDLJQ RI QXPHULFDO VLPXODWLRQV LV FDUULHG RXW WR DVVHVV SHUIRUPDQFH RI WKLV
DSSURDFK7KHUHVWRIWKHSDSHULVRUJDQL]HGDVIROORZV)LUVWWKHPDWKHPDWLFDOGHWDLOVRIWKH
SUREOHPDUHUHFDOOHG VHFWLRQ WKHQWKHVWUXFWXUHRIWKH0(.)LVGHVFULEHG VHFWLRQ DQGLQ

791

LIDAR-based relative navigation

Nocerino et al.

VHFWLRQ  WKH VLPXODWLRQ VFHQDULR DQG UHVXOWV DUH SUHVHQWHG ILQDOO\ LQ VHFWLRQ  VRPH
FRQFOXVLRQVDUHGUDZQ


5(/$7,9(1$9,*$7,21$5&+,7(&785(

,QWKLVVHFWLRQWKHPRGHOVH[SORLWHGWRGHULYHWKHUHODWLYHQDYLJDWLRQDUFKLWHFWXUHVFKHPHDUH
GHVFULEHG)LUVWWKHIROORZLQJUHIHUHQFHIUDPHVPXVWEHGHILQHGWKH ,5) ,QHUWLDO5HIHUHQFH
)UDPH LVWKHFODVVLFDO(DUWKFHQWUHGLQHUWLDOIUDPHZKRVHz DQGx D[LVSRLQWWRZDUGV1RUWKDQG
WKHILUVWSRLQWRI$ULHVUHVSHFWLYHO\ZKLOHWKHy D[LVFRPSOHWHVWKHULJKWKDQGHGWULDGWKH65)
6HQVRU 5HIHUHQFH )UDPH  LV WKH /,'$5 FRRUGLQDWH V\VWHP ZKRVH ]D[LV LV GLUHFWHG DORQJ
ERUHVLJKWWKH&5) &KDVHU)L[HG5HIHUHQFH)UDPH LVWKHERG\UHIHUHQFHIUDPHRIWKHFKDVHU
IRU WKH VDNH RI PDWKHPDWLFDO VLPSOLFLW\ &5) DQG 65) DUH DVVXPHG FRLQFLGHQW  WKH 75)
7DUJHW)L[HG5HIHUHQFH)UDPH LVWKHERG\UHIHUHQFHIUDPHRIWKHWDUJHW ZLWKWKHRULJLQDWLWV
FHQWHURIPDVV WKH+5) +LOO¶V5HIHUHQFH)UDPH LVXVHIXOWRGHVFULEHWKHUHODWLYHPRWLRQLWV
RULJLQLVDWWKHFHQWHURIPDVVRIWKHFKDVHUWKHx D[LVLVSDUDOOHOWRWKHRUELWDOUDGLXVRIWKH
FKDVHUWKHz D[LVLVSDUDOOHOWRWKHDQJXODUPRPHQWXPYHFWRURIWKHFKDVHUZKLOH WKHy D[LV
FRPSOHWHVWKHULJKWKDQGHGIUDPH,QWKHIROORZLQJWKH(XOHUDQJOHV¶VHTXHQFHGHVFULELQJWKH
DWWLWXGHRIWKH&5)DQG75)ZLWKUHVSHFWWRWKH,5)LVDVHTXHQFHZKLOHWKHUHODWLYHDWWLWXGH
EHWZHHQ75)DQG&5)LVGHVFULEHGE\DVHTXHQFHRI(XOHUDQJOHV


'\QDPLFPRGHO

7KH G\QDPLF PRGHO LQFOXGHV ERWK WUDQVODWLRQDO DQG URWDWLRQDO NLQHPDWLFV DQG G\QDPLFV %\
QHJOHFWLQJRUELWDOSHUWXUEDWLRQVDQGDVVXPLQJWKDWWKHGLVWDQFHEHWZHHQWKHWZRVSDFHFUDIWLV
IDU VKRUWHU WKDQ WKH (DUWK¶V UDGLXV WKH UHODWLYH WUDQVODWLRQDO G\QDPLFV FDQ EH REWDLQHG E\
FRPELQLQJ WKH WZRERG\HTXDWLRQVRIERWK FKDVHUDQGWDUJHWVLQFHWKHUHODWLYHWUDQVODWLRQDO
PRWLRQLVGHVFULEHGLQDQRQLQHUWLDOIUDPH3RLVVRQ¶VODZPXVWEHDSSOLHGWRILQGDQH[SUHVVLRQ
IRUWKHUHODWLYHDFFHOHUDWLRQLQ+5)DVVKRZQLQ(TXDWLRQVWR















ZKHUH[\DQG]DUHWKHFRPSRQHQWVRIWKHSRVLWLRQYHFWRURIWKH7DUJHWZUWWKH&KDVHU 
LQWKH&KDVHU+5) LVWKH(DUWK¶VJUDYLWDWLRQDOFRQVWDQW LVWKHFKDVHU¶VGLVWDQFHIURPWKH
(DUWKFHQWUH DQG DUHWKHRUELWDOUDWHDQGDFFHOHUDWLRQRI+5)UHVSHFWLYHO\&RQFHUQLQJ
URWDWLRQDOG\QDPLFVWKHWLPHKLVWRU\RIWKHTXDWHUQLRQ UHSUHVHQWLQJWKH7DUJHWDWWLWXGHZUW
WR WKH &KDVHU  LV JLYHQ E\ WKH LQWHJUDWLRQ RI WKH UHODWLYH TXDWHUQLRQV¶ NLQHPDWLF HTXDWLRQ
REWDLQHGFRPELQLQJWKHWZRNLQHPDWLFHTXDWLRQVGHVFULELQJWKHLQHUWLDODWWLWXGHRIFKDVHUDQG
WDUJHWUHVSHFWLYHO\ 




ZKHUH
LVFRPSXWHGDVLQ(TXDWLRQDQGLWLVH[SUHVVHGLQ75)
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7KH WDUJHW LV DVVXPHG WR EH D IUHHURWDWLQJ ERG\ VR LWV URWDWLRQDO G\QDPLFV LV GHVFULEHG E\
(TXDWLRQ




ZKHUH LQWKHLQHUWLDPDWUL[RIWKHWDUJHWDVVXPHGNQRZQ


0HDVXUHPHQWPRGHO

7KH PHDVXUHPHQW PRGHO FRPHV IURP WKH SRVH GHWHUPLQDWLRQ DOJRULWKP ZKLFK SURYLGHV
LQIRUPDWLRQ DERXW UHODWLYHSRVLWLRQDQGDWWLWXGH E\ SURFHVVLQJ' /,'$5SRLQWFORXGV 7KH
,WHUDWLYH&ORVHVW3RLQW ,&3 DOJRULWKPLVXVHGWRWKLVVFRSH,WLVDPRGHOEDVHGDOJRULWKPLH
LWZRUNVE\FRPSDULQJWKHPHDVXUHGGDWDZLWKDPRGHORIWKHWDUJHWJHRPHWU\6SHFLILFDOO\LW
DOORZVGHWHUPLQLQJWKHEHVWHVWLPDWHRIWKHRSWLPDOURWDWLRQDQGWUDQVODWLRQQHHGHGWRDOLJQWZR
SRLQWFORXGVWKHVHQVRUSRLQWFORXGDQGDPRGHOSRLQWFORXG7KLVSUREOHPLVDOVRNQRZQDV
GDWDVHW UHJLVWUDWLRQ 7KH SRVH HVWLPDWLRQ LV GRQH E\ PLQLPL]LQJ WKH IROORZLQJ FRVW IXQFWLRQ
(TXDWLRQ GHILQHGDV WKHPHDQVTXDUHGLVWDQFHRIFRUUHVSRQGLQJSRLQWVEHWZHHQWKHWZR
GDWDVHWV




ZKHUH

LVWKHQXPEHURIPDWFKHGSRLQWV
LVWKHiWKSRLQWRIWKHPRGHOSRLQWFORXG
LVWKHDVVRFLDWHGSRLQWRIWKHPHDVXUHGSRLQWFORXG
LVWKHURWDWLRQPDWUL[
IURP &5) WR 75) DQG  LV WKH UHODWLYH SRVLWLRQ RI WKH &KDVHU ZLWK UHVSHFW WR WKH 7DUJHW
H[SUHVVHGLQ&5)'HWDLOVDERXWWKHLPSOHPHQWDWLRQRIWKLVDOJRULWKPDUHSURYLGHGLQ>@(DFK
WLPHD/,'$5SRLQWFORXGLVDYDLODEOHWKH,&3DOJRULWKPVSURYLGHVWKHPHDVXUHPHQWYHFWRU ] 
>7T@ LQLQSXWWRWKH0(.)
7KHVHPHDVXUHVDUHUHODWHGWRWKHVWDWHYHFWRURIWKHILOWHUWKURXJKWKHREVHUYDWLRQPRGHO






EHLQJ
WKHURWDWLRQPDWUL[IURP+5)WR&5)
WKHUHODWLYHSRVLWLRQYHFWRURIWKH
7DUJHWZUWWKH&KDVHULQ+5)DQG WKHUHODWLYHDWWLWXGHTXDWHUQLRQ
7KHFRYDULDQFHDVVRFLDWHGWRWKH,&3EDVHGSRVHLVHVWLPDWHGLQUHDOWLPHDVDIXQFWLRQRIWKH
YDOXH DFKLHYHG E\ f DW WKH HQG RI WKH ,&3 $Q HVWLPDWLRQ RI WKLV TXDQWLW\ FDQ EH REWDLQHG
IROORZLQJWKHSURFHGXUHGHVFULEHGLQ>@DVVKRZQEHORZ



ZKHUH



LVWKHFRYDULDQFHRIWKH'UDZPHDVXUHPHQWVSURYLGHGE\WKH/,'$5



08/7,3/,&$7,9((;7(1'('.$/0$1),/7(5



)LOWHU¶VVWUXFWXUH

)LJXUH  VKRZV WKH KLJKOHYHO DUFKLWHFWXUH RI WKH QDYLJDWLRQ ILOWHU ZKLFK FRPELQHV WKH
0XOWLSOLFDWLYH ([WHQGHG .DOPDQ ILOWHU ZLWK WKH ,&3 LQWR D ORRVHO\FRXSOHG FORVHG ORRS 
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FRQILJXUDWLRQ ZKHUH WKH SUHGLFWLRQ EORFN SURYLGHV DQ LQLWLDO VHDUFK SRLQW IRU WKH JOREDO
PLQLPXP RI WKH HUURU PHWULF IXQFWLRQ HDFK WLPH D QHZ SRLQW FORXG LV DFTXLUHG DQG WKH
FRUUHFWLRQEORFNLVXVHGWRFRUUHFWWKHDSULRULHVWLPDWH

Prediction
Dynamic model

Measurement Process
Pose determination

Correction





)LJXUH)ORZGLDJUDPVRIUHODWLYHQDYLJDWLRQDUFKLWHFWXUH

&RQVLGHULQJWKDWWKHTXDWHUQLRQPXVWVDWLVI\WKHXQLWQRUPFRQVWUDLQWLWFDQQRWEHXSGDWHGE\
PHDQV RI DQ DGGLWLYH RSHUDWLRQ 0RUHRYHU D WKUHHSDUDPHWHUV DWWLWXGH HUURU UHSUHVHQWDWLRQ
QDPHO\ WKH *LEEV YHFWRU  LV LQFOXGHG WR DYRLG VLQJXODULW\ LVVXHV UHODWHG WR WKH FRYDULDQFH
PDWUL[+HQFHWKH[VWDWHYHFWRULVGHILQHGDVIROORZV


 

ZKHUH
DQG
DUHWKHUHODWLYHSRVLWLRQDQGYHORFLW\RIWKH7DUJHWZUWWKH&KDVHULQ
+5)UHVSHFWLYHO\ LVDXQLWTXDWHUQLRQGHVFULELQJWKHDWWLWXGHRI75)ZLWKUHVSHFWWR&5)
DQG LVWKHWDUJHW¶VDEVROXWHDQJXODUUDWHLQ75),WLVZRUWKQRWLQJWKDWDOVRWKHWDUJHWDEVROXWH
DQJXODUYHORFLW\LVHVWLPDWHGDVSDUWRIWKHQDYLJDWLRQVWDWH7KLVLQIRUPDWLRQFRXOGEHLPSRUWDQW
WR WKH SODQQLQJ DQG H[HFXWLRQ RI UHQGH]YRXV DQG GRFNLQJ PDQRHXYUHV DIWHU WKH PRQLWRULQJ
SKDVH
7KHDWWLWXGHTXDWHUQLRQFDQEHUHODWHGWRWKH*LEEVYHFWRU (TXDWLRQ DVVKRZQLQ(TXDWLRQ



 



 


ZKHUH LVWKH(XOHU¶VD[LVDQG LVWKH(XOHU¶VDQJOH
,IWKHDWWLWXGHHUURULVGHILQHGDVWKHTXDWHUQLRQSURGXFWEHWZHHQWKHUHDODQGWKHHVWLPDWHGRQH
DWKUHHSDUDPHWHUDWWLWXGHHUURUUHSUHVHQWDWLRQFDQEHGHULYHGXQGHUWKHDVVXPSWLRQRIVPDOO
DQJXODUHUURUV



 


EHLQJ HTXDOWRWZLFHWKH*LEEVYHFWRU
7KHILUVWVWHSLVWRJHWWKHDSULRULHVWLPDWHRIERWKWKHVWDWHYHFWRUDQGVWDWHFRYDULDQFHPDWUL[
7KH ILUVW RQH FRPHV IURP WKH LQWHJUDWLRQ RI WKH G\QDPLFV PRGHO ZKLOH WKH HVWLPDWH RI WKH
FRYDULDQFHPDWUL[QHHGVDILUVWRUGHUOLQHDUL]DWLRQSURFHVVRIWKHG\QDPLFVHTXDWLRQVDURXQG
WKHFXUUHQWVWDWHHVWLPDWH
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ZKHUH


 

LVWKHVDPSOLQJWLPHDQG



 




 


7KRVHHVWLPDWHVDUHXSGDWHGE\PHDQVRIWKHUHODWLYHSRVHSURYLGHGE\WKH,&3DOJRULWKPDQG
WKHPHDVXUHPHQWFRYDULDQFHPDWUL[HVWLPDWHGRQOLQHDVGHVFULEHGLQVHFWLRQ


6,08/$7,216&(1$5,2$1'5(68/76

7KLVVHFWLRQSUHVHQWVWKHVLPXODWLRQHQYLURQPHQWLQZKLFKWKHUHODWLYHQDYLJDWLRQDUFKLWHFWXUH
LVWHVWHGDORQJZLWKWKHQXPHULFDOUHVXOWV


6LPXODWLRQ6FHQDULR

7KH VLPXODWHG VFHQDULR LV D FLUFXODU UHODWLYH WUDMHFWRU\ GHVLJQHG DURXQG (19,6$7 IRU
PRQLWRULQJSXUSRVHV7KHUHIHUHQFHUHODWLYHG\QDPLFVLVREWDLQHGE\SURSDJDWLQJWKHUHODWLYH
PRWLRQLQFOXGLQJRUELWDOSHUWXUEDWLRQVFDXVHGE\QRQVSKHULFLW\RIWKH(DUWK KDUPRQLFVXSWR
WKH IRXUWK RUGHU DUH FRQVLGHUHG  ,Q SDUWLFXODU WKH UHODWLYH URWDWLRQDO G\QDPLFV LV JHQHUDWHG
DVVXPLQJ WKDW WKH &KDVHU VSDFHFUDIW LV WKUHHD[LV VWDELOL]HG ZLWK WKH ERUHVLJKW D[LV RI 65)
DOZD\VSRLQWLQJ(19,6$7FHQWUHRIPDVV7KH7DUJHWLVDVVXPHGQDGLUSRLQWLQJDQGLWVDQJXODU
 7KH VLPXODWHG UHODWLYH RUELW
YHORFLW\ LV GXH WR WKH RUELWDO UDWH LH
DURXQG (19,6$7 DQG WKH WLPH YDULDWLRQ RI (XOHU DQJOHV GHVFULELQJ WKH UHODWLYH URWDWLRQDO
G\QDPLFVDUHVKRZQLQ)LJXUH






&KDVHU5HODWLYH7UDMHFWRU\
(QYLVDW

3LWFK5(/
















<+75)>P@


<DZ5(/

>@

=+75)>P@



5ROO5(/


















;+75)>P@









7LPH>V@

D  E 









)LJXUH6LPXODWHGUHODWLYHRUELW D &KDVHUUHODWLYHWUDMHFWRU\LQ7DUJHW+LOO5HIHUHQFH)UDPH E 
7LPHYDULDWLRQRI(XOHUDQJOHVGXULQJRQHUHODWLYHRUELWRI75)ZUW&5)
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)LOWHU¶VLQLWLDOL]DWLRQLVSHUIRUPHGE\WKHSRVHGHWHUPLQDWLRQVFKHPHFRPSRVHGRIWZRSKDVHV
DFTXLVLWLRQDQGWUDFNLQJ>@WKHIRUPHUSURYLGHVDQLQLWLDOJXHVVRIWKHUHODWLYHSRVHZLWKRXW
DQ\SULRULQIRUPDWLRQE\PHDQVRIDPRGHOEDVHGDOJRULWKPZKLFKH[SORLWV7HPSODWH0DWFKLQJ
70 DQG3ULQFLSDO&RPSRQHQW$QDO\VLV 3&$ ZKHUHDVWKHODWWHUUHILQHVWKHDFTXLUHGSRVH
ZLWKWKH,&3IRUDWLPHLQWHUYDO HJVHFRQGV 7KLVWLPHLQWHUYDOLVUHTXLUHGWRHQDEOHWKH
,&3DOJRULWKPWRFRSHZLWKWKHODUJHSRVHHUURUGHULYLQJIURPWKHLQLWLDOL]DWLRQSURFHVV
7KH/,'$5PHDVXUHPHQWSURFHVVLVDOVRUHSURGXFHGWRREWDLQUHDOLVWLFSRLQWFORXGVXVLQJWKH
PRGHOGHVFULEHGLQ>@7KHFKDUDFWHULVWLFVRIWKHVLPXODWHG/,'$5UHSUHVHQWW\SLFDOVFDQQLQJ
/,'$5SHUIRUPDQFHDQGDUHVXPPDUL]HGLQ7DEOH

$]LPXWKDQJXODUUHVROXWLRQ

(OHYDWLRQDQJXODUUHVROXWLRQ

)R9
[
8QFHUWDLQW\RQWKHPHDVXUHGGLVWDQFH

3RLQWLQJXQFHUWDLQW\

7DEOH/,'$5FKDUDFWHULVWLFV



1XPHULFDO5HVXOWV

6LPXODWLRQVDUHUXQFRQVLGHULQJWZRSRVVLEOHFDVHVIRUWKHXSGDWHUDWHRIWKH/,'$5EDVHGSRVH
HVWLPDWH QDPHO\  +] DQG  +] 7KH VLPXODWLRQ WLPH LV VHW WR  VHFRQGV ZKLFK
FRUUHVSRQGWR WKHWLPHUHTXLUHGE\ &KDVHUWR SHUIRUPWZRUHODWLYHRUELWVDURXQGWKH7DUJHW
)LJXUHVKRZVWKHWLPHYDULDWLRQRIWKHHUURULQWKHHVWLPDWHGUHODWLYHVWDWHZKLOHWKHUHVXOWV
RIVWDWLVWLFDODQDO\VLVLVSUHVHQWHGLQ7DEOHWRDVVHVVWKHDFKLHYHGDFFXUDF\OHYHO7KHHIIHFW
RIWKHUHODWLYHG\QDPLFVRQWKHHUURUEHKDYLRXULVKLJKOLJKWHGE\WKHSHULRGLFSUHVHQFHRISHDNV
ZKLFK DUH FDXVHG E\ WKH SHULRGLF RFFXUUHQFH RI XQDYRLGDEOH QRQIDYRXUDEOH REVHUYDWLRQ
FRQGLWLRQVRIWKH7DUJHWLQWKH/,'$5)29 HJVHOIRFFOXVLRQSKHQRPHQD ,QWKHVHFDVHV
WKHHUURULQWKH,&3EDVHGSRVHHVWLPDWHLQFUHDVHVDQGFRQVHTXHQWO\WKHHQWLUHUHODWLYHVWDWH
HVWLPDWHLVDIIHFWHG+RZHYHUWKHHUURULQFUHDVHLVOLPLWHGE\WKHUHODWLYHQDYLJDWLRQILOWHUDV
KLJKOLJKWHGLQ7DEOH7KHSURSRVHGQDYLJDWLRQDUFKLWHFWXUHDOVRSURYLGHVDQHVWLPDWHRIWKH
WDUJHWDEVROXWHDQJXODUYHORFLW\SURYLGHGWKDWWKHLQHUWLDWHQVRULVSUHFLVHO\NQRZ+RZHYHU
WKHPD[LPXPHVWLPDWLRQHUURULVUHODWLYHO\KLJK
RIWKHWUXHYDOXH SUREDEO\GXHWRWKH
IUHHWRUTXHPRWLRQDSSUR[LPDWLRQDQGWKHQRQOLQHDULW\HIIHFWVLQWURGXFHGE\WKHWDUJHWDWWLWXGH
G\QDPLFV )LQDOO\ LW LV LPSRUWDQW WR KLJKOLJKW KRZ FRPSDUDEOH UHODWLYH VWDWH HVWLPDWLRQ
SHUIRUPDQFHLVREWDLQHGHYHQFRQVLGHULQJDSRVHVROXWLRQXSGDWHRQFHHYHU\WZRVHFRQGV 7DEOH
  7KLV FDQ EH H[WUHPHO\ LPSRUWDQW WR HQDEOH WKH UHDOWLPH LPSOHPHQWDWLRQ RI UHODWLYH
QDYLJDWLRQ DUFKLWHFWXUH FRQVLGHULQJ WKDW DFFXUDWH SRVH HVWLPDWHV PD\ UHTXLUH FRPSXWDWLRQDO
H[SHQVLYHDOJRULWKPV

6WDWLVWLFVRIHVWLPDWLRQHUURUV
I +]
I
 0HDQ
6WDQGDUGGHYLDWLRQ 0HDQ

P
P
P




GHJ
GHJ
GHJ

+]
 6WDQGDUGGHYLDWLRQ

P



GHJ

7DEOH6WDWLVWLFVRIHVWLPDWLRQHUURUIRUWZRGLIIHUHQWXSGDWHUDWHVRIWKH/,'$5EDVHGSRVHHVWLPDWH
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0(.)
0HDQ
6WDQGDUGGHYLDWLRQ
P
P
GHJ
GHJ




3RVH'HWHUPLQDWLRQ
0HDQ
6WDQGDUGGHYLDWLRQ
P P
GHJ
GHJ

7DEOH6WDWLVWLFVRIHVWLPDWLRQHUURURI0(.)DQGSRVHGHWHUPLQDWLRQDOJRULWKP
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>GHJ@

















7LPH>V@
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__ >UDGV@
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(55
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7LPH>V@

 F 

























7LPH>V@







 G 



)LJXUH5HODWLYHVWDWHHVWLPDWLRQHUURUV D UHODWLYHSRVLWLRQ E UHODWLYHDWWLWXGH F UHODWLYH
YHORFLW\ G WDUJHW¶VDEVROXWHDQJXODUYHORFLW\




&21&/86,216

7KLV ZRUN SUHVHQWV DQ RULJLQDO UHODWLYH QDYLJDWLRQ DUFKLWHFWXUH LQ ZKLFK D 0XOWLSOLFDWLYH
([WHQGHG .DOPDQ ILOWHU DQG D SRVH GHWHUPLQDWLRQ DOJRULWKP EDVHG RQ /,'$5 V\VWHP DUH
FRPELQHGLQDFORVHGORRSFRQILJXUDWLRQWRSURYLGHDUREXVWUHODWLYHVWDWHHVWLPDWHLQFORVH
SUR[LPLW\ RSHUDWLRQV LQ RUELW 6WDUWLQJ IURP WKH DVVXPSWLRQ RI .HSOHULDQ PRWLRQ DQG IUHH
URWDWLQJERG\LWSURYLGHVVXIILFLHQWO\DFFXUDWHHVWLPDWHRIUHODWLYHSRVHUHODWLYHYHORFLW\DQG
WDUJHW¶VDQJXODUUDWH7KLVNLQGRIFRQILJXUDWLRQDOORZVUHGXFLQJPHDVXUHPHQWXSGDWHUDWHWKXV

797

LIDAR-based relative navigation

Nocerino et al.

UHOD[LQJ UHTXLUHPHQWV RQ FRPSXWDWLRQDO HIILFLHQF\ ZKLFK LV FULWLFDO WR HQDEOH UHDOWLPH
LPSOHPHQWDWLRQRQERDUGZLWKRXWVLJQLILFDQWO\DIIHFWLQJWKHDFFXUDF\RIWKHVWDWHHVWLPDWLRQ
0RUHRYHUWKHRQOLQHHVWLPDWHRIWKHFRYDULDQFHPDWUL[SURYLGHVDQLQVWDQWDQHRXVLQIRUPDWLRQ
RIKRZPXFKWKHILOWHUFDQWUXVWWKHSRVHPHDVXUHPHQWVWKXVDVVRFLDWLQJDORZHUZHLJKWWRWKH
SRVHGHWHUPLQHGLQXQIDYRXUDEOHREVHUYDWLRQFRQGLWLRQV,WLVZRUWKRXWOLQLQJWKDWWKHLQHUWLD
SURSHUWLHVRIWKHWDUJHWDUHDVVXPHGWREHSHUIHFWO\NQRZQ7KHIXUWKHUVWHSLQWKHGHILQLWLRQRI
WKHUHODWLYHQDYLJDWLRQDUFKLWHFWXUHZLOOEHWRLQFOXGHWKHLQHUWLDPRPHQWVLQWKHVWDWHYHFWRUWR
GHDOZLWKIXOO\XQNQRZQVSDFHREMHFWVEXWDOVRWRHVWLPDWHSRWHQWLDOYDULDWLRQVLQWDUJHW¶VLQHUWLD
SURSHUWLHV GXH WR WKH WLPH VSHQW LQ WKH VSDFH HQYLURQPHQW HJ VXUIDFH GHJUDGDWLRQ GXH WR
FROOLVLRQV 

5()(5(1&(6
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>@

>@
>@
>@
>@
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ABSTRACT
This paper introduces the activities performed at University of Naples Federico II within the
ADORNO research project. ADORNO project, “Aircraft Design and NOISE Rating for
regional aircraft” is a research project financed by European Commission under the Horizon
2020 Program Clean Sky 2, focused on the development of aircraft models for a regional
aircraft engine platform. The main objective is to evaluate the benefits of Clean Sky 2
developed technologies at aircraft system level, with respect to gaseous and noise emissions.
One of the enablers is the development of an efficient noise prediction tool and its integration
into an existent aircraft design and analysis chain. The developed tool can model the “near
field” noise sources and with a propagation model estimate noise level in the space.
The paper presents an application of noise estimation (Effective Perceived Noise Level) on
the certification points (flyover, sideline and approach) of a regional turbofan aircraft. The
aircraft is designed and analyzed with the aircraft design chain (JPAD) and needed input
data passed to noise prediction tool to compute noise level.
Results, in EPNL scale, are compared to EASA certified data, showing an overestimation of
noise level lower than 1 dB in the three certifications points.
Keywords: noise prediction, noise certification, aircraft design.

1

INTRODUCTION

Aircraft noise pollution is now considered a serious problem and it is a significant political
issue. It is the most significant cause of adverse community reaction related to the operation
and expansion of airports. According to standards defined by the ICAO for the commercial
aircraft category, the noise certification relies on three main measurements made at different
points during the take-off and the landing procedures. The level of noise is recorded
continuously at these points during take-off and landing and the time integral value define the
noise level known as Effective Perceived Noise Levels (EPNL). This must not exceed a set
limits, based on the maximum take-off weight of the airplane and the number of engines.
Being able to simulate the trajectories is the starting point for every noise estimation process.
Almost every calculation tool currently available relies on flight simulations to derive these
trajectories. However, according to the ADORNO consortium experience, it is not sufficient
to make proper evaluation for the certification required monitoring point vs certification
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levels, but since the early stages of the aircraft design it is strongly required to give specific
attention to Local Noise Requirements prescribed by local Authorities. Stringent noise
restrictions are set at specific monitoring points that therefore need to be addressed during the
aircraft preliminary design and making use of specific software subroutines to extrapolate
noise contour in the areas of interest along the preferred/suggested departure and arrival track.
This has been done by combining the aimed ADORNO noise prediction software tool,
ATTILA (AicrafT noise predicTion IncLuding performAnce) with existing Commercial OffThe-Shelf (COTS) software like Integrated Noise Model (INM) and Aviation Environmental
Design Tool (AEDT). The objective of ADORNO research activities is focused on the
development of aircraft models for a regional aircraft engine platform. An aircraft noise
method has been developed and integrated in an aircraft design chain. The state-of-the-art
approaches consider numerical prediction tools, separated into two groups, referred to as
restricted and parametric prediction methodologies. The first group works with fully empirical
approximation derived from measurements and does not require direct simulation of aircraft
noise or knowledge of noise generation and propagation. The second one relies on a physicsbased approach which expects to analyze all the aircraft noise sources for then estimating the
global noise as a sum of all these contributions and their related interferences. ATTILA
program considers two main approaches that are used to analyze aircraft noise phenomena.
The first one is based on one-third octave band spectra noise analysis of any type of aircraft in
any mode of flight. It provides an estimation of aircraft noise by means of set of noise spectra
varied during the noise event or for any kind of noise exposure. The second approach is based
on the concept of “noise radius” and provides calculations of aircraft noise exposure units
around the airports or at any noise monitoring point. Section 2 presents the framework for the
ADORNO project. Section 3 presents methodology of ATTILA tool. In section 4 the
functioning of the ATTILA tool, through a test simulation performed on the Airbus A220300, is presented. Finally, the last section presents the conclusions.
2

AIRCRAFT DESIGN AND NOISE RATING FOR REGIONAL AIRCRAFT

The framework for the ADORNO project can be divided into two main modules. The first one
deals with the preliminary design and analysis of the aircraft model under examination, while
the second one gathers all the standalone analysis tools in charge of the noise, pollutants and
cost estimations.
2.1

Preliminary design module

In this first module the parametric model of the aircraft together with the engine deck are
passed to the preliminary design tool. This oversees carrying out all the analyses required to
make a complete performance assessment. The tool used for this task is JPAD, a Java library
developed at the University of Naples Federico II by the Design of Aircraft and Flight
technologies (DAF) research group1 to perform multi-disciplinary analyses and optimizations
of civil transport aircraft [1][2][3].
The idea of JPAD derived from the experience gained by the DAF research group in the
design of general aviation and turboprop aircraft [4][5][6].
Gathering the best practices coming from the current aircraft design software scenario, JPAD
offers the following features: It is modular and easily extendible; is based on advanced
features of Java (Java 8+ and JavaFX2) and is designed using object-oriented and functional
criteria; it is portable; the inputs and the outputs are fully configurable with a flexible XML-

1
2

www.daf.unina.it
https://docs.oracle.com/javase/8/javafx/get-started-tutorial/jfx-overview.htm#JFXST784
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based set of files; it can automatically generate CAD outputs via the OpenCASCADE 3
modelling library; its analysis sub-models are based both on semi-empirical formulations
combined with more refined simulation-based methods, offering a multi-fidelity analysis
approach; it is designed to allow interface with any other external calculation tool. These
features make the JPAD framework a modern tool in “continuous” development, according to
professional software maintenance criteria [7].

Fig. 1

The Core of the JPAD library.

In Fig. 1 the entire structure of the software is schematized. It is possible to clearly note that
there are two main blocks: input and core. The input block is defined by two main parts:
aircraft and analyses definitions. The first one defines a parametric aircraft model using a
main file (Aircraft.xml) which collects all the components positions and the related xml file
name (i.e. fuselage.xml, vtail.xml, and so on) which contains all geometrical data. This
structure allows to generate different aircraft, or different configurations of the same model,
by simply combining different components allowing to easily perform comparisons between
these latter. The second one defines all necessary data for each analysis present inside the
Core module [3].
The Core block collects all analysis managers related to the five disciplines considered at the
moment of writing: eights, Balance, Aerodynamic and Stability, Performance and Costs. As
illustrated in Fig. 1, each of those can be further divided in several sub-modules related to a
specific discipline calculation. A more detailed explanation of each analysis module can be
found in [3].
To enhance the framework flexibility, the framework has been conceived to allow both a
complete analysis loop involving all disciplines, both standalone analyses using one or more

3

https://www.opencascade.com/
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calculation modules. As explained in [3], in case the user wants to carry out a complete
analysis cycle, JPAD uses a combination of its analysis modules.
Concerning the complete analysis loop, the starting point is the estimation of the amount of
fuel needed for the specified mission. A balance analysis is carried out to determine the center
of gravity excursion which is used by the aerodynamic and stability module to estimate the
trimmed drag polar curves needed by the performance module to make a detailed simulation
of the design mission profile estimating the new amount of fuel for that mission. An iterative
process is carried out until the first estimated fuel mass is equal to the one calculated by the
mission profile analysis [3].
A key feature related to the topic of this paper is the capability of JPAD to perform take-off
and noise trajectories simulations and the capability to simulate general waypoint-based flight
trajectories according to a non-linear performance model. The simulation is carried out
according to FAR-36 regulations [16] by solving a dedicated set of Ordinary Differential
Equations (ODE) representing the equation of motion of the aircraft during those phases. An
example of how this approach has been used for the take-off simulation is provided in [7].
Some examples of simulation outputs are shown from Fig. 4 to Fig. 5 concerning the Airbus
A220-300, showing take-off trajectories (Fig. 4 with and without cut-off) and thrust settings
(Fig. 5).

Fig. 2

Fig. 3

Example of take-off noise trajectories simulation result: trajectories.

Example of take-off noise trajectories simulation result: thrust evolution.
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2.2

Analysis module

The second module is designed as a collection of different tools each of which dedicated to a
different analysis.
The first one, ATTILA, is related to environmental noise estimation and will be described in
the following section. The main goal is to carry out a rapid assessment of the perceived level
of noise at the three certification points shown in Fig. 7, approach, sideline and flyover.
The second one deals with the evaluation of the pollutant emissions using the related engine
deck data combined with the mission profile analysis carried out by the preliminary analysis
tool. nowing the thrust required in each mission phase and the related amount of fuel burnt,
the tool can estimate the breakdown of the pollutant emissions in terms of NOx, HC, CO and
CO2 comparing them with a given set of maximum allowed values.
The third one is in charge of performing an economic assessment calculating the direct
operating costs of the aircraft.

Fig. 4 - ICAO/Annex 16/Chapter 3 measuring locations Flow chart of Attila

MET ODOLOG OF T E ATTILA TOOL
The overall aircraft noise is the result of the interaction of several contributions related mainly
to engines and airframe. A comprehensive overview of the methodologies used by the
ATTILA tool to estimate these contributions and their related validations can be found in [8].
However, several semi-empirical approaches are still used in the preliminary design phase
like the ones proposed in [ ][10][11][12][13][14][15][16]. A brief description of each of these
contributions, as well as some relevant calculation methodologies, will be presented below.
.1

Air rame Noise, Ref. [10]

In the last decades the aircraft engine noise has come down to a level comparable to that of
noise originating from turbulent flow around the airframe, for approach and landing
conditions, that is, with deployed landing gears and high-lift devices.
Efforts in aircraft noise reduction, therefore, must focus on the airframe as relevant noise
contributor. From its definition, it does not include powerplant noise and therefore sets a
lower limit below which reductions in engine noise emission have no significant effect on the
total noise level from the aircraft.
The level of airframe noise is dependent upon the aircraft configuration. In basic terms, an
aerodynamically clean aircraft produces less noise in the airflow than a dirty one. The
landing configuration with slats extended, flaps down and undercarriage lowered is therefore
considerably noisier than the clean configuration.
The prediction method, which is a semi-empirical one, has been developed from that proposed
by Fink, [ ], with changes to directivity and spectral functions based on more recent available
data, and allows the estimation of the OASPL and of one-third octave band sound pressure
levels within a frequency range and over polar and azimuthal angular ranges set by the user.
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The prediction method works by modelling individual components of the airframe as
elementary sources or source distributions. The spectral and directivity characteristics of these
sources have been derived analytically or empirically or have been assumed to be similar to
sources of known characteristics. The individual components of the airframe that are
considered here are the wing, flaps, slats, tail and landing gear; no interaction between
components is assumed.
.2

Pro eller Noise, Ref. [11]

This module permits the prediction of near-field and far-field harmonic noise from propellers,
with subsonic relative Mach numbers at the blade tip. The airflow into the propeller need not
to be parallel to the propeller axis. The near-field is considered to extend approximately as far
as one propeller diameter from the propeller tip. For the application of the ATTILA tool, the
near field component may be neglected. A detailed description of the propeller blade
geometry is required. Aerodynamically induced propeller noise may be separated in two
components: broadband and discrete frequency. The broadband component arises from
turbulent flow and is only likely to assume significance at high angles of attack of propeller
blades. This component is neglected in ATTILA. The discrete component is produced as a
result of the rotational motion of the propeller blades. The main sources of noise that generate
the discrete component are:
•
•

.

Air volume displacement effects as each blade passes through the air, referred to as
thickness noise;
Loading noise generated by the steady aerodynamic loading which, because of blade
rotation, has a phase velocity relative to the observer and a periodic unsteady loading
when the propeller axis is at an angle of incidence to the airflow.
Engine Noise

This module has a preliminary global computation of the engine noise which is a very
important parameter in predicting the acoustical emission of an airplane. ATTILA has the
capability to accept external input generated by the user, or to compute using heuristic
approximations, the noise coming from the engine. In case of external input, the Sound
Pressure Level should be inputted as decibels versus frequency in one-third octave bands. The
program computes the Doppler shift and the propagation from the source to the receiver.
Linear interpolation, or extrapolation, is employed for missed data required during the
computation. As for the other sources, the resulting values are properly added for the total
noise calculation.
.

Ground Re le ion, Ref. [12]

This module provides a means of estimating the effect on noise measurements, made at a
position above the ground, due to the reflection of the sound wave by the ground. The ground
reflection correction is estimated in the form of a difference spectrum, which may be
subtracted from a measured spectrum to give a free-field spectrum or added to a free-field
spectrum to give a measured spectrum.
.

A mos

eri a enua ion, Ref. [13][14]

A sound wave propagating through the atmosphere loses acoustic energy by several
processes. The most significant of these are the spherical spreading of the wave and gaseous
absorption. In the acoustic far field, the loss of energy due to spherical spreading of the wave
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is inversely proportional to the square of the distance of propagation. This loss is independent
of atmospheric conditions.
This module provides a means of estimating the loss in sound energy due to gaseous
absorption as the sound wave propagates through the atmosphere. The absorption processes
are those due to molecular translation, molecular rotation, and the internal vibrational
relaxation of oxygen and nitrogen molecules.
.

E e i e Per ei ed Noise Le el, Ref. [15][16]

The calculation of EPNL has been accomplished according to the indicated references, which
provide a test case used for the verification of the correct programming.
CASE ANAL SIS
The aim of this section is to show the functioning of the ATTILA tool, through a test
simulation, performed on the Airbus A220-300.
Firstly, it has been defined the geometric data of the reference aircraft, according to [17], see
Fig. 8.
The configurations and trajectories of the aircraft in the landing and take-off conditions are
obtained with Preliminary design module (described in section 2.1).
Following, the trajectories are provided to the ATTILA tool, to calculate the noise and to
evaluate the EPNL at the certification points. Below are the results for the three certification
points: Approach, Flyover and Lateral, see Fig. .
In order to demonstrate the validity of the results, a comparison with the EPNL calculated
using ATTILA tool and medium EPNL of Airbus A220 family from EASA database [18].
The results are shown in the following Tab. 1.

Fig. 8 - Reference regional turbofan aircraft

Fig.

Results of ATTILA tool
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Approach
Flyover
Lateral

Numerical Data
3.1
81.1
88.1

Certification Data
2.4
80.5
87.3

Tab. 1 - EPNL evaluated at the certification points

CONCLUSIONS
This paper has presented the initial activities which have been agreed in a research project on
the simulation of the design of commercial airplanes including noise emission. Usually the
noise figures have been considered always a retrofit problem to be solved once the prototype
of a new airplane is ready. In this project such problem is arising the dignity of a design
problem from the very beginning of the design phase of new airplanes. Several studies can be
found in the open literature which propose solutions like blended wings with over-mounted
engines. In this case the driving idea was to start from existing airplanes in order to have the
possibility to tune the software on known (or almost known) values, including options for
potentially sensitive parameters, and moving from such architectures to evaluate feasibilities,
mainly from the noise aspects, but without relaxing too much other parameters, of different
(or slightly different) configurations. From the actual results and typical configurations, the
noise module is able to predict the importance of the acoustic sources and can be tuned
around the noise certification points. The first results indicate the strong importance of the
engine noise and the capability to reproduce certification flight paths which have the same
trend of the real measurements. The development of the project is expected to return
confidence and potential benefits of other parameters, but always maintaining the focus on
their mutual interaction which is the basis of a multidisciplinary design tool.
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A mathematical model has been developed and presented here, to reproduce the human body
accelerations as responses to vibration induced by aircraft manoeuvers. The main purpose is
to create a predictive model based on the anthropometric characteristics of a seated man or
woman. To this end, a dynamic numerical analysis is carried out based on a four degree-offreedom model in which the anthropometric values representative of masses, stiffnesses and
damping are characterized as random variables. Moreover, results in terms of accelerations
both in time and frequency domain are evaluated employing Monte Carlo simulation to estimate
the comfort indexes. An experimental campaign is carried out to validate the theoretical model,
paying particular attention to the take-off phase that presents high vertical solicitation forces.
.H\ZRUGV:KROH%RG\9LEUDWLRQ$LUFUDIW6HDW,QWHUYDO$QDO\VLV)XOO)OLJKW6LPXODWRU
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,Q WKH ODVW GHFDGHV VHYHUDO NLQGV RI UHVHDUFK KDYH EHHQ FRQGXFWHG RQ :KROH %RG\
9LEUDWLRQ :%9 WRSLFDQG,QWHUQDWLRQDO6WDQGDUGVKDYHEHHQUHOHDVHGWRHVWDEOLVKVXEMHFWLYH
GDWDIRUHDFKOHYHORIYLEUDWLRQWUDQVPLWWHGWRWKHERG\WRDYRLGWKHSKHQRPHQDRIVHDVLFNQHVV
FDUVLFNQHVV RU DLUVLFNQHVV 7KH ,62  >@ GHILQHV PHWKRGV IRU TXDQWLI\LQJ :%9
FRQFHUQLQJKXPDQKHDOWKDQGFRPIRUWSUREDELOLW\RIYLEUDWLRQSHUFHSWLRQDQGWKHLQFLGHQFHRI
PRWLRQ VLFNQHVV ,W FRQFHUQV RQ WKH DFFHOHUDWLRQ OHYHOV RFFXUULQJ DW WKH PDFKLQHKXPDQ
LQWHUIDFH DQG DSSOLHV WR PRWLRQV WUDQVPLWWHG WR WKH KXPDQ ERG\ DV D ZKROH WKURXJK WKH
VXSSRUWLQJVXUIDFHVWKHIHHWRIDVWDQGLQJSHUVRQWKHEXWWRFNVEDFNDQGIHHWRIDVHDWHGSHUVRQ
RUWKHVXSSRUWLQJDUHDRIDUHFXPEHQWSHUVRQ7KH,62>@GHVFULEHVWKHUDQJHRILGHDOLVHG
YDOXHV RI WKH GULYLQJSRLQW PHFKDQLFDO LPSHGDQFH DSSDUHQW PDVV DQG VHDWWRKHDG
WUDQVPLVVLELOLW\ PRGXOXV DQG SKDVH DSSOLFDEOH WR VHDWHG LQGLYLGXDOV VXEMHFWHG WR ]D[LV
VLQXVRLGDORUEURDGEDQGUDQGRPYLEUDWLRQXQGHUVSHFLILFH[SHULPHQWDOFRQGLWLRQV,WGHILQHV
WKH 6HDWWRKHDG WUDQVPLVVLELOLW\ RIWKH VHDWHG KXPDQ ERG\DV D³WKURXJK WKHERG\´ WUDQVIHU
IXQFWLRQE\ILWWLQJGDWDIURPWHVWVXEMHFWZLWKLQWKHPDVVUDQJH·>NJ@DQGDIUHTXHQF\
UDQJHIURP+]WR+]
6HYHUDO+XPDQ%RG\0RGHOV +%0V KDYHEHHQGHYHORSHGLQOLWHUDWXUHE\XVLQJDOLQHDU
PXOWLGHJUHHRIIUHHGRPV\VWHPVEDVHGXSRQYDULRXVPHDVXUHPHQWV6XJJVHWDO>@GHYHORSHG
DGHJUHHVRIIUHHGRP '2) PRGHOEDVHGRQPHDVXUHPHQWVWKDWDSSUR[LPDWHVDVHDWHGPDQ
WRYHUWLFDOPRGHVRIYLEUDWLRQEHORZ+]1DZD\VHKDDQG*ULIILQ>@GHILQHGD'2)PRGHO
WKDWSUHGLFWVWKHYHUWLFDODQGWKHIRUHDQGDIWFURVVD[LVDSSDUHQWPDVV%RLOHDXDQG5DNKHMD>@
SURSRVHGD'2)PRGHOIRUWKHKXPDQERG\WKDWLVFRQVLGHUHGLQWKHW\SLFDOYHKLFOHGULYLQJ
SRVLWLRQVZLWKRXWEDFNUHVWVXSSRUWSRVWXUHDQGORZIUHTXHQF\H[FLWDWLRQEHORZPV$EGHHQ

808

WBV Analysis

Alaimo, Esposito, Lo Iacono, Navarra and Orlando

HWDO>@LQYHVWLJDWHGWKHELRG\QDPLFUHVSRQVHVRIGLIIHUHQWPDVVHVDQGVWLIIQHVVE\WKHXVHRI
DQ DUWLILFLDO QHXUDO QHWZRUN WHFKQLTXH WR SUHGLFW WKH UHVSRQVH EHKDYLRXUV UDWKHU WKDQ WKRVH
SURSRVHGE\D'2)DQDO\WLFELRPHFKDQLFDOPRGHO6UGMHYLFDQG&YHWLFDQLQ>@SURSRVHGWKH
PHWKRGRORJ\ IRU SDUDPHWHUV LGHQWLILFDWLRQ LQ D JHQHUDO Q'2) ELRG\QDPLF PRGHO DV D
FRPELQDWLRQRIVWRFKDVWLFVLPXODWLRQDQGFRPSDUHWKHUHVXOWVZLWKWKH%RLOHDX>@SDUDPHWHUV
0XNVLDQHWDO>@PRGHOOHGDOXPSHGSDUDPHWHU'2)ZKLFKLQFOXGHVLQWKHHTXDWLRQVRI
PRWLRQ WKH &RXORPE IULFWLRQ IRUFHV IRU PRGHOLQJ VOLGLQJ VXUIDFHV DQG UHODWHG PXVFOH
FRQWUDFWLRQV LQ WKH ERG\ $INDU HW DO >@ SUHVHQWHG D PRGHO ZLWK '2) LQ ZKLFK D PXOWL
REMHFWLYHIXQFWLRQLVXVHGWRREWDLQWKHRUHWLFDOUHVXOWVVLPLODUWRH[SHULPHQWDOFDVHVWKHVWLIIQHVV
DQG GDPSLQJ XQNQRZQ SDUDPHWHUV RI WKH PRGHO FRHIILFLHQWV DUH FDOFXODWHG E\ D JHQHWLF
DOJRULWKP
7RWKHEHVWNQRZOHGJHRIWKHDXWKRUVGHVSLWHWKHLQWULQVLFJUHDWYDULDELOLW\LQKXPDQERG\
SDUDPHWHUVDOOWKRVHVWXGLHVKDYHEHHQFRQGXFWHGE\FRQVLGHULQJGHWHUPLQLVWLFYDOXHVRIWKH
KXPDQERG\PDVVHVVWLIIQHVVHVDQGGDPSLQJFRHIILFLHQWVZKLOHQRSUREDELOLVWLFHYDOXDWLRQV
KDYHEHHQGHYHORSHGWRUHSURGXFHWKHDFFHOHUDWLRQVRQKXPDQERGLHV
7KH PDLQ SXUSRVH RI WKH SUHVHQW ZRUN LV WR FUHDWH D SUHGLFWLYH PRGHO EDVHG RQ WKH
DQWKURSRPHWULFFKDUDFWHULVWLFVRIDVHDWHGPDQRUZRPDQ$'2)DQWKURSRPHWULFPRGHOILUVW
LQWURGXFHGE\%RLOHDXDQG5DNKHMD>@KDYHEHHQHPSOR\HGE\XVLQJXQFHUWDLQSDUDPHWHUVIRU
WKHGHILQLWLRQRIWKHPDVVGDPSLQJDQGVWLIIQHVVPDWULFHVLQRUGHUWRWDNHLQWRDFFRXQWDZLGH
UDQJHRIYDULDWLRQVRIWKHERG\SDUDPHWHUV7KHUHVSRQVHRIWKLVPRGHOVXEMHFWHGWRVWRFKDVWLF
LQSXWVLVREWDLQHGE\PHDQVRIVWRFKDVWLFDQDO\VLVLQIUHTXHQF\GRPDLQWKDQNVWRWKHVRFDOOHG
,PSURYHG,QWHUYDO$QDO\VLVPHWKRG>@,QVXFKDZD\LWLVSRVVLEOHWRREWDLQDQDSSUR[LPDWH
FORVHGIRUPRIWKH3RZHU6SHFWUDO'HQVLW\ 36' PDWUL[RIWKHV\VWHPUHVSRQVHLQWHUPVRIPLG
YDOXHORZHUERXQGDQGXSSHUERXQGWKDWFDQEHXVHGIRUFRPIRUWGHVLJQSXUSRVHV
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,QWKHSUHVHQWSDSHUWKHDQWKURSRPHWULFFKDUDFWHULVWLFVRIDVHDWHGPDQRUZRPDQ WKH
'2) %RLOHDX DQG 5DNKHMD >@ PRGHO GHSLFWHG LQ )LJXUH  KDV EHHQ XVHG WR GHYHORS XQ
XQFHUWDLQSDUDPHWHUVPRGHO3DUWLFXODUO\WKHPDVVHVPiGDPSLQJFRHIILFLHQWVFiDQGVWLIIQHVVHV
NiIRUi «KDYHEHHQPRGHOHGDVUDQGRPYDULDEOHVZKRVHYDOXHVDUHERXQGHGEHWZHHQD
PD[LPXPDQGPLQLPXPYDOXHGHGXFWHGE\WKHVFLHQWLILFOLWHUDWXUH>@>@



)LJXUHWKH'2)%RLOHDXDQG5DNKHMD>@OXPSHGPDVVPRGHO

7KURXJK FODVVLFDO LQWHUYDO DQDO\VLV >@ WKH XQFHUWDLQ SDUDPHWHUV Di  DUH DVVXPHG
LQGHSHQGHQWDQGGHILQHGDV


D i  D iI  >D i  D i @ i   r 
ZKHUH D iI  >D i  D i @ LV WKH iWK LQWHUYDO DQG Di  Di  DUH WKH ORZHU DQG XSSHU ERXQGV

UHVSHFWLYHO\DQG r

rM  rK  rC

 LVWKHQXPEHURIXQFHUWDLQSDUDPHWHUVRIWKHPRGHO7KH
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FRPSXWDWLRQ RI WKH ERXQGV RI WKH UDQGRP UHVSRQVH RI D V\VWHP ZLWK XQFHUWDLQEXWERXQGHG
SDUDPHWHUVXVLQJFODVVLFDOLQWHUYDODQDO\VLVVXIIHUVIURPWKHGHSHQGHQF\SKHQRPHQRQ ZKLFK
OHDGV WR WKH RYHUHVWLPDWLRQ RI WKH LQWHUYDO VROXWLRQ 7R OLPLW WKH HIIHFWV RI WKH GHSHQGHQF\
SKHQRPHQRQWKH,PSURYHG,QWHUYDO$QDO\VLV>@KDVEHHQLQWURGXFHGEDVHGRQWKHGHILQLWLRQ
RIWKH([WUD8QLWDU\,QWHUYDO (8, 


eiI  >  @ i   r 
7KH(8,LVDVVRFLDWHGWRHDFKLQWHUYDOYDULDEOHWKXVDOORZLQJWRNHHSWUDFNRIGHSHQGHQF\
WKURXJKRXW LQWHUYDO FRPSXWDWLRQ %\ XVLQJ WKH (8, LW LV SRVVLEOH WR GHILQH WKH iWK LQWHUYDO
YDULDEOHDFFRUGLQJWRWKHVRFDOOHGDIILQHIRUPGHILQLWLRQ


D iI D i   'D i eiI  i   r 
ZKHUH D i

D i  D i  LVWKHPLGSRLQWYDOXH PHDQ DQG 'D i

D i  D i D i   LV

WKHGHYLDWLRQDPSOLWXGH UDGLXV 
7KHHTXDWLRQVRIPRWLRQRIWKHOLQHDUV\VWHPGHSLFWHGLQ)LJXUHFDQEHZULWWHQDV
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+ Į Z LVWKH)UHTXHQF\5HVSRQVH)XQFWLRQ )5)  +  Z LVWKH)5)RIWKHQRPLQDO

VWUXFWXUDOV\VWHPDQG 3 Į Z LVDQLQWHUYDOFRPSOH[PDWUL[RIRUGHUnîn DFFRXQWLQJIRUWKH
IOXFWXDWLRQVRIWKHVWUXFWXUDOSDUDPHWHUV$QDSSUR[LPDWHH[SOLFLWH[SUHVVLRQRI + Į Z FDQEH
REWDLQHGRQFHWKHLQWHUYDOPDWUL[ 3 Į Z LVGHFRPSRVHGDVWKHVXPRIUDQNRQHPDWULFHV>@
7KHGHFRPSRVLWLRQRIWKHLQWHUYDOPDWULFHVFDQEHGRQHE\H[SDQGLQJ0j.jDQG&jLQWRVXPV
RInUDQNRQHPDWULFHV
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6LQFHWKHV\VWHPXQGHULQYHVWLJDWLRQLVOLQHDUDQGIRUFHGE\D]HURPHDQ*DXVVLDQUDQGRP
SURFHVV Z t WKHUHVSRQVHSURFHVVLVDOVR*DXVVLDQ7KHVWRFKDVWLFLQWHUYDOUHVSRQVHSURFHVV
= Dt FDQEHFKDUDFWHUL]HGLQWKHIUHTXHQF\GRPDLQE\WKHLQWHUYDO36'IXQFWLRQPDWUL[
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ZKHUH GZ Z Z LV WKH RQHVLGHG 36' RI WKH LQSXW DFFHOHUDWLRQ DQG +  Į Z  LV WKH

FRPSOH[ FRQMXJDWH WUDQVSRVH RI WKH LQWHUYDO )5) PDWUL[ %\ VXEVWLWXWLQJ HTXDWLRQ   LQ
HTXDWLRQ  DQGE\VHWWLQJ
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,QRUGHUWRYDOLGDWHWKHSURSRVHGXQFHUWDLQSDUDPHWHUVPRGHOWKHPDVVHVPiVWLIIQHVVHVNi
DQG GDPSLQJ FRHIILFLHQWV Fi LQWHUYDOV KDYH EHHQ FKRVHQ DFFRUGLQJ WR WKH OLWHUDWXUH RQ
ELRG\QDPLF DQWKURSRPHWULF PRGHOV >@>@ >@>@ 5DQJHV RI LQYHVWLJDWLRQ DUH OLVWHG LQ
7DEOH

'2)

Pi>NJ@

Ni>N1P@

Fi>N1PV@
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·
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7DEOH%RXQGVRIWKHKXPDQERG\PRGHOXQFHUWDLQSDUDPHWHUV

7DEOHUHSRUWVWKHQRPLQDOYDOXHVP,iN,iDQGF,iWKDWKDYHEHHQFRPSXWHGWRJHWKHUZLWK
WKHGLPHQVLRQOHVVLQWHUYDOUDGLL'DiDFFRUGLQJWRHTXDWLRQ  
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7DEOH1RPLQDOYDOXHVDQGGHYLDWLRQVRIWKHXQFHUWDLQSDUDPHWHUV

%DVHGRQWKHUHVXOWVOLVWHGLQ7DEOHWKHLQWHUYDOPDVVVWLIIQHVVDQGGDPSLQJPDWULFHV
DUHDUUDQJHGDQGWKHQRPLQDOPDWULFHV 0 .&WRJHWKHUZLWKWKHYDULDWLRQPDWULFHV0j .j
DQG &j DUH FRPSXWHG ,Q RUGHU WR SURYH WKH HIIHFWLYHQHVV RI WKH SURSRVHG IRUPXODWLRQ WKH
FRPSXWHGLQWHUYDO36'KDYHEHHQFRPSDUHGWR0RQWH&DUOR 0& VLPXODWLRQVSHUIRUPHGZLWK
WKHIROORZLQJSDUDPHWHUVL QXPEHURIVDPSOHVHTXDOWRLL OHQJWKRIHDFKVDPSOHHTXDO
WRV DFFRUGLQJWR>@ LLL VDPSOLQJIUHTXHQF\RI+]LY 2'(VROYHUZLWKIL[HGVWHS
H[SOLFLW 5XQJH.XWWD   IRUPXOD Y  GLVWULEXWLRQ RI XQFHUWDLQ SDUDPHWHUV D ZLWK XQLIRUP
GLVWULEXWLRQ0LGYDOXHVORZHUDQGXSSHUERXQGVRIWKH)UHTXHQF\5HVSRQVH)XQFWLRQPDWUL[
+0& Z  DQG RI WKH RQHVLGHG 3RZHU 6SHFWUDO 'HQVLW\ IXQFWLRQ PDWUL[ *==0& Z  KDYH EHHQ
FRPSXWHG )LJXUH D VKRZV WKH $QDO\WLFDO + Z  FRPSDUHG ZLWK WKH 0RQWH &DUOR +0& Z 
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LQWHUYDO)5))RUWKHVDNHRIFRQFLVHQHVVRQO\WKH)5)VUHODWHGWRWKHPDVVPDUHUHSRUWHG
EXWVLPLODUUHVXOWVKDYHEHHQREWDLQHGIRUWKHRWKHU'2)V

D

E

)LJXUH(IIHFWLYHQHVVRIWKHSURSRVHGPRGHOD LQWHUYDO)5)E LQWHUYDO36'$QDO\WLFPRGHO EOXH YV0&VLPXODWLRQ
UHG 



7KH FRPSXWDWLRQ RI WKH UHVSRQVH 36' KDV EHHQ FRQGXFWHG E\ FRQVLGHULQJ UDQGRP
H[FLWDWLRQEDVHGRQD]HURPHDQVWDWLRQDU\*DXVVLDQZKLWHQRLVHILOWHUHGE\XVLQJWKHZNILOWHU
IXQFWLRQVXJJHVWHGLQ>@)LJXUHEVKRZVWKHUHVXOWVLQWHUPRIPLGYDOXHVORZHUDQGXSSHU
ERXQGVRI36'VIRUWKHDQDO\WLFDO*== Z FRPSDUHGWR0RQWH&DUORVLPXODWLRQ*==0& Z ,W
LVVKRZQWKDWWKHSURSRVHGPRGHOLVDEOHWRHVWLPDWHDFFXUDWHO\WKHV\VWHPUHVSRQVHERWKLQ
WHUPVRI)5)WKDQLQWHUPVRI36'6RPHGLVFUHSDQFLHVFDQEHREVHUYHGIRUKLJKHUIUHTXHQFLHV
GXH WR ODUJH SDUDPHWHUV IOXFWXDWLRQV 0RUHRYHU LW LV ZRUWK WR EH VWUHVVHG WKDW WKH SURSRVHG
PRGHO DOORZV IRU D GUDVWLF UHGXFWLRQ LQ FRPSXWDWLRQDO WLPH ,QGHHG E\ XVLQJ WKH VDPH
ZRUNVWDWLRQFRPSXWLQJWLPHIRU0&VLPXODWLRQLVDERXWRQHKRXUDJDLQVWILYHVHFRQGVIRUWKH
LQWHUYDODQDO\WLFVLPXODWLRQ


(;3(5,0(17$/9$/,'$7,21

$QH[SHULPHQWKDVEHHQSHUIRUPHGWRFRPSDUHUHVXOWVZLWKWKHRQHVIURPWKHDQDO\WLFDO
PRGHO7KHIXOOIOLJKWVLPXODWRUVLWXDWHGDW0HGLWHUUDQHDQ$HURQDXWLFV5HVHDUFK 7UDLQLQJ
$FDGHP\ 0$57$  FHQWUH DW WKH 8QLYHUVLW\ RI (QQD .RUH KDV EHHQ XVHG WR UHSOLFDWH WKH
EHKDYLRXURIWKHEXVLQHVVMHWDLUFUDIW&HVVQD&LWDWLRQ;/6XQGHUGLIIHUHQWG\QDPLFLQSXWV
FRUUHVSRQGLQJWRVHYHUDOIO\LQJVHJPHQWV7KUHHWULD[LDODFFHOHURPHWHUV3&%PRGHO%
KDYHEHHQSODFHGRQDEXVLQHVVW\SHSDVVHQJHUVHDWVXUIDFH=RQWKHFKHVW=DQGRQWKHKHDG
=RIDNJZHLJKWLQJSDVVHQJHU )LJXUHD 

D

E 

)LJXUHD ([SHULPHQWDOVHWXSE UHFRUGHGDFFHOHUDWLRQDQGLWV36'IRUWKHLQSXWVLJQDO=



7KHzD[LVDFFHOHUDWLRQVRIWKHWKUHHVHQVRUVKDYHEHHQDFTXLUHGDQGSURFHVVHG,Q)LJXUH
EWKHWDNHRIIVHJPHQWDFFHOHUDWLRQRI=VHQVRULVUHSRUWHGWRJHWKHUZLWKLWV36'IXQFWLRQ
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7KLVODWWHUKDVEHHQXVHGDVLQSXWIRUWKHDQDO\WLFPRGHOLQRUGHUWRFRPSXWHWKHLQWHUYDO36'
RIWKHDFFHOHUDWLRQUHVSRQVH
7KH DQDO\WLFDO RXWSXW PLG YDOXHV * ==
 0LG Z  ZLWK ORZHU * ==
  /% Z  DQG XSSHU
* ==
  8% Z ERXQGVDUHFRPSDUHGZLWKWKHH[SHULPHQWDORXWSXW36' * ==
 ([S Z EDVHGRQGDWD

DFTXLUHGIRUWKHFKHVWDQGKHDGPDVVHVDQGWKHUHVXOWVDUHUHSRUWHGLQ)LJXUH
7KHREVHUYHGIUHTXHQF\UDQJHKDVEHHQFRQVLGHUHGHTXDOWR·UDGV ·+] 
DVVXJJHVWHGLQ>@)URPWKHDQDO\VLVRI)LJXUHELWLVSRVVLEOHWRVWDWHWKDWDILQHPDWFKLQJLV
REWDLQHGIRUIUHTXHQFLHVKLJKHUWKDQUDGVIRUWKHKHDGUHVSRQVH6RPHGLVFUHSDQFLHVFDQ
EHREVHUYHGLQWKHIUHTXHQF\UDQJH·UDGVIRUWKHFKHVWUHVSRQVH )LJXUHD ZKLOHWKH
SURSRVHGPRGHOLVQRWDEOHWRFDWFKWKHDFWXDOEHKDYLRXUIRUIUHTXHQFLHVORZHUWKDQUDGV
SRVVLEO\GXHWRQRWFRUUHFWYDOXHVRIWKHLQWHUYDODQWKURSRPHWULFSDUDPHWHUVDGRSWHGRUWRWKH
VLPSOLILFDWLRQXVHGWRPRGHOWKHKXPDQERG\

D



E 

)LJXUH$QDO\WLFDOYV([SHULPHQWDOUHVSRQVH36'D FKHVWE KHDG



&21&/8',1*5(0$5.6

$ SUHGLFWLYH PRGHO EDVHG RQ WKH XQFHUWDLQ DQWKURSRPHWULF FKDUDFWHULVWLFV RI D KXPDQ
ERG\ VHDWHG KDV EHHQ GHYHORSHG IRU WKH VWXG\ RI WKH YLEUDWLRQVWKDW FDQ EH WUDQVPLWWHG WR D
KXPDQ EHLQJ E\ D YHKLFOH RU RWKHU YLEUDWLRQ VRXUFH 7KH XQFHUWDLQEXWERXQGHG SDUDPHWHUV
PRGHO SURSRVHG KDYH EHHQ VWXGLHG XVLQJ ,PSURYHG ,QWHUYDO $QDO\VLV DQG ([WUD 8QLWDU\
,QWHUYDOV$QH[SOLFLWDSSUR[LPDWHIRUPXODWLRQRIWKHUHVSRQVH,QWHUYDO3RZHU6SHFWUDO'HQVLW\
KDVEHHQSURYLGHGDQGWKHUHVXOWVDUHFRPSDUHGWR0RQWH&DUORVLPXODWLRQVIRUVWRFKDVWLFLQSXW
SURFHVVHV7KHSURSRVHGPRGHOLVDEOHWRHVWLPDWHWKHV\VWHPUHVSRQVHDFFXUDWHO\LQWHUPVRI
0HDQ36'DQG8SSHUERXQG36'
7KH FRPSDULVRQ EHWZHHQ WKH H[SHULPHQWDO DQG DQDO\WLFDO UHVSRQVH 36'V VKRZV JRRG
UHVXOWVIRUIUHTXHQFLHVKLJKHUWKDQUDGVDQGDSRRUPDWFKLQJIRUORZHUIUHTXHQFLHV)XWXUH
ZRUNVZLOOEHFRQGXFWHGLQRUGHUWRLQYHVWLJDWHWKHVHQVLWLYLW\RIWKHSURSRVHGPRGHOWRZLGHU
YDULDWLRQVRIWKHXQFHUWDLQDQWKURSRPHWULFSDUDPHWHUVDQGDODUJHUSRSXODWLRQRIH[SHULPHQWDO
WHVWVXEMHFWV
5()(5(1&(6

>@ ,620HFKDQLFDOYLEUDWLRQDQGVKRFN(YDOXDWLRQRIKXPDQH[SRVXUHWRZKROHERG\
YLEUDWLRQ  
>@ ,62  ³5DQJH RI LGHDOL]HG YDOXHV WR FKDUDFWHUL]H VHDWHGERG\ ELRG\QDPLF UHVSRQVH
XQGHUYHUWLFDOYLEUDWLRQ´
>@ &:6XJJV&)$EUDPV/)6WLNHOHDWKHU$SSOLFDWLRQRIDGDPSHGVSULQJPDVVKXPDQ
YLEUDWLRQVLPXODWRULQYLEUDWLRQWHVWLQJRIYHKLFOHVHDWVErgonomics    
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>@ /11DZD\VHK0-*ULIILQ$PRGHORIWKHYHUWLFDODSSDUHQWPDVVDQGWKHIRUHDQGDIW
FURVVD[LVDSSDUHQWPDVVRIWKHKXPDQERG\GXULQJYHUWLFDOZKROHERG\YLEUDWLRQJournal
of Sound and Vibration  SS  
>@ 3e%RLOHDX65DNKHMD:KROHERG\YHUWLFDOELRG\QDPLFUHVSRQVHFKDUDFWHULVWLFVRIWKH
VHDWHG YHKLFOH GULYHU PHDVXUHPHQW DQG PRGHO GHYHORSPHQW International Journal of
Industrial Ergonomics  SS  
>@ 0$$EGHHQ:$EEDV3UHGLFWLRQWKHELRG\QDPLFUHVSRQVHRIWKHVHDWHGKXPDQERG\
XVLQJDUWLILFLDOLQWHOOLJHQFHWHFKQLTXHInternational Journal of Engineering  
 
>@ = 6UGMHYLF / &YHWLFDQLQ (QWURS\ FRPSURPLVH SURJUDPPLQJ PHWKRG IRU SDUDPHWHU
LGHQWLILFDWLRQLQWKHVHDWHGGULYHUELRPHFKDQLFDOPRGHOInternational journal of industrial
ergonomics    
>@ 5 0XNVLDQ & ' 1DVK -U $ PRGHO IRU WKH UHVSRQVH RI VHDWHG KXPDQV WR VLQXVRLGDO
GLVSODFHPHQWVRIWKHVHDWJournal of Biomechanics  SS  
>@ $ $INDU , -DYDQVKLU 0 7DJKL $KPDGLDQ + $KPDGL 2SWLPL]DWLRQ RI D SDVVHQJHU
RFFXSLHG VHDW ZLWK VXVSHQVLRQ V\VWHP H[SRVHG WR YHUWLFDO YLEUDWLRQV XVLQJ JHQHWLF
DOJRULWKPVJournal of Vibroengineering  SS  
>@ * 0XVFROLQR $ 6RIL 6WRFKDVWLF DQDO\VLV RI VWUXFWXUHV ZLWK XQFHUWDLQEXWERXQGHG
SDUDPHWHUVYLDLPSURYHGLQWHUYDODQDO\VLVProbabilistic Engineering Mechanics
  
>@

5(0RRUH³,QWHUYDODQDO\VLV´ 9RO (QJOHZRRG&OLIIV1-3UHQWLFH+DOO  

>@ *0XVFROLQR56DQWRUR$6RIL([SOLFLWIUHTXHQF\UHVSRQVHIXQFWLRQVRIGLVFUHWL]HG
VWUXFWXUHVZLWKXQFHUWDLQSDUDPHWHUVComputers & Structures  
>@ 63+DUVKD0'HVWD$63UDVKDQWKDQG9+6DUDQ0HDVXUHPHQWDQGELRG\QDPLF
PRGHO GHYHORSPHQW RI VHDWHG KXPDQ VXEMHFWV H[SRVHG WR ORZ IUHTXHQF\ YLEUDWLRQ
HQYLURQPHQWInternational Journal of Vehicle Noise and Vibration    
>@ ;;%DL6;;X:&KHQJDQG/-4LDQ2QGHJUHHRIIUHHGRPELRG\QDPLF
PRGHOVRIVHDWHGRFFXSDQWV/XPSHGSDUDPHWHUPRGHOLQJJournal of Sound and Vibration
  
>@ < = $UVODQ ([SHULPHQWDO DVVHVVPHQW RI OXPSHGSDUDPHWHU KXPDQ ERG\ PRGHOV
H[SRVHGWRZKROHERG\YLEUDWLRQJournal of Mechanics in Medicine and Biology   
  
>@ +-6LQJKDQG10:HUHOH\%LRG\QDPLF PRGHORIDVHDWHGRFFXSDQWH[SRVHGWR
LQWHQVHLPSDFWVAIAA Journal    
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ĎĹĦıĮĦĳ ĆĸĸĴĨĮĦĹĮĴĳ Ĵī ĆĪķĴĳĦĺĹĮĨĸ Ħĳĩ ĆĸĹķĴĳĦĺĹĮĨĸ
ĝĝě ĎĳĹĪķĳĦĹĮĴĳĦı ĈĴĳĬķĪĸĸ
þòö÷ ĘĪĵĹĪĲħĪķ ÷õöþŁ ėĴĲĪñ ĎĹĦıľ
:DOO KHDW WUDQVIHU DQG WXUEXOHQW FRPEXVWLRQ PRGHOLQJ LQ VLQJOH DQG PXOWL LQMHFWRUV
*&+*2[ URFNHW FRPEXVWRUV
* ,QGHOLFDWR 3 ( /DSHQQD $ 5HPLGGL ' 'XULJRQ  ) &UHWD
6DSLHQ]D 8QLYHUVLW\ RI 5RPH
YLD (XGRVVLDQD   5RPH ,WDO\
,QWHUFRQVXOWLQJ VUO
DXWKRU HPDLO JLXVHSSHLQGHOLFDWR#XQLURPDLW


$%675$&7

,Q WKH SUHVHQW ZRUN D PHWKRGRORJ\ LV SURSRVHG IRU WKH PRGHOL]DWLRQ RI ZDOO KHDW IOX[HV ZLWKLQ
RSHUDWLYH URFNHW FRPEXVWLRQ FKDPEHU FRQGLWLRQV ,W LV EDVHG RQ D QHZO\ GHYHORSHG QRQ
DGLDEDWLF IODPHOHW PRGHO WKDW FDQ EH XVHG WR ERWK ZDOO UHVROYHG VLPXODWLRQV DV ZHOO DV ZLWK
ZDOO IXQFWLRQV IRU WKH ERXQGDU\ OD\HU UHVROXWLRQ ,Q WKH ODWWHU D FDOLEUDWLRQ WHFKQLTXH IRU WKH
WXUEXOHQW 3UDQGWO QXPEHU DW ZDOO LV SURSRVHG EDVHG RQ WKH UHVXOWV REWDLQHG RQ WKH ZDOO
UHVROYHG VLPXODWLRQV 7KH SURSRVHG VWUDWHJ\ LV WKHQ DSSOLHG WR ' DQG ' VLPXODWLRQV RI
H[SHULPHQWDO VLQJOH DQG PXOWLHOHPHQW JDVHRXVPHWKDQHJDVHRXVR[\JHQ *&+*2;
URFNHW FRPEXVWRUV DQG WHVWHG DJDLQVW H[SHULPHQWDO UHVHXOWV LQ WHUPV RI ZDOO KHDW IOX[ DQG
SUHVVXUH GURS RQ WKH FKDPEHU ZDOO 7ZR IODPHOHW WDEXODWLRQ WHFKLQTXHV DUH DOVR LQYHVWLJDWHG
WKH QRQDGLDEDWLF PRGHO DQG WKH VHPLDGLDEDWLF RQH 7KH FRPSDULVRQ LV FDUULHG ERWK RQ WKH
JHQHUDWHG IODPH VWUXFWXUHV DQG RQ WKH VLPXODWLRQ UHVXOWV WHVWHG DJDLQVW H[SHULPHQWV


,1752'8&7,21

,Q VSLWH RI WKH HIIRUWV DQG WKH DFKLHYHPHQWV LQ WKH GHVLJQ RI DGYDQFHG DQG UHXVDEOH OLTXLG
URFNHW HQJLQHV /5( LQ WKH ODVW \HDUV WKH FRUUHFW ZDOO KHDW IOX[ SUHGLFWLRQ ZLWKLQ WKH WKUXVW
FKDPEHU DQG WKH FRQVHTXHQW GHVLJQ RI WKH FRROLQJ V\VWHP VWLOO UHSUHVHQW D FUXFLDO DVSHFW
5RFNHW FKDPEHUV JHQHUDOO\ H[SHULHQFH H[WUHPH WKHUPDO HQYLURQPHQWV ZLWK WHPSHUDWXUHV
H[FHHGLQJ  . )XUWKHUPRUH WKH WUHQG RI LQFUHDVLQJ FKDPEHU SUHVVXUHV RSWLPL]LQJ
SHUIRUPDQFHV DQG UHGXFLQJ ZHLJKWV FDXVHV WKH ZDOO KHDW IOX[ WR LQFUHDVH DOPRVW OLQHDUO\
UHTXLULQJ WUDGH RII GHVLJQ VROXWLRQV
,Q WKLV FRQWH[W WKH QXPHULFDO VLPXODWLRQ RI UHDFWLQJ IORZV LQVLGH D FRPEXVWRU LV D XVHIXO WRRO
ZKRVH UHOLDELOLW\ KDV EHHQ ODUJHO\ SURYHG >@  1RQHWKHOHVV WKH LQFRUSRUDWLRQ RI QRQ
DGLDEDWLF HIIHFWV SDUWLFXODUO\ GRPLQDQW DV WKH IODPH DSSURFKHV WKH FKDPEHU ZDOO LV DQ RQ
JRLQJ UHVHDUFK ILHOG ZKLFK KDV DWWUDFWHG GLIIHUHQW DXWKRUV LQ WKH UHFHQW
\HDUV >@ 'LIIHUHQW DSSURDFKHV KDYH EHHQ XVHG WR PRGHO WKH FRPEXVWLRQ
SURFHVV D FRPPRQ DVVXPSWLRQ IRU WKH VLPXODWLRQ RI +2 IXHOHG URFNHW HQJLQHV LV WKDW RI
FKHPLFDO HTXLOLEULXP RZLQJ WR WKH W\SLFDO IDVW WLPHVFDOHV LQYROYLQJ K\GURJHQ R[LGDWLRQ >@
,Q WKH FDVH RI K\GURFDUERQ FRPEXVWLRQ KRZHYHU VHYHUDO VSHFLHV DUH LQYROYHG UHTXLULQJ D
PRUH GHWDLOHG FKHPLVWU\ PRGHOL]DWLRQ ,Q WKLV FRQWH[W WKH FODVVLFDO IODPHOHW WKHRU\ >@
GHYHORSHG E\ 3HWHUV VKRZHG JRRG SHUIRUPDQFHV LQ FDSWXULQJ GHWDLOHG NLQHWLFV HIIHFWV E\
PHDQV RI D GHFRPSRVLWLRQ EHWZHHQ WKH PL[LQJ DQG WKH IODPH VWUXFWXUH SUREOHP XQGHU WKH
DVVXPSWLRQ RI KLJK 'D QXPEHUV 7KH ODWWHU LQ SDUWLFXODU LV VROXWLRQ RI D ' SUREOHP XQGHU WKH
LPSRVLWLRQ RI D WKHUPRG\QDPLF SUHVVXUH S DQG DOORZV WKH WDEXODWLRQ RI DOO WKH WKHUPR
FKHPLFDO SURSHUWLHV RI WKH PL[WXUH LQ WKH IODPHOHW OLEUDULHV ZKLFK FDQ EH UHIHUUHG WR DV
WKHUPRG\QDPLF PDQLIROGV IRU ZKLFK D JHQHULF WKHUPRG\QDPLF YDULDEOH ȥ FDQ EH H[SUHVVHG DV
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ȥ

ȥ =ȤVW

EHLQJ ȤVW WKH VFDODU GLVVLSDWLRQ UDWH RI WKH PL[WXUH IUDFWLRQ = DW WKH VWRLFKLRPHWULF YDOXH $Q
H[WHQVLRQ RI WKLV PRGHO WR LQFOXGH QRQDGLDEDWLF HIIHFWV ZDV RULJLQDOO\ SURSRVHG E\ /HQWLQL
DQG 0DUUDFLQR >@ WR PRGHO UDGLDWLRQ LQ QRQOXPLQRXV GLIIXVLYH IODPHV ZLWK WKH
LQWURGXFWLRQ RI DQ HQWKDOS\ GHIHFW  GHILQHG DV WKH GLIIHUHQFH EHWZHHQ DQ HQWKDOS\ HQVXLQJ
IURP WKH DGLDEDWLF DQG VWHDG\ VWDWH VROXWLRQ RI WKH IODPHOHW HTXDWLRQV >@ DQG WKH DFWXDO QRQ
DGLDEDWLF HQWKDOS\ RI WKH IORZ


K í KDG =

K í >K2  = K) í K2 @

EHLQJ K2 DQG K) UHVSHFWLYHO\ WKH HQWKDOS\ RI WKH R[LGL]HU =  DQG RI WKH IXHO = 
VWUHDPV ,Q VSLWH RI WKH JRRG UHVXOWV REWDLQHG H[WHQGLQJ WKLV PRGHO WR URFNHW HQJLQHV
DSSOLFDWLRQV >@ VRPH OLPLWDWLRQV ZHUH QRWLFHG LQ WKH SUHVHQFH RI KLJK KHDW ORVV VXFK DV
WKRVH SUHVHQW LQ /5( FRPEXVWLRQ FKDPEHUV ZKLFK UHTXLUHG WKH LPSRVLWLRQ RI D FXWRII
WHPSHUDWXUH WR DYRLG XQSK\VLFDO YDOXHV
,Q WKH SUHVHQW ZRUN D SUHGLFWLYH PHWKRGRORJ\ LV SURSRVHG IRU WKH HYDOXDWLRQ RI ZDOO KHDW IOX[
ZLWKLQ RSHUDWLYH URFNHW FRPEXVWLRQ FKDPEHU FRQGLWLRQV 2Q WKH EDVLV RI ORZ0DFK QXPEHU
DVVXPSWLRQV >@ DQ XQVWHDG\ 5H\QROGV DYHUDJHG 1DYLHU 6WRNHV X5$16 IUDPHZRUN LQ
FRQMXQFWLRQ ZLWK D IODPHOHWEDVHG PHWKRG IRU WXUEXOHQW FRPEXVWLRQ PRGHOLQJ >@ LW UHOLHV RQ
WKH LQWURGXFWLRQ RI D QHZO\ GHYHORSHG QRQDGLDEDWLF IODPHOHW PRGHO 7KH ODWWHU LV EDVHG RQ WKH
VWDQGDUG GHIHFW PHWKRG  ZLWK WKH LQWURGXFWLRQ RI D IXQFWLRQDO GHSHQGHQFH PRGXODWLQJ WKH
HQWKDOS\ ORVV LQ WKH PL[WXUH IUDFWLRQ VSDFH IROORZLQJ WKH ZRUN RI .LP HW DO >@ 7KH PDLQ
IHDWXUH RI WKH QHZ PRGHO LV WR ORFDOL]H WKH PD[LPXP RI WKH HQWKDOS\ ORVV WR WKH PL[WXUH
IUDFWLRQ FRUUHVSRQGLQJ WR VWRLFKLRPHWULF PL[LQJ FRQGLWLRQV 7KH SURSRVHG VWUDWHJ\ LV DVVHVVHG
LQYROYLQJ GLIIHUHQW IODPHOHW PRGHOV IURP WKH IUR]HQ WR WKH QHZO\ GHYHORSHG RQH 7KH
WKHRUHWLFDO IRUPXODWLRQ DQG WKH GHVFULSWLRQ RI WKH QHZ PRGHO LV JLYHQ LQ WKH IROORZLQJ VHFWLRQ
7KH SURSRVHG PHWKRGRORJ\ LV WKHQ DSSOLHG WR ' DQG ' VLPXODWLRQV RI D *2[*&+ VLQJOH
LQMHFWRU FRPEXVWRU >@ DQG D VHYHQ HOHPHQW PXOWLLQMHFWRU FKDPEHU >@ %RWK WKH
FRPEXVWRUV ZHUH GHYHORSHG DW WKH &KDLU RI 7XUERPDFKLQHU\ DQG )OLJKW 3URSXOVLRQ RI WKH
780 5HVXOWV DUH FRPSDUHG ZLWK H[SHULPHQWV SURYLGLQJ PRGHO YDOLGDWLRQ


7+(25(7,&$/ $1' 180(5,&$/ )2508/$7,21



1RQDGLDEDWLF IODPHOHWV

7KH SURSRVHG QRQDGLDEDWLF IODPHOHW PRGHO UHOLHV RQ WKH VWDQGDUG GHIHFW PHWKRG >@ ZLWK
WKH LQWURGXFWLRQ RI D IXQFWLRQDO GHSHQGHQFH PRGXODWLQJ WKH HQWKDOS\ ORVV LQ WKH PL[WXUH
IUDFWLRQ VSDFH 7KH PDLQ FRQMHFWXUH LV WR ORFDOL]H WKH PD[LPXP HQHUJ\ ORVV DW WKH PL[WXUH
IUDFWLRQ SRLQW FRUUHVSRQGLQJ WR WKH VWRLFKLRPHWULF YDOXH =VW  DVVXPLQJ WKHUH WKH PD[LPXP
WHPSHUDWXUH DQG VR WKH PDMRULW\ RI KHDW H[FKDQJH 1RQDGLDEDWLF IODPHOHWV DUH WKHUHIRUH
FRPSXWHG E\ VROYLQJ IRU VSHFLHV PDVV IUDFWLRQV <L DQG LPSRVLQJ IRU HDFK XVHUSUHVFULEHG  D
VWHDG\ VWDWH HQWKDOS\ SURILOH K =
W <L í
K=

KDG

Ȥ  <L ȦL
 =
ȡ
= í  䶯 I ==VW

EHLQJ Ȥ WKH VFDODU GLVVLSDWLRQ UDWH RI WKH PL[WXUH IUDFWLRQ ȦL WKH VRXUFH WHUP RI LWKVSHFLHV DQG
ȡ WKH GHQVLW\ RI WKH PL[WXUH 7KH IXQFWLRQ PRGXODWLQJ WKH GHIHFW DOEHLW UHDVRQDEOH LV DUELWUDU\
DQG VKRXOG EH YDOLGDWHG E\ PHDQV RI D SDUDGLJPDWLF '16 VWXG\ RI D GLIIXVLYH IODPH
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LPSLQJLQJ RQ D QRQ DGLDEDWLF ZDOO UHYHDOLQJ WKH GLVWULEXWLRQ RI HQWKDOS\ DFURVV WKH PL[WXUH
IUDFWLRQ VSDFH ZKLFK LV KRZHYHU QRW FXUUHQWO\ DYDLODEOH ,Q WKH DERYH HTXDWLRQV WKH SDUDPHWHU
 UHSUHVHQWV WKH PD[LPXP HQWKDOS\ ORVV ORFDOL]HG DW =VW  &RQYHUVHO\ I ==VW LV WKH QRUPDOL]HG
IXQFWLRQ PRGXODWLQJ WKH GHIHFW ,W LV DVVXPHG SLHFHZLVH OLQHDU

I ==VW

=
=VW

=  =VW

í

= í =VW
 í =VW

= ! =VW

 $Q H[DPSOH RI IODPHOHW
DQG LV SDUDPHWHUL]HG LQ =VW LQ VXFK D ZD\ WKDW I = =VW
VWUXFWXUHV JHQHUDWHG E\ VROYLQJ WKH DERYH IODPHOHW HTXDWLRQV XVLQJ WKH GHWDLOHG FKHPLFDO
PHFKDQLVP *5,  >@ IRU DQ R[\JHQPHWKDQH PL[WXUH S  EDU 7R[  .
7I  . =VW  LV JLYHQ LQ )LJV   7KH SUHVHQW FRQGLWLRQV UHIHU WR WKH H[SHULPHQWDO
PXOWLLQMHFWRU FKDPEHU GHVFULEHG LQ >@ 3DUWLFXODUO\ LQWHUHVWLQJ LV WKH &2 SURILOH VKRZLQJ
FOHDUO\ KRZ DV WKH HQWKDOS\ OHYHO RI WKH PL[WXUH LV ORZHUHG WKH HQGRWKHUPLF GLVVRFLDWLRQ
UHDFWLRQV OHDGLQJ WR WKH IRUPDWLRQ RI &2 DUH LQFUHDVLQJO\ VXSSUHVVHG WKXV OHDGLQJ WR DQ
LQFUHDVHG FRQWHQW RI &2 ZLWK UHVSHFW WR DGLDEDWLF FRQGLWLRQV

)LJ  (QWKDOS\ OHIW DQG WHPSHUDWXUH ULJKW SURILOHV DW Ȥ
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)LJ  0DVV IUDFWLRQV RI WKH PDLQ FRPEXVWLRQ SURGXFWV DQG LQWHUPHGLDWH VSHFLHV DW Ȥ
IRU GLIIHUHQW GHIHFW YDOXHV 


ࣛVí

6HPLDGLDEDWLF IODPHOHWV

,Q WKH VHPLDGLDEDWLF DSSURDFK PL[WXUH SURSHUWLHV DUH VXEMHFW WR QRQ DGLDEDWLF HIIHFWV RQO\ LQ
WHUPV RI WHPSHUDWXUH ZKLOH WKH PL[WXUH FRPSRVLWLRQ LV IUR]HQ DQG NHSW HTXDO WR WKH DGLDEDWLF
RQH 7KLV DVVXPSWLRQ WUDQVODWHV LQ FRQVLGHULQJ RQO\ WKH FRPSRVLWLRQ SURILOHV FRUUHVSRQGLQJ WR

)LJ  (TXLOLEULXP IODPHOHWV DW GLIIHUHQW HQWKDOS\ GHIHFWV REWDLQHG ZLWK WKH VHPLDGLDEDWLF
DSSURDFK 3ORWWHG DUH WKH WKHUPDO GLIIXVLYLW\ DQG WKH WHPSHUDWXUH RI WKH PL[WXUH
  VHH )LJ   :H DUH WKHUHIRUH LPSOLFLWO\ DVVXPLQJ UHDFWLRQ UDWHV WR YDQLVK DV
WHPSHUDWXUH GHFUHDVHV WKXV SUHYHQWLQJ IXUWKHU UHDFWLRQV VXFK DV UHFRPELQDWLRQV FORVH WR WKH
ZDOO 3UDFWLFDOO\ HQWKDOS\ ORVV FDXVHV WHPSHUDWXUH WR GHFUHDVH DFFRUGLQJO\ WR WKH SURILOH
SUHVFULEHG 7KH WKHUPRG\QDPLF PL[WXUH SURSHUWLHV DUH WKHQ HYDOXDWHG DFFRUGLQJ WR WKLV
WHPSHUDWXUH EXW ZLWK WKH IUR]HQ FRPSRVLWLRQ 7KHUHIRUH IRU D JHQHULF WKHUPRG\QDPLF TXDQWLW\
ȥ ZH KDYH
ȥ

ȥ S 7<I
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ZKHUH WKH VXSHUVFULSW I GHQRWHV IUR]HQ FRPSRVLWLRQ S LV WKH WKHUPRG\QDPLF SUHVVXUH DW
ZKLFK WKH IODPHOHWV DUH FDOFXODWHG DQG 7 WKH QRQDGLDEDWLF WHPSHUDWXUH $Q RYHUYLHZ RI WKH
VHPLDGLDEDWLF IODPHOHWV DQG D FRPSDULVRQ ZLWK WKH QRQDGLDEDWLF RQHV LV JLYHQ LQ )LJ 
$V FOHDUO\ REVHUYDEOH IRU D IL[HG HQWKDOS\ GHIHFW ZH KDYH D PRUH SURQRXQFHG WHPSHUDWXUH
GHFUHDVH IRU WKH IUR]HQ IODPHOHWV ZKLFK ZRXOG HYHQ OHDG WR XQSK\VLFDO WHPSHUDWXUHV LI D FXW
RII DW  . ZDV QRW LPSRVHG 7KDW PHDQV WKDW D JHQHUDO QRQDGLDEDWLF WHPSHUDWXUH LV
REWDLQHG IRU D ORZHU GHIHFW LQ WKH IUR]HQ PHWKRG WKDQ LQ WKH QRQDGLDEDWLF FDVH 7KLV LV DOVR

)LJ  (TXLOLEULXP IODPHOHWV DW GLIIHUHQW HQWKDOS\ GHIHFWV REWDLQHG ZLWK WKH QRQDGLDEDWLFK
PHWKRG 3ORWWHG DUH WKH WKHUPDO GLIIXVLYLW\ DQG WKH WHPSHUDWXUH RI WKH PL[WXUH
VKRZQ LQ )LJ  UHSRUWLQJ WKH XSSHU VWDEOH EUDQFK RI WKH 6FXUYH SORWWHG IRU WKH WZR QRQ
DGLDEDWLF PRGHOV

)LJ  8SSHU EUDQFK RI 6VKDSHG FXUYHV IRU WKH WZR QRQDGLDEDWLF PRGHOV IUR]HQ DQG QRQ
DGLDEDWLF DQG D JLYHQ   N-NJ ,Q DEVFLVVD VWRLFKLRPHWULF VFDODU GLVVLSDWLR YDOXHV
UDQJLQJ IURP HTXLOLEULXP ȤVW  +] WR  +] LQ RUGLQDWD WHPSHUDWXUH FRQGLWLRQHG WR WKH
VWRLFKLRPHWULF PL[WXUH IUDFWLRQ YDOXH
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7KH JUHDWHU VHQVLWLYLW\ WR HQWKDOS\ ORVVHV FDQ EH H[SODLQHG E\ ILUVW FRQVLGHULQJ WKDW WKH IUR]HQ
IODPHOHWV GR QRW DOORZ IRU UHFRPELQDWLRQV DW ZDOO DQG WKXV QHJOHFW D KHDW VRXUFH WKDW PD\
VXVWDLQ WKH IODPH HYHQ DW ORZ HQWKDOSLHV PRUHRYHU WKH IUR]HQ DSSURDFK OHDGV WR KLJKHU
FRQFHQWUDWLRQ RI OLJKWHU VSHFLHV WKDQ WKH QRQDGLDEDWLF RQHV ZLWK D ORZHU WKHUPDO LQHUWLD
HDVLHU WR EH FRROHG GRZQ 7KLV DOVR MXVWLILHV D JUHDWHU WKHUPDO GLIIXVLYLW\ LQ WKH IUR]HQ
IODPHOHWV IRU D IL[HG WHPSHUDWXUH YDOXH 7KH LPSRUWDQFH RI UHFRPELQDWLRQ DW ORZHU HQWKDOSLHV
LV DOVR VKRZHG XVLQJ WKH DSSURDFK HPSOR\HG E\ 3HUDNLV DQG +DLGQ LQ >@ ZKHUH D
QRUPDOL]HG ZDOO KHDW IOX[ XVLQJ WDEXODWHG IODPHOHW YDOXHV IRU WKH IUR]HQ DQG WKH QRQDGLDEDWLF
FDVH KDV EHHQ FDOFXODWHG DVVXPLQJ D ZDOO WHPSHUDWXUH RI  . 7KLV ZDV GRQH LQ RUGHU WR
JLYH D SUHGLFWLRQ RI WKH ZDOO KHDW IOX[ HQVXLQJ IURP D &)' DQDO\VLV HPSOR\LQJ WKRVH IODPHOHW
OLEUDULHV 7KH VDPH DQDO\VLV LV FDUULHG LQ WKH IROORZLQJ HPSOR\LQJ WKH WZR VHWV RI IODPHOHWV
SUHYLRXVO\ GHVFULEHG

)LJ  3UHGLFWHG ZDOO KHDW IOX[ UHFRQVWUXFWHG IURP WDEXODWHG HTXLOLEULXP YDOXHV ZLWK D VHPL
DGLDEDWLF GDVKHG DQG WKH QHZ QRQDGLDEDWLF VROLG PRGHO $ ZDOO WHPSHUDWXUH YDOXH RI
 . LV DVVXPHG
)LJ  VXJJHVWV WKDW GLIIHUHQFHV LQ WKH ZDOO KHDW IOX[ DUH VPDOO DV ORQJ DV ZH DUH LQ WKH IXHO
UHDFK UHJLRQ RI WKH PL[WXUH IUDFWLRQ VSDFH 7KLV LV JHQHUDOO\ WKH VLWXDWLRQ ZH KDYH LQ
SUR[LPLW\ RI WKH LQMHFWLRQ SODWH ZKHUH WKH FRD[LDO LQMHFWHG IXHO IRUPV D UHFLUFXODWLRQ ]RQH ,Q
WKLV UHJLRQ WKHUHIRUH VPDOO GLIIHUHQFHV EHWZHHQ WKH PHWKRGV DUH H[SHFWHG LQ WKH UHVXOWLQJ ZDOO
KHDW IOX[ $V ZH PRYH WRZDUGV WKH VWRLFKLRPHWULF YDOXH WKHVH GLIIHUHQFHV EHFRPH UHOHYDQW
HYHQ IRU UHODWLYHO\ VPDOO GHIHFWV LH   N-NJ


85$16 180(5,&$/ )5$0(:25.

,Q WKH SUHVHQW ZRUN ZH XVH WKH XQVWHDG\ 85$16 VROYHU 5IODPHOHW6PRNH >@ GHYHORSHG LQ WKH
FRQWH[W RI WKH 2SHQ)RDPEDVHG IUDPHZRUN 2SHQ602.( >@ ,W LV EDVHG RQ D SUHVVXUH
EDVHG QXPEHU IUDPHZRUN LQ FRQMXQFWLRQ ZLWK D IODPHOHWEDVHG PHWKRG IRU WXUEXOHQW
FRPEXVWLRQ PRGHOLQJ )ODPHOHWEDVHG PHWKRGV DOORZ D GHWDLOHG FKHPLFDO GHVFULSWLRQ RI WKH
IODPH VWUXFWXUH DW D UHDVRQDEOH FRPSXWDWLRQDO FRVW DQG DYRLG WKH FRPEXVWLRQ LQGXFHG VWLIIQHVV
RI WKH QXPHULFDO LQWHJUDWLRQ 0RUHRYHU LQ WKH ORZ0DFK QXPEHU OLPLW IODPHOHW EDVHG
WDEXODWLRQ PHWKRGV IRU WXUEXOHQW QRQSUHPL[HG FRPEXVWLRQ DUH ZHOOSRVHG DQG SURYLGH D
SURSHUO\ ILOWHUHGDYHUDJHG WUHDWPHQW RI WKHUPRFKHPLFDO SURSHUWLHV>@  7KH FRGH VROYHV
෪ LQ DGGLWLRQ WR PDVV
WUDQVSRUW HTXDWLRQV IRU HQWKDOS\ K෨  PL[WXUH IUDFWLRQ =෨ DQG LWV YDULDQFH =Ǝ
DQG PRPHQWXP HTXDWLRQV
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EHLQJ ȡ WKH 5H\QROGV DYHUDJHG GHQVLW\ FRPLQJ IURP WKH WDEXODWHG IODPHOHWV ȞW WKH WXUEXOHQW
YLVFRVLW\ FDOFXODWHG IURP WKH VWDQGDUG N í  WXUEXOHQFH FORVXUH PRGHO
෪ 䌛䶯
W ȡ 䶯 =Ǝ
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Į
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3UW DQG 6FW WKH 3UDQGWO DQG 6FKPLGW WXUEXOHQW QXPEHUV &J  &G DQG &ȝ PRGHO FRQVWDQWV HTXDO
WR   DQG  UHVSHFWLYHO\ 7KH SUHVVXUHYHORFLW\ FRXSOLQJ LV KDQGOHG ZLWK WKH
3,03/( RSHUDWRU VSOLWWLQJ DOJRULWKP >@ 7KH DVVHVVPHQW RI WKH SURSRVHG PHWKRGRORJ\
FRQVLVW LQ SHUIRUPLQJ ILUVW ' D[LDOV\PPHWULF VLPXODWLRQV RI D QRQDGLDEDWLF *2[*&+
VLQJOHLQMHFWRU FRPEXVWRU GHYHORSHG DW 780 DQG WKHQ ' VLPXODWLRQV RI DQ DGGLWLRQDO PXOWL
HOHPHQW FRPEXVWRU 6LPXODWLRQ UHVXOWV DUH FRPSDUHG ZLWK H[SHULPHQWDO GDWD JHQHUDOO\ JLYHQ
LQ WHUPV RI ZDOO KHDW IOX[ DQG FHQWHUOLQH SUHVVXUH FORVH WR WKH FKDPEHU ZDOO >@ )RU WKH
VLQJOH LQMHFWRU WKH IRUPHU ZHUH H[SHULHQWDOO\ REWDLQHG ERWK YLD WKH WHPSHUDWXUH WLPH GHULYDWLYH
LQ WKH VROLG ZDOOV ([SHULPHQW  DQG FXPXODWLYH KHDW IOX[ FRQVLGHUDWLRQV ([SHULPHQW   7KH
FRPSXWDWLRQDO GRPDLQV DUH GLVFUHWL]HG ZLWK WKH ILQLWH YROXPH PHWKRG LQ D EORFNVWUXFWXUHG
JULG VHFRQG DQG ILUVW RUGHU DFFXUDWH LQ VSDFH DQG WLPH UHVSHFWLYHO\ 7KH FKDPEHU QR]]OH LV
QRW FRQVLGHUHG VLQFH ZH XVH D ORZ0DFK QXPHULFDO IUDPHZRUN IRU PRUH GHWDLOV DERXW WKH
QXPHULFDO IUDPHZRUN UHIHU WR >@  $ JULG FRQYHUJHQFH VWXG\ KDV EHHQ OHG IRU HDFK FDVH ,Q
WKH IROORZLQJ VHFWLRQV LW LV ILUVW SUHVHQWHG WKH ' FDPSDLJQ RQ WKH VLQJOH LQMHFWRU 7KLV
FRQVLVWV RI ZDOO UHVROYHG VLPXODWLRQV DV ZHOO DV ZLWK ZDOO IXQFWLRQV )RU WKH IRUPHU D ORZ
5H\QROGV YHUVLRQ RI WKH N í  PRGHO LV XVHG >@ )RU WKH ODWWHU RQ WKH RWKHU KDQG VRPH
SDUDPHWHUV QHHG WR EH HVWDEOLVKHG VXFK DV D WXUEXOHQW 3UDQGWO QXPEHU ıW ZKLFK GLUHFWO\ HQWHUV
LQ WKH GHILQLWLRQ RI D WXUEXOHQW WKHUPDO GLIIXVLYLW\ DW ZDOO DQG VR LQ WKH HYDOXDWLRQ RI WKH ZDOO
KHDW IOX[
ZDOO

ĮW

ȡ

ȞW
ıW

,Q WKH HTXDWLRQ DERYH ıW LV WKH DIRUHPHQWLRQHG SDUDPHWHU ZKLFK ZH NHHS VHSDUDWH IURP WKH
3UW HQWHULQJ LQ WKH GLIIXVLRQ WHUP RI WKH HQWKDOS\ WUDQVSRUW HTXDWLRQ ,Q WKH IROORZLQJ D
PHWKRGRORJ\ WR VHOHFW WKLV SDUDPHWHU EDVHG RQ WKH UHVXOWV REWDLQHG IURP WKH ZDOOUHVROYHG
VLPXODWLRQ ZLOO EH SUHVHQWHG 7KH VHWWLQJV REWDLQHG IURP WKH ' FDPSDLJQ IRU WKH ZDOO
IXQFWLRQ VLPXODWLRQV DUH WKHQ H[WHQGHG WR WKH ' FDVH RQ WKH PXOWLHOHPHQW FKDPEHU


:DOO ERXQGDU\ FRQGLWLRQV

:KHQ GHDOLQJ ZLWK QRQDGLDEDWLF VLPXODWLRQV D ZDOO WHPSHUDWXUH SURILOH 7Z RU D KHDW IOX[ Tሶ Z
DUH JHQHUDOO\ LPSRVHG ,Q WKH IROORZLQJ ZH ZLOO UHIHU WR WKH IRUPHU VLWXDWLRQ 7KHUHIRUH IRU D
SUHVFULEHG 7Z RU HTXLYDOHQWO\ DQ HQWKDOS\ KZ WKH HQVXLQJ Tሶ Z LV FDOFXODWHG DV
Tሶ Z

ĮHII䌛K෨ _Q
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EHLQJ ĮHII DQ HIIHFWLYH WKHUPDO GLIIXVLYLW\ GHILQHG DV
ĮHII

ZDOO
Į =෨ ZZ  ĮW

LQ ZKLFK Į LV D WKHUPDO ODPLQDU GLIIXVLYLW\ NJPV WDNHQ IURP WKH IODPHOHW OLEUDULHV IRU D
ZDOO
JLYHQ HQWKDOS\ GHIHFW DQG D PL[WXUH IUDFWLRQ YDOXH DW ZDOO ZKLOH ĮW LV WKH WXUEXOHQW
FRQWULEXWLRQ SUHYLRXVO\ GHILQHG FRPLQJ IURP WKH ZDOO IXQFWLRQV 7KH DERYH HTXDWLRQ IRU WKH
ZDOO KHDW IOX[ LV WKHUHIRUH YDOLG ERWK IRU ZDOO IXQFWLRQV DQG ZDOO UHVROYHG VLPXODWLRQV :H
QRWH WKDW WKH HYDOXDWLRQ RI WKH ZDOO KHDW IOX[ UHTXLUHV WKH HQWKDOS\ YDOXH DW WKH ZDOO K෨ Z IRU WKH
GHWHUPLQDWLRQ RI WKH JUDGLHQW DQG WKH YDOXH RI WKH GHIHFW Z WR VHOHFW WKH IODPHOHW IURP ZKLFK
H[WUDFW WKH WUDQVSRUW SURSHUWLHV DW WKH JLYHQ PL[WXUH IUDFWLRQ YDOXH =Z  7KH IRUPHU LQ SDUWLFXODU
LV UHFRQVWUXFWHG IURP RQFH Z LV NQRZQ DV
K෨ Z

KDG =෨ Z í Z 䶯 I =෨ Z=VW

7KH YDOXH K෨ Z LV WKHQ XVHG WR FDOFXODWH WKH VXUIDFHQRUPDO JUDGLHQW ZKLFK LQ GLVFUHWL]HG IRUP
DQG UHIHUULQJ WR D VLQJOH FRPSXWDWLRQDO FHOO LV

䌛K෨ _Q

6I
K෨ Z í K෨ 3
䶯
_ǻ_
_6I _

EHLQJ 6I WKH FHOOIDFH VXUIDFH ǻ WKH FHOOWRIDFH GLVWDQFH DQG K෨ 3 WKH FHOOFHQWUH YDOXH


5(68/76



' :DOO UHVROYHG VLPXODWLRQV

)RU WKH ZDOO UHVROYHG FDPSDLJQ D ILQDO PHVK RI DERXW  FHOOV KDYH EHHQ VHOHFWHG DIWHU D
JULG FRQYHUJHQFH DQDO\VLV $Q HTXDOO\ VSDFHG GLVFUHWL]DWLRQ LV DGRSWHG DFURVV WKH GRPDLQ
H[FHSW IRU WKH QHDU ZDOO UHJLRQV ZKHUH D UDGLDO JUDGLQJ LV LPSRVHG WR REWDLQ D ZLGWK RI ȝP
IRU WKH ODVW FHOO DW WKH FKDPEHU ZDOO 7KH GLPHQVLRQ RI DQ LQWHUQDO ILHOG FHOO LV RI DERXW
 PP $ FRPSDULVRQ EHWZHHQ WKH WZR IODPHOHW PRGHOV SUHYLRXVO\ GHVFULEHG LV ILUVW FDUULHG
RXW )ROORZLQJ WKH ZRUN GRQH LQ >@ D UHIHUHQFH 3UW RI  DQG D 6FW RI  DUH FKRVHQ IRU
DOO WKH ZDOO UHVROYHG VLPXODWLRQV 5HVXOWV DUH UHSRUWHG LQ )LJ  LQ WHUPV RI ZDOO KHDW IOX[
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)LJ  :DOO KHDW IOX[ REWDLQHG ZLWK WKH IUR]HQ DQG WKH QRQDGLDEDWLF DSSURDFK FRPSDUHG ZLWK
H[SHULPHQWDO GDWD IRU WKH ZDOO UHVROYHG VLPXODWLRQ RI WKH VLQJOHLQMHFWRU D[LDOV\PPHWULF
FKDPEHU
$V REVHUYDEOH WKH QRQDGLDEDWLF PRGHO WHQGV WR RYHUHVWLPDWH WKH KHDW IOX[ YDOXHV HVSHFLDOO\
LQ WKH ILUVW KDOI RI WKH FKDPEHU ZKHUH WKH GLIIHUHQFH ZLWK WKH H[SHULPHQWDO GDWD UHDFK D
PD[LPXP RI DSSUR[LPDWHO\  7KLV PD\ EH GXH WR WKH H[FHVVLYH KHDW UHOHDVHG E\ &2
UHFRPELQDWLRQ LQ &2 DW WKH ZDOO 7KLV LV IXUWKHU LQYHVWLJDWHG E\ VDPSOLQJ WKH UDGLDO SURILOH RI
VXFK VSHFLHV DQG WKH UHVXOWLQJ WHPSHUDWXUH ILHOG DFURVV WKH ERXQGDU\ OD\HU WR D VHFWLRQ ORFDWHG
DW  P

)LJ  5DGLDO &2 DQG &2 PDVV IUDFWLRQV SURILOHV OHIW DQG WHPSHUDWXUH ULJKW DFURVV WKH
ERXQGDU\ OD\HU DV IXQFWLRQ RI \  IRU WKH VHPLDGLDEDWLF DQG WKH QRQDGLDEDWLF ZDOO UHVROYHG
VLPXODWLRQV
5DGLDO &2 DQG &2 PDVV IUDFWLRQV SURILOHV OHIW DQG WHPSHUDWXUH ULJKW DFURVV WKH ERXQGDU\
OD\HU DV IXQFWLRQ RI \  IRU WKH VHPLDGLDEDWLF DQG WKH QRQDGLDEDWLF ZDOO UHVROYHG VLPXODWLRQV
$V FDQ EH REVHUYHG IURP )LJ  WKH IORZ UHDFKHV WKH ZDOO ZLWK D WHPSHUDWXUH RI DERXW  .
IRU WKH QRQDGLDEDWLF FDVH DQG DOPRVW  . IRU WKH VHPLDGLDEDWLF RQH WKLV GLIIHUHQFH
GLUHFWO\ FRUUHODWHV ZLWK WKH UHFRPELQDWLRQ RI &2 WR &2 LQ WKH QRQDGLDEDWLF FDVH ZKLFK
SDVVHV IURP PDVV IUDFWLRQ YDOXHV RI  LQ WKH LQWHUQDO ILHOG WR WUDFH DPRXQWV DW WKH ZDOO WKXV
H[SODLQLQJ WKH GLIIHUHQFHV LQ WKH ZDOO KHDW IOX[ HVWLPDWLRQ )XUWKHU REVHUYLQJ )LJ  WKH IUR]HQ
IODPHOHWV RQ WKH RWKHU KDQG DFFXUDWHO\ UHSURGXFH H[SHULPHQWDO GDWD XQWLO  P ZKHUH WKH\
VHHP WR IROORZ WKH VHFRQG VHW RI H[SHULPHQWDO YDOXHV IRU D VKRUW GLVWDQFH WR ILQDOO\ HVWDEOLVK
RQ WKH ILUVW DJDLQ IURP DOPRVW  P WR WKH HQG RI WKH VLPXODWHG JHRPHWU\ 7KH SUHVHQW
DQDO\VLV RI WKH ZDOOUHVROYHG VLPXODWLRQV WKXV VHHPV WR VXJJHVW QRW WR FRQVLGHU ZDOO
UHFRPELQDWLRQV IRU WKH RSHUDWLYH FRQGLWLRQV DQG WKH FKRVHQ VLPXODWLRQ VHWWLQJV


' :DOO PRGHOHG VLPXODWLRQV

$ ' VLPXODWLRQ RI WKH VDPH FKDPEHU LV WKHQ SHUIRUPHG RQ D GLIIHUHQW JULG HPSOR\LQJ ZDOO
IXQFWLRQV )ROORZLQJ WKH SUHYLRXV UHVXOWV WKH IUR]HQ VHW RI IODPHOHWV LV XVHG WRJHWKHU ZLWK D
WXUEXOHQW 3UDQGWO DQG D WXUEXOHQW 6FKPLGW QXPEHU LQKHULWHG IURP WKH ZDOO UHVROYHG VLPXODWLRQ
LH 3UW  DQG 6FW  7KH SXUSRVH LV WR UHSURGXFH WKH UHVXOWV SUHYLRXVO\ REWDLQHG
KDYLQJ LQWURGXFHG WKH ZDOO IXQFWLRQ PRGHO 7KH XVH RI ZDOO IXQFWLRQV KRZHYHU PLWLJDWHV WKH
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GLIIHUHQFHV EHWZHHQ WKH QRQDGLDEDWLF DQG WKH IUR]HQ PRGHOV WKH ODVW FRPSXWDWLRQDO QRGH DW
ZDOO JHQHUDOO\ O\LQJ DW D QRQGLPHQVLRQDO ZDOO GLVWDQFH \ UDQJLQJ EHWZHHQ  DQG  VHH
)LJ   7KH LQWURGXFWLRQ RI D WXUEXOHQW TXDQWLW\ ıW  GLIIHUHQW IURP WKH RQH FRQWUROOLQJ WKH
GLIIXVLRQ RI HQWKDOS\ 3UW  LV WKHUHIRUH QHFHVVDU\ WR FRKHUHQWO\ PRGHO QHDU ZDOO SKHQRPHQD
ZKLFK DUH LQ JHQHUDO QHJOHFWHG E\ ZDOO IXQFWLRQV ,Q WKH IROORZLQJ D PHWKRGRORJ\ LV SURSRVHG
IRU WKH FDOLEUDWLRQ RI WKLV SDUDPHWHU GHSHQGLQJ RQ WKH \ H[SHFWHG IURP WKH ZDOO IXQFWLRQ
VLPXODWLRQ )URP WKH SUHYLRXV ZDOO UHVROYHG UHVXOWV D ZDOO KHDW IOX[ Tሶ \ LV GHILQHG E\
SURJUHVVLYHO\ UHFRQVWUXFWLQJ DQ HQWKDOS\ JUDGLHQW 䌛K෨ _Q \ DW GLIIHUHQWV GLVWDQFHV ǻ\ IURP WKH
ZDOO DQG E\ FRQVLGHULQJ WKH ODPLQDU GLIIXVLYLW\ DW ZDOO Į $ WXUEXOHQW FRQWULEXWLRQ LV WKHQ
SURJUHVVLYHO\ DGGHG HQGLQJ XS ZLWK
Tሶ Z

Į

ZDOO
ĮW

䌛K෨ _Q \

Tሶ \



ȡ \ ȞW \

䌛K෨ \ 
ıW

$ WXUEXOHQW 3UDQGWO QXPEHU ıW LV WKHQ GHILQHG LQYHUWLQJ WKU DERYH HTXDWLRQ DQG LPSRVLQJ Tሶ Z
HTXDO WR WKH ZDOO KHDW IOX[ Tሶ :5 HQVXLQJ IURP WKH ZDOO UHVROYHG VLPXODWLRQ )LJ   ,Q WKLV ZD\

)LJ  /HIW \ YDOXHV DW ZDOO IRU WKH D[LDO V\PPHWULF VLPXODWLRQ HPSOR\LQJ ZDOO IXQFWLRQV
5LJKW UDGLDO SURILOHV RI WKH ZDOO IXQFWLRQ SDUDPHWHU ıW DV D IXQFWLRQ RI WKH QRQGLPHQVLRQDO
GLVWDQFH IURP WKH ZDOO IRU GLIIHUHQW VHFWLRQV DORQJ WKH FKDPEHU
ZH REWDLQ ıW DV D IXQFWLRQ RI \  LH D WDEOH ZKLFK FDQ EH FRQVXOWHG LQ RUGHU WR FRQVLVWHQWO\
WXQH WKH ZDOO IXQFWLRQ SDUDPHWHU DFFRUGLQJ WR WKH HVWLPDWHG \  )RU WKH SUHVHQW VLPXODWLRQ ZH
KDYH D PHVK FKDUDFWHUL]HG E\ DQ LQWHJUDO \ YDOXH RI DERXW  DORQJ WKH FKDPEHU ZDOO IURP
)LJ  LW LV VKRZQ WKDW IRU WKDW YDOXH ıW YDULHV EHWZHHQ  DQG  DORQJ WKH FKDPEHU 6LQFH
ZH DUH FRQVLGHULQJ DQ LQWHJUDO YDOXH RI \ ZKLFK LV PDLQO\ DWWDLQHG LQ WKH VHFRQG KDOI RI WKH
FKDPEHU DV VKRZQ LQ )LJ  E  WKH VHOHFWHG YDOXH IRU ıW LV 
7KH UHVXOWV RI WKLV WXQLQJ WHFKQLTXH DUH UHSRUWHG LQ )LJ  DQG VKRZ DQ RYHUDOO JRRG DJUHHPHQW
ZLWK H[SHULPHQWDO GDWD H[FHSW IRU WKH ILUVW SDUW ZKHUH WKH ODWWHU DUH XQGHUHVWLPDWHG 7KH
UHDVRQ FDQ EH WUDFHG EDFN WR WKH SUHYLRXV DVVXPSWLRQV OLPLWLQJ WKH FKRLFH RI WKH ıW YDOXH
ZKRVH VHOHFWLRQ ZDV EDVHG RQ D PHDQ \ YDOXH
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' VLPXODWLRQV

7KH VHWWLQJV SUHYLRXVO\ REWDLQHG IRU WKH ZDOO IXQFWLRQ VLPXODWLRQ RQ WKH VLQJOH LQMHFWRU DUH
WKHQ H[WHQGHG WR WKH VHYHQHOHPHQW *2[*&+ PXOWLLQMHFWRU FRPEXVWRU  HPSOR\LQJ IRU WKH
WZR FKDPEHUV WKH VDPH VHWV RI IODPHOHWV 7KH QHZ QRQDGLDEDWLF PRGHO LV DJDLQ WHVWHG DJDLQVW
H[SHULPHQWV DQG UHVXOWV REWDLQHG ZLWK WKH VHPLDGLDEDWLF DSSURDFK $ GHJUHH
FRPSXWDWLRQDO GRPDLQ ZDV FKRVHQ WDNLQJ DGYDQWDJH RI WKH FKDPEHU V\PPHWU\ UHVXOWLQJ LQ D

)LJ  &RPSDULVRQ EHWZHHQ H[SHULPHQW V\PEROV DQG WKH D[LDO V\PPHWULF VLPXODWLRQV
FRQWLQXRV OLQH VKDGHG E\ YDULDQFH IRU WKH IUR]HQ YHUVLRQ RI WKH QHZ QRQDGLDEDWLF PRGHO LQ
WHUPV RI ZDOO KHDW IOX[ DW WKH FKDPEHU ZDOO
FRPSXWDWLRQDO JULG RI  FHOOV :DOO IXQFWLRQV IRU WKH WXUEXOHQW TXDQWLWLHV N෨ ෨ ȞW DQG ĮW
DUH HPSOR\HG WR VDYH FRPSXWDWLRQDO UHVRXUFHV DFFRUGLQJ WR WKH IRUPXODWLRQ SURSRVHG LQ >@
1RQDGLDEDWLF ERXQGDU\ FRQGLWLRQV DUH HQIRUFHG RQ WKH XSSHU FKDPEHU ZDOO ZKHUH D
WHPSHUDWXUH SURILOH REWDLQHG E\ H[SHULPHQWV LV SUHVFULEHG DGLDEDWLF FRQGLWLRQV DUH HQIRUFHG
IRU WKH SODWH DQG WKH SRVWWLS ZDOO $ YLHZ RI WKH FKDPEHU DQG RI D VOLFHG WHPSHUDWXUH ILHOG LV
JLYHQ LQ )LJ  ZKLOH D VXPPDU\ RI WKH REWDLQHG ZDOO KHDW IOX[HV ZLWK WKH WKUHH PRGHOV DQG
WKH ZDOO SUHVVXUH SURILOH LV JJLYHQ LQ )LJ
J 

)LJ  7LPH DYHUDJHG WHPSHUDWXUH ILHOG LQ D ORQJLWXGLQDO VOLFH RI WKH VHYHQ HOHPHQW
FRPEXVWRU REWDLQHG XVLQJ WKH QRQDGLDEDWLF DSSURDFK
,Q WKH ILUVW FKDPEHU VHJPHQW DOO WKH PRGHOV WHQG WR XQGHUHVWLPDWH H[SHULPHQWDO YDOXHV ZKLOH
LQ WKH VHFRQG RQH WKH GLIIHUHQFHV ZLWK WKH QRQDGLDEDWLF PRGHO DUH DOPRVW QHJOHJLEOH ,QGHHG
GLIIHUHQWO\ IURP WKH ' FDVH KHUH WKH QRQDGLDEDWLF PRGHO VHHP WR SHUIRUP EHWWHU WKDQ WKH
IUR]HQ PRGHO HVSHFLDOO\ LQ WKH ILUVW WZR FKDPEHU VHJPHQWV ,Q WKH WKLUG VHJPHQW RQ WKH RWKHU
KDQG WKH IUR]HQ DQG WKH QRQDGLDEDWLF PRGHOV DUH DOPRVW HTXDOO\ VSDFHG UHVSHFWLYHO\ EHORZ
DQG DERYH H[SHULPHQWV

826

5XQQLQJ WLWOH

$XWKRUV¶ VXUQDPH

)LJ  &RPSDULVRQ EHWZHHQ ' QXPHULFDO DQG H[SHULPHQWDO ZDOO KHDW IOX[ OHIW DQG
SUHVVXUH GURS ULJKW IRU WKH VHYHQ HOHPHQW FKDPEHU REWDLQHG ZLWK WKH QHZ QRQDGLDEDWLF
PRGHO DQG WKH IUR]HQ DSSURDFK



&21&/86,216

,Q WKLV ZRUN ZH KDYH GHYHORSHG DQG YDOLGDWHG D PRGHOLQJ VWUDWHJ\ IRU WKH HYDOXDWLRQ RI ZDOO
KHDW IOX[HV ZLWKLQ WKH RSHUDWLYH FRQGLWLRQV RI OLTXLG URFNHW HQJLQHV FRPEXVWLRQ FKDPEHUV
6XFK D PHWKRGRORJ\ LV EDVHG RQ WKH QRQDGLDEDWLF IODPHOHW FRQFHSW DQG FDQ EH XVHG LQ ERWK
ZDOO UHVROYHG DQG ZDOO PRGHOHG VLPXODWLRQV $ ZHOO NQRZQ VLQJOH HOHPHQW FRPEXVWLRQ
FKDPEHU KDV EHHQ VLPXODWHG LQ D ZDOO UHVROYHG IDVKLRQ WR ILUVWO\ DVVHVV WKH EHVW WDEXODWLRQ
WHFKQLTXH ILWWLQJ H[SHULPHQWDO GDWD )RU WKH FKRVHQ QXPHULFDO VHWWLQJV UHVXOWV VXJJHVWHG WR
VHOHFW WKH IUR]HQ RU VHPLDGLDEDWLF DSSURDFK LQ WKH IODPHOHWV JHQHUDWLRQ $Q RWKHU VLPXODWLRQ
RI WKH VDPH FRPEXVWRU HPSOR\LQJ WKH FKRVHQ VHW RI IODPHOHWV DQG D ZDOO PRGHOHG ERXQGDU\
OD\HU KDV EHHQ WKHQ FDUULHG RXW ZLWK D SURSHUO\ FDOLEUDWHG WXUEXOHQW 3UDQGWO QXPEHU DW ZDOO
7KH HQVXLQJ ZDOO KHDW IOX[ KDV EHHQ VKRZQ WR FRUUHFWO\ UHSURGXFH WKH UHVXOWV REWDLQHG RQ WKH
ZDOO UHVROYHG VLPXODWLRQ DQG VR WKH H[SHULPHQW SURYLGLQJ PRGHO YDOLGDWLRQ )LQDOO\ D '
VLPXODWLRQ RI D PXOWLHOHPHQW FKDPEHU KDV EHHQ FDUULHG RXW WR IXUWKHU DVVHVV PRGHO
SHUIRUPDQFHV VKRZLQJ D JRRG DJUHHPHQW ZLWK H[SHULPHQWDO UHVXOWV


$&.12:/('*0(17

7KLV ZRUN LV FDUULHG RXW ZLWK WKH VXSSRUW RI WKH ,WDOLDQ 0LQLVWU\ RI 8QLYHUVLW\ DQG 5HVHDUFK
0,85 

5()(5(1&(6
>@ *HUOLQJHU -XOLDQ =LSV DQG 0LFKDHO 3ILW]QHU 1XPHULFDO LQYHVWLJDWLRQ RI UHDFWLQJ IORZ LQ D
PHWKDQH URFNHW FRPEXVWRU 7XUEXOHQFH PRGHOLQJ -RXUQDO RI 3URSXOVLRQ DQG 3RZHU SDJHV ±
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>@ $OEHUWR &XRFL $OHVVLR )UDVVROGDWL 7 )DUDYHOOL DQG (OLVHR 5DQ]L 2SHQVPRNH $Q
REMHFWRULHQWHG IUDPHZRUN IRU WKH QXPHULFDO PRGHOLQJ RI UHDFWLYH V\VWHPV ZLWK GHWDLOHG
NLQHWLF PHFKDQLVPV &RPSXWHU 3K\VLFV &RPPXQLFDWLRQV ± 
>@ - + )HU]LJHU DQG 0 3HULF &RPSXWDWLRQDO PHWKRGV IRU IOXLG G\QDPLFV 6SULQJHU 6FLHQFH
%XVLQHVV 0HGLD 
>@ /DXQGHU %( -RQHV :3 7KH SUHGLFWLRQ RI ODPLQDUL]DWLRQ ZLWK D WZRHTXDWLRQ PRGHO RI
WXUEXOHQFH ,QWHUQDWLRQDO -RXUQDO RI +HDW DQG 0DVV 7UDQVIHU ± 
>@ *HRUJL .DOLW]LQ *RUD]G 0HGLF *LDQOXFD ,DFFDULQR DQG 3DXO 'XUELQ 1HDUZDOO EHKDYLRU
RI UDQVWXUEXOHQFH PRGHOV DQG LPSOLFDWLRQV IRU ZDOO IXQFWLRQV &RPSXWDWLRQDO SK\VLFV
  ± 
>@ 6HRQJ.X .LP 0LRN -RK +ZDQ 6HRN &KRL DQG 7DH 6HRQ 3DUN 0XOWLGLVFLSOLQDU\
VLPXODWLRQ RI D UHJHQHUDWLYHO\ FRROHG WKUXVW FKDPEHU RI OLTXLG URFNHW HQJLQH 7XUEXOHQW
FRPEXVWLRQ DQG QR]]OH IORZ ,QWHUQDWLRQDO -RXUQDO RI +HDW DQG 0DVV 7UDQVIHU ±
 
>@ 3 ( /DSHQQD 5 $PDGX]]L ' 'XULJRQ * ,QGHOLFDWR ) 1DVXWL DQG ) &UHWD
6LPXODWLRQ RI D VLQJOHHOHPHQW *&+*2; URFNHW FRPEXVWRU XVLQJ D QRQDGLDEDWLF IODPHOHW
PHWKRG SDJH  
>@ 3 ( /DSHQQD DQG ) &UHWD 0L[LQJ XQGHU WUDQVFULWLFDO FRQGLWLRQV DQ DSULRUL VWXG\ XVLQJ
GLUHFW QXPHULFDO VLPXODWLRQ 7KH -RXUQDO RI 6XSHUFULWLFDO )OXLGV 
>@ 3 ( /DSHQQD * ,QGHOLFDWR 5 /DPLRQL DQG ) &UHWD 0RGHOLQJ WKH HTXDWLRQV RI VWDWH
XVLQJ D IODPHOHW DSSURDFK LQ /5(OLNH FRQGLWLRQV $&7$ $VWURQDXWLFD 
>@ 3( /DSHQQD * ,QGHOLFDWR 5 $PDGX]]L ' 'XULJRQ DQG ) &UHWD &RQVLVWHQW
IODPHOHWEDVHG WXUEXOHQW FRPEXVWLRQ PRGHOLQJ IRU OLTXLG URFNHW HQJLQHV -RLQW PHHWLQJ WKH
JHUPDQ DQG LWDOLDQ VHFWLRQV RI WKH FRPEXVWLRQ LQVWLWXWH 
>@ 3HWHU & 0D +DR :X 0DWWKLDV ,KPH +LFNH\ DQG -HDQ3LHUUH 1RQDGLDEDWLF IODPHOHW
IRUPXODWLRQ IRU SUHGLFWLQJ ZDOO KHDW WUDQVIHU LQ URFNHW HQJLQHV $,$$ -RXUQDO   ±
 
>@ % 0DUUDFLQR DQG ' /HQWLQL 5DGLDWLRQ PRGHOOLQJ LQ QRQOXPLQRXV QRQSUHPL[HG
WXUEXOHQW IODPHV &RPEXVWLRQ 6FLHQFH DQG 7HFKQRORJ\ ± 
>@ - & 2HIHOHLQ 0L[LQJ DQG FRPEXVWLRQ RI FU\RJHQLF R[\JHQK\GURJHQ VKHDUFRD[LDO MHW
IODPHV DW VXSHUFULWLFDO SUHVVXUH &RPEXVW 6FL 7HFKQRO ± 
>@ & 0DULD 3DOPD 6 6LOYHVWUL * 6FKOLHEHQ & .LUFKEHUJHU 2 +DLGQ DQG 2 .QDE
,QMHFWRU FKDUDFWHUL]DWLRQ IRU D JDVHRXV R[\JHQPHWKDQH VLQJOH HOHPHQW FRPEXVWLRQ FKDPEHU
3URJUHVV LQ 3URSXOVLRQ 3K\VLFV ± 
>@ 1LNRODRV 3HUDNLV &KULVWRI 5RWK DQG 2VNDU +DLGQ 'HYHORSPHQW RI D QRQDGLDEDWLF
IODPHOHW PRGHO IRU UHDFWLQJ IORZV ZLWK KHDW ORVV  
>@ 1 3HWHUV 7XUEXOHQW &RPEXVWLRQ &DPEULGJH 8QLYHUVLW\ 3UHVV 8. &DPEULGJH 8.

>@ 7KLHUU\ 3RLQVRW DQG 'HQLV 9H\QDQWH 7KHRUHWLFDO DQG QXPHULFDO FRPEXVWLRQ 57
(GZDUGV ,QF 3KLODGHOSKLD 3$ 
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>@ 3:ROOQ\ %5RJJ DQG $ .HPSI 0RGHOOLQJ KHDW ORVV HIIHFWV LQ KLJK WHPSHUDWXUH R[\
IXHO IODPHV ZLWK DQ HIILFLHQW DQG UREXVW QRQSUHPL[HG IODPHOHW DSSURDFK )XHO ±

>@ 6 6LOYHVWUL 0 3 &HODQR * 6FKOLHEHQ DQG 2 +DLGQ &KDUDFWHUL]DWLRQ RI D PXOWL
LQMHFWRU JR[JFK FRPEXVWLRQ FKDPEHU QG $,$$6$($6(( 3DSHU 
>@ *ROGHQ ' 0 )UHQNODFK 0 0RULDUW\ 1 : (LWHQHHU % *ROGHQEHUJ 0 %RZPDQ &
+DQVRQ 5 6RQJ 6 *DUGLQHU -U : HW DO 6PLWK * 3 *ULPHFK   85/ KWWSZZZ
PH EHUNHOH\ HGXJUL PHFK
>@ 3DXO 7XFNHU 6XUHVK 0HQRQ &KDUOHV 0HUNOH -RVHSK 2HIHOHLQ DQG 9LJRU <DQJ
9DOLGDWLRQ RI KLJKILGHOLW\ &)' VLPXODWLRQV IRU URFNHW LQMHFWRU GHVLJQ SDJH  
>@ <L :DQJ DQG $UQDXG 7URXYp 'LUHFW QXPHULFDO VLPXODWLRQ RI QRQSUHPL[HG IODPH±ZDOO
LQWHUDFWLRQV &RPEXVWLRQ DQG IODPH   ± 
>@ -XOLDQ =LSV +DJHQ 0OOHU DQG 0LFKDHO 3ILW]QHU 1RQDGLDEDWLF WDEXODWLRQ PHWKRGV WR
SUHGLFW ZDOOKHDW ORDGV LQ URFNHW FRPEXVWLRQ SDJH  
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'HSWRI(QJLQHHULQJIRU,QQRYDWLRQ8QLYHUVLW\RI6DOHQWR9LDSHU0RQWHURQL³&DPSXV
(FRWHNQH´/(&&(,,WDO\

,QVWLWXWHIRU0LFURHOHFWURQLFVDQG0LFURV\VWHPV,00&159LDSHU0RQWHURQL³&DPSXV
(FRWHNQH´/(&&(,,WDO\
FRUUHVSRQGLQJDXWKRUPDULDJUD]LDGHJLRUJL#XQLVDOHQWRLW

ABSTRACT
,QWKHVSDFHILHOGWKHUHFHQWDGYDQFHPHQWLQWKH0LFUR(OHFWULF0HFKDQLFDO6\VWHPV 0(06 
WHFKQRORJ\KDVDOORZHG IRU WKHGHYHORSPHQW RI VPDOO VDWHOOLWHV WRWDO PDVVOHVVWKDQ NJ 
WKDQNVWRWKHUHGXFWLRQRIWKHWRWDOH[SHQGLWXUHRIVSDFHPLVVLRQVXQGHU/RZ(DUWK2UELW /(2 
0LFURDQGQDQRVDWHOOLWHVXVXDOO\UHTXLUHYHU\VPDOOWKUXVWIRUFHVLQRUGHUWRHQVXUHWKHRUELW
DQGRUDWWLWXGHFRQWUROIURPIHZPLFURQHZWRQVXSWRVRPHPLOOLQHZWRQVLQFRPELQDWLRQZLWK
VWULQJHQWFRQVWUDLQWVRIPDVVYROXPHDQGSRZHUFRQVXPSWLRQWREHVDWLVILHG
7KHUHIRUH WKH PLFURSURSXOVLRQ V\VWHP UHSUHVHQWV D NH\ WHFKQRORJ\ DQG ZDWHUSURSHOODQW
PLFURUHVLVWRMHWVSURYLGHDJUHHQDQGUHOLDEOHVROXWLRQLQWKHFODVVRIHOHFWULFSURSXOVLRQ7KH
SUHVHQW ZRUN ILUVW GHVFULEHV WKH ILQDO GHVLJQ RI D ORZFRVW IOH[LEOH VLOLFRQEDVHG ZDWHU
SURSHOODQW YDSRUL]LQJ OLTXLG PLFURWKXUVWHU 9/0 SURWRW\SH 7KH9/0FRPSRVHVRI DQLQOHW
FKDPEHU D VHW RI SDUDOOHO PLFURFKDQQHOV DV KHDWLQJ FKDPEHU DQG D SODQDU FRQYHUJHQW
GLYHUJHQW PLFURQR]]OH 7KH PLFURWKUXVWHU KDV D VDQGZLFK VWUXFWXUH 7KH LQOHW FKDPEHU WKH
KHDWLQJFKDPEHUDQGWKHPLFURQR]]OHKDYHEHHQIDEULFDWHGXVLQJDQLVRWURSLFZHWHWFKLQJRID
VLOLFRQVXEVWUDWHFRXSOHGZLWKVSHFLDOW\%RURIORDWJODVV7KH%RURIORDWZDIHUZDVFRXSOHG
WRVLOLFRQZDIHUE\WKHUPRFRPSUHVVLYHERQGLQJZKLFKDOORZHGWRHQVXUHRQHRSWLFDODFFHVVWR
WKHIORZILHOGLQVLGHWKHPLFURWKUXVWHU$3ODWLQXPUHVLVWLYHILOPSODFHGRQWKHERWWRPRIWKH
VLOLFRQ SDG SURYLGHV WKH KHDW UHTXLUHG IRU YDSRUL]DWLRQ DQG VXSHUKHDWLQJ ,Q DGGLWLRQ WKH
PLFURWKUXVWHULVHTXLSSHGZLWKVHQVLQJFDSDELOLWLHVIRUWKHWHPSHUDWXUHDQGWKHYDSRUTXDOLW\
WKDQNVWRDRIWKHUPLVWRUVDQGFDSDFLWLYHVHQVRUVZKLFKDUHHPEHGGHGRQWKHGHYLFH
%DVHG RQ H[SHULPHQWDO WHVWV DW DPELHQW FRQGLWLRQV IRFXVHG RQ ERWK WKH SURSXOVLYH DQG WKH
VHQVLQJLWHPVDSUHOLPLQDU\DVVHVVPHQWRIWKHRSHUDWLRQDOIHDVLELOLW\RIWKHPLFURWKUXVWHUDW
DPELHQWFRQGLWLRQVKDVEHHQSURYLGHG7KHH[SHULPHQWDOLQYHVWLJDWLRQKDVEHHQVXSSRUWHGE\
DQXPHULFDOLQYHVWLJDWLRQIRUWKHSHUIRUPDQFHSUHGLFWLRQXQGHUYDFXXPFRQGLWLRQVXVLQJDRQH
GLPHQVLRQDOPRGHORIWKHPLFURWKUXVWHU,QDGGLWLRQ'&)'VLPXODWLRQVKDYHEHHQSHUIRUPHG
LQ RUGHUWR HVWLPDWHWKH LPSDFW RI WKH JDVUDUHIDFWLRQ RQWKHSURSXOVLYH SHUIRUPDQFHRIWKH
PLFURWKUXVWHUDQGSURYLGHDGHVFULSWLRQRIWKHIORZLQVLGHWKHPLFURQR]]OH7RWKLVSXUSRVH
FRQWLQXRXV1DYLHU6WRNHVVLPXODWLRQVXQGHUVOLSUHJLPHFRQGLWLRQKDVEHHQFDUULHGRXWZKLFK
UHVXOWVKDYHEHHQFRPSDUHGZLWKWKRVHUHWULHYHGE\WKHRQHGLPHQVLRQDOPRGHOLQJ

Keywords: 0LFUR SURSXOVLRQ PLFURUHVLVWRMHWV YDSRUL]LQJ OLTXLG PLFURWKUXVWHU VPDOO
VDWHOOLWHV
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1

'H*LRUJL)RQWDQDURVD

INTRODUCTION

,QWKHODVWWZHQW\\HDUVWKHHIIRUWVRIWKHVFLHQWLILFFRPPXQLW\KDYHJRQHLQWRUHVHDUFKDQG
GHYHORSPHQWRIFXEHVDWVZLWKWRWDOPDVVOHVVWKDQNJ7KHVHVDWHOOLWHVKDYHWREHHTXLSSHG
ZLWKWKHPLFURSURSXOVLRQV\VWHPFDSDEOHWRSURYLGHVPDOOWKUXVWIRUFHVIURPȝ1WRVRPHP1
LQFRPSOLDQFHZLWKVWULQJHQWFRQVWUDLQWVRIPDVVYROXPHDQGSRZHUFRQVXPSWLRQ,QDGGLWLRQ
WKH XVH RI JUHHQ SURSHOODQWV LQ SODFH RI WKH WUDGLWLRQDO WR[LF ELPRQRSURSHOODQWV VXFK DV
K\GUD]LQHUHSUHVHQWVDQRWKHUUHOHYDQWUHTXLUHPHQWIRUPLFURSURSXOVLRQV\VWHP
7KHUHFHQWGHYHORSPHQWVLQPLFURWKUXVWHUWHFKQRORJ\KDYHEHQHILWIURPWKHDGYDQFHPHQWLQ
0LFUR(OHFWULF0HFKDQLFDO6\VWHPV 0(06 PDFKLQLQJ:HUHIHUWR>@IRUDGHWDLOHGUHYLHZ
RIPLFURSURSXOVLRQV\VWHPVDSSOLHGWRVPDOOVDWHOOLWHV,QWKHILHOGRIWKHPLFURSURSXOVLRQ
PLFURUHVLVWRMHWV UHSUHVHQW DQ LQWHUHVWLQJ FKRLFH WKH\ DUH FXUUHQWO\ DEOH WR VDWLVI\ DOO PDVV
YROXPHDQGSRZHUFRQVWUDLQWVDQGSURYLGHWKUXVWOHYHOVUHTXLUHPHQWVUHTXLUHGIRUWKHDWWLWXGH
FRQWURODQGWKHSRLQWLQJV\VWHPVRIPLQLDWXUL]HGVSDFHFUDIWV>@>@>@'HYLFHVWKDWXVHOLTXLG
SURSHOODQWVDUHFDOOHG9DSRUL]LQJ/LTXLG0LFURWKUXVWHUV 9/0V ZKLFKFDQVWRUHWKHSURSHOODQW
LQORZSUHVVXUHDQGOLJKWZHLJKWIXHOWDQNLQFRPSDULVRQZLWKFROGKRWJDVPLFURWKUXVWHUVHYHQ
WKRXJKWKH\ZLOOFRQVXPHPRUHHOHFWULFSRZHUGXHWRWKHHYDSRUDWLRQSURFHVV
7KHHDUO\GHYHORSPHQWFRQFHUQLQJ9/0VGDWHVEDFNWRWKH0XHOOHU¶VVWXGLHV>>@>@>@@+H
ILUVWGHVLJQHGDQGPDQXIDFWXUHGDVLOLFRQEDVHG0(06GHYLFHFKDUDFWHUL]HGWKHKHDWORVVHVLQ
UHODWLRQWRWKHSDFNDJLQJDQGLQYHVWLJDWHGWKHLQIOXHQFHRIIHHGLQJSUHVVXUHRQWKHYDSRUL]DWLRQ
SURFHVV/DWHU0DNKHUMHHHWDO>@XVHGZHWDQLVRWURSLFHWFKLQJWRIDEULFDWHDZDWHUSURSHOODQW
0(06EDVHG PLFURWKUXVWHU DQG WKH\ PHDVXUHG WKUXVW IRUFH PDJQLWXGHV UDQJLQJ EHWZHHQ
P18VLQJZDWHUDVSURSHOODQW0DXU\DHWDO>@GHVLJQHGDVLOLFRQEDVHG9/0ZLWK
LQWHJUDWHGPLFURKHDWHUZKLFKGHPRQVWUDWHGWREHDEOHWRSURYLGHWKUXVWIRUFHVLQWKHUDQJH
WRȝ1ZLWKKHDWLQJSRZHUEHWZHHQ:DQG:,QVWHDGDVLQJOHFKDQQHO9/0HTXLSSHG
ZLWKWZRLQWHJUDWHGKHDWHUVZDVPDQXIDFWXUHGDQGWHVWHGE\.XQGXHWDO>@7KHLUWKUXVWHU
JHQHUDWHGWKUXVWIRUFHRIDERXWP1XVLQJPD[LPXPKHDWHUSRZHURI:<HHWDO>@
LPSOHPHQWHGSXOVDWHGKHDWLQJE\PHDQVRIWKHDSSOLFDWLRQRIDQHOHFWULFSXOVH7KHLUPLFUR
WKUXVWHUH[KLELWHGDWRWDOLPSXOVHRI1VZLWKSXOVHSRZHURI:0RUHUHFHQWO\6LOYDHW
DO>@LQWHJUDWHGPRO\EGHQXPKHDWHUVDQGWHPSHUDWXUHVHQVLQJXVLQJZDWHUDVJUHHQSURSHOODQW
LQWRD9/0LQFRPSOLDQFHZLWKWKHVWULFWUHTXLUHPHQWVRIVPDOOVDWHOOLWHVSURJUDPV&RQFHUQLQJ
QHZPDWHULDOVDQGPDQXIDFWXULQJWHFKQRORJLHV.DUWKLNH\DQHWDO>@ILUVWPDQXIDFWXUHGDORZ
WHPSHUDWXUHFRILUHGFHUDPLF /7&& 9/0GHPRQVWUDWLQJWKHDGYDQWDJHVLQXVLQJWKH/7&&
LQSODFHRIWKHVLOLFRQ LHJRRGHOHFWULFDOFRQGXFWLYLW\RISULQWHGPHWDOOL]DWLRQDUHODWLYHORZ
FRVWIRUPDVVSURGXFWLRQDQGDUHODWLYHO\VLPSOHDQGIDVWIDEULFDWLRQSURFHVV /DWHU&KHDK
DQG/RZ>@SURSRVHGDKLJKWHPSHUDWXUHFRILUHGFHUDPLF +7&& 9/0PDGHE\DWKUHH
OD\HUVVWUXFWXUHZLWKDSODWLQXPEDVHGPLFURKHDWHU
)XUWKHUPRUHWKHHVWDEOLVKPHQWRIPLFURIORZERLOLQJLQVWDELOLWLHVLQVLGHWKHPLFURFKDQQHOVRI
WKHKHDWLQJFKDPEHUXVXDOO\DIIHFWVWKHRYHUDOOSHUIRUPDQFHRIWKH9/0V,QWKLVUHJDUG&KHQ
HWDO>@ILUVWLQYHVWLJDWHGWKHWZRSKDVHIORZFKDUDFWHULVWLFVLQDVLQJOHFKDQQHOVLOLFRQEDVHG
9/0DQGLGHQWLILHGIRXUGLIIHUHQWIORZSDWWHUQV/DWHU&HQDQG;X>@FKDUDFWHUL]HGWKHIORZ
ERLOLQJLQVWDELOLWLHVLQUHODWLRQWRWKHPHDVXUHGSHUIRUPDQFHLQVLGHD0(06EDVHG9/0PDGH
E\SDUDOOHOPLFURFKDQQHOV0RUHRYHUWKHJURZWKRIWKHYLVFRXVERXQGDU\OD\HULQVLGHSODQDU
PLFURQR]]OHV HQKDQFHG E\ WKH PLFURVFDOH DQG WKH UDUHILHG JDV FRQGLWLRQ LV ZRUWK WR EH
FRQVLGHUHGVLQFHLWVWURQJO\DIIHFWVWKHSURSXOVLYHHIILFLHQF\RIWKLVNLQGRIPLFURWKUXVWHUV
,QWKLVFRQWH[WERWKWKHJHRPHWU\RSWLPL]DWLRQDQGHPEHGGHGVHQVLQJFDSDELOLW\SOD\DFUXFLDO
UROHLQFRQWUROOLQJWKHKHDWLQJSURFHVVDQGWKHEHKDYLRURIWKHWZRSKDVHIORZZKLFKDOORZVWR
PLWLJDWHWKHHIILFLHQF\ORVVHVDQGKLQGHUWKHIOXLGLQGXFHGLQVWDELOLWLHV7KHSUHVHQWZRUNDLPV
WRSUHVHQWWKHGHVLJQRID9/0FRQFHSWZKLFKLVHTXLSSHGZLWKWHPSHUDWXUHDQGYRLGIUDFWLRQ
VHQVRUVDQGDVHFRQGDU\ILQHKHDWLQJV\VWHP)XUWKHUPRUHWKHEDVHOLQHFRQILJXUDWLRQLVPDGH
RISDUDOOHOUHFWDQJXODUPLFURFKDQQHOV\HWVHYHUDOJHRPHWU\PRGLILFDWLRQVKDYHEHHQFRQVLGHUHG
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LQRUGHUWRUHGXFHWKHIORZERLOLQJLQVWDELOLWLHV3UHOLPLQDU\WHVWVDDPELHQWSUHVVXUHKDYHEHHQ
FDUULHGRQWKHILUVWSURWRW\SHRIWKHGHYLFHZKLFKGHPRQVWUDWHGWKHRSHUDWLRQDOIXQFWLRQLQJRI
WKH RYHUDOO PLFURWKUXVWHU DV ZHOO DV WKH LQWHJUDWHG WHPSHUDWXUH VHQVLQJ +HQFH EDVHG RQ
H[SHULPHQWV WKH SURSXOVLYH SHUIRUPDQFH XQGHU YDFXXP FRQGLWLRQV KDYH EHHQ SUHGLFWHG E\
PHDQVRIDRQHGLPHQVLRQDOPRGHODQG'&)'FRPSXWDWLRQVRIWKHVXSHUVRQLFIORZLQVLGHWKH
PLFURQR]]OH
2

DEVICE DESCRIPTION AND FABRICATION

$'VFKHPDWLFRIWKHYDSRUL]LQJOLTXLGPLFURWKUXVWHULVVKRZQLQ)LJXUH,WFRPSRVHVRI
WKUHHUHJLRQV

DQLQOHWFKDPEHURUSOHQXPWKURXJKZKLFKWKHSURSHOODQWLVIHG

WKHKHDWLQJFKDPEHUZKHUHWKHSURSHOODQWLVYDSRUL]HG

D SODQDU FRQYHUJHQWGLYHUJHQW PLFURQR]]OH ZKLFK DFFHOHUDWHV WKH VXSHUKHDWHG YDSRU
IORZWRVXSHUVRQLFYHORFLWLHV




)LJXUH0(06VFKHPDWLFVRIWKHPLFURWKUXVWHU




$V VKRZQ LQ )LJXUH  WKH 9/0 KDV D VDQGZLFK VWUXFWXUH WKH LQOHW FKDPEHU WKH KHDWLQJ
FKDPEHUDQGWKHPLFURQR]]OHDUHUHDOL]HGE\GHHSVLOLFRQDQLVRWURSLFHWFKLQJFRXSOHGZLWKD
%RURIORDWJODVVZDIHUWKDWHQVXUHVIOXLGLFWLJKWQHVVRSWLFDODFFHVVWRWKHIORZILHOGLQVLGH
WKHPLFURWKUXVWHUFKDQQHOVDQGVHQVRULQWHJUDWLRQ




)LJXUH&RQFHSWRIWKHYDSRUL]LQJOLTXLGPLFURWKUXVWHU D 'VFKHPDWLFYLHZ E 'GUDZLQJRI
WKHVLOLFRQSDG XQLWVDUHLQPLOOLPHWUH 
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$WKLQILOP3ODWLQXPKHDWHUSODFHGRQWKHERWWRPRIWKHVLOLFRQVXEVWUDWHSURYLGHGWKHKHDWWR
WKHSURSHOODQWIOXLG)XUWKHUPRUHDVHWRIFDSDFLWLYHYRLGIUDFWLRQVHQVRUV 9)6V DQGZLUHV
UHVLVWDQFHWHPSHUDWXUHGHWHFWRUV 57'V HTXLSSHGWKHGHYLFHZLWKWKHDLPWRSURYLGHVHQVLQJ
FDSDELOLWLHV IRU WKH IORZ FRQWURO LQVLGH WKH PLFURWKUXVWHU )XUWKHUPRUH VHFRQGDU\ UHVLVWLYH
KHDWHUVKDYHEHHQSDWWHUQHGE\SKRWROLWKRJUDSK\RQWKHJODVVVXEVWUDWHDVORZSRZHUKHDWLQJ
IRUIORZFRQWUROWHVW7KH0(06VFKHPDWLFVLQ)LJXUHKLJKOLJKWVWKHFRQILJXUDWLRQRIVHQVRUV
DQGKHDWHUV


)LJXUH0(06VFKHPDWLFVRIWKHPLFURWKUXVWHU




7KHPLFURWKUXVWHUVIDEULFDWLRQKDVEHHQSHUIRUPHGDWWKH&15,00FOHDQURRPIDFLOLWLHVZLWK
D FXVWRP SURFHVV GHVLJQ WKDW LQWHJUDWHV GLIIHUHQW SDWWHUQ WUDQVIHU WHFKQLTXHV YDFXXP
GHSRVLWLRQVGHHSGU\HWFKLQJRIVLOLFRQIURQWEDFNOLWKRJUDSK\DOLJQPHQWVWHSVDQGDGKHVLYH
VLOLFRQJODVVERQGLQJ$SLFWXUHRIDPLFURWKUXVWHUSURWRW\SHLVVKRZQLQ)LJXUH D ZKLOH
)LJXUH E GLVSOD\VWKHIURQWDQGVLGHYLHZVRIWKHPLFURWKUXVWHULQLWVRSHUDWLYHFRQILJXUDWLRQ
ZLWKERWKIHHGLQJQHHGOHDQGHOHFWULFDOZLULQJVRIWKHPDLQKHDWHU



)LJXUH3LFWXUHRID9/0SURWRW\SH D WRSDQGERWWRPYLHZVRIWKHPDQXIDFWXUHGGHYLFH E WRS
DQGVLGHYLHZVRIWKHRSHUDWLYHFRQILJXUDWLRQHTXLSSHGZLWKWKHIHHGLQJQHHGOHDQGWKHHOHFWULFDOZLUH
RIWKHPDLQKHDWHU


&RQFHUQLQJWKHJHRPHWU\RIWKHWKUXVWHUWKHGHYLFHKDVOHQJWKRIDERXWPPZLGWKRIPP
DQGWRWDOWKLFNQHVVRIDERXWȝPZKLOHWKHHWFKLQJGHSWKIRUFKDQQHOGHILQLWLRQLVDERXW
ȝP7KHOHQJWKDQGWKHWKLFNQHVVRIJODVVSDGDUHHTXDOWRWKHRQHVRIWKHVLOLFRQVXEVWUDWH
ZKLOHLWLVPPZLGWKLQRUGHUWRDOORZSODFHPHQWRIWKHFRQQHFWLRQSDGVDQGVHFRQGDU\KHDWHUV
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WKHHOHFWULFDOSDGVRIVHQVRUVDQGVHFRQGDU\KHDWHUV$9VKDSHGLQOHWRIDERXWPPOHQJWK
HQVXUHVZDWHUIHHGLQJLQVLGHWKHFKLSXVLQJD*QHHGOHZKLFKLVIL[HGWRWKHGHYLFHE\PHDQV
RIDQHSR[\UHVLQWKDWSURYLGHVWKHSURSHUMXQFWLRQWLJKWQHVV(LJKWPLFURFKDQQHOVRIȝP
ZLGWKDQGPPOHQJWKFRPSRVHWKHKHDWLQJFKDPEHUZKLFKVKRXOGHQVXUHWKHPD[LPL]DWLRQ
RIWKHKHDWWUDQVIHUFRHIILFLHQWWKHUHGXFWLRQRIWKHSUHVVXUHORVVHVDQGWKHKLQGHULQJRIIORZ
ERLOLQJ LQVWDELOLWLHV 0LFURFKDQQHOV DUH VSDFHG DSDUW RI  ȝP HDFK RWKHU &RQFHUQLQJ WKH
FRQYHUJHQWGLYHUJHQWSODQDU PLFURQR]]OHLWV WKURDW ZLGWK LV DERXWȝP WKH DQJOHRIWKH
FRQYHUJHQFHVHFWLRQLVDERXWZKLOHWKHGLYHUJHQWVHFWLRQRZQV7KHFKRLFHRIDKLJK
GLYHUJHQFHDQJOHLVUHODWHGWRWKHPLWLJDWLRQRIWKHYLVFRXVORVVHVGXHWRWKHERXQGDU\OD\HU
JURZWKQRUPDOWRWKHSODQDUZDOOVDVGHPRQVWUDWHGLQ>@
7KHWUDGHRIIEHWZHHQSHUIRUPDQFHVDIHW\DQGDQ\RWKHUGHVLUHGIHDWXUHVVXFKDVGHQVLW\KHDW
FDSDFLW\VDIHW\VWRUDELOLW\DQGDYDLODELOLW\XVXDOO\OHDGWRWKHFKRLFHRIWKHSURSHOODQW%DVHG
RQ WKH DQDO\VLV SHUIRUPHG E\ >@ ZDWHU KDV EHHQ VHOHFWHG DV WKH SURSHOODQW IRU XVH LQ WKH
SUHVHQW9/0DVDUHVXOWRIWKHFRPSDULVRQEHWZHHQIRXUSDUDPHWHUVWKHLQFUHPHQWRIYHORFLW\
SHUXQLWYROXPHǻ99WKHVSHFLILFLPSXOVH,VSWKHHOHFWULFDOSRZHUQHHGHGIRUYDSRUL]DWLRQ
3HOYDQGWKHVDIHW\LVVXH,QSDUWLFXODUZDWHUHQVXUHVDQXOWUDVDIHRSHUDWLRQDOHQYLURQPHQWDV
ZHOODVLWLVHQYLURQPHQWDOO\IULHQGO\DQGFKHDSLWKDVKLJKGHQVLW\DQGLWLVVWDEOHHQRXJKWR
EH VWRUHG LQ D ZHDNO\ SUHVVXUL]HG OLJKW WDQN $ JUHDWHU SRZHU FRQVXPSWLRQ GXH WR WKH KLJK
HQWKDOS\ RI YDSRUL]DWLRQ LV WKH PRVW UHOHYDQW GUDZEDFN \HW LW FDQ VWLOO PHHW WKH H[SHFWHG
UHTXLUHPHQWVIRUVPDOOVDWHOOLWHV
3

NUMERICAL PREDICTIVE ANALYSIS

7KHRQHGLPHQVLRQDOPRGHORIWKH9/0ZKLFKZDVSURSRVHGDQGYDOLGDWHGE\WKHDXWKRUVLQ
>@KDVEHHQDSSOLHGWRWKHSUHVHQWFRQILJXUDWLRQ,WDOORZVWRGHVFULEHWKHEHKDYLRXURIWKH
OLTXLG±YDSRUIORZLQVLGHWKHLQOHWDQGWKHKHDWLQJFKDPEHUVRIWKHPLFURWKUXVWHUEDVHGRQWKH
K\SRWKHVLVRIWKLQILOPIORZDQGFRQVLGHULQJWKH'DSSUR[LPDWLRQ>@7KHWRROER[&RRO3URS
>@LVLQWHJUDWHGLQWRWKHFRGHWRFRPSXWHWKHWZRSKDVHPL[WXUHSURSHUWLHV
7KH KHDWLQJ SURFHVV EHJLQV LQWR WKH LQOHW FKDPEHU DW WKH HQG RI ZKLFK WKH IORZ HQWHUV WKH
PLFURFKDQQHOVUHJLRQ7KHPRGHOFRPSXWHVWKHYDULDWLRQRIWKHWRWDOHQWKDOS\RIWKHIORZDFURVV
DVSDWLDOVWHS DVIROORZV




ZKHUH LVWKHWLPHVWHS7ZLVWHPSHUDWXUHRIWKHLQQHUZDOO LVWKHKHDWSRZHUH[FKDQJHG
EHWZHHQWKHIOXLGDQGWKHVLOLFRQZDOOVDQG3FVLVWKHSHULPHWHURIWKHFURVVVHFWLRQ7KHKHDW
IOX[ LVUHODWHGWRWKHFRQYHFWLYHKHDWH[FKDQJHGULYHQE\WKHKHDWWUDQVIHUFRHIILFLHQW
ZKHUHțFRQGLVWKHORFDOWKHUPDOFRQGXFWLYLW\FRHIILFLHQWRIWKHIOXLGDQG'KLV
WKH K\GUDXOLF GLDPHWHU ,QVWHDG WKH 1XVVHOW QXPEHU 1X LV ORFDOO\ HVWLPDWHG EDVHG RQ WKH
HPSLULFDOFRUUHODWLRQVH[WUDSRODWHGE\7LELULoiHWDO >@$VDUHVXOWWKHORFDOKHDWWUDQVIHU
FRHIILFLHQWLVHVWLPDWHGDVLQ(T  




ZKHUH[GRUHSUHVHQWVWKHYDSRUTXDOLW\DWWKHGU\RXWFRQGLWLRQZKLOHWKHORFDO1XVVHOWQXPEHU
DQGWKH'LWWXV±%RHOWHUVXSHUKHDWHGYDSRUUHODWLRQDUHGHILQHGLQ(TV  DQG  
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,QHTXDWLRQVDERYH5HYDQG3UYUHVSHFWLYHO\DUHWKHORFDO5H\QROGVDQG3UDQGWOQXPEHUVRIWKH
YDSRUSKDVH

7KHSUHGLFWLRQRIWKHPLFURWKUXVWHUSHUIRUPDQFHLQWHUPVRIWKUXVWDQGVSHFLILFLPSXOVHLVEDVHG
RQ WKH LGHDO URFNHW WKHRU\ ,57  7KH PD[LPXP PDVV IORZ UDWH
 ZDV HVWLPDWHG E\
VXSSRVLQJFKRFNHGIORZFRQGLWLRQVDWWKHWKURDWVHFWLRQRIWKHPLFURQR]]OHDVIROORZV




ZKHUHSDQG7DUHWKHVWDJQDWLRQSUHVVXUHDQGWHPSHUDWXUHDWWKHH[LWRIPLFURFKDQQHOV

LVWKHVWDWLFSUHVVXUHDWWKHH[LWVHFWLRQDQG LVWKHDUHDDWWKHWKURDWVHFWLRQ)XUWKHUPRUHWKH
YHORFLW\RIWKHVXSHUVRQLFIORZDWWKHH[LWVHFWLRQLV


ZKHUH5JDVLVVSHFLILFJDVFRQVWDQW



LVWKH9DQGHUNHUFKRIIIDFWRU

ȖLVWKHVSHFLILFKHDWUDWLRRIWKHSURSHOODQW7KHUHIRUHWKHWKUXVWDQGWKHVSHFLILFLPSXOVHUHVXOW
IURP(TV  DQG  






ZKHUHWKHVXEVFULSWVMDQGSGHQRWHWKHPRPHQWXPWKUXVWDQGWKHSUHVVXUHWKUXVWUHVSHFWLYHO\
DQG
LVWKHHIIHFWLYHH[KDXVWYHORFLW\ZKLFKWDNHVDFFRXQWRIERWKWKUXVWWHUPV
LVWKH
IDUILHOGDPELHQWSUHVVXUH
7KHHVWDEOLVKPHQWRIWKHERXQGDU\OD\HUDWWKHQR]]OHWKURDWDQGDORQJWKHGLYHUJHQWVHFWLRQRI
WKHPLFURQR]]OHUHGXFHVERWKWKHPDVVIORZUDWHDQGWKHH[LWYHORFLW\+HQFHWKHPLFURQR]]OH
TXDOLW\ KDVEHHQFRQVLGHUHGLQRUGHUWRTXDQWLILHVWKHWRWDOSHUIRUPDQFHORVVHVGXHWRJURZWK
RIWKHERXQGDU\OD\HUWKLFNQHVVLQVLGHWKHPLFURQR]]OHDVIROORZV
 
ZKHUHWKHVXEVFULSWDFWGHQRWHVWKHDFWXDOSHUIRUPDQFH LVWKHGLVFKDUJHFRHIILFLHQWDQG 
LV WKH ,VSHIILFLHQF\ ,Q SDUWLFXODU  LV UHODWHG WR WKH JHRPHWU\ RI WKH QR]]OH WKURDW WKH
SURSHOODQW DQG WKH 5H\QROGV QXPEHU DW WKH WKURDW VHFWLRQ ZKLOH  GHSHQGV RQ ERWK WKH
FRPSUHVVLEOH PRPHQWXP DQG WKH GLVSODFHPHQW WKLFNQHVVHV DV D PHDVXUH RI WKH WKH MHW
PRPHQWXPUHGXFWLRQGXHWRWKHGLIIHUHQFHEHWZHHQWKHLQYLVFLGDQGWKHYLVFRXVYHORFLW\LQVLGH
WKH ERXQGDU\ OD\HU :H UHIHU WR >@ IRU WKH GHWDLOHG GHVFULSWLRQ RI WKH PRGHO DQG IRU WKH
RSHUDWLRQDO UDQJH RI YDOLGLW\ RI WKH H[SHULPHQWDO FRUUHODWLRQV UHJDUGLQJ WKH WZRSKDVH IORZ
EHKDYLRU
3.1

CFD modeling of the supersonic flow into the micronozzle


&)'VLPXODWLRQVRIWKHJDVIORZWKURXJKWKHPLFURQR]]OHZHUHSHUIRUPHGE\XVLQJWKHRSHQ
VRXUFH&)'WRROER[2SHQ)2$09HUVLRQEDVHGRQD)LQLWH9ROXPHIRUPXODWLRQ7KH
GHQVLW\EDVHG VROYHU UKR&HQWUDO)RDP >@ VROYHG WKH 1DYLHU±6WRNHV 16  HTXDWLRQV LQ
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FRPELQDWLRQ ZLWK WKH ODPLQDU IORZ DSSUR[LPDWLRQ LQ UHIHUHQFH WR WKH WXUEXOHQFH PRGHOLQJ
&RQFHUQLQJQXPHULFDOVFKHPHVWKHFHQWUDOXSZLQGVFKHPHRI.XUJDQRYDQG7DGPRUZDVXVHG
IRUWKHIOX[WHUPVDQGWKH7RWDO9DULDWLRQ'LPLQLVKLQJ 79' YDQ/HHUOLPLWHUIRULQWHUSRODWLRQ
7KHWLPHVWHSZDVGHWHUPLQHGEDVHGRQDPD[LPXP&RXUDQWQXPEHU&RPD[RI,QSDUWLFXODU
WKH YLVFRXV JRYHUQLQJ HTXDWLRQV ZHUH VROYHG XVLQJ D 3UHFRQGLWLRQHG &RQMXJDWH
*UDGLHQW'LDJRQDO,QFRPSOHWH&KROHVN\VFKHPHZLWKDUHVLGXDOWROHUDQFHRIîíZKLOHWKH
LQYLVFLGHTXDWLRQVRIPRPHQWXPDQGHQHUJ\ZHUHH[SOLFLWO\VROYHGE\PHDQVRID*DXVV±6LHGHO
6PRRWK VROYHU ZLWK D UHVLGXDO WROHUDQFH RI  î í 7KH HVWDEOLVKPHQW RI WKH VWHDG\ VWDWH
UHJLPHZDVHQVXUHGE\PRQLWRULQJWKH0DFKQXPEHUDWPLGSRLQWRIQR]]OHH[LW7KHJHRPHWU\
RIWKHPLFURQR]]OHZDVEDVHGRQWKHPLFURWKUXVWHUGHVLJQSUHYLRXVO\GHVFULEHG)XUWKHUPRUH
DUDGLXVRIFXUYDWXUHHTXDOWRȝPFKDUDFWHUL]HGWKHWKURDWVHFWLRQZKLOHHLJKWLQOHWVZHUH
GHILQHGFRUUHVSRQGLQJWRWKHH[LWVHFWLRQRIPLFURFKDQQHOVIROORZHGE\DPL[LQJUHJLRQRI
ȝP OHQJWK EHIRUH WKH HQWUDQFH LQWR WKH FRQYHUJHQW UHJLRQ 7KH GRPDLQ H[WHQGHG :H[LW
GRZQVWUHDPDQG:H[LWXSZDUGZKHUH:H[LWLVWKHZLGWKRIWKHH[LWVHFWLRQ
4

RESULTS AND DISCUSSION

4.1

Experimental characterization of the device

$FXVWRPH[SHULPHQWDOVHWXS KDVEHHQLPSOHPHQWHGIRUWKHFKDUDFWHUL]DWLRQRIWKHGLIIHUHQW
VHQVRUVDQGDFWXDWRUVHPEHGGHGLQWRWKHPLFURWKUXVWHU7RWKLVDLPGLIIHUHQWWHVWVKDYHEHHQ
FDUULHG RXW WR JHQHUDWH UHOLDEOH FDOLEUDWLRQ FXUYH IRU WKH 57' VHQVRUV IRU UHDO WHPSHUDWXUH
GHWHFWLRQRQFKLS WKHPDLQKHDWHU IRUKHDWLQJRIWKHFKDPEHUDQGFKDQQHOVE\-RXOHHIIHFW 
DQGWKHFDSDFLWLYHYRLGIUDFWLRQVHQVRUV 9)6V IRUYDSRXUOLTXLGUDWLRLGHQWLILFDWLRQ
,QRUGHUWRSHUIRUPWKHSUHOLPLQDU\DQDO\VLVRIWKHGHYLFHSURSHUWLHVDVHWRIH[SHULPHQWVZDV
FDUULHGRXW7KHFRUUHVSRQGLQJIHHGLQJSUHVVXUHVDQGWKH57'PHDVXUHPHQWVDUHUHSRUWHGLQ
)LJXUH D DQG E UHVSHFWLYHO\

)LJXUH57'PHDVXUHPHQWV D DQGIHHGLQJSUHVVXUH E DVDIXQFWLRQRIWKHHOHFWULFDOSRZHU3HODQG
WKHPDVVIORZUDWH 0)5 




,Q SDUWLFXODU WKUHH PDVV IORZ UDWHV ZHUH FRQVLGHUHG DQG IORZ REVHUYDWLRQ SUHVVXUH DQG
WHPSHUDWXUH PHDVXUHPHQWV KDYH EHHQ SHUIRUPHG XVLQJ WKH 57' SODFHG FORVH WR WKH
PLFURQR]]OHFRQVLGHULQJWKDWWKHGHQVLW\RIZDWHUDWDPELHQWFRQGLWLRQLVDERXWNJP 
7KHH[SHULPHQWDOUHVXOWVIRU57'ZLWKRXW HPSW\FRQILJXUDWLRQDW NJV DQGZLWKZDWHU
IORZ SURSXOVLYHFRQILJXUDWLRQ DUHUHSRUWHGKHUHEHORZ
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)LJXUH D UHSRUWVWKHFDOLEUDWLRQRIWKH57'LQWRDUHIHUHQFHIXUQDFHV DQGWKHFRUUHODWLRQ
EHWZHHQ WKH H[SHULPHQWDO GDWD UHG FURVV  DQG WKH LQWHUSRODWLRQ ODZ 2QFH REWDLQHG WKLV
FDOLEUDWLRQIRUWKH57'HPEHGGHGLQWRWKHGHYLFHVDQH[SHULPHQWDOVHVVLRQKDVEHHQIRFXVHG
RQWKHFROOHFWLRQRIWKHYDSRXUVWUHDPWHPSHUDWXUHYVWKHDSSOLHGSRZHUWRWKHPDLQKHDWHURI
WKHPLFURWKUXVWHU$VVKRZQLQ)LJXUH E WKHDSSOLHGYROWDJHZDVFRUUHODWHGWRDQLQFUHDVLQJ
-RXOH KHDWLQJ RI WKH FKLS 7KH FKLS WHPSHUDWXUH LQFUHDVHV DV WKH SRZHU LQFUHDVH DQG D
WHPSHUDWXUHSODWHDXZDVUHFRUGHGDURXQG.)XUWKHUSRZHULQFUHDVHFDXVHGDWHPSHUDWXUH
VSLNHDQGDUDSLGGHFUHDVHWRDVWDEOHYDOXHRIDERXW.


D

 E 



)LJXUH57'FKDUDFWHUL]DWLRQ D 57'FDOLEUDWLRQLQWKHHPSW\FRQILJXUDWLRQDW NJV
Į 5 ȍ7 .  E 57'WHPSHUDWXUHPHDVXUHPHQWGXULQJYROWV
ORDGLQJF\FOHLQRSHUDWLYHFRQILJXUDWLRQDW îNJV Į 5 ȍ7 
. 


,Q RUGHU WR DVVHVV WKH YDOLGLW\ RI WKH PHDVXUHPHQW SURYLGHG E\ WKH HPEHGGHG 57' WKH
WHPSHUDWXUHRIWKHPLFURWKUXVWHUZDVPHDVXUHGE\PHDQVRIDFRPPHUFLDOWKHUPLVWRU PRGHO
37 VHFXUHGDWWKHPLGSRLQWRQWKHERWWRPVLGHRIWKHPLFURWKUXVWHUDWPDVVIORZUDWHRI
îNJVDQGGLIIHUHQWHOHFWULFDOSRZHUV7HPSHUDWXUHUHDGLQJVUHVXOWHGIURPUHVLVWDQFH
WHPSHUDWXUH FRQYHUVLRQ UHODWLRQVKLS LQ DFFRUGDQFH ZLWK WKH VWDQGDUG ,(&,76 7KH
PHDVXUHGGDWDZHUHFRPSDUHGZLWKRQHVSURYLGHGE\WKHLQWHJUDWHG57'DWWKHVDPHPDVVIORZ
UDWHDVVKRZQLQ)LJXUH(YHQWKRXJKWKHWHPSHUDWXUHPHDVXUHSURYLGHGE\WKHHPEHGGHG
57'ZDVKLJKHUWKDQWKRVHUHDGWKURXJKWKHVHQVRU37 GXHWRVRPHWKHUPDOUHVLVWDQFHDW
WKHLQWHUIDFHEHWZHHQ37VHQVRUVDQGFKLSVXUIDFH WKHWZRH[SHULPHQWDOO\UHWULHYHGFXUYH
H[KLELWHG WKH VDPH WUHQG ZLWK JRRG GDWD ILW 7KLV UHVXOW FRQILUPHG WKH UHOLDELOLW\ RI WKH
WHPSHUDWXUHVHQVLQJSURYLGHGWRWKH9/0E\WKHLQWHJUDWHG57'






)LJXUH7HPSHUDWXUHPHDVXUHPHQWSURYLGHGE\WKHLQWHJUDWHG57' UHGOLQHZLWKFLUFOHV LQ
FRPSDULVRQZLWKWKHRQHSURYLGHGE\WKHVHQVRU37 EOXHOLQHZLWKFURVVHV 
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Numerical prediction of propulsive performance

$VHYLQFHGIURPWKHH[SHULPHQWDOGDWDUHSRUWHGLQ7DEOHIXOOHYDSRUDWLRQZLWKVLJQLILFDQW
VXSHUKHDWLQJRIWKHYDSRUIORZLQVLGHWKHPLFURFKDQQHOZDVUHWULHYHGDWPDVVIORZUDWHRI
î NJV DQGHOHFWULFDO SRZHURI:+HQFHEDVHGRQWKHWHPSHUDWXUH DQGSUHVVXUH
PHDVXUHPHQWDSUHOLPLQDU\HVWLPDWLRQRIWKHSHUIRUPDQFHRIWKHPLFURWKUXVWHUXQGHUYDFXXP
FRQGLWLRQ ZDV SHUIRUPHG XVLQJ WKH RQHGLPHQVLRQDO PRGHOLQJ SUHYLRXVO\ GHVFULEHG ,Q
SDUWLFXODUWKHIHHGLQJSUHVVXUHDQGWKHZDOOWHPSHUDWXUHZHUHVHWWRî3DDQG
.UHVSHFWLYHO\ZKLOHZDWHUWHPSHUDWXUHDWWKHPLFURWKUXVWHUHQWUDQFHZDVDVVXPHGHTXDOWR
.7KHIDUILHOGSUHVVXUHGRZQVWUHDPWKHPLFURWKUXVWHUZDVVXSSRVHGHTXDOWR3D
7KHVROXWLRQRIWKHWZRSKDVHIORZLQVLGHWKHLQOHWFKDPEHUDQGPLFURFKDQQHOVLVUHSRUWHGLQ
)LJXUH1XPHULFDOSUHGLFWLRQFRQILUPHGWKHFRPSOHWHHYDSRUDWLRQRIWKHIORZZKLFKZRXOG
HQWHUWKHPLFURQR]]OHDWDWHPSHUDWXUHRIDERXW.DQGDWRWDOSUHVVXUHRIDERXWî 
3DVFDO




)LJXUH2QHGLPHQVLRQDOQXPHULFDOSUHGLFWLRQRIWKHWZRSKDVHIORZEHKDYLRULQVLGHWKHKHDWLQJ
UHJLRQ LQOHWFKDPEHUDQGPLFURFKDQQHOV  D YDSRUTXDOLW\ E IOXLGWHPSHUDWXUH F KHDWWUDQVIHU
FRHIILFLHQW +7& /WRWLVWKHOHQJWKRIWKHKHDWLQJUHJLRQ


%DVHG RQ WKH PLFURQR]]OH LQOHW FRQGLWLRQV HVWLPDWHG DW WKH H[LW RI WKH PLFURFKDQQHOV WKH
VROXWLRQ RI WKH VXSHUVRQLF H[SDQVLRQ ZDV JLYHQ $V D UHVXOW WKH PDVV IORZ UDWH VKRXOG EH
LQFUHDVHGWRDERXWîNJVLQRUGHUWRHQVXUHWKHFKRFNHGIORZFRQGLWLRQDWWKHWKURDW
VHFWLRQ&RPSXWDWLRQVHVWLPDWHGDPLFURQR]]OHTXDOLW\ RIDSSUR[LPDWHO\7KHUHIRUHWKH
SUHGLFWHGQHWWKUXVWZRXOGEHDERXWP1FRUUHVSRQGLQJWRDVSHFLILFLPSXOVHRIDERXW
V7KHVROXWLRQSURYLGHGE\WKH'PRGHOZDVFRPSDUHGWRWKHSHUIRUPDQFHSUHGLFWHGE\PHDQV
RI'&)'FRPSXWDWLRQVLQVLGHWKHPLFURQR]]OH7RWKLVSXUSRVHWKHPDVVIORZUDWHZDVVHW
WRîNJVWKHDPELHQWSUHVVXUHZDVVHWWR3DDQGWKHLQOHWWHPSHUDWXUHZDVIL[HG
DW.LQDFFRUGDQFHZLWKWKHWHPSHUDWXUHRIWKHIORZDWWKHPLFURFKDQQHOH[LWSUHGLFWHGE\
WKH'PRGHO$SDUWLDOVOLSERXQGDU\FRQGLWLRQDWZDOOVZDVXVHGVLQFHWKHPD[LPXP.QXGVHQ
QXPEHU.QLQWRWKHGLYHUJHQWZDVVWULFWO\EHORZîí,QSDUWLFXODUDWDQJHQWLDOPRPHQWXP
DFFRPPRGDWLRQFRHIILFLHQW ı70$& RIZDVLPSRVHGXVLQJDILUVWRUGHU0D[ZHOOVOLSPRGHO
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LQUHIHUHQFHRIDJHQHULFJDVIORZRQSROLVKHGVLOLFRQPLFURFKDQQHOV7KH&)'HVWLPDWLRQRI
ZDVSHUIRUPHGE\FRPSDULQJWKHWKUXVWIRUFHUHVXOWLQJIURPWKHXVHRIWKH0D[ZHOOLDQVOLS
ZLWKWKHRQHREWDLQHGE\VHWWLQJWKHSXUHVOLSFRQGLWLRQDWZDOODWWKHVDPHRSHUDWLQJFRQGLWLRQV
LH
 ,QVWHDG WKH GLVFKDUJH FRHIILFLHQW UHODWHG WR &)' FRPSXWDWLRQV ZDV
HVWLPDWHGIURP(T  E\FRQVLGHULQJWKHDYHUDJHWRWDOSUHVVXUHDWWKHLQOHWSUHGLFWHGE\&)'
VLPXODWLRQVQDPHO\
5HVXOWVDQGFRPSDULVRQVDUHUHSRUWHGLQ7DEOHZKLFK
KLJKOLJKWVWKDWWKH'&)'PRGHORYHUSUHGLFWVWKHPLFURWKUXVWHUSHUIRUPDQFHVLQFHLWGRHVQRW
FRQVLGHU WKH YLVFRXV ORVVHV UHODWHG WR WKH JURZWK RI WKH ERXQGDU\ OD\HU WKLFNQHVV DORQJ WKH
GHSWKZLVHGLUHFWLRQRIWKHQR]]OHDVSRLQWHGRXWLQ>@'HVSLWHWKLVWKH'&)'PRGHOWDNH
DFFRXQWRIWKHYLVFRXVORVVHVGXHWRWKHERXQGDU\OD\HUJURZWKDORQJWKHZLGWKZLVHGLUHFWLRQ
DVVKRZQLQ)LJXUH




Test case #
'PRGHO
'&)'

F [mN]



7DEOH7HVW0DWUL[
Isp [s]
Cd [-]





u [-]




[-]


n



)LJXUH&RQWRXURIWKHYHORFLW\ILHOGSUHGLFWHGE\'&)'FRPSXWDWLRQV D SDUWLDOVOLSFRQGLWLRQDW
ZDOOVZLWKı70$&  E SXUHVOLSFRQGLWLRQDWZDOOV

5

CONCLUDING REMARKS

7KHSUHVHQWZRUNSUHVHQWHGWKHGHYHORSPHQWRIDZDIHUOHYHOIDEULFDWLRQRIDPLFURUHVLVWRMHW
IRUDWWLWXGHFRQWURORIVPDOOVDWHOOLWHV7KHGHVLJQDQGWKHIDEULFDWLRQRIDVLOLFRQJODVVZDWHU
SURSHOODQWYDSRUL]LQJOLTXLGPLFURWKXUVWHU 9/0 ZHUHILUVWGHVFULEHGWKHUHIRUHWKHUHVXOWVRI
WKH RSHUDWLRQDO FKDUDFWHUL]DWLRQ DW DPELHQW SUHVVXUH RI D GHYLFH SURWRW\SH ZDV SUHVHQWHG
([SHULPHQWDOUHVXOWVFRQILUPHGWKHIXQFWLRQDOLW\RIWKHGHYLFHVDWGLIIHUHQWPDVVIORZUDWHVDQG
VXSSOLHG SRZHUV IRU -RXOH HIIHFW KHDWLQJ RI WKH FKLS 7KH HPEHGGHG 57' KDYH EHHQ WHVWHG
FDOLEUDWHG DQG LWV PHDVXUHPHQWV KDYH EHHQ FRPSDUHG ZLWK WKRVH UHWULHYHG E\ XVLQJ D
FRPPHUFLDO 37 WKLQ ILOP PLQLDWXUH VHQVRUV ZLWK D JRRG DJUHHPHQW RI PHDVXUHG
WHPSHUDWXUHQHDUWKH9/0FKDQQHOVEHWZHHQWKHWZRVHQVRUV([SHULPHQWVDOVRFRQILUPHGWKDW
WKHIXOOHYDSRUDWLRQZLWKVLJQLILFDQWVXSHUKHDWLQJRIWKHYDSRUIORZLQVLGHWKHPLFURFKDQQHO
ZDVUHWULHYHGDWPDVVIORZUDWHRIîNJVDQGHOHFWULFDOSRZHURI:%DVHGRQ
WKLVRSHUDWLQJFRQGLWLRQDSUHOLPLQDU\HVWLPDWLRQRIWKHSHUIRUPDQFHRIWKHPLFURWKUXVWHUXQGHU
YDFXXP FRQGLWLRQ ZDV SHUIRUPHG XVLQJ ERWK WKH RQHGLPHQVLRQDO PRGHOOLQJ DQG ' &)'
FRPSXWDWLRQV7KHIRUPHUSUHGLFWHGWKHEHKDYLRURIWKHWZRSKDVHIORZLQVLGHPLFURFKDQQHOV
DV ZHOO DV D UHDO SHUIRUPDQFH HVWLPDWLRQ RI WKH PLFURQR]]OH SHUIRUPDQFH ,Q WKLV UHJDUG D
PLFURQR]]OHTXDOLW\RIZDVHVWLPDWHGLQFRPELQDWLRQZLWKDQHWWKUXVWRIDERXWP1
FRUUHVSRQGLQJWRDVSHFLILFLPSXOVHRIDERXWV8VLQJWKHFRQGLWLRQRIWKHIORZSUHGLFWHG
E\WKH'PRGHODWWKHH[LWRIWKHPLFURFKDQQHOVWKH'&)'VLPXODWLRQVZHUHLQLWLDOL]HGIRU
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WKHVROXWLRQRIWKHVXSHUVRQLFIORZLQVLGHWKHPLFURQR]]OH:LWKUHVSHFWWRWKH'PRGHORIUHDO
QR]]OHWKH\RYHUSUHGLFWHGWKHSHUIRUPDQFHGXHWRWKHDEVHQFHRIWKHVWURQJYLVFRXVORVVHVDORQJ
WKHGHSWKZLVHGLUHFWLRQ+RZHYHUWKH\SURYLGHVXVHIXOLQVLJKWFRQFHUQLQJWKHEHKDYLRURIWKH
IORZLQVLGHWKHPLFURFKDQQHO
6
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>@ ..DUWKLNH\DQ6&KRX/.KRRQJ<7DQ&/X:<DQJ/RZWHPSHUDWXUHFR
ILUHG FHUDPLF YDSRUL]LQJ OLTXLG PLFURWKUXVWHU IRU PLFURVSDFHFUDIW DSSOLFDWLRQV $SSO
(QHUJ\  ±
>@ .&KHDK.6/RZ)DEULFDWLRQDQGSHUIRUPDQFHHYDOXDWLRQRIDKLJKWHPSHUDWXUHFR
ILUHG FHUDPLF YDSRUL]LQJ OLTXLG PLFURWKUXVWHU - 0LFURPHFK 0LFURHQJ     

>@ &&&KHQ&:/LX +&.DQ/++X*6&KDQJ0&&KHQJ%7'DL
6LPXODWLRQDQGH[SHULPHQWUHVHDUFKRQYDSRUL]LQJOLTXLGPLFURWKUXVWHU6HQV$FWXDWRUV
$3K\V    ±
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3UHOLPLQDU\HYDOXDWLRQRID0(06EDVHGZDWHU
SURSHOODQWYDSRUL]LQJOLTXLGPLFURWKUXVWHUIRUVPDOOVDWHOOLWH

'H*LRUJL)RQWDQDURVD

>@ - &HQ - ;X 3HUIRUPDQFH HYDOXDWLRQ DQG IORZ YLVXDOL]DWLRQ RI D 0(06 EDVHG
YDSRUL]LQJOLTXLGPLFURWKUXVWHU$FWD$VWURQDXW ±   ±KWWSVGRLRUJ
MDFWDDVWUR
>@ 0*'H*LRUJL')RQWDQDURVD$)LFDUHOOD0RGHOLQJYLVFRXVHIIHFWVRQERXQGDU\
OD\HURIUDUHILHGJDVIORZVLQVLGHPLFURQR]]OHVLQWKHVOLSUHJLPHFRQGLWLRQ(QHUJ\3URF
  ±
>@ *XHUULHUL ' & 6LOYD 0 $ &HUYRQH $  *LOO (   6HOHFWLRQ DQG
FKDUDFWHUL]DWLRQ RI JUHHQ SURSHOODQWV IRU PLFURUHVLVWRMHWV -RXUQDO RI +HDW 7UDQVIHU
  
>@ 0* 'H *LRUJL ' )RQWDQDURVD $ QRYHO TXDVLRQHGLPHQVLRQDO PRGHO IRU
SHUIRUPDQFH HVWLPDWLRQ RI D 9DSRUL]LQJ /LTXLG 0LFURWKUXVWHU $HURVSDFH 6FLHQFH DQG
7HFKQRORJ\ 9ROXPH   3DJHV  ,661 
KWWSVGRLRUJMDVW
>@ *36XWWRQ2%LEODU]5RFNHW3URSXOVLRQ(OHPHQWV-RKQ:LOH\ 6RQV
>@ ,+ %HOO - :URQVNL 6 4XRLOLQ 9 /HPRUW 3XUH DQG SVHXGRSXUH IOXLG WKHU
PRSK\VLFDO SURSHUW\ HYDOXDWLRQ DQG WKH RSHQVRXUFH WKHUPRSK\VLFDO SURSHUW\ OLEUDU\
&RRO3URS ,QG (QJ &KHP 5HV      ± KWWSVGRL RUJ  
LH
>@ &7LELULoi'5RFKD,/66XHWK-U*%RFKLR*6KLPL]X0%DUERVD6)HUUHLUD
$FRPSOHWHVHWRIVLPSOHDQGRSWLPL]HGFRUUHODWLRQVIRUPLFURFKDQQHOIORZERLOLQJDQGWZR
SKDVHIORZDSSOLFDWLRQV$SSO7KHUP(QJ  ±KWWSVGRLRUJ
MDSSOWKHUPDOHQJ
>@ &*UHHQVKLHOGV+:HOOHU/*DVSDULQL-5HHVH,PSOHPHQWDWLRQRIVHPLGLVFUHWH
QRQVWDJJHUHGFHQWUDOVFKHPHVLQDFRORFDWHGSRO\KHGUDOILQLWHYROXPHIUDPHZRUNIRU
KLJKVSHHGYLVFRXVIORZV,QW-1XPHU0HWKRGV)OXLGV    ±KWWSVGRLRUJ
IOG
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$%675$&7
$W\SLFDOLVVXHLQDHURHQJLQHGHVLJQLVWKHIODPHVWDELOLW\ZKRVHUHOHYDQFHKDVLQFUHDVHGLQ
FRQVHTXHQFHRIWKHJURZLQJGHPDQGRISROOXWDQWHPLVVLRQVUHGXFWLRQZLWKRXWVLJQLILFDQWORVVHV
RIWKHFRPEXVWLRQHIILFLHQF\7RWKLVSXUSRVHWKHXVHRIOHDQDQGORZWHPSHUDWXUHIODPHVDOORZV
WRWKHUHGXFWLRQRIWKHSRWHQWLDORIWKHUPDO12[IRUPDWLRQ+RZHYHUOHDQIODPHVDUHDIIHFWHG
DYHU\XQVWDEOHEHKDYLRXUZKLFKLQFUHDVHVDVLQFUHDVLQJO\OHDQHUFRQGLWLRQVDUHDSSURDFKHG
XSWRWKHRFFXUUHQFHRIWKHIODPHTXHQFKLQJ)ODPHTXHQFKLQJLVXVXDOO\DQWLFLSDWHGE\WKH
OLIWLQJRIWKHIODPHDQGLWRFFXUVZLWKWKHHVWDEOLVKPHQWRIWKHOHDQEORZRII /%2 FRQGLWLRQ
,QWKLVUHJDUGZLWKUHVSHFWWRSUHPL[HGIODPHEDVHGFRPEXVWLRQGLIIXVLYHIODPHVDUHRIJUHDW
LQWHUHVWGXHWRWKHLUEHWWHUVWDELOLW\XQGHUZLGHUDQJHVRIRSHUDWLQJFRQGLWLRQVDQGVDIHW\7KH
PRVWW\SLFDOIODPHFRQWUROV\VWHPVDUHSDVVLYHDQGEDVHGRQWKHPRGLILFDWLRQRIWKHDLULQMHFWLRQ
JHRPHWU\VXFKDVVZLUOHUVDQGIODPHKROGHUV,QVWHDGLQWKHFODVVRIWKHDFWLYHIORZFRQWURO
V\VWHPVSODVPDDFWXDWRUVUHSUHVHQWDVXLWDEOHFKRLFHIRUWKHIODPHFRQWUROGXHWRWKHLUKLJK
IOH[LELOLW\DQGH[WUHPHO\VKRUWUHVSRQVHWLPH)XUWKHUPRUHWKH\FDQEHHDVLO\LQWHJUDWHGLQWR
WKHEXUQHULQFRPELQDWLRQZLWKSDVVLYHFRQWUROGHYLFHV3ODVPDDFWXDWRUVXVXDOO\LQGXFHORFDO
KHDWLQJDVZHOODVLRQL]DWLRQRIWKHIORZLQWKHUHJLRQLQSUR[LPLW\RIWKHDFWXDWRU$VDUHVXOW
WKH FRPEXVWLRQ FDQ EH HQKDQFHG WKDQNV WR D EHWWHU PL[LQJ EHWZHHQ WKH FRIORZV DQG WKH
PRGLILFDWLRQ RI WKH UHDFWLRQ VSHHG ,Q WKH ILHOG RI SODVPD DVVLVWHG FRPEXVWLRQ 3$&  QRQ
WKHUPDO SODVPDV 173V  VRPHWLPHV FDOOHG QRQHTXLOLEULXP RU µFROG ¶SODVPDV UHSUHVHQW D
SURPLVLQJVROXWLRQGXHWRWKHORZLRQL]DWLRQH[FLWDWLRQHQHUJ\ZLWKUHVSHFWWRWKHWRWDOHQHUJ\
FRQVXPSWLRQ DQG WKH VPDOO WHPSHUDWXUH ULVH ZKLFK OHDG WR D KLJK HQHUJ\ HIILFLHQF\
)XUWKHUPRUHLQWKHFODVVRI173VWKHGLHOHFWULFEDUULHUGLVFKDUJH '%' DOVRFDOOHGVLOHQW
GLVFKDUJHUHSUHVHQWVDVXLWDEOHVROXWLRQWKDQNVWR WKHORZLRQL]DWLRQH[FLWDWLRQHQHUJ\ZLWK
UHVSHFWWRWKHWRWDOHQHUJ\FRQVXPSWLRQDQGWKHVPDOOWHPSHUDWXUHULVHZKLFKOHDGWRDKLJK
HQHUJ\ HIILFLHQF\ 7KH\ SURGXFH QRQHTXLOLEULXP SODVPDV EHWZHHQ WZR HOHFWURGHV RQ WKH
GLHOHFWULFVXUIDFHZKHQDQDOWHUQDWLQJFXUUHQW $& +9SDVVHVWKURXJKWKHP
,QWKLVFRQWH[WWKHVWURQJFRXSOLQJEHWZHHQHOHFWULFDOSODVPDGLVFKDUJHVDQGFRPEXVWLRQLV
VWLOO QRW ZHOO XQGHUVWRRG 7KH SUHVHQW ZRUN SURYLGHV DQ H[SHULPHQWDO LQYHVWLJDWLRQ RI WKH
VWDELOL]LQJHIIHFWRIDVLQXVRLGDOSODVPDDFWXDWLRQRQDOHDQQRQSUHPL[HGPHWKDQHDLUIODPH
LQD%XQVHQW\SHEXUQHUZLWKDQQXODUIXHOMHWDWDPELHQWFRQGLWLRQV7KHIODPHVWUXFWXUHKDV
EHHQFKDUDFWHUL]HGE\HQKDQFLQJWKHOLIWRIIFRQGLWLRQXSWRWKHIODPHEORZRXW7KHHIILFLHQF\
RIWKHSODVPDDFWXDWLRQKDVEHHQHYDOXDWHGIRUGLIIHUHQWDFWXDWLRQFRQGLWLRQDQGDFRPSDUDWLYH
DQDO\VLVKDVEHHQSHUIRUPHGDLPLQJWRFKDUDFWHUL]HWKHG\QDPLFEHKDYLRURIWKHOLIWLQJIODPH
ZLWKDQGZLWKRXUSODVPDDFWXDWLRQDQGLQYHVWLJDWHWKHSODVPDDFWXDWLRQFDSDELOLW\LQIODPH
VWDELOL]DWLRQDQGUHDWWDFKPHQW

.H\ZRUGV3ODVPDDVVLVWHGFRPEXVWLRQQRQSUHPL[HGIODPHSODVPDDFWXDWLRQ'%'
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$W\SLFDOLVVXHLQDHURHQJLQHGHVLJQLVWKHUHGXFWLRQRI12[HPLVVLRQVZLWKRXWUHOHYDQWORVVHV
RI WKH FRPEXVWLRQ HIILFLHQF\ DQG ORZ WHPSHUDWXUH IODPHV RI OHDQ IXHO PL[WXUH UHSUHVHQW D
SURPLVLQJ VROXWLRQ >@ +RZHYHU OHDQ IODPHV DUH DIIHFWHG E\ VWURQJ LQVWDELOLWLHV WKDW FDQ
HDVLO\EULQJWRIODPHTXHQFKLQJDVOHDQHUFRQGLWLRQVDUHDSSURDFKHGLHWKHIODPHEORZRII
7KHLQFLSLHQFHRIWKHEORZRIIFRQGLWLRQLVXVXDOO\DQWLFLSDWHGE\WKHOLIWLQJRIWKHIODPHZKRVH
EHKDYLRUKDVQRWEHHQGHHSO\XQGHUVWRRG\HW:LWKUHVSHFWWRSUHPL[HGRUSDUWLDOO\SUHPL[HG
IODPHV ZKLFK FRXOG XVH SLORW IODPHV IODPH VWDELOL]DWLRQ>@ QRQSUHPL[HG GLIIXVLYH IODPHV
PDQLIHVWDEHWWHUVWDELOLW\XQGHUZLGHUDQJHVRIRSHUDWLQJFRQGLWLRQVDQGVDIHW\>@>@
,Q OLWHUDWXUH VHYHUDO WHFKQLTXHV KDYH EHHQ LQYHVWLJDWHG WR DYRLG WKH IODPH LQVWDELOLW\ 7KH
VWDELOL]DWLRQRIWXUEXOHQWQRQSUHPL[HGIODPHVKDVEHHQVWXGLHGLQ>@,QOLIWHGGLIIXVLRQMHW
WKHIODPHVWDELOLW\LV LQIOXHQFHGE\ORFDOIODPHH[WLQFWLRQLQ WKHIODPHDUHDZKHUHWKHRXWHU
PL[LQJOD\HUPHUJHVZLWKWKHFHQWUDOIODPHIURQW>@,QVWHDGWKHVWDELOL]DWLRQRIWKHHGJHIODPH
IRUQRQSUHPL[HGIODPHVSURSDJDWLQJLQODPLQDUDQGWXUEXOHQWIORZVZDVDOVRDIIHFWHGE\WKH
YHORFLW\ JUDGLHQW DQG WKH EXUQW JDV H[SDQVLRQ RQ HGJH IODPH SURSDJDWLRQ >@ SURSDJDWLRQ
)RNDLGHVHWDO>@H[SHULPHQWDOO\FKDUDFWHUL]HGWKHIORZSDWWHUQWKHPL[LQJHYROXWLRQDQGWKH
WHPSHUDWXUHGLVWULEXWLRQRIDOLIWHGVWDELOL]HGVZLUOIODPHQHDULWVOHDQEORZRXW
&RQFHUQLQJWKHFRQWURORIWKHIODPHVWDELOLW\QRZDGD\VSDVVLYHFRQWUROV\VWHPVDUHRIFRPPRQ
XVHLQWKHILHOGRIDHURHQJLQHFRPEXVWRUGHVLJQ7KH\DUHEDVHGRQWKHPRGLILFDWLRQRIWKHDLU
LQMHFWLRQJHRPHWU\ VXFKDVVZLUOHUV DQGIODPHKROGHUVZKLFKSURPRWHWKHIODPHVWDELOLW\E\
PHDQVRIWKHHVWDEOLVKPHQWRIODUJHVFDOHYRUWH[HV7KHVHIORZVWUXFWXUHVSHUPLWDWXUEXOHQW
PL[LQJDQGKRWJDVHVUHFLUFXODWLRQDQGH[WHQGWKHPL[WXUHIODPPDELOLW\UDQJH,QDGGLWLRQWR
SDVVLYH FRQWURO V\VWHPV DFWLYH IORZ FRQWURO GHYLFHV FDQ DOVR EH DGRSWHG ZKLFK DOORZ
DGMXVWPHQWRIFRQWUROSDUDPHWHUVDFFRUGLQJWRUHDOWLPHRSHUDWLRQFRQGLWLRQV$PRQJWKHPD
YHU\ SURPLVLQJ WHFKQLTXH LV EDVHG RQ WKH XVH RI SODVPD GXH WR WKHLU KLJK IOH[LELOLW\ DQG
H[WUHPHO\VKRUWUHVSRQVHWLPH
3UHYLRXVVWXGLHVKDYHGHPRQVWUDWHGWKHSRVLWLYHHIIHFWRISODVPDDFWXDWLRQRQFRPEXVWLRQDV
WKH\FDQVWDELOL]HXOWUDOHDQIODPHVGHFUHDVHRILJQLWLRQGHOD\WLPHDQGH[WHQGIODPPDELOLW\
OLPLWV >@ 3ODVPD GLVFKDUJHV FDQ DIIHFW WKH FRPEXVWLRQ LQ WHUPV RI WKHUPDO NLQHWLF DQG
WUDQVSRUWPHFKDQLVPV>@,QIDFWFRPEXVWLRQFDQEHLPSURYHGE\WKHORFDOSURGXFWLRQRI
QHZUDGLFDOVDQGLRQL]HGVSHFLHVDVZHOODVE\PRPHQWXPDQGWXUEXOHQFHSURPRWLRQE\WKH
PRWLRQRIWKHHOHFWULFFDUULHUVGXHWRWKHHOHFWULFILHOG5HFHQWVWXGLHVLQYHVWLJDWHGWKHIODPH
VWDELOL]DWLRQE\XVLQJQRQWKHUPDOSODVPD 173V HOHFWULFDOGLVFKDUJHVVRPHWLPHVFDOOHGQRQ
HTXLOLEULXP RU µFROG ¶SODVPDV WKDQNV WR WKH KLJK HQHUJ\ HIILFLHQF\ UHODWHG WR D ORZHU
LRQL]DWLRQH[FLWDWLRQHQHUJ\ZLWKUHVSHFWWRWKHWRWDOHQHUJ\FRQVXPSWLRQDQGWKHFRQVHTXHQW
GHFUHDVHLQWHPSHUDWXUH$OVRFKDUDFWHULVWLFHOHFWURQWHPSHUDWXUHVLQSODVPDGLVFKDUJHVDUHRI
IHZHOHFWURQYROWVZKLFKSHUPLWWRGLVVRFLDWHWKHIXHODQGWRSURGXFHIUHHUDGLFDOV>@
+LJKYROWDJH +9 GLVFKDUJHVKDYHEHHQDOVRLQYHVWLJDWHGZLWKWKHDLPWRLPSURYHWKHIXHODLU
PL[WXUHVLJQLWLRQ>@WRLQFUHDVHIODPHSURSDJDWLRQ>@WRHQKDQFHIODPHVWDELOL]DWLRQ
>@DQGWRH[WHQGIODPPDELOLW\OLPLWV>@
2QRIWKHPRVWSURPLVLQJQRQWKHUPDOSODVPDGHYLFHLVWKHGLHOHFWULFEDUULHUGLVFKDUJH '%' 
1RQHTXLOLEULXP '%' SODVPDV FDQ EH SURGXFHG EHWZHHQ WZR HOHFWURGHV RQ WKH GLHOHFWULF
VXUIDFHZKHQDQDOWHUQDWLQJFXUUHQW $& +9SDVVHVWKURXJKWKHP>@,QWKH
SUHVHQWZRUNWKHHIIHFWRIDVLQXVRLGDOSODVPDDFWXDWLRQRQWKHOLIWRIIKHLJKWDVZHOODVWKH
IODPHOHQJWKDQGVKDSHKDVEHHQH[SHULPHQWDOO\LQYHVWLJDWHGLQD%XQVHQW\SHEXUQHUZLWKDQ
LQQHU&+MHWVXUURXQGHGE\DQRXWHUDLUMHW6HYHUDOH[SHULPHQWDOFDPSDLJQVKDYHEHHQFDUULHG
RXWLQRUGHUWRFKDUDFWHUL]HWKHG\QDPLFEHKDYLRURIWKHOLIWLQJIODPHZLWKDQGZLWKRXWSODVPD
DFWXDWLRQ DQG LQYHVWLJDWH WKH SODVPD DFWXDWLRQ FDSDELOLW\ LQ IODPH VWDELOL]DWLRQ DQG
UHDWWDFKPHQW
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7KH H[SHULPHQWDO VHWXS LV FRPSRVHG RI D FRD[LDO %XQVHQ EXUQHU HTXLSSHG ZLWK D SODVPD
DFWXDWRUDQGWZRJDVIHHGHUVIRUDLUDQGPHWKDQH$ORQJHDFKIHHGLQJOLQHDIORZPHWHUUHDG
WKHIORZUDWH7KHHOHFWULFDOVHWXSFRQVLVWHGLQDKLJKYROWDJH +9 JHQHUDWRUD+9SUREHDQG
DFXUUHQWWUDQVIRUPHUZKLFKDOORZHGIRUWKHPHDVXUHPHQWRIWKHWKHHOHFWULFDOSRZHU )LJXUH
 


)LJXUH([SHULPHQWDOVHWXS D JHQHUDOVFKHPDWLF E 6NHWFKRIWKHEXUQHUJHRPHWU\WRJHWKHUZLWK
WKHSODVPDDFWXDWRUDQGUHIHUHQFHV\VWHP


,QSDUWLFXODUWKH%XQVHQEXUQHUZDVFRPSRVHGRIWZRFRD[LDOTXDUW]WXEHV7KHLQQHURQHKDG
DQH[WHUQDOGLDPHWHURIPPLWVWKLFNQHVVZDVPP7KHFRD[LDORXWHUWXEHKDGDQH[WHUQDO
GLDPHWHURIDERXWPPDWKLFNQHVVRIPP7KHFRD[LDOIORZFRQILJXUDWLRQZDVDW\SLFDO
QRUPDOGLIIXVLYHIODPH 1') QDPHO\WKHLQQHUDQGWKHRXWHUWXEHVZHUHIHGE\PHWKDQH &+ 
DQGDLUUHVSHFWLYHO\7KHWRSHQGVRIWKHWZRFRD[LDOWXEHVZHUHDOLJQHGDVVKRZQLQ)LJXUH
WKXVWKHUHZDVQRPL[LQJ]RQHLQVLGHWKHTXDUW]WXEHDQGWKHIODPHLJQLWLRQWRRNSODFHDWWKH
H[LWRIWKHTXDUW]WXEHV&RQFHUQLQJWKHDFFXUDF\RIWKHIORZUDWHPHDVXUHPHQWLWZDVRI
UHDGLQJ   IXOOVFDOH IRU WKH DLU IORZ DQG  RI UHDGLQJ  IXOOVFDOH IRU WKH
PHWKDQHIORZ
$ '%' UHDFWRU FRXSOHG ZLWK D VXLWDEOH SRZHU VXSSO\ GHILQHG WKH QRQWKHUPDO SODVPD
JHQHUDWLRQV\VWH7KH'%'UHDFWRUFRQVLVWHGRIDQLQWHUQDOFRSSHUQHHGOHKDYLQJDGLDPHWHURI
PPZKLFKZDVFRQQHFWHGWRWKHJURXQG KHUHLQUHIHUUHGDVJURXQGHGHOHFWURGH ,WFRXSOHG
ZLWKDFRSSHUFRURQDRIPPOHQJWKPPWKLFNQHVVDQGPPLQQHUGLDPHWHU7KHFRURQD
ZDVIDVWHQHGWRWKHRXWHUVXUIDFHRIWKHRXWHUTXDUW]WXEHE\VFUHZVDQGFRQQHFWHGWRWKHKLJK
YROWDJH KHUHLQUHIHUUHGDV+9HOHFWURGH $VLQXVRLGDOKLJKIUHTXHQF\+9VLJQDOZDVSURYLGHG
WRWKH+9HOHFWURGHE\PHDQVRID+9JHQHUDWRU WKH3903ODVPD5HVRQDQWDQG'LHOHFWULF
%DUULHU &RURQD 'ULYHU FRPPHUFLDOL]HG E\ ,QIRUPDWLRQ 8QOLPLWHG  SRZHUHG WKH +9
HOHFWURGHZKLOHWKHRWKHUHOHFWURGHZDVFRQQHFWHGWRJURXQG$VVKRZQLQ)LJXUHWKHVWDQGRII
GLVWDQFH662LHWKHGLVWDQFHEHWZHHQWKHXSSHUOLSRIWKHSODVPDJURXQGHGHOHFWURGHDQGWKH
PL[LQJUHJLRQZDVVHWWRPP
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)LJXUH3ODVPDDFWXDWRU'%'FRQILJXUDWLRQ D SLFWXUH E JHRPHWU\DQGGLPHQVLRQV


7KHDSSOLHGYROWDJH
VLJQDOZDVDFTXLUHGE\XVLQJWKH+9SUREH7HNWURQL[3$ZLWK
DPHDVXUHPHQWDFFXUDF\RIRIUHDGLQJ,QVWHDGWKHFXUUHQWIORZLQJLQWKHFLUFXLW
ZDV
PHDVXUHGWKURXJKDFXUUHQWWUDQVIRUPHU%HUJR]PRG&7&%1&ZLWKDFFXUDF\RI
%RWKWKH+9SUREHDQGWKHFXUUHQWWUDQVIRUPHUZHUHFRQQHFWHGWRWKHRVFLOORVFRSH 7HNWURQL[
7'6& DQGWKHUHVSHFWLYHVLJQDOVZHUHUHFRUGHGVLPXOWDQHRXVO\ZLWKDQDFFXUDF\RI 
RIUHDGLQJ7KHDFTXLVLWLRQVDPSOHUDWHZDVVHWWR0+]DQGHDFKPHDVXUHPHQWSRLQWZDV
JLYHQE\WKHDYHUDJHRIVDPSOHV0HDVXUHGGDWDZHUHXVHGIRUGHWHUPLQLQJWKHHOHFWULFDO
SRZHUGLVVLSDWLRQ'LIIHUHQWSHDNWRSHDNYROWDJHV9SSYROWDJHVZHUHWHVWHGDWIL[HGDFWXDWLRQ
IUHTXHQF\HTXDOWRN+]
%DVHGRQYROWDJHDQGFXUUHQWPHDVXUHPHQWVWKHHOHFWULFDOSRZHUFRQVXPSWLRQRIWKH'%'ZDV
FRPSXWHGDVIROORZV


















ZKHUH LVWKHSHULRGRIWKHDSSOLHGYROWDJH
,QRUGHUWRFKDUDFWHUL]HWKHLPSDFWRIWKHSODVPDDFWXDWLRQDKLJKVSHHGFDPHUD 0HPUHFDP
*;) HTXLSSHGZLWK6LJPD0DFUROHQVPPFDSWXUHGWKHIODPHG\QDPLFVH,QSDUWLFXODU
 VLQJOHLPDJHV UHVROXWLRQ RI  SL[HOV [  SL[HOV  KDYH EHHQ DFTXLUHG IRU HDFK WHVW
FRQGLWLRQDWDVDPSOLQJUDWHRI+]


7(67&$6(6

'LIIHUHQWH[SHULPHQWDOFDPSDLJQVZHUHSHUIRUPHGDVKLJKOLJKWHGE\WKHILQDOWHVWPDWUL[RIWKH
H[SHULPHQWVLQ7DEOH$OOH[SHULPHQWVKDYHEHHQFRQGXFWHGE\IL[LQJWKHDLUIORZUDWHDQG
LQFUHDVLQJIXHOIORZUDWH0RUHSUHFLFHO\WKHDLUPDVVIORZUDWHZDVIL[HGWRDERXWJV
GXULQJUXQVDQG7KHOLIWLQJFRQGLWLRQFKDUDFWHUL]HGWKHIODPHEHKDYLRUGXULQJWHVWVERWK
ZLWKDQGZLWKRXWSODVPDDFWXDWLRQWKXVUXQVWRZHUHSHUIRUPHGE\LQFUHDVLQJWKHDSSOLHG
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YROWDJH 9SS DQG ORZHULQJ WKH DLU IORZ UDWH WR  JV VR WKDW WKH IODPH UHDWWDFKPHQW ZDV
H[SHULHQFHGLQSUHVHQFHRISODVPDDFWXDWLRQ
7KHIXHOIORZUDWHZDVYDULHGGXULQJHDFKH[SHULPHQWDOFDPSDLJQ7KHIXHOWRDLUHTXLYDOHQFH
ZKHUH LVWKHPDVVIORZUDWHDQGWKH
UDWLR ZDVGHILQHGDV
VXEVFULSWVIDDQG GHQRWHWKHIXHOWKHDLUDQGWKHVWRLFKLRPHWULFFRQGLWLRQVUHVSHFWLYHO\$
YDOXHRIZDVDVVXPHGIRU
)RUWKHFRPEXVWLRQSRZHU4EFDOFXODWLRQWKH&+
ORZHUKHDWLQJYDOXHZDVFKRVHQHTXDOWR0-NJ
7DEOH7HVWPDWUL[RIH[SHULPHQWVDQGRSHUDWLQJFRQGLWLRQV3ODVPDDFWXDWLRQIUHTXHQF\RIN+]
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3UHYLRXV LQYHVWLJDWLRQV KLJKOLJKWHG WKDW WKH VWDQGRII 662  PP KDV KLJKHU SHUIRUPDQFH
WKHUHIRUHLWZDVFKRVHQIRUWKHSUHVHQWLQYHVWLJDWLRQ
$WDQDLUIORZUDWHHTXDOWRJV UXQVDQG HYHQWKRXJKWKHSODVPDGLVFKDUJHZDV
QRWDEOHWRSURPRWHWKHIODPHUHDWWDFKPHQWLWVLJQLILFDQWO\LPSDFWHGRQWKHIODPHG\QDPLFV
7KHSORWLQ)LJXUHVKRZVWKHPRGLILFDWLRQRIWKHDYHUDJHYDOXHDQGWKHVWDQGDUGGHYLDWLRQRI
IODPH OLIWRII KHLJKW VLJQDO UHWULHYHG E\ PHDQV RI LPDJH SURFHVVLQJ ,Q JHQHUDO WKH SODVPD
DFWXDWLRQ EHFRPHV OHVV HIIHFWLYH RQ ORZHULQJ OLIWRII KHLJKW ZLWK LQFUHDVHG IXHO IORZ UDWH
+RZHYHUDQLQYHUVLRQFRQGLWLRQZDVSRLQWHGRXWDWIXHOIORZUDWHEHWZHHQDQG
JVFRUUHVSRQGLQJWRIXHOMHWYHORFLW\DSSUR[LPDWHO\UDQJLQJEHWZHHQPVDQGPV
7KHDSSOLFDWLRQRISODVPDGLVFKDUJHVWRGHFUHDVHWKHOLIWRIIKHLJKWLVHIIHFWLYHXQWLOWKHIXHOMHW
YHORFLW\UHDFKHVPV%H\RQGWKLVYDOXHWKHSODVPDKDVQRVLJQLILFDQWLPSDFWRQWKHIODPH
OLIWRIIKHLJKWDVFRQILUPHGE\WKHIODPHLPDJLQJVKRZQLQ)LJXUH,QIDFWLQFRPSDULVRQ
ZLWK WKH FOHDQ FRQILJXUDWLRQ LQYROYLQJ FDVHV RI WKH H[SHULPHQWDO UXQ  WKH SUHVHQFH RI WKH
SODVPDDFWXDWLRQH[WHQGHGWKHIODPHUHJLRQWRZDUGWKHEXUQHUH[LWVHFWLRQIRUIXHOMHWYHORFLWLHV
ORZHUWKDQPV WHVWFDVHVDEDQGF +RZHYHUDWKLJKHUIXHOMHWYHORFLW\ WHVWFDVHG
DQG H  WKLV HIIHFW ZHDNHQHG HYHQ WKRXJK WKH DPSOLWXGH RI WKH OLIWRII KHLJKW RVFLOODWLRQV
UHGXFHGZLWKUHVSHFWWRWKHFOHDQFDVHDQGWKHOLIWLQJIODPHEHKDYLRUEHFDPHPRUHVWDEOH7KH
G\QDPLF LQYHUVLRQ FRQGLWLRQ LV ILJXUHG RXW LQ )LJXUH  ZKLFK FRPSDUHV WKH OLIWRII KHLJKW
VLJQDOVLQDEVHQFH EOXHFXUYHGHQRWHGE\³FOHDQ´ DQGLQSUHVHQFH UHGFXUYHGHQRWHGE\³DFW´ 
RISODVPDDFWXDWLRQEHIRUHWKHLQYHUVLRQ )LJXUH D DQGDIWHUWKHLQYHUVLRQ
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)LJXUH7KHHIIHFWRIWKHMHWIXHOYHORFLW\RQWKHIODPHOLIWRIIKHLJKWIRUIODPHVZLWKDQGZLWKRXWWKH
GLVFKDUJHDWDIL[HGDLUIORZUDWHHTXDOWRJV


Test 1a

Test 1b

Test 1c

Test 1d

Test 1e

Test 2a

Test 2b

Test 2c

Test 2d

Test 2e

)LJXUH5HSUHVHQWDWLYHLQVWDQWDQHRXVLPDJHVRIIODPHZLWKRXWSODVPDGLVFKDUJHVDQGSODVPD
DWWDFKHGIODPHVDWGLIIHUHQWIXHOIORZUDWHVDQGIL[HGDLUIORZUDWHDWJV
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)LJXUH&RPSDULVRQEHWZHHQOLIWRIIKHLJKWVLJQDOVZLWKDQGZLWKRXWSODVPDDFWXDWLRQ D WHVWF
FOHDQ YVWHVWF DFW  E WHVWG FOHDQ YVWHVWG DFW 
,QVWHDGWKH)DVW)RXULHU7UDQVIRUP ))7 RIWKHVHVLJQDOVKLJKOLJKWVWKHLPSDFWRIWKHSODVPDDFWXDWLRQ
RQWKHIUHTXHQF\FRQWHQWRIWKHIODPHDVVKRZQLQ)LJXUH,QSDUWLFXODUWKHPDLQIUHTXHQF\UHGXFHG
IURPDERXW+]WRWKHUDQJH>±@+]EHIRUHWKHG\QDPLFLQYHUVLRQZKLOHWKHRVFLOODWLRQDPSOLWXGH
DOPRVW GRXEOHG )LJXUH  D  $IWHU WKH G\QDPLF LQYHUVLRQ WKH SODVPD VLJQLILFDQWO\ UHGXFHG WKH
IUHTXHQF\FRQWHQWDVZHOODVWKHHQHUJ\FRQWHQWRIWKHOLIWRIIKHLJKWRVFLOODWLRQVDVHYLQFHGLQ)LJXUH
E 


)LJXUH&RPSDULVRQEHWZHHQWKH))7VLJQDOVRIWKHOLIWRIIKHLJKWZLWKDQGZLWKRXWSODVPD
DFWXDWLRQ D WHVWF FOHDQ YVWHVWF DFW  E WHVWG FOHDQ YVWHVWG DFW 

%\GHFUHDVLQJWKHDLUIORZUDWHWKHEHQHILFLDOHIIHFWRIWKHSODVPDDFWXDWLRQHQKDQFHG,QIDFW
ZKHQIL[LQJWKHDLUIORZUDWHWRJVZKLOHNHHSLQJFRQVWDQWWKHIXHOIORZUDWHWKHSUHVHQFH
RI SODVPD ZDV FDSDEOH WR UHDWWDFK WKH IODPH ZKLFK DQFKRUHG DW WKH QR]]OH H[LW 7KLV LV
FRQILUPHGLQ)LJXUHZKLFKVKRZVUDZLPDJHVRIIODPHVZLWKDQGZLWKRXWSODVPDIRUHDFK
WHVWFDVHRIUXQVDQG&RQVHTXHQWO\WKHIODPHPRYHGIURPWKHOLIWRIIFRQGLWLRQ WHVW
FDVHVDEDQGF WRDSDUWLDOUHDWWDFKPHQWFRQGLWLRQDW9SS 9 WHVWFDVHVDEDQG
F EHIRUHWRIXOOUHDWWDFKDW9SS 9 WHVWFDVHVDEDQGF )XUWKHUPRUHDVDSSOLHG
YROWDJHDQGWKHGLVVLSDWHGSRZHULQFUHDVHGWKHIODPHJUHZXSDQGH[KLELWHGDKLJKHULQWHQVLW\
VRWKDWWRDSSHDUPRUHVWDEOHV\PPHWULFDQGVWURQJO\DQFKRUHGWRWKHQR]]OHH[LW,QVWHDGDW
IL[HGDSSOLHGYROWDJHWKHIXHOIORZUDWHLVVHHQWRKDYHDGLIIHUHQWLPSDFWRQWKHIODPHRIWKH
SODVPDDFWXDWHGFDVHVZLWKUHVSHFWWRWKHFOHDQFDVHV,QDEVHQFHRISODVPDDFWXDWLRQWKHIODPH
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ZDVOLIWHGDQGWKHLQFUHDVHRIWKHIXHOIORZUDWHFRUUHVSRQGHGWRDKLJKHUOLIWRIIKHLJKWRIWKH
IODPHXSWRWKHEORZRIIFRQGLWLRQ&RQYHUVHO\ZKHQWKHSODVPDDFWXDWLRQZDVHQDEOHGWKH
IODPHUHDWWDFKHGDQGWKHKHLJKWRISODVPDDVVLVWHGIODPHLQFUHDVHGSURSRUWLRQDOO\WRWKHIXHO
IORZUDWH


7HVWD


7HVWE


7HVWF


7HVWD


7HVWE


7HVWF


7HVWD

7HVWE

7HVWF

)LJXUH5HSUHVHQWDWLYHLQVWDQWDQHRXVLPDJHVRIIODPHZLWKRXWSODVPDGLVFKDUJHVDQGSODVPD
DWWDFKHGIODPHVDWGLIIHUHQWIXHOIORZUDWHVDQGIL[HGDLUIORZUDWHDWJV
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7KHSUHVHQWZRUNSURYLGHVDSUHOLPLQDU\H[SHULPHQWDOLQYHVWLJDWLRQFRQFHUQLQJWKHLPSDFWRI
VLQXVRLGDO'%'SODVPDGLVFKDUJHVRQWKHG\QDPLFEHKDYLRURIOLIWHGQRQSUHPL[HGMHWIODPHV
IXHOHGZLWKPHWKDQH,QSDUWLFXODUDVLQXVRLGDOSODVPDDFWXDWLRQZDVDSSOLHGWRD%XQVHQW\SH
EXUQHUZLWKDQLQQHU&+MHWVXUURXQGHGE\DQRXWHUDLUMHW7KHHIIHFWVRIWKHSODVPDDFWXDWLRQ
RQWKHLPDJLQJGHULYHGOLIWRIIKHLJKWVLJQDOVZHUHDQDO\VHGLQFRPELQDWLRQZLWKDTXDOLWDWLYH
HYDOXDWLRQRIWKHPRGLILFDWLRQRIWKHIODPHOHQJWKDQGVKDSH'LIIHUHQWH[SHULPHQWDOFDPSDLJQV
KDYHEHHQFDUULHGRXWDWVHYHUDODLUDQGIXHOIORZUDWHVDVZHOODVE\YDU\LQJWKHSODVPDSRZHU
FRQGLWLRQV,QJHQHUDOLWZDVREVHUYHGWKDWWKHSUHVHQFHRISODVPDKDVDQLPSDFWRQGHFUHDVLQJ
WKHOLIWRIIKHLJKWDQGDOWHULQJWKHIODPHEHKDYLRU7KHDSSOLFDWLRQRISODVPDGLVFKDUJHVWRIODPH
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VWDELOL]DWLRQOHDGVWRSODVPDDWWDFKHGIODPHVRUSODVPDHQKDQFHGOLIWHGIODPHVGHSHQGLQJRQ
WKHDLUDQGIXHOIORZUDWHV,QSDUWLFXODUDWDLUIORZUDWHRIJVWKHDSSOLFDWLRQRISODVPD
GLVFKDUJHVDOORZHGWRGHFUHDVHWKHOLIWRIIKHLJKWXQWLOWKHIXHOMHWYHORFLW\ZDVEHORZDERXW
PVWKDQNVWRWKHH[WHQVLRQRIWKHIODPHUHJLRQXSVWUHDPWRZDUGWKHEXUQHUH[LWVHFWLRQ
,QVWHDGEH\RQGWKHG\QDPLFLQYHUVLRQFRQGLWLRQWKHSODVPDH[KLELWHGQRVLJQLILFDQWLPSDFWRQ
WKHDYHUDJHOLIWRIIKHLJKWHYHQWKRXJKERWKWKHIUHTXHQF\DQGWKHHQHUJ\FRQWHQWVRIOLIWRII
KHLJKWRVFLOODWLRQVUHGXFHGDQGWKHOLIWLQJIODPHEHKDYLRUEHFDPHPRUHVWDEOHDVFRQILUPHGE\
WKH))7DQDO\VLVRIWKHOLIWRIIKHLJKWVLJQDOV7KHHIIHFWRIWKHSODVPDDFWXDWLRQLPSURYHGE\
UHGXFLQJWKHDLUIORZUDWH$WDLUIORZUDWHRIDERXWJVSODVPDDVVLVWHGIODPHUHDWWDFKPHQW
ZDVHYLGHQWDWHDFKIXHOYHORFLW\LQFRPELQDWLRQZLWKDQLQFUHDVLQJIODPHKHLJKWSURSRUWLRQDOO\
WRWKHIXHOMHWYHORFLW\


$&.12:/('*(0(176$1'5()(5(1&(6

7KLVZRUNLVSDUWRI1$72$97
5()(5(1&(6
>@ 2K- 1RK'  )ODPHFKDUDFWHULVWLFVRIDQRQSUHPL[HGR[\IXHOMHWLQDODE
VFDOHIXUQDFH(QHUJ\KWWSVGRLRUJMHQHUJ\
>@ /HH63DGLOOD5'XQQ5DQNLQ'3KDP7 .ZRQ2&  ([WLQFWLRQOLPLWV
DQGVWUXFWXUHRIFRXQWHUIORZQRQSUHPL[HG+2ODGHQ&+DLUIODPHV(QHUJ\
KWWSVGRLRUJMHQHUJ\
>@ %DLJPRKDPPDGL 0 7DEHMDPDDW 6  =DUYDQGL -   1XPHULFDO VWXG\ RI WKH
EHKDYLRU RI PHWKDQHK\GURJHQDLU SUHPL[HG IODPH LQ D PLFUR UHDFWRU HTXLSSHG ZLWK
FDWDO\WLF
VHJPHQWHG
EOXII
ERG\
(QHUJ\


KWWSVGRLRUJMHQHUJ\
>@ *DR;'XDQ)/LP6& <LS06  12[IRUPDWLRQLQK\GURJHQ±PHWKDQH
WXUEXOHQWGLIIXVLRQIODPHXQGHUWKHPRGHUDWHRULQWHQVHORZR[\JHQGLOXWLRQFRQGLWLRQV
(QHUJ\KWWSVGRLRUJMHQHUJ\
>@ &KD 0 6  &KXQJ 6 +  -DQXDU\  &KDUDFWHULVWLFV RI OLIWHG IODPHV LQ QRQ
SUHPL[HGWXUEXOHQWFRQILQHGMHWV,Q6\PSRVLXP ,QWHUQDWLRQDO RQ&RPEXVWLRQ 9RO
1RSS KWWSVGRLRUJ6  
>@ &KHQ<&&KDQJ&&3DQ./ <DQJ-7  )ODPHOLIWRIIDQGVWDELOL]DWLRQ
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>@ 3HVFLQL('H*LRUJL0*)UDQFLRVR/6FLROWL$ )LFDUHOOD$  (IIHFWRI
D PLFUR GLHOHFWULF EDUULHU GLVFKDUJH SODVPD DFWXDWRU RQ TXLHVFHQW IORZ ,(7 6FLHQFH
0HDVXUHPHQW 7HFKQRORJ\  '2,LHWVPW
>@ .LP<6WDQJH605RVRFKD/$ )HUUHUL9:  (QKDQFHPHQWRISURSDQH
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ABSTRACT
7KHGHVLJQRID6SDFH6\VWHPLQLWVSUHOLPLQDU\SKDVHVLVFKDOOHQJLQJDQGWKRUQ\ZKLFKUHTXHVWV
DQ KDUG HIIRUW LQ WHUPV RI GHVLJQ UHVRXUFHV EHFDXVH RI WKH QHHG WR WDNH LQWR DFFRXQW WKH UHDO
RSHUDWLYHIXQFWLRQVRIWKHILQDOV\VWHPVMRLQWO\WRWKHLUSK\VLFDOIHDWXUHV7KXVDQLPSURYHPHQWRI
WKHFXUUHQW6\VWHPDQG&RQFXUUHQW(QJLQHHULQJ 6 &( EHVWSUDFWLFHVE\SURSHUO\PDWFKLQJWKH
6\VWHPV$UFKLWHFWLQJ 6$ SURFHVVHVDQGWRROVDEOHWRWDNHLQWRDFFRXQWV\VWHPIXQFWLRQVIRUPV
DQGWKHLULQWHUIDFHVLVVWURQJO\DGYLVHG,QWKLVSDSHUDQLPSURYHGFRQFXUUHQWGHVLJQIUDPHZRUN
LV GHVFULEHG EDVHG RQ WKH V\QHUJLVWLF XWLOL]DWLRQ RI D PRGHUQ &( VRIWZDUH WRRO WRJHWKHU ZLWK D
VHULHV RI WDLORUHG GHVLJQ VWUXFWXUH PDWUL[ '60  LQ RUGHU WR PDQDJH DQG EHWWHU LQYHVWLJDWH WKH
V\VWHPFRPSOH[LW\DQGDWWKHVDPHWLPHLQFUHDVLQJWKHGHVLJQTXDOLW\ZKLOHUHGXFLQJWKHGHVLJQ
HIIRUW $V FDVH VWXG\ D IHDVLELOLW\ DQDO\VLV RI D VSDFH H[SORUDWLRQ PLVVLRQ RQ 7LWDQ D PRRQ RI
6DWXUQ KDV EHHQ SHUIRUPHG +DUVK HQYLURQPHQWDO FRQGLWLRQV FKDOOHQJLQJ LQIOLJKW RSHUDWLRQV
DQG DQ LQWHUHZRYHQ PXOWLGRPDLQ GHVLJQ HQYLURQPHQW GHILQHG D YHU\ FRPSOH[ SUREOHP WR IDFH
7KHUHIRUHWRVHOHFWRSWLPDOV\VWHPVFRQILJXUDWLRQVDWUDGHVSDFHH[SORUDWLRQKDVEHHQSHUIRUPHG
DQG ILQDOO\ D SUHOLPLQDU\ VHW RI V\VWHP UHTXLUHPHQWV SURYLGHG GHPRQVWUDWLQJ KRZ TXLFNO\ DQG
DFFXUDWHO\LVSRVVLEOHWRLGHQWLI\DQGPDQDJHV\VWHPFULWLFDOLWLHVDQGWRVHOHFWQRQLQWXLWLYHV\VWHP
IHDVLEOHVROXWLRQV

Keywords: &RQFXUUHQW(QJLQHHULQJ6\VWHPV(QJLQHHULQJ7LWDQ6RODU6\VWHP([SORUDWLRQ

1

INTRODUCTION

,Q6HSWHPEHU&DVVLQL+X\JHQVSHUIRUPHGLWV*UDQG)LQDOHWKHODVWGLYHLQVLGHWKHFORXGVRI
6DWXUQ IROORZLQJ D \HDUV ORQJ H[SORUDWLRQ RI WKH JDV JLDQW DQG LWV PRRQV 7KLV PLVVLRQ
DFFRPSOLVKHGJUHDWJRDOVEXWDOVROHIWDOHJDF\RIVWXGLHVDQGWKHQHHGIRUIXUWKHUDQGPRUHLQ
GHSWK LQYHVWLJDWLRQV >@ 7KH SHFXOLDULWLHV WKDW PDNH 7LWDQ VR LQWHUHVWLQJ UHVLGH LQ LWV XQLTXH
HQYLURQPHQWFKDUDFWHUL]HGE\DYHU\GHQVHDWPRVSKHUHDQGWKHSUHVHQFHRIOLTXLGVHDVDQGODNHV
RQLWVVXUIDFHLWLVWKHRQO\ERG\LQWKH6RODU6\VWHPRWKHUWKDQWKH(DUWKZLWKWKLVIHDWXUH7KH
FRPSRVLWLRQ RI WKHVH UHVHUYRLUV EDVHG RQ K\GURFDUERQ PROHFXOHV PRVWO\ PHWKDQH DQG HWKDQH 
FRPHV IURP WKH VSHFLDO HQYLURQPHQWDO FRQGLWLRQV RI YHU\ ORZ WHPSHUDWXUHV DQG UHODWLYHO\ KLJK
SUHVVXUHV6HYHUDOPLVVLRQREMHFWLYHVDUHLGHQWLILHGUHO\LQJRQDSUHYLRXVVWXG\DQGFRQVHTXHQWO\
DIHDVLELOLW\DQDO\VLVRID7LWDQIRFXVHGPLVVLRQLVSHUIRUPHG>@7KHSUHOLPLQDU\GHVLJQSKDVHV
RIVXFK6SDFH6\VWHPVDUHDFKDOOHQJLQJDQGFRPSOH[DFWLYLW\VFLHQWLILFPLVVLRQVUHTXLUHKDUGHU
GHVLJQHIIRUWLQWHUPVRIGHVLJQWLPHFRVWTXDOLW\DQGDFFXUDF\7KHUHH[LVWVDORQJOLVWRIDERUWHG
RUIDLOHGPLVVLRQVGXHWR6\VWHP(QJLQHHULQJGHILFLHQFLHVOLNHODFNRIFRPPXQLFDWLRQLQHIILFLHQW
WUDQVSDUHQF\ LQFRQVLVWHQF\ LQ GHVLJQ FKRLFHV FULWLFDOLWLHV PDQDJHPHQW  EDG SODQQLQJ DQG OLIH
F\FOH YLVLRQ IXQFWLRQDOSK\VLFDO V\VWHP IHDWXUHV  7KHUHIRUH WKH ZRUN KHUH SUHVHQWHG DLPV DW
LQYROYLQJ WKH EHVW SUDFWLFHV RI 0RGHO%DVHG 6\VWHPV (QJLQHHULQJ 0%6(  LQ WKH SUHOLPLQDU\
GHVLJQSKDVHV SUHSKDVH$SKDVH$ RID7LWDQIRFXVHGPLVVLRQLQRUGHUWR ULJRURXVO\FRQQHFW
WKH QHHGV RI D KLJK TXDOLW\ GHVLJQ ZLWKLQ D V\VWHPLF DQG V\VWHPDWLF DSSURDFK ZLWK WKH
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FRPSOH[LW\RIDQLQWHUSODQHWDU\VSDFHPLVVLRQ7KLVLQWHQVLYHO\HPSOR\LQJDPRGHUQ&(VRIWZDUH
WRROLQWLJKWV\QHUJ\ZLWKWDLORUHG6\VWHPV$UFKLWHFWLQJ 6$ SURFHVVHVDQGWRROVDEOHWRWDNHLQWR
DFFRXQW WKH ZKROH 6\VWHP $UFKLWHFWXUH PHDQLQJ WKH V\VWHP IXQFWLRQV IRUPV RU SK\VLFDO
FRQILJXUDWLRQV  DQG WKHLU LQWHUIDFHV ,Q SDUWLFXODU LQ WKH IROORZLQJ FKDSWHUV DIWHU D EULHI
GHVFULSWLRQ RI WKH FDVH VWXG\ PLVVLRQ DQ LPSURYHG FRQFXUUHQW GHVLJQ IUDPHZRUN LV RXWOLQHG
EDVHGRQWKHV\QHUJLVWLFXWLOL]DWLRQRIWKH&1(6&(VRIWZDUH,'0&,&>@MRLQWO\ZLWKDVHULHV
RI WDLORUHG GHVLJQ VWUXFWXUH PDWUL[ '60  LQRUGHU WRPDQDJH DQG EHWWHULQYHVWLJDWH WKH V\VWHP
FRPSOH[LW\ DQG DW WKH VDPH WLPH LQFUHDVLQJ WKH GHVLJQ TXDOLW\ LQ WHUPV RI LPSURYHG
FRPPXQLFDWLRQ UHTXLUHPHQWV GHILQLWLRQ VROXWLRQV FKRLFHV WUDFNLQJ FULWLFDOLWLHVIHDVLELOLWLHV
LGHQWLILFDWLRQ FRPSOLDQFH RI V\VWHP SHUIRUPDQFH WR FXVWRPHU H[SHFWDWLRQV ZKLOH UHGXFLQJ WKH
GHVLJQHIIRUW WLPHDQGFRVW 

2

THE MEET MISSION

7KH0((7 0LQLODQGHUVIRU(QYLURQPHQW([SHULPHQWVRQ7LWDQ PLVVLRQDLPVDWWKHH[SORUDWLRQ
DQG WKH VWXG\ RI WKH HQYLURQPHQW RI 7LWDQ LQ WKH ZLOO RI D FRQWLQXXP ZLWK WKH YHU\ LPSRUWDQW
GLVFRYHULHV PDGH E\ WKH VWDWHO\ PLVVLRQ &DVVLQL+X\JHQV 7KH PLVVLRQ REMHFWLYHV DUH H[WUDFWHG
IURP VWXGLHV RQ WKH GDWD UHFHLYHG IURP &DVVLQL+X\JHQV DQG IROORZLQJ ZRUNV >@ 6RPH RI WKH
PRVWVLJQLILFDQWREMHFWLYHVDQGWKHLUDVVRFLDWHGPLVVLRQUHTXLUHPHQWVDUH
7R LQYHVWLJDWH WKH RULJLQ RI FRPSOH[ PROHFXOHV ĺ 7KH V\VWHP VKDOO EH DEOH RI
LQYHVWLJDWLQJ FRPSOH[ PROHFXOHV ZLWK D UHVROYLQJ SRZHU RI DW OHDVW 0¨0  
UHODWLQJWRWKHPDVVWRFKDUJHUDWLR P] 
7R LQYHVWLJDWH RQ SUHELRWLF FKHPLVWU\ ĺ 7KH V\VWHP VKDOO EH DEOH RI LQYHVWLJDWLQJ WKH
VSHFWUDOUDQJHIURPWRȝP
7R PDS ODNHV DQG RFHDQV RQ WKH VXUIDFH ĺ 7KH V\VWHP VKDOO EH DEOH RI PDSSLQJ WKH
VXUIDFHRI7LWDQZLWKDUHVROXWLRQRIPSL[HO
$OOWKHPLVVLRQREMHFWLYHVVSDQDFURVVDZLGHVFDOHRI7LWDQV\VWHPIURPLWVLQWHULRUWKURXJKWKH
FRPSRVLWLRQRIWKHODNHVXSWRWKHDWPRVSKHUH$VHWRIVFLHQWLILFLQVWUXPHQWVFDQEHVHOHFWHGWR
VDWLVI\WKHVHQHHGVJRLQJWRPDNHXSWKHSD\ORDGVWUXFWXUH 7DEOH 
0LVVLRQ2EMHFWLYH

,QVWUXPHQW
0DVV6SHFWURPHWHUZLWK72)
WLPHRIIOLJKW WHFKQRORJ\

$QDO\VLVRIWKHDWPRVSKHUH

*HRORJLFDOLQYHVWLJDWLRQVVXUIDFH
FRPSRVLWLRQVWXG\

5DGLRPHWHUDQGWKHUPDOLQIUDUHG
LPDJLQJVSHFWURPHWHU 0(57,6OLNH 
+5FDPHUDYLVXDODQGQHDULQIUDUHG
K\SHUVSHFWUDOFDPHUD 6,0%,26<6OLNH 

6XUIDFHPDSSLQJDQGDOWLPHWULFVWXG\

6$5WHFKQRORJ\ 5$'$5 DQGDOWLPHWHU

6WXG\RQPDJQHWLFILHOGDQGWLOWDQJOH

0DJQHWRPHWHU 0*)OLNH 

5HPRYDORIQRQJUDYLWDWLRQDOSHUWXUEDWLRQV
LQPHDVXUHPHQWV

$FFHOHURPHWHU ,6$OLNH 

,QYHVWLJDWLRQRIWKHRULJLQRIFRPSOH[
PROHFXOHV
,QYHVWLJDWLRQRQSUHELRWLFFKHPLVWU\

$GYDQFHG5HVROXWLRQ2UJDQLF0ROHFXOH$QDO\]HU
$520$ ZLWKPDVVVSHFWURPHWHU
RI2UELWUDSWHFKQRORJ\
,QIUDUHGVSHFWURPHWHU 0,1,7HVOLNH 

+LJKUHVROXWLRQLPDJHVRIWKHVXUIDFH

'HVFHQW,PDJHU 0$5',OLNH 

6WXG\RIWKHDWPRVSKHUH¶VFRPSRVLWLRQ

$HURVRO&ROOHFWRUDQG3\URO\VHU $&3 

'RSSOHU:LQG([SHULPHQW ':( 

8OWUDVWDEOHRVFLOODWRU 6\PPHWULFRP$ 

0LQHUDORJLFDODQGWKHUPDOPDSRIVXUIDFH

7DEOH3D\ORDG,QVWUXPHQWVRIWKHRUELWHUDQGWKHPLQLODQGHUVDVVRFLDWHGWRWKHPLVVLRQREMHFWLYHV
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,QRUGHUWRPHHWWKHVHPXOWLVFDOHPLVVLRQUHTXLUHPHQWVDQDUFKLWHFWXUHKDVEHHQFRQFHLYHG
FRQVLVWLQJRID7LWDQGHGLFDWHGRUELWHUDQGRQHRUPRUHIORDWLQJODQGHUV$GHHSDQDO\VLVRI
WKHREMHFWLYHVOHGWRFKRRVHDFRQFHSWRIDUFKLWHFWXUHPDGHXSE\DQRUELWHUDQGWKUHHPLQL
ODQGHUV GHSOR\HG GXULQJ WKH DSSURDFK WR WKH PRRQ $ VLQJOH ODQGHU ZRXOG EH FDSDEOH RI
GHHSHULQYHVWLJDWLRQVEXWLWZRXOGDOORZWKHH[SORUDWLRQRIDVLQJOHODNHZKLOHPRUHODQGHUV
DOORZ WKH H[SORUDWLRQ RI PXOWLSOH ORFDWLRQV 7KHVH ODQGHUV KDYH WKH REMHFWLYH RI WKH LQVLWX
VWXG\RIWKHVXUIDFHLQSDUWLFXODURIWKHOLTXLGK\GURFDUERQODNHVVHDVORFDWHGLQWKHQRUWKHUQ
KHPLVSKHUH,QWKLVPLVVLRQWKHIRFXVRIWKHWKUHHODQGHUVLVRQWKHWZRODUJHVWVHDV PDULD 
SUHVHQWRQ7LWDQ.UDNHQ0DUHDQG/LJHLD0DUH*LYHQWKHKLJKHUVFLHQWLILFUHOHYDQFHRIWKH
/LJHLD 0DUH PRVWO\ GXH WR LWV FRPSRVLWLRQ ODUJHO\ FRQVLVWLQJ RI PHWKDQH  DQG LWV XQLTXH
VHDEHG KRPHWROLNHO\OLIHIRUPV WZRRXWRIWKUHHPLQLODQGHUVDUHGHGLFDWHGWRWKLVWDUJHW
LQRUGHUWRGLYHUVLI\WKHVWXGLHVDQGJXDUDQWHHDFHUWDLQUHGXQGDQF\
,QWKHSDUWLFXODUFDVHRIDQLQWHUSODQHWDU\PLVVLRQWKHUHDUHVRPHVWDQGDUGHTXLSPHQWVSDUWRI
WKH VHYHQ PDLQ VXEV\VWHPV IRU WKH RUELWHU¶V EXV DQG WKH PLQLODQGHUV¶ RQH  WKDW OHDG WR D
SUHOLPLQDU\GHFRPSRVLWLRQRIWKHVSDFHV\VWHP7KHRUELWHUSUHOLPLQDU\GHFRPSRVLWLRQLVWKH
IROORZLQJ
2Q%RDUG'DWD+DQGOLQJ 2Q%RDUG&RPSXWHU 
7HOHFRPPXQLFDWLRQV +LJK*DLQ$QWHQQD/RZ*DLQ$QWHQQD7UDQVSRQGHU 
6WUXFWXUHV 6KHOO6KHDU3DQHOV3ODWHV 
3RZHU 5DGLRLVRWRSH*HQHUDWRU3RZHU'LVWULEXWLRQ8QLW 
$2'&6 6WDUWUDFNHUV6XQVHQVRUV,085HDFWLRQ:KHHOV$WWLWXGH7KUXVWHUV 
7KHUPDO 5DGLDWLRQ 0XOWLOD\HU,QVXODWLRQ5DGLDWLRQ9DXOWV 
3URSXOVLRQ $SRJHH(QJLQHSURSHOODQWWDQNV 
)RUWKHPLQLODQGHUVLQVWHDG
2Q%RDUG'DWD+DQGOLQJ 2Q%RDUG&RPSXWHU 
7HOHFRPPXQLFDWLRQV 0HGLXP*DLQ$QWHQQD7UDQVSRQGHU 
6WUXFWXUHV 6KHOO5DIW 
3RZHU %DWWHULHV 
'&6 6HQVRUV3DUDFKXWH'HVFHQW7KUXVWHUV 
7KHUPDO 5DGLDWLRQ 7KHUPDO6KLHOG 
3

METHODOLOGICAL APPROACH

7KHPHWKRGRORJ\GHYHORSHGLQWKLVUHVHDUFKVWXG\LVFKDUDFWHUL]HGDVXVXDOE\WKUHHHOHPHQW
PHWKRGSURFHVVDQGWRRO3DUWLFXODUO\LQWKLVZRUNWKHXVHGPHWKRGLVWKHFODVVLFDO,QWHJUDWHG
'HVLJQ 0RGHO ,'0 , ZKLFK LV D FRPSUHKHQVLYH KROLVWLF DSSURDFK WR GHVLJQ EULQJLQJ
WRJHWKHU VHYHUDO VSHFLDOLVPV XVXDOO\ FRQVLGHUHG VHSDUDWHO\ 7KH SURFHVV FRQVLGHUHG LV EDVHG
RQ WKH 0%6( DSSURDFK FKDUDFWHUL]HG E\ WKH H[SORLWDWLRQ RI GRPDLQ PRGHOV WR H[FKDQJH
LQIRUPDWLRQ LQ D &( HQYLURQPHQW 7KH QHHG IRU LPSURYHG 0%6( SUDFWLFHV DULVHV IURP WKH
KLJKGHJUHHRIFRPSOH[LW\RIWKHFRQVLGHUHG6SDFH6\VWHPVXFKDV\VWHPFDQEHGHFRPSRVHG
LQVHYHUDOVXEV\VWHPVHDFKRIZKLFKLQWXUQLVPDGHXSRIPDQ\HOHPHQWV HTXLSPHQWV  $OO
WKH HTXLSPHQWV LQWHUDFW DPRQJ WKHPVHOYHV LQ GLIIHUHQW ZD\V DQG HDFK LQWHUDFWLRQ FRXOG EH
HLWKHUSK\VLFDORUIXQFWLRQDO7KHIRUPHUVKRZVZKHUHHOHPHQWVDUHORFDWHGDQGKRZWKH\DUH
FRQQHFWHGWKHODWWHUVKRZVKRZHOHPHQWVEHKDYHZLWKUHVSHFWWRHDFKRWKHU)XUWKHUPRUHDQ
LQWHUDFWLRQ FRXOG EH FKDUDFWHUL]HG E\ D FHUWDLQ GHJUHH RI FRPSOH[LW\ EDVLQJ RQ LWV NLQG WKH
QXPEHU RI HTXLSPHQWV SDUWLFLSDWLQJ LQ LW WKH NLQG RI HDFK HTXLSPHQW DQG WKH QXPEHU RI
SDUDPHWHUV H[FKDQJHG DFURVV LW6XFK FRPSOH[ LQWHUDFWLRQV PD\ OHDG WR 6\VWHP FULWLFDOLWLHV
ZKLFKPXVWEHLGHQWLILHGWKURXJKDPHWLFXORXVDQDO\VLVHPSOR\LQJGLIIHUHQWWRROV7KURXJKD
PDWUL[VKDSHG WRRO VXFK DV WKH 'HVLJQ 6WUXFWXUH 0DWUL[ '60  DOO WKH LQSXWV FRPLQJ IURP
WKH V\VWHP GHVLJQ DQG WKH PLVVLRQ DQDO\VLV DUH FRQYH\HG WRJHWKHU WR SURGXFH DQ HYDOXDWLRQ
DERXW WKH FULWLFDOLW\ RI WKH GHVLJQ RI D FHUWDLQ VXEV\VWHP VSHFLILHG IRU HDFK SKDVH RI WKH
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PLVVLRQ LGHQWLILHG GXULQJ WKH SKDVLQJ 2QFH DOO WKH FULWLFDOLWLHV DULVH D GHWDLOHG WUDGHVSDFH
H[SORUDWLRQLVVHWXSLQRUGHUWRILQGRXWDVHWRISRVVLEOHVROXWLRQV,QWKLVZRUNWKHWRROXVHG
WR VHOHFW WKHEHVW VROXWLRQ LV WKH&1(6&(VRIWZDUH ,'0&,& DORQJ ZLWKLWV SOXJLQV 7KH
VFRSHRIWKLVZRUNLVWRVKRZKRZVXFKDPHWKRGRORJ\FRXOGEHLPSOHPHQWHGLQDGHVLJQSUH
SKDVH$SKDVH$WRIORZGRZQ6\VWHP5HTXLUHPHQWV
3.1

Criticalities identification

7KHPHWKRGRORJLFDOVWHSVZKLFKLQYROYHWKHLGHQWLILFDWLRQRIWKHFULWLFDOLWLHVDUHEDVHGRQWKH
'HVLJQ 6WUXFWXUH 0DWUL[ 7KLV WRRO FRQVLVWV RI D PDWUL[ WKDW LV RIWHQ XVHG WR HIILFLHQWO\
YLVXDOL]HWKHLQWHUIDFHVEHWZHHQVXEV\VWHPV,QWKLVZRUNDQLQQRYDWLYHYHUVLRQRIWKH'60
LVFRQFHLYHGLQRUGHUWRHYDOXDWHWKHFRPSOH[LW\RIHDFKLQWHUDFWLRQEHWZHHQWKHVXEV\VWHPVLQ
WKHGHVLJQSKDVHDQGFRQVHTXHQWO\UHVROYHWKHDPELJXLWLHVWKDWPD\ULVHXSLQVXFKDVWXG\
7KUHHOHYHOVRIFRPSOH[LW\DUHGHILQHGDVVRFLDWHGWRDGLIIHUHQWHIIRUWQHHGHGLQWKHGHVLJQ
WKLV RQH EHFRPLQJ D FRPSOLDQFH D VHQVLELOLW\ RU D FULWLFDOLW\ 7KHVH DUH GHWHUPLQHG ILUVW
FRQVLGHULQJ WKH IORZ RI HQJLQHHULQJ LQIRUPDWLRQ FRPLQJ IURP D VXEV\VWHP URZ  DQG
QHFHVVDULO\H[SORLWHGIRUWKHGHVLJQRIDQRWKHUVXEV\VWHP FROXPQ ,WLVWKHQQRWLFHDEOHWKH
GLUHFWLRQDOLW\DQGDV\PPHWU\RIVXFKDPDWUL[,QDVHFRQGPRPHQWWKLVIORZRIHQJLQHHULQJ
YDULDEOHVLVH[DPLQHGWKURXJKVSHFLDOO\FUHDWHGHYDOXDWLRQPHWULFVLQRUGHUWRDFKLHYHDQDV
PXFK FRPSOHWH DQG FRQJUXHQW HYDOXDWLRQ DV SRVVLEOH 6R WKH 'HVLJQ (IIRUW DQG WKH 9DULHW\
DUHGHILQHGUHVXOWLQJLQDWZRGLPHQVLRQDOJULGRIHYDOXDWLRQ
7KH 'HVLJQ (IIRUW LV WKH VXP RI WZR %RROHDQ YDULDEOHV NG LV DVVRFLDWHG WR D SK\VLFDO RU
VWUXFWXUDO SRVLWLRQDO  LQWHUDFWLRQ ZKLOH NR WR D IXQFWLRQDO RQH XVXDOO\ FRQQHFWHG WR DQ
DFWLYLW\RUDQRSHUDWLRQH[SORLWHGLQWKHRSHUDWLYHSKDVH7KHUHIRUH'HVLJQ(IIRUWLVDVVLJQHG
DYDOXHLQWKHUDQJHLWLVHTXDOWRLIWKHLQWHUDFWLRQGRHVQRWH[LVWDQGWKHWZRHOHPHQWV
GRQRWLQWHUDFWHTXDOWRZKHWKHUWKHLQWHUDFWLRQLVSXUHO\SK\VLFDORUIXQFWLRQDORUHTXDOWR
LIWKHLQWHUDFWLRQEHORQJVWRERWKFDWHJRULHV


)LJXUH(YDOXDWLRQPHWULFVDQGSRVLWLRQDOPDUNVIRUWKH'60DSSURDFK

9DULHW\LVWKHSURGXFWRIWZRYDOXHVHDFKRQHGHILQLQJZLWKKRZPDQ\HQJLQHHULQJGRPDLQV
WKHHTXLSPHQWVLQWHUDFWNLUHSUHVHQWVWKHNLQGRILQWHUIDFH PHFKDQLFDOJHRPHWULFDOWKHUPDO
HOHFWULFDOHOHFWURQLFDO WKURXJKZKLFKWKHHQJLQHHULQJSDUDPHWHUVDUHH[FKDQJHGEHWZHHQWZR
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VXEV\VWHPVZKLOHNHVWDQGVIRUWKHQXPEHURINLQGVRIHTXLSPHQWVIURPZKLFKRUWRZKLFK
WKHVHSDUDPHWHUVIORZ HJIRUWKH7KHUPDO 5DGLDWLRQVXEV\VWHPWKHNLQGVRIHTXLSPHQWV
MRLQLQJWKHIORZRILQIRUPDWLRQ FDQEHWKH0/, WKHKHDW VKLHOGRUWKHUDGLDWLRQ YDXOW  ,WLV
LPSRUWDQWWRXQGHUVWDQGWKDWIRUWKHFDOFXODWLRQRINHWKHQXPEHURIHTXLSPHQWVRIWKHVDPH
NLQGLVQRWUHOHYDQW7KHNLNHSURGXFWLVWKHQUDQNHGFRQVLGHULQJWKUHHUDQJHVRIYDOXHVLQWKH
VSDQIURP]HURWRWKHKLJKHVWYDOXHUHDFKHG7KH'60LVFKDUDFWHUL]HGIRUHDFKSKDVHRIWKH
PLVVLRQGHILQLQJWLPHE\WLPHWKHUDQJHVDQGDVVLJQLQJWKHPD FRUUHVSRQGHQW V\PERO$LI
WKHYDULHW\LVEHWZHHQ]HURDQGRIWKHPD[LPXPYDOXH %LIWKHYDULHW\LVEHWZHHQ
DQGRIWKHPD[LPXPYDOXH and &LIWKHYDULHW\LVEHWZHHQRIWKHPD[LPXPYDOXH
DQGWKLVYDOXHLWVHOI
*LYHQWKHVHWZRPHWULFVLWFDQEHHDVLO\HYDOXDWHGWKHOHYHORIFRPSOH[LW\DVVRFLDWHGZLWKWKH
GHVLJQRIWKHVXEV\VWHPVKLJKOLJKWLQJWKHPZLWKGLIIHUHQWFRORXUVLQWKHPDWUL[JUHHQIRUWKH
FRPSOLDQFHV\HOORZIRUWKHVHQVLELOLWLHVDQGUHGIRUWKHFULWLFDOLWLHVIROORZLQJWKHSRVLWLRQDO
PDUNV )LJXUH 
3.2

The MEET Case

7KLV '60 VWXG\ LV WKHQ SHUIRUPHG IRU WKH LGHQWLILFDWLRQ RI WKH GHVLJQ FULWLFDOLWLHV RI WKH
0((7PLVVLRQVSHFLILFDOO\IRUWKHWKUHHPDLQGHPDQGLQJSKDVHV&UXLVH3KDVH$HUREUDNLQJ
3KDVH WKHQHFHVVLW\RIDQDHURFDSWXUHGLQVHUWLRQLVGHWHFWHGWKURXJKDWUDGHVSDFHH[SORUDWLRQ
VHH DQG2SHUDWLRQDO3KDVH
$V DQ H[DPSOH LW LV SRVVLEOH WR FRQVLGHU WKH '60 VSHFLDOL]HG IRU WKH $HUREUDNLQJ SKDVH
)LJXUH VRDVWRKLJKOLJKWWKHH[LVWLQJLQWHUDFWLRQVEHWZHHQVXEV\VWHPVLQWKHGHVLJQSKDVH
EXWDERYHDOOWKHVHQVLELOLWLHVDQGWKHFULWLFDOLWLHVZKLFKKDYHWREHDFFRXQWHGPRUHFDUHIXOO\
DQGSUHFLVHO\


)LJXUH'60RIWKH$HUREUDNLQJ3KDVHDQGWKHSRZHUYLHZRIWKHRUELWHULQ,'09,(:

)RU WKLV SXUSRVH WKH FULWLFDOLWLHV DUH FROOHFWHG DQG VWXGLHG LQ RUGHU WR SURSRVH WKH SRVVLEOH
DOWHUQDWLYHVWKDWFDQEHVHOHFWHGDVVROXWLRQVOHDGLQJWRWUDGHRIIVZKLFKRSWLPL]HWKHGHVLJQ
SURFHVV 7KHFULWLFDOLWLHVGHULYLQJIURPWKH'60VWXG\DUH
)RUWKH&UXLVHSKDVH
WKHGHVLJQRIWKHWHOHFRPPXQLFDWLRQV\VWHPWKDWOLQNVWKHRUELWHUDQGWKH(DUWK
WKHHODERUDWLRQRIWKHRSWLPDOWUDMHFWRU\WRUHDFKWKH7LWDQRUELW

856

PRELIMINARY DESIGN OF A MISSION TO TITAN 



*DXGHQ]LHWDO

)RUWKH$HUREUDNLQJSKDVH
WKHFRQFHSWDQGWKHGHVLJQRIDQDHUREUDNLQJWKHUPDODQGVWUXFWXUDOV\VWHP
)RUWKH2SHUDWLRQDOSKDVH
WKH GHVLJQ RI WKH WHOHFRPPXQLFDWLRQ V\VWHP DQG RI WKH DWWLWXGH UHTXLUHPHQWV GXULQJ
WKH RUELW WKDW JXDUDQWHH D VDIH DQG SURSHU OLQN EHWZHHQ RUELWHU DQG PLQLODQGHUV EXW
DOVREHWZHHQRUELWHUDQG(DUWK
)URPDZLGHUVWXG\LQZKLFKWKH'60LQFOXGHVDOVRWKHVXEV\VWHPVRIWKHPLQLODQGHUVRWKHU
FULWLFDOLWLHVDVVRFLDWHGWRWKHLQWHUIDFHWKDWOLQNVWKHPZLWKWKHRUELWHUFDQEHGHULYHG
WKHFKRLFHRIDQDFFRPRGDWLRQRIWKHPLQLODQGHUVLQVLGHRURQWKHRUELWHU
WKHNLQGRIGHSOR\PHQWRIWKHPLQLODQGHUVLQWHUPVRIVWUXFWXUHVDQGIXQFWLRQV
4

TRADESPACE EXPLORATION

2QFHDFULWLFDOLW\DULVHVIURPWKHSUHYLRXVDQDO\VLVDVHWRISRVVLEOHRSWLRQVLQWKHGHVLJQFDQ
EHDVVHVVHGWRGHDOZLWKLW+HQFHDWUDGHVSDFHH[SORUDWLRQLVSHUIRUPHGIRUHDFKFULWLFDOLW\WR
HYDOXDWHWKHEHVWVROXWLRQ
4.1

Titan encounter trajectory

7KHILUVWFULWLFDOLW\DULVHQIURPWKH'60DQDO\VLVLVWKHVHOHFWLRQRIWKHWUDMHFWRU\LQWKH7LWDQ
6SKHUHRI,QIOXHQFH 62, 7KUHHRSWLRQVDUHFRQVLGHUHGDPLQLPXPWLPHDORZFRVWDQGDQ
DOWHUQDWLYHPDQHXYHUZKLFKLVFKDUDFWHUL]HGE\WKHORZHVWDSSURDFKYHORFLW\ 7DEOH 
0DQHXYHU

¨9 PV 

'XUDWLRQ GD\V 

9 LQ7LWDQ62, NPV 

0LQLPXP7LPH







$OWHUQDWLYH







/RZ&RVW







7DEOH7LWDQ(QFRXQWHU7UDMHFWRULHVWUDGHRII

7KHDVVHVVPHQWLVSHUIRUPHGWKURXJKWKH,'0&,&3URSHOODQW%XGJHWSOXJLQZKLFKLVXVHIXO
LQWKHHYDOXDWLRQRIWKHUHTXLUHGSURSHOODQWPDVVIRUDJLYHQPDQHXYHU7KLVSOXJLQDOORZVWKH
FDOFXODWLRQLQ WZRZD\V ERWWRPXS VWDUWLQJIURP WKHGU\PDVVRQHFDQHYDOXDWHWKHLQLWLDO
ZHWPDVV DQGWRSGRZQ VWDUWLQJIURPDWDUJHWZHWPDVVLWLVSRVVLEOHWRHYDOXDWHWKHDFWXDO
ZHWPDVV )ROORZLQJWKLVDQDO\VLVWKHORZFRVWPDQHXYHULVVHOHFWHG
4.2

Titan orbital insertion strategy

7KH VHFRQG FULWLFDOLW\ VKRZV XS LQ WKH VHOHFWLRQ RI WKH SURSHU LQVHUWLRQ VWUDWHJ\ *LYHQ WKH
KLJK GHQVLW\ RI WKH DWPRVSKHUH RI 7LWDQ DQ DHURFDSWXUHG LQVHUWLRQ FDQ EH FRQVLGHUHG
7KHUHIRUHDWUDGHRIILVVHWXSFRQVLGHULQJVHYHUDOPHWULFV 7DEOH 
0HWULFV

$HURFDSWXUHG,QVHUWLRQ

3URSXOVHG,QVHUWLRQ

¨9&RVW

PV

PV

6FLHQWLILF2EMHFWLYHV

6HQVLQJRIWKHORZHUDWPRVSKHUH

1RVHQVLQJRIWKHORZHUDWPRVSKHUH

(QYLURQPHQWDO/RDGV

'\QDPLFDODQG7KHUPDO

1RWVLJQLILFDQW

/DQGHUV'HSOR\PHQW

3UHFLVHVHTXHQWLDOGHSOR\PHQW

'LIILFXOWEDOOLVWLFWUDMHFWRULHV

7UDMHFWRU\OLPLWDWLRQV

1DUURZHQWU\FRUULGRU

2QO\LQIHULRUOLPLWVRIDOWLWXGH

7DEOH7UDGHRIIEHWZHHQWKHW\SRORJ\RILQVHUWLRQLQWKHRUELWDURXQG7LWDQ

857

PRELIMINARY DESIGN OF A MISSION TO TITAN 



*DXGHQ]LHWDO

$UHDVRQLQJDERXWWKHLPSURYHGVFLHQWLILFSRVVLELOLWLHVDQGWKHFRVWRIWKHPDQHXYHUVOHDGVWR
WKH VHOHFWLRQ RI DQ DHURFDSWXUHG LQVHUWLRQ %HFDXVH RI WKLV FKRLFH RWKHU SUREOHPV DQG
FRPSOLFDWLRQVULVHXSFDXVLQJWKHQHHGRIGHHSHUDQGPRUHSUHFLVHVWXGLHVRQWKHWUDMHFWRULHV
DQGRQWKHVWUXFWXUHVWKDWKDYHWREHHQRXJKUHVLVWDQWWRVXUYLYHWKLVNLQGRIG\QDPLFDODQG
WKHUPDOORDGV7KHUHIRUHDQDHUREUDNLQJV\VWHPLVQHHGHGWRSURWHFWWKHVSDFHFUDIW
4.3

Aerobraking system

7KHDHUREUDNLQJSKDVHSRVHVVHYHUHUHTXLUHPHQWVRQWKHV\VWHPVLQFHLWLVQHFHVVDU\IRULWWR
EH DEOH WR ZLWKVWDQG WKH VWUXFWXUDO DQG WKHUPDO ORDGV FDXVHG E\ WKH KXJH LQWHQVLW\ RI WKH
DHURG\QDPLF IRUFHV 7KHUHIRUH DQRWKHU V\VWHP FULWLFDOLW\ DULVHV IURP LW 6HYHUDO
FRQILJXUDWLRQV RI WKH DHUREUDNLQJ V\VWHP KDYH EHHQ FRQVLGHUHG DOO LQFOXGLQJ D KHDW VKLHOG
DQGWKHDFFRPPRGDWLRQRIWKHVKLHOGKDVEHHQVHOHFWHGIROORZLQJDWUDGHRII 7DEOH 
$FFRPPRGDWLRQ &RYHUHG(TXLSPHQWV
8SSHU IL[HG 
8SSHU
GHSOR\DEOH 
%RWWRP IL[HG 
%RWWRP
GHSOR\DEOH 

6KDSH

'UDZEDFNV

6SKHULFDO
P[P

1R(DUWK2UELWHUFRPPXQLFDWLRQVGXULQJ
&UXLVHDQG$HUREUDNLQJ

+*$DQG/*$GXULQJ 6SKHULFDO
P[P
DHUREUDNLQJ

1R(DUWK2UELWHUFRPPXQLFDWLRQVGXULQJ
$HUREUDNLQJ/RZHUUHOLDELOLW\ZUWIL[HG
FRQILJXUDWLRQ

+*$DQG/*$

$SRJHH(QJLQH

6SKHULFDO
P[P 1RH[HFXWLRQRIPDQHXYHUVWKURXJK$SRJHH
(QJLQHGXULQJ$HUREUDNLQJ


6SKHULFDO 1RH[HFXWLRQRIPDQHXYHUVWKURXJK$SRJHH
$SRJHH(QJLQHGXULQJ P[P
(QJLQHGXULQJ$HUREUDNLQJ/RZHU
DHUREUDNLQJ

UHOLDELOLW\ZUWIL[HGFRQILJXUDWLRQ

7DEOH7UDGHRIIEHWZHHQSRVVLEOHFRQILJXUDWLRQVDQGDFFRPRGDWLRQRIWKHKHDWVKLHOG

7R VHOHFW WKH PRVW VXLWDEOH DFFRPPRGDWLRQ RI WKH KHDW VKLHOG WKH ,'0&,& )LQDO YLHZHU
,'09LHZ LVXVHG7KLVODWWHUDOORZVWKHYLVXDOL]DWLRQRIWKHZKROHV\VWHPDORQJZLWKLWV
SK\VLFDO DQG PDVV SURSHUWLHV 7KHUHIRUH LW LV DOVR SRVVLEOH WR DVVHVV WKH FKDQJH LQGXFHG RQ
WKHVH SURSHUWLHV E\ D YDULDWLRQ LQ WKH DFFRPPRGDWLRQ RI WKH VKLHOG7KH VWXG\ SHUIRUPHG
VKRZHG WKDW WKH EHVW DFFRPPRGDWLRQ RI WKH KHDW VKLHOG LV DW WKH ERWWRP RI WKH RUELWHU LQ D
GHSOR\DEOHDQGHMHFWDEOHFRQILJXUDWLRQ )LJXUH 
















)LJXUH&RQILJXUDWLRQDQGDFFRPRGDWLRQVHOHFWHGIRUWKHKHDWVKLHOGLQ,'09,(:
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Landers deployment strategy

7KH ODVW FULWLFDOLW\ H[DPLQHG DULVHV ZKHQ WKH ZKROH V\VWHP FRPSUHKHQVLYH RI WKH ODQGHUV  LV
FRQVLGHUHGDQGLWUHJDUGVWKHGHSOR\PHQWVWUDWHJ\RIWKHODQGHUVLQWHUPVRIWKHLUDFFRPPRGDWLRQ
DQGWKHLUUHOHDVHIURPWKHRUELWHU 7DEOH 
6WUDWHJ\

5HOHDVH
$FFXUDF\

(QFXPEUDQFH

6HQVLELOLW\WRVWUXFWXUDOORDGV

,QWHUQDO'LVSHQVHU

+LJK

,QFUHDVHGRUELWHUOHQJWK

/RZ

([WHUQDO'LVSHQVHU

+LJK

+LJKO\LQFUHDVHGODWHUDOGLPHQVLRQ

9HU\KLJK $V\PPHWULFDO
GLVSRVLWLRQ 

([WHUQDOGLVSRVLWLRQ
+X\JHQVOLNH 

/RZ

/HVVURRPIRULQVWUXPHQWV
LQFUHDVHGODWHUDOGLPHQVLRQV

+LJK 6\PPHWULFDO
GLVSRVLWLRQ 

7DEOH7UDGHRIIIRUWKHPLQLODQGHUVDFFRPRGDWLRQDQGVWUDWHJ\RIGHSOR\PHQW

,'09LHZ LV XVHG WR H[SORUH WKH WUDGHVSDFH HYDOXDWLQJ KRZ HDFK RSWLRQ DIIHFWV WKH RYHUDOO
SHUIRUPDQFHVRIWKHV\VWHP7KHLQWHUQDOGLVSHQVHUSURYHGWREHWKHPRVWVXLWDEOHFRQILJXUDWLRQ
DOORZLQJ D UHOHDVH RI WKH ODQGHUV ZLWK WKH YHU\ KLJK DFFXUDF\ UHTXLUHG E\ WKH VWULFW DWPRVSKHUH
HQWU\FRUULGRUVZKLOHPLQLPL]LQJWKHVWUXFWXUDOORDGVDIIHFWLQJWKHODQGHUV

5

CONCLUDING REMARKS

,QWKLVSDSHUDQHQKDQFHG6\VWHPVDQG&RQFXUUHQW(QJLQHHULQJ 6 &( PHWKRGRORJ\LQWHJUDWLQJ
6\VWHPV $UFKLWHFWLQJ 6$  SURFHVVHV DQG WRROV KDV EHHQ GHYHORSHG DQG DSSOLHG WR D FRPSOH[
VSDFH PLVVLRQ H[SORUDWLRQ FDVH VWXG\ 7KH SXUSRVH RI WKH SURSRVHG PHWKRGRORJ\ LV WR KLJKOLJKW
KRZ D &( DSSURDFK FDQ JXDUDQWHH DQ RSWLPDO DQG IDVW SURFHGXUH IRU V\VWHP
FULWLFDOLWLHVIHDVLELOLWLHV LGHQWLILFDWLRQ DQG WKHLU DVVHVVPHQW LQ WKH YHU\ HDUO\ GHVLJQ SKDVHV RI D
FRPSOH[ V\VWHP VXFK DQ LQWHUSODQHWDU\ SUREH LI SURSHUO\ FRQQHFWHG WR WKH XVH RI VSHFLILF 6$
WRROV (PSRZHULQJ DOO WKH SRWHQWLDOLWLHV RI D PRGHUQ &( VRIWZDUH WRROV DV &1(6 ,'0&,&
FRQVLGHULQJLWVSOXJLQVMRLQWO\ZLWKDWDLORUHGVHWRI'HVLJQ6WUXFWXUH0DWUL[ '60 DFKDOOHQJLQJ
VL]LQJ H[HUFLVH KDV EHHQ FDUULHGRXW 7KH PHWKRGRORJ\ KDV EHHQ XVHG WR SHUIRUP D IHDVLELOLW\
DQDO\VLV IRU DQ LQWHUSODQHWDU\ PLVVLRQ WR 7LWDQ D 6DWXUQ¶V PRRQ DLPLQJ WR VWXG\ LWV JHRORJ\
DWPRVSKHUH DQG K\GURFDUERQ ODNHV E\ RUELWDO DQG LQVLWX LQYHVWLJDWLRQ 7KH ZKROH V\VWHP OLIH
F\FOHKDVEHHQFRQVLGHUHGLQFOXGLQJWKHRSHUDWLRQVVLQFHWKHEHJLQQLQJRIWKHGHVLJQSKDVHVDQG
LQYHVWLJDWLQJ WKH V\VWHP DUFKLWHFWXUH LQ WHUPV RI V\VWHP IXQFWLRQV IRUPV DQG WKHLU LQWHUIDFHV
7KHUHIRUH GLIIHUHQW V\VWHP FULWLFDOLWLHV KDYH EHHQ VROYHG WKURXJK D WUDGHVSDFH H[SORUDWLRQ
OHDGLQJWRDQRSWLPL]HGVROXWLRQLQWHUPVRIV\VWHPUHTXLUHPHQWVDQGQRWLQWXLWLYHVROXWLRQV7KLV
PHWKRGRORJ\HQKDQFHVWKHLQWULQVLFEHQHILWVRI&(DERXWWKHH[FKDQJHDQGVKDULQJRILQIRUPDWLRQ
RU GDWD EHWZHHQ GHVLJQHUV V\VWHP FRPSOH[LW\ PDQDJHPHQW UHTXLUHPHQWV GHILQLWLRQ VROXWLRQV
FKRLFHVWUDFNLQJFRPSOLDQFHRIV\VWHPSHUIRUPDQFHWRFXVWRPHUH[SHFWDWLRQVZKLOHUHGXFLQJWKH
GHVLJQHIIRUW
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COMPARATIVE ANALYSIS OF GENETIC CROSSOVER
OPERATORS FOR THE OPTIMIZATION OF IMPULSIVE
MULTI-RENDEZVOUS TRAJECTORIES



$=DYROL /)HGHULFL%%HQHGLNWHU*&RODVXUGR


'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ6DSLHQ]D8QLYHUVLW\RI5RPH9LD
(XGRVVLDQD5RPH,WDO\
*DOHVVDQGUR]DYROL#XQLURPDLW

ABSTRACT
This paper investigates the use of a genetic algorithm for the optimization of an impulsive multirendezvous trajectory. The aim is to minimize the overall mission
, while performing a
complete tour of a prescribed set of targets, which move on the same orbital plane at slightly
different altitudes. A sub-optimal four-impulse strategy is proposed for rapidly evaluating the
cost of each leg connecting two assigned consecutive targets. The genetic algorithm is exploited
to define the optimal target sequence with encounter times discretized over an assigned time
grid. The solution is encoded as an augmented-size permutation, allowing for a finer time
discretization. Several permutation-preserving crossover operators are considered in the
present work. Their effectiveness for the impulsive multi-rendezvous mission is investigated by
means of a thorough analysis.
Keywords:*HQHWLF$OJRULWKP0XOWLUHQGH]YRXV2SWLPL]DWLRQ,PSXOVLYHWUDQVIHU
1

,1752'8&7,21

7KHPXOWLWDUJHWUHQGH]YRXVSUREOHPLVJUDGXDOO\LQFUHDVLQJLQSRSXODULW\ZLWKLQWKHDHURVSDFH
FRPPXQLW\7\SLFDORSHUDWLRQDOVFHQDULRVLQYROYHUHIXHOLQJRUVHUYLFLQJRI*(2VDWHOOLWHVDQG
$FWLYH 'HEULV 5HPRYDO $'5  7KH ODWWHU FDVH LV RI SDUWLFXODU LPSRUWDQFH GXH WR WKH KXJH
DPRXQW RI RUELWLQJ ZUHFNDJH 7KH VHDUFK IRU WKH PLQLPXPIXHO WUDMHFWRU\ LV WKXV GHHPHG
PDQGDWRU\ 7KLV SDSHU LQYHVWLJDWHV WKH RSWLPL]DWLRQ RI DQ LPSXOVLYH PXOWLUHQGH]YRXV
WUDMHFWRU\7KHDLPLVWRPLQLPL]HWKHPLVVLRQRYHUDOO ZKLOHSHUIRUPLQJDFRPSOHWHWRXURI
DSUHVFULEHGVHWRIWDUJHWVZKLFKPRYHRQWKHVDPHRUELWDOSODQHDWVOLJKWO\GLIIHUHQWDOWLWXGHV
6HYHUDO RSWLPL]DWLRQPHWKRGVKDYHEHHQSURSRVHGIRUVROYLQJWKHVLQJOHWDUJHW WLPH
IL[HG UHQGH]YRXV DVVXPLQJ HLWKHU ILQLWH RU LPSXOVLYH WKUXVW 7KH H[WHQVLRQ WR D VHULHV RI
FRQVHFXWLYHUHQGH]YRXVLQWURGXFHVDFRPELQDWRULDODVSHFWFRQFHUQLQJWKHGHWHUPLQDWLRQRIWKH
RSWLPDO SHUPXWDWLRQ RI WKH WDUJHW VHTXHQFH ZKLFK GUDVWLFDOO\ PXWDWHV WKH SUREOHP QDWXUH
PDNLQJLWVLPLODUWRWKHZHOOVWXGLHG7UDYHOLQJ6DOHVPDQ3UREOHP 763 +RZHYHUWKHPXOWL
UHQGH]YRXVSUREOHPLVIDUPRUHFRPSOH[DVWKHFRVWDVVRFLDWHGZLWKWUDYHOLQJEHWZHHQDQ\WZR
WDUJHWVFKDQJHVZLWKWLPHGXHWRWKHRUELWDOPRWLRQ'HWHUPLQLVWLFDOJRULWKPVIRUFRPELQDWRULDO
RSWLPL]DWLRQVXFKDVH[KDXVWLYHVHDUFKRUEUDQFKDQGERXQG>@SURYHGWREHHIIHFWLYHRQO\
RQ VPDOOVL]H SUREOHPV GXH WR WKH course of dimensionality 2Q WKH RWKHU KDQG VWRFKDVWLF
DSSURDFKHVVXFKDV7DEX6HDUFK$QW&RORQ\2SWLPL]DWLRQ>@DQG*HQHWLF$OJRULWKP>@DUH
IUHTXHQWO\ HPSOR\HG DV WKH\ SHUPLW WR ILQG VXERSWLPDO VROXWLRQV LQ D UHDVRQDEOH OLPLWHG
DPRXQWRIWLPHHYHQLQFDVHRIODUJHSUREOHPLQVWDQFHV
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$*HQHWLF$OJRULWKPLVKHUHSURSRVHGLQRUGHUWRILQGWKHPLQLPXPIXHOFRPSOHWHWRXU
RIDSUHVFULEHGVHWRIREMHFWVZLWKHQFRXQWHUWLPHVGLVFUHWL]HGRYHUDQDVVLJQHGWLPHJULG$
SHFXOLDU DXJPHQWHGVL]H SHUPXWDWLRQEDVHG HQFRGLQJ LV DGRSWHG WKDW JXDUDQWHHV ERWK WKH
LQWULQVLFFRPSOHWHQHVVRIWKHWRXUDQG SRVVLEO\ DILQHWLPHGLVFUHWL]DWLRQ7KHHIIHFWLYHQHVVRI
WKH DOJRULWKP LV WLHG WR WKH DGRSWHG FURVVRYHU RSHUDWRU WKDW FUHDWHV QHZ LQGLYLGXDOV DV D
VWRFKDVWLFFRPELQDWLRQRIWKHH[LVWLQJRQHV)RXUSHUPXWDWLRQSUHVHUYLQJFURVVRYHURSHUDWRUV
DUH FRQVLGHUHG 7KHLU HIIHFWLYHQHVV IRU WKH RSWLPL]DWLRQ RI D PXOWLUHQGH]YRXV WUDMHFWRU\ LV
LQYHVWLJDWHGE\PHDQVRIDWKRURXJKDQDO\VLVRQDVHWRIEHQFKPDUNSUREOHPVLQYROYLQJXSWR
WDUJHWV
2

PROBLEM STATEMENT

/HW XV FRQVLGHU D FKDVHU VSDFHFUDIW DQG D VHW RI  SUHVFULEHG WDUJHWV WKDW PRYH RQ FLUFXODU
FRSODQDURUELWVXQGHUD.HSOHULDQG\QDPLFDOPRGHO7KHLQLWLDOSRVLWLRQRIWKHFKDVHUDQGWKRVH
RIWKHWDUJHWVDUHDVVLJQHG7KHJRDOLVWRGHVLJQDQLPSXOVLYHPLQLPXP PXOWLUHQGH]YRXV
WUDMHFWRU\ WKDW DOORZV WKH FKDVHU WR SHUIRUP D FRPSOHWH WRXU RI WKH SUHVFULEHG VHW RI WDUJHWV
ZLWKLQDVSHFLILHGPD[LPXPWLPHOHQJWK RIWKHHQWLUHPLVVLRQ
7KHGHVLJQRIDPXOWLUHQGH]YRXVWUDMHFWRU\LQYROYHVWKHVLPXOWDQHRXVRSWLPL]DWLRQRI
LQWHJHUYDULDEOHV GHILQLQJWKHHQFRXQWHUVHTXHQFH DQGUHDOYDOXHYDULDEOHV UHODWHGWRWKHIXOO
RSWLPL]DWLRQRIHDFKERG\WRERG\WUDQVIHUVXFKDVSRVLWLRQDQGPDJQLWXGHRIWKHPDQHXYHUV 
KHQFHWKHQDPH0L[HG,QWHJHU1RQOLQHDU3URJUDPPLQJ 0,1/3 SUREOHP%HLQJDQ13KDUG
SUREOHPQRGHWHUPLQLVWLFDOJRULWKPH[LVWVIRUILQGLQJWKHRSWLPDOVROXWLRQLQSRO\QRPLDOWLPH
$VWKHSUREOHPGLPHQVLRQLQFUHDVHVHYHQDWWDLQLQJDJRRGVXERSWLPDOVROXWLRQPD\EHFRPH
SURKLELWLYHGXHWRWKHJURZWKRIWKHUHTXLUHGFRPSXWDWLRQDOWLPH
$ FRPPRQ DSSURDFK LQYROYHV D ELOHYHO IRUPXODWLRQ RI WKH SUREOHP WKDW DLPV DW
LVRODWLQJL DQRXWHUOHYHOSUREOHPFRQFHUQLQJWKHGHILQLWLRQRIWKHHQFRXQWHUVHTXHQFHDQGD
SRVVLEO\URXJK HYDOXDWLRQRIWKHHSRFKVDWHDFKHQFRXQWHUZKLOHGHWDLOVRIWKHERG\WRERG\
WUDQVIHU OHJ DUH QHJOHFWHG LL  DQ LQQHUOHYHO SUREOHP GHDOLQJ ZLWK WKH RSWLPL]DWLRQ RI HDFK
ERG\WRERG\WUDQVIHUZLWKIXOOGHWDLOVXQGHUWKHDVVXPSWLRQWKDWGHSDUWXUHDQGDUULYDOERGLHV
KDYHEHHQVHOHFWHG
$VVXPLQJWKDWDKHXULVWLFH[LVWVIRUDUHDVRQDEOHHVWLPDWHRIWKHWUDQVIHUFRVWZLWKRXW
VROYLQJWKHIXOORSWLPL]DWLRQSUREOHPWKHWZRSUREOHPVFDQEHVROYHGVHTXHQWLDOO\:KLOHWKH
LQQHUORRSSUREOHPKDVEHHQGHHSO\LQYHVWLJDWHG>@WKHFRPELQDWRULDO RUWRXULQJ SUREOHP
KDV EHHQ ORQJ RYHUORRNHG 7HQWDWLYH VHTXHQFHV DUH XVXDOO\ SURGXFHG E\ WULDO DQG HUURU
SURFHGXUHVRURQWKHEDVLVRIWKHXVHUV¶H[SHULHQFH,QVWHDGDV\VWHPDWLFSURFHGXUHWKDWVROYHV
WKHWRXULQJSUREOHPLVKHUHLQYHVWLJDWHG
2.1

Outer-Level Combinatorial problem

7KLVVHFWLRQSUHVHQWVWZRIRUPXODWLRQVRIWKHWRXULQJSUREOHP$UHOD[HGIRUPXODWLRQQDPHG
Time-Fixed Time-Uniform TourLVGHULYHGILUVWXQGHUWKHDVVXPSWLRQWKDWWKHGXUDWLRQRIDOO
7KHSUREOHPUHGXFHV
WUDQVIHUVLVH[DFWO\WKHVDPH7KHHQFRXQWHUHSRFKVDUHWKXV
WRWKHVHDUFKIRUWKHSHUPXWDWLRQ
RIWKHWDUJHWVHTXHQFHWKDWPLQLPL]HV
WKHRYHUDOOPLVVLRQFRVW


PLQ


ZKHUH
LQGLFDWHVWKHFRVWDVVRFLDWHGWRWKHWUDQVIHUIURPDWDUJHW WRDWDUJHW 
DQGDUULYLQJDWWLPH  UHIHUVWRWKHFKDVHU
GHSDUWLQJDWWLPH
$VHFRQGIRUPXODWLRQQDPHGTime-Fixed Time-Discrete TourDVVXPHVWKDWHQFRXQWHU
HSRFKVWDNHYDOXHVRYHUDILQHU\HWGLVFUHWHWLPHJULG
ZLWK
DQG
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WKHQXPEHURIGLYLVLRQVLQWURGXFHGLQWRHDFKRIWKHSUHYLRXVO\FRQVLGHUHGWLPHVORW1RZ
ERWKWKHWDUJHWVHTXHQFHDQGWKHORFDWLRQRIWKHHQFRXQWHUHSRFKVRYHUWKHJULGDUHVHDUFKHGIRU
+RZHYHU DOO GHFLVLRQ YDULDEOHV FDQ EH FROODSVHG LQWR ³RQH´ GHFLVLRQ YDULDEOH WKDW LV D
ZLWKDQXPEHURIHOHPHQWVHTXDOWRWKH GLVFUHWH QXPEHURIDYDLODEOH
SHUPXWDWLRQ
HQFRXQWHUHSRFKV 3HUPXWDWLRQHOHPHQWVRIYDOXHJUHDWHUWKDQ DUHFRQVLGHUHGDVEODQNV
7KHRUGHURIQRQEODQNHOHPHQWVSURYLGHVWKHHQFRXQWHUVHTXHQFH ZKLOHWKHLUSRVLWLRQUHYHDOV
DYHFWRURIHQFRXQWHUHSRFKV
ZKHUHWKHHOHPHQW LVWKHDUULYDOHSRFKDWWKH
ERG\ 7KHWLPHIL[HGWLPHGLVFUHWHWRXUSUREOHPFDQEHWKXVZULWWHQDV

PLQ




ZKHUH
GHQRWHVWKH FRVW IRUPRYLQJIURPERG\ WR ERG\  ZLWK GHSDUWXUH
HSRFK DQGDUULYDOHSRFK
DQG
LVWKHWLPHXQLWRIWKHWLPHJULG7KLV
IRUPXODWLRQSHUPLWVGLIIHUHQWWLPHOHQJWKVIRUHDFKUHQGH]YRXVPDQHXYHU7KHJURZWKLQWKH
SUREOHPFRPSOH[LW\LVUHZDUGHGE\DQLQFUHDVHGFDSDELOLW\RIDWWDLQLQJDVROXWLRQFORVHUWRWKH
RSWLPXPRIWKHFRPSOHWH0,1/3SUREOHP
2.2

Cost Estimate for a Single Rendezvous Leg

$ VLPSOH VWUDWHJ\ LV KHUH SURSRVHG IRU FRPSXWLQJ DQ XSSHUERXQG  HVWLPDWH RI WKH 
DVVRFLDWHGWRDQ\WUDQVIHUOHJZLWKGHSDUWXUHDQGDUULYDOERGLHVIO\LQJRQFLUFXODURUELWVZKHQ
UHQGH]YRXV HSRFKV DUH DVVLJQHG ,I GHSDUWXUH DQG DUULYDO RUELWV DUH QRW WRR IDU DSDUW WKH
PLQLPXP  VROXWLRQ LV UHSUHVHQWHG E\ D +RKPDQQ WUDQVIHU SRVVLEO\ SUHFHGHG DQGRU
IROORZHG E\ FRDVWLQJ DUFV RQ GHSDUWXUHDUULYDO RUELWV ZKLFK DOORZ IRU WKH FRUUHFW SKDVLQJ
EHWKHWUXHDQRPDO\DWWLPH RI
UHTXLUHGE\WKLVNLQGRIPDQHXYHU/HW  UHVSHFWLYHO\
WKH GHSDUWXUH UHVSHFWLYHO\ DUULYDO  ERG\ ZKLFK IOLHV RQ FLUFXODU RUELWV RI UDGLXV 
UHVSHFWLYHO\ 7KHGXUDWLRQRIWKHLQLWLDOFRDVWLQJWKDWLVWKHWLPH
UHTXLUHGWRDWWDLQ
WKH FRUUHFW SKDVH
 EHWZHHQ GHSDUWXUH DQG DUULYDO ERG\ IRU WKH +RKPDQQ
WUDQVIHUFDQEHHYDOXDWHGDV

LI



LI

ZLWK

RSHUDWRU UHSUHVHQWVWKHIORRUIXQFWLRQ
ZLWKWKHVXPRIWKHZDLWLQJ
%\FRPSDULQJWKHDYDLODEOHPD[LPXPWUDQVIHUWLPH
WLPH
 SOXV WKH WLPH VSHQW RQ WKH +RKPDQQ WUDQVIHU
 RQH REWDLQV D
FRQGLWLRQIRUWKH+RKPDQQDYDLODELOLW\



RIWKH+RKPDQQ
,I(T  KROGVWKHFRVWRIWKHWUDQVIHUOHJLVHDVLO\HYDOXDWHGDVWKH
WUDQVIHU ,I WKH +RKPDQQ WUDQVIHU LV QRW SRVVLEOH D VXERSWLPDO PLVVLRQ VFKHPH WKDW IDLUO\
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DSSUR[LPDWHV WKH RSWLPDO WUDMHFWRU\ RI D VLQJOHUHQGH]YRXV PLVVLRQ REWDLQHG E\ DQ LQGLUHFW
PHWKRG >@ LV DGRSWHG 7KH PDQHXYHULQJ VSDFHFUDIW LV LQMHFWHG LQWR D FLUFXODU LQWHUQDO RU
H[WHUQDO ZDLWLQJRUELWRIUDGLXV ZLWKDQ+RKPDQQWUDQVIHURIVHPLPDMRUD[LV
DQGGXUDWLRQ
LQRUGHUWRDGMXVWLWVSKDVHZLWKUHVSHFWWRWKHWDUJHW
DQGGXUDWLRQ
ERG\$VHFRQG+RKPDQQWUDQVIHUZLWKVHPLPDMRUD[LV
 LV WKHQ XVHG WR FORVH WKH UHQGH]YRXV 7KH UHQGH]YRXV HTXDWLRQ ZKLFK
LPSRVHVWKHHTXDOLW\RIFKDVHUDQGWDUJHWSRVLWLRQDWWKHHQGRIWKHPDQHXYHULVHQIRUFHG



ZLWK

7KLVQRQOLQHDUHTXDWLRQLQ DGPLWVDIDPLO\RIVROXWLRQVSDUDPHWHUL]HGE\

WKDWUHSUHVHQWVWKHQXPEHURIDGGLWLRQDOUHYROXWLRQVSHUIRUPHGE\WKHPDQHXYHULQJVSDFHFUDIW
ZLWK UHVSHFW WR WKH WDUJHW +RZHYHU ZH DUH LQWHUHVWHG WR WKH PLQLPXP  VROXWLRQ RQO\
WKHUHIRUHZHFDQVDIHO\UHVWULFWRXUVHDUFKWRWKHFDVHVFRUUHVSRQGLQJWRWKHODUJHVWLQQHURUELW
DQGWKHVPDOOHVWH[WHUQDORUELW
'HSHQGLQJRQWKHLQLWLDOSKDVLQJRIWKH
WZR ERGLHV WKH UHODWLYH RUELWDO YHORFLW\ DQG WKH DOORZHG PD[LPXP WUDYHO WLPH HLWKHU WKH
LQWHUQDORUWKHH[WHUQDOVROXWLRQPLJKWEHWKHEHVWRQH%RWKVROXWLRQVDUHWKXVHYDOXDWHGDQG
FRPSDUHGZLWKHDFKRWKHUWKHRQHZLWKWKHORZHUFRVWLVUHWDLQHGDQGWKHFRUUHVSRQGLQJ LV
XVHGDVHVWLPDWH:KHQFRPSDUHGZLWKWKHRSWLPDOVROXWLRQSURYLGHGE\DIXOORSWLPL]DWLRQ
GLIIHUHQFHVLQ DUHW\SLFDOO\LQWKHUDQJHRI
ZLWKDIHZSHDNVDW
ZKHQWKH
WUDYHOWLPHVEHFRPHVWRRVKRUWIRUWKLVPLVVLRQVFKHPHWREHRSWLPDO
3

OPTIMIZATION ALGORITHM

*HQHWLF DOJRULWKPV DUH ZHOONQRZQ SRSXODWLRQEDVHG PHWDKHXULVWLF WHFKQLTXHV LQVSLUHG E\
QDWXUDO HYROXWLRQ >@ 7KH\ KDYH EHHQ VXFFHVVIXOO\ DSSOLHG WR D ZLGH UDQJH RI UHDOZRUOG
SUREOHPVRIVLJQLILFDQWFRPSOH[LW\$EULHIRYHUYLHZRIWKHDOJRULWKPLVKHUHSUHVHQWHG
$WWKHEHJLQQLQJDQLQLWLDOpopulationWKDWLVDFROOHFWLRQRIVROXWLRQV RIWHQUHIHUUHG
DV individuals RU chromosomes  LV UDQGRPO\ JHQHUDWHG ZLWK DQ DWWHPSW WR FRYHU WKH VHDUFK
VSDFHDVEHVWDVSRVVLEOH$WHDFKLWHUDWLRQ LHgeneration WKHILWQHVVRIHDFKLQGLYLGXDOLQ
WKH SRSXODWLRQ LV HYDOXDWHG 7KHQ D PDWLQJ SRSXODWLRQ LV FUHDWHG E\ VHOHFWLQJ D QXPEHU RI
LQGLYLGXDOV IURP WKH FXUUHQW SRSXODWLRQ DFFRUGLQJ WR D selection operator ZKLFK WULHV WR
SURPRWHLQGLYLGXDOVZLWKDJRRGILWQHVVZLWKRXWVDFULILFLQJGLYHUVLW\WRRPXFK$stochastic
tournamentLVXVHGLQWKHSUHVHQWDSSOLFDWLRQ1H[WSDLUVRILQGLYLGXDOV parents DUHUDQGRPO\
FKRVHQIURPWKHPDWLQJ SRSXODWLRQDQGFRPELQHGIRUSURGXFLQJQHZVROXWLRQV offspringRU
children DFFRUGLQJWRDcrossoverUXOH7KHXQGHUO\LQJLGHDLVWKDWFRPELQLQJJRRGVROXWLRQV
LQVRPHZD\DOORZVWRFUHDWHQHZDQGKRSHIXOO\EHWWHUVROXWLRQV7KHSURFHVVLVUHSHDWHGXQWLO
DQHZSRSXODWLRQ XVXDOO\ZLWKWKHVDPHGLPHQVLRQRIWKHSUHYLRXVRQH LVFUHDWHG$WWKLVSRLQW
D IHZ UDQGRPO\FKRVHQ LQGLYLGXDOV RI WKH RIIVSULQJ SRSXODWLRQ XQGHUJR D mutation SURFHVV
ZLWKWKHDLPRILQFUHDVLQJWKHSRSXODWLRQGLYHUVLW\7KLVQHZSRSXODWLRQHYHQWXDOO\UHSODFHV
WKHSUHYLRXVRQHDQGWKHSURFHVVLVUHSHDWHGXQWLOVRPHWHUPLQDWLRQFULWHULRQ HJPD[LPXP
QXPEHURIJHQHUDWLRQV KDVEHHQPHW$VDPLQRU\HWLPSRUWDQWWZHDNelitismLVHQIRUFHGWKDW
LVDWWKHHQGRIHDFKJHQHUDWLRQWKH EHVWLQGLYLGXDOVRIWKHSDUHQWSRSXODWLRQDUHFRSLHG
LQWRWKHRIIVSULQJSRSXODWLRQWKXVSUHVHUYLQJWKHEHVWVROXWLRQVIURPEHLQJDFFLGHQWDOO\ORVWLQ
WKHHYROXWLRQSURFHVV:KLOHVHOHFWLRQRSHUDWRUVDUHXVXDOO\SUREOHPLQGHSHQGHQWFURVVRYHU
DQGPXWDWLRQRSHUDWRUVDUHWLJKWO\UHODWHGWRWKHDGRSWHG encodingWKDWLVWKHZD\WKHUHDO
ZRUGSUREOHPLVGHVFULEHGLQWHUPVRIQXPHULFDOYDULDEOHV
7KHSHUPXWDWLRQHQFRGLQJKHUHDGRSWHGPDWFKHVWKHIRUPXODWLRQGHYHORSHGLQ6HFWLRQ
 (DFK LQGLYLGXDO LV D SHUPXWDWLRQ  RI VL]H   JHQHV WDNH LQWHJHU YDOXHV LQ WKH UDQJH
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 DQG WZR JHQHV RI WKH VDPH LQGLYLGXDO FDQQRW KDYH WKH VDPH YDOXH 6SHFLDO
SHUPXWDWLRQSUHVHUYLQJ FURVVRYHU RSHUDWRUV DUH UHTXLUHG $ IHZ RSHUDWRUV GHYHORSHG LQ WKH
FRQWH[W RI WKH 763 DUH KHUH FRQVLGHUHG WKDW LV 1RQ:UDSSLQJ 2UGHU &URVVRYHU 3DUWLDOO\
0DWFKHG&URVVRYHUDQG&\FOH&URVVRYHU3HUPXWDWLRQSUHVHUYLQJPXWDWLRQDUHDOVRQHHGHG
DQG WKHLU LPSDFW RQ WKH HIIHFWLYHQHVV RI WKH DOJRULWKP VKRXOG QRW EH XQGHUHVWLPDWHG ,Q WKH
SUHVHQWDSSOLFDWLRQDUHYHUVHPXWDWLRQRSHUDWRULVDGRSWHGZKHQHYHUDQLQGLYLGXDO PXVWEH
LVFUHDWHGDVD
PXWDWHGWZRLQGLFHV
DUHUDQGRPO\FKRVHQDQGWKHQHZLQGLYLGXDO
FRS\RIWKHRULJLQDORQHEXWIRUWKHJHQHVIURP WR WKDWDUHFRSLHGLQDUHYHUVHGRUGHU
3.1

Crossover Operators

)RXUSHUPXWDWLRQFURVVRYHURSHUDWRUVDUHFRQVLGHUHGLQWKHSUHVHQWVWXG\/HW DQG EHWKH
ILUVWDQGVHFRQGSDUHQWUHVSHFWLYHO\DQG DQG WKHILUVWDQGVHFRQGFKLOGUHVSHFWLYHO\
7KH2UGHU&URVVRYHU 2; LV DVLPSOHVWURQJO\ RUGHUEDVHGSHUPXWDWLRQFURVVRYHU
%DVLFDOO\DFXWRI UDQGRPO\VHOHFWHG FRQVHFXWLYHYDOXHVLVWDNHQIURP DQGSRVLWLRQHGDW
WKHEHJLQQLQJRI 7KHUHVWRI LVILOOHGE\SLFNLQJWKHUHPDLQLQJYDOXHVIURP LQWKHVDPH
RUGHUDVWKH\DSSHDULQLW7KHVHFRQGFKLOG LVJHQHUDWHGE\IOLSSLQJWKHUROHRI DQG $
YDULDWLRQ RI 2; FDOOHG 1RQ:UDSSLQJ 2UGHU &URVVRYHU 1:2;  KDG EHHQ GHVLJQHG E\
&LFLUHOOR>@LQRUGHUWRDGGWR2;WKHORFDWLRQPDLQWDLQLQJFKDUDFWHULVWLFW\SLFDORISRVLWLRQ
EDVHGRSHUDWRUV7KHGLIIHUHQFHZLWK2;LVWKDWLQ1:2;WKHVHOHFWHGVXEVWULQJRIFRQVHFXWLYH
YDOXHVIURP LVFRSLHGLQ PDLQWDLQLQJWKHVDPHSRVLWLRQLQWKHVWULQJ
7KH3DUWLDOO\0DWFKHG&URVVRYHU 30; E\*ROGEHUJ>@DLPVDWSUHVHUYLQJERWKWKH
RUGHUDQGSRVLWLRQRIDVPDQ\HQWULHVDVSRVVLEOHIURPWKHSDUHQWLQGLYLGXDOV$QRIIVSULQJLV
FUHDWHGVWDUWLQJIURPDVXEVWULQJ RUcut RIWKHSDUHQW LQWKHVDPHIDVKLRQDVLQD1:2;
7KHUHPDLQLQJHQWULHVDUHWDNHQIURP (QWULHVQRWDSSHDULQJLQWKHFXWDUHNHSWLQWKHVDPH
SRVLWLRQDVWKH\DSSHDULQ (OHPHQWVDOUHDG\SUHVHQWLQWKHFXWDUHPDUNHGDVFRQIOLFWVDQG
VROYHGE\FRS\LQJLQWKHFKLOGWKHHOHPHQWRI LQWKHSRVLWLRQWKDWWKHFRQIOLFWLQJHOHPHQWKDV
LQ $UHPDUNDEOHYDULDQWRIWKLVDOJRULWKPLVWKHXQLIRUP30; X30; ZKHUHWKHVXEVWULQJ
WDNHQIURP LVFRPSRVHGE\QRQDGMDFHQWYDOXHVXQLIRUPO\GLVWULEXWHGLQ VWULQJ
7KH&\FOH&URVVRYHU &; RSHUDWRUZRUNVE\LGHQWLI\LQJDcycleEHWZHHQWKHYDOXHVLQ
WKHWZRSDUHQWLQGLYLGXDOV&\FOHVDUHQRQFRQWLJXRXVFXWVRIPLQLPXPOHQJWKFUHDWHGVRWKDW
 DQG  VKDUH WKH VDPH VHW RI HOHPHQWV DOEHLW SHUPXWDWHG  LQ HDFK F\FOH $Q RSHUDWLYH
SURFHGXUHWRHYDOXDWHWKHF\FOHVLVSURSRVHGLQ>@2QFHWKHSDUHQWVKDYHEHHQSDUWLWLRQHGE\
D ILQLWH QXPEHU RI F\FOHV D FKLOG LV FUHDWHG E\ XVLQJ HOHPHQWV DV WKH\ DSSHDU LQ WKH F\FOHV
DOWHUQDWLQJSDUHQW DQGSDUHQW DVGRQRU
4

NUMERICAL RESULTS

$FRPSDUDWLYHDQDO\VLVKDVEHHQFDUULHGRXWLQRUGHUWRDVVHVVWKHHIIHFWLYHQHVVRIWKHSURSRVHG
JHQHWLFRSHUDWRUVIRUWKHWRXULQJSUREOHPVWDWHGLQ6HFWLRQ$SUHOLPLQDU\EDWWHU\RIWHVWVKDV
EHHQSHUIRUPHGIRUWXQLQJWKH*$K\SHUSDUDPHWHUVWKDWLVFURVVRYHUSUREDELOLW\ PXWDWLRQ
SUREDELOLW\ SRSXODWLRQVL]H DQGQXPEHURIJHQHUDWLRQV $FFRUGLQJWRWKHDWWDLQHG



 KDYH EHHQ VHOHFWHG 7KH
UHVXOWV WKH YDOXHV
DOJRULWKP SHUIRUPDQFH DSSHDUV VXIILFLHQWO\ UREXVW WR VPDOO YDULDWLRQV RI WKHVH K\SHU
SDUDPHWHUV )XUWKHU UHVHDUFK PD\ KRZHYHU FRQVLGHU WKH HIIHFW RI WXQLQJ HDFK DOJRULWKP
VHSDUDWHO\
6HYHUDOPLVVLRQVFHQDULRVKDYHEHHQKHUHFRQVLGHUHGLQYROYLQJRUWDUJHWV
DQGDQXPEHURIWLPHGLYLVLRQVXSWR)RUHDFKFURVVRYHURSHUDWRULQGHSHQGHQWUXQVRIWKH
PLVVLRQXQGHULQYHVWLJDWLRQKDYHEHHQSHUIRUPHG$WWDLQHGUHVXOWV ZHUH DJJUHJDWHGDQGWKH
VWDWLVWLFVRILQWHUHVW VXFKDVPLQLPXPYDOXHPHDQDQGVWDQGDUGGHYLDWLRQ FRPSXWHG7KLV
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SURFHGXUHPLWLJDWHVWKHLQWULQVLFUDQGRPQHVVRIJHQHWLFDOJRULWKPV$VXPPDU\RIWKHDWWDLQHG
UHVXOWVLVSUHVHQWHGLQ7DEOH



8x1
8x2
8x3
10x1
10x2
10x3
12x1
12x2
12x3
15x1
15x2
15x3

Minimum
[m/s]
NWOX PMX uPMX















470.8

470.8



558.2

558.2
540.7
540.7


819.1
819.1
661.5
661.6







CX









819.1
661.6
658.7












8x1
8x2
8x3
10x1
10x2
10x3
12x1
12x2
12x3
15x1
15x2
15x3

NWOX




496.7


599.3





Mean
PMX

381.7

630.6

488.7


597.4
895.7
777.7


[m/s]
uPMX

381.7
345.8
630.6


701.6






CX

381.9

630.6







774.1

7DEOH5HVXOWVVXPPDU\

)LJXUHSUHVHQWVWKHHYROXWLRQSORWRIWKH[WRXUWKDWLVWKHEHVWDWWDLQHGVROXWLRQ
DYHUDJHG RYHU  UXQV DV WKH RSWLPL]DWLRQ SURJUHVVHV 7KH SLFWXUH ORRNV TXLWH VLPLODU IRU
1:2;30;DQG&;FURVVRYHU&;VKRZVDIDVWHUFRQYHUJHQFHUDWHEXWLWWHQGVWRJHWWUDSSHG
LQWRDORFDOPLQLPXPQHDUWKHRSWLPDOVROXWLRQWKHUHIRUHWKHORQJWHUPYDOXHRIHYROXWLRQFXUYH
LVZRUVHWKDQWKHRWKHUDOJRULWKPVX30;SUHVHQWVDVORZ\HWVWDEOHFRQYHUJHQFHUDWHXVXDOO\
SHUIRUPLQJZRUVHWKDQWKHVWDQGDUG30;(YHQWXDOO\HLWKHU1:2;RU30;DSSHDUVWREHWKH
VWURQJHVW FKRLFH ERWK H[KLELW D UDSLGO\ FRQYHUJLQJ EHKDYLRU DQG PRUH IUHTXHQWO\ DWWDLQ WKH
RSWLPDOVROXWLRQ
7KHLPSRUWDQFHRIDILQHUWLPHJULGGLVFUHWL]DWLRQLVKLJKOLJKWHGLQ)LJXUHWKDWSUHVHQWV
WKH FKDVHU WUDMHFWRU\ LQ D UDGLXVWLPH SODQH IRU WKH EHVWIRXQG VROXWLRQV RI WKH [ DQG [
PLVVLRQ$QRYHUDOOUHGXFWLRQLQWKHPLVVLRQFRVWLVDWWDLQHGE\SHUIRUPLQJDPRUHDSSURSULDWH
VL]LQJRIWKHWLPHZLQGRZDOORFDWHGIRUHDFKOHJVKRUWHQLQJRUH[WHQGLQJOHJVDVQHHGHG0RUH
SUHFLVHO\LQWKH[PLVVLRQWKHFKDVHUPRYHVILUVWWRWKHRXWHURUELW UHSUHVHQWHGE\WKHWDUJHW
 DQGVXEVHTXHQWO\SHUIRUPVDVHTXHQFHRIFDSWXUHVRIWDUJHWVLQRUGHURIGHFUHDVLQJVHPL
PDMRUD[LVZLWKWKHRQO\H[FHSWLRQRIWKHOHJIURPWR2QWKHRWKHUVLGHWKHEHVWVROXWLRQ
RIWKH[PLVVLRQLVDWWDLQHGLIWKHFKDVHUPRYHVILUVWWRZDUGVWKHLQQHUPRVWRUELW  7KHQ
WDUJHWVDUHWDNHQDOWHUQDWLQJLQFUHDVHDQGGHFUHDVHRIHQHUJ\ZLWKWKHRQO\DSSDUHQWSXUSRVHRI
VDYLQJWLPHZKLFKLVXVHGWRFRQWDLQWKHFRVWRIWKHODVWPDQHXYHU ZKLFKWDNHVDOPRVWKDOIRI
WKHPLVVLRQWLPH 
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)LJXUH(YROXWLRQSORWIRUWKH[WRXU7KH%HVWILWQHVVYDOXHIRUHDFKDOJRULWKPDYHUDJHGRYHU
LVUHSRUWHGDJDLQVWWKHJHQHUDWLRQQXPEHU


)LJXUH5DGLXVUYVWLPHWIRUWKH[VROXWLRQ

5

CONCLUSIONS

7KLVSDSHULQYHVWLJDWHVWKHHIIHFWLYHQHVVRIJHQHWLFDOJRULWKPIRUWKHRSWLPL]DWLRQRIDPXOWL
UHQGH]YRXVWUDMHFWRU\RIDFKDVHUVSDFHFUDIWYLVLWLQJDOOWKHREMHFWVLQDSUHVFULEHGVHW7KHJRDO
LVWRPLQLPL]HWKHRYHUDOOSURSHOODQWFRQVXPSWLRQZKLOHFRPSOHWLQJWKHWRXUZLWKLQDJLYHQ
DPRXQW RI WLPH $ VLPSOH VXERSWLPDO DQDO\WLF VROXWLRQ RI WKH VLQJOHWDUJHW UHQGH]YRXV
SUREOHPZDVDGRSWHGDVKHXULVWLFIRUDIDVWHYDOXDWLRQRIWKH DVVRFLDWHGWRHDFKOHJZLWKRXW
VWXG\LQJ LW LQ IXOO GHWDLOV 7KH SUREOHP LV WKXV IRUPXODWHG DV D FRPELQDWRULDO SUREOHP
FRQFHUQLQJ WKH GHILQLWLRQ RI WKH RSWLPDO HQFRXQWHU VHTXHQFH WRJHWKHU ZLWK D SUHOLPLQDU\
HYDOXDWLRQRIWKHHSRFKVDWHDFKHQFRXQWHUWKDWPD\WDNHYDOXHVRQO\RQDSUHOLPLQDU\GHILQHG
WLPHJULG
,QJHQHWLFDOJRULWKPWKHDSSURSULDWHFKRLFHRIWKHFURVVRYHURSHUDWRUZLOOGLUHFWO\DIIHFW
WKHDELOLW\RIWKHDOJRULWKPWRVHDUFKIRUWKHEHVWVROXWLRQ$QH[SHULPHQWDOVWXG\RIDVHWRI
SHUPXWDWLRQSUHVHUYLQJFURVVRYHURSHUDWRUVQDPHO\1RQ:UDSSLQJ2UGHU&URVVRYHU3DUWLDOO\
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0DWFKHG &URVVRYHU 8QLIRUP 3DUWLDOO\ 0DWFKHG &URVVRYHU DQG &\FOH &URVVRYHU KDV EHHQ
SHUIRUPHGIRUDVVHVVLQJWKHLUUHODWLYHHIIHFWLYHQHVVIRUVROYLQJWKHSUREOHPDWKDQG
%RWKWKH1RQ:UDSSLQJ2UGHU&URVVRYHU1:2;DQGWKH3DUWLDOO\0DWFKHG&URVVRYHU
30;UDQNHGFRQVLVWHQWO\EHWWHUWKDQWKHRWKHUDOJRULWKPVWKHDGRSWLRQRIRQH RUERWK LVWKXV
VXJJHVWHG$VDQDOWHUQDWLYHWKH&\FOHFURVVRYHUPLJKWEHFRQVLGHUHGZKLFKIRXQGWKHEHVW
VROXWLRQ RI WKH PRVW GLIILFXOW SUREOHP LQVWDQFH KHUH FRQVLGHUHG WKDW LV WKH [ WRXU $
K\EULGL]DWLRQRIWKHVHFURVVRYHURSHUDWRUVPLJKWEHLQYHVWLJDWHGLQIXUWKHUUHVHDUFKDVZHOODV
DILQHUWXQLQJRIWKH*$K\SHUSDUDPHWHUV(YHQWXDOO\LWLVZRUWKQRWLQJWKDWWKHXVHRIDILQHU
WLPHGLVFUHWL]DWLRQJULGZKLFKSHUPLWVGLIIHUHQWWLPHOHQJWKVIRUHDFKUHQGH]YRXVPDQHXYHU
SURYHGWREHYHU\UHZDUGLQJOHDGLQJWRDQDYHUDJHUHGXFWLRQRI
LQWHUPVRIWKHRYHUDOO
PLVVLRQ 
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ABSTRACT
Euclid is an optical/near-infrared survey mission of the European Space Agency (ESA) to
investigate the nature of dark energy, dark matter and gravity.
The Euclid spacecraft mechanical architecture comprises the Payload Module (PLM) and the
Service Module (SVM) connected by an interface structure designed to maximize thermal and
mechanical decoupling.
This paper shortly illustrates the mechanical system of the spacecraft and the mechanical
verification philosophy which is based on the Structure and Thermal Model (STM) and the
Proto Flight Model (PFM). It will be submitted to a full proto-flight test approach and it will
be suitable for launch and flight operations. Within the overall verification approach crucial
mechanical tests have been successfully performed (2018) on the SVM platform and on the
sunshield (SSH) subsystem: the SVM platform static test, the SSH structure modal survey and
SSH sine vibration qualification test. The paper reports the objectives and the main results of
these tests.
Keywords: Euclid mission, spacecraft, mechanical verification, testing
1

INTRODUCTION - THE EUCLID MISSION

Euclid is an optical/near-infrared survey mission [1] of the European Space Agency (ESA) to
investigate the nature of dark energy, dark matter and gravity by observing the geometry of
the Universe and the formation of structures over cosmological timescales.
To accomplish the mission, ESA has selected Thales-Alenia Space (TAS Torino,
Italy) for the implementation phase of the spacecraft (S/C) and its Service Module (SVM);
Airbus Defence and Space (ADS Toulouse, France) for the Payload Module (PLM) and the
“Euclid Consortium” as the single team having the scientific responsibility of the mission
including the scientific instruments. Concerning the main sub-systems of the spacecraft, the
following industries have been selected: Airbus Defence and Space (ASE Madrid, Spain) as
responsible for the Service Module (SVM) platform structure and the spacecraft thermal
control; SpaceTech GmbH (Immenstaad, Germany) as responsible for the overall Sunshield
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(SSH) which includes the photovoltaic system; RUAG Schweiz AG (Zürich, Switzerland) as
responsible for the structure of the SSH.
Euclid spacecraft successfully passed its critical design review (CDR) in 2018. The
successful outcome of this major milestone provided the formal authorization to manufacture
the flight hardware and also provided full confidence that the science can be done. The
structural-thermal models (STMs) of the spacecraft were manufactured prior to CDR and the
qualification process started.
This paper provides a short overview of the mechanical architecture of the spacecraft
and the overall logic of the mechanical systems verification. Furthermore the objectives and
the main results of some significant mechanical tests, which have been performed in 2018 as a
prerequisite for the mechanical qualification of the full spacecraft, are reported.
2

SPACECRAFT MECHANICAL ARCHITECTURE

The Euclid spacecraft mechanical architecture (Figure 1) comprises the Payload Module and
the Service Module connected by an interface structure designed to maximize thermal and
mechanical decoupling. This interface consists of a quasi-isostatic mounting composed by
three equally spaced bipods.
The SVM mechanical architecture is inherited from the Herschel satellite design, with
a primary structure formed by the central thrust cone and eight shear panels. The SVM
platform supports the sunshield/solar array subsystem. The sunshield is mounted on the SVM
platform by means of two rods interfacing with the top of platform itself and two brackets
fixing the bottom of the sunshield structure.
The Service Module comprises the spacecraft subsystems supporting the payload
operation, hosts the payload warm electronics, and provides structural interfaces (I/F) to the
PLM, the SSH, and the launch vehicle. It is composed by a platform and the sunshield.
The Euclid PLM mainly consists of the three-mirror Korsch type telescope and of two
instruments, VIS and NISP, developed by the Euclid Consortium and delivered by ESA to the
industrial Prime Contractor as “customer furnished items”.
The Euclid SSH structure consists mainly of CFRP skinned aluminium honeycomb
sandwich panel and CFRP filament winding profiles. The overall design is shown in Figure 4.
A more detailed description of the mechanical architecture of the Euclid spacecraft is
reported in [2].
3

MECHANICAL LOADS VERIFICATION

The mechanical load specifications have been established starting from the Soyuz User’s
manual [3], where the basic requirements at spacecraft levels are reported and then followed
by a classical flow-down of requirements at lower levels of assembly. In particular the load
level specifications have been produced by means of SC system level analysis. More details
can be found in [2] and [4]. The mechanical verification philosophy is based on two models:
x The Structure and Thermal Model, built at flight standard, for structure and thermal
qualification. The S/C STM will be equipped with dummies or STMs of the
equipment and will include the SVM STM and the PLM STM.
x The Proto Flight Model, used to complete the qualification programme. It will be
submitted to a full proto-flight test approach and it will be suitable for launch and
flight operations.
For the Assembly, Integration, Verification and Testing aspects of the Euclid project, the
documents published by the ECSS have been applied or considered, in particular [5], [6] and
[7]. The Table 1 reports the relevant test matrix including the loads levels and durations.

869

Mechanical Verification of Euclid

Calvi, Bastia, Pérez Suárez, Neumann, Carbonell

Figure 1: (a): Euclid Mechanical Architecture 1; (b) Euclid STM spacecraft

The levels and durations of the S/C STM tests will be, respectively, qualification
levels (QL) and qualification duration (QD), to qualify the structure and to cope with the
launcher requirements. Since the PLM STM will become flight spare, the PLM vibration tests
were initially planned (and until spacecraft CDR) to be performed at acceptance duration.
This to preserve the lifetime of the structure. However at the time of the PLM STM
mechanical test campaign (April 2019), the evaluation of the PLM structural lifetime was
reassessed and the test duration revised in line with a full qualification approach.
Tests
Static Load
Sine Vibration (including Modal
Survey & Sine Burst for PLM STM)
Acoustic Noise
Launcher (LVA) Fit-check and
Separation Shock

STM

(P)FM

SVM
QL

SSH
--

PLM
--

S/C
--

SVM
--

SSH
--

PLM
--

S/C
--

--

QL/QD

QL/QD

QL/QD

--

--

QL/AD

AL/AD

--

--

QL/QD

QL/QD

--

AL/AD

QL/AD

AL/AD

--

--

--

X

--

--

--

X

Table 1: EUCLID Spacecraft Test Matrix (excerpt: mechanical loads tests; X = to be performed)

4

SERVICE MODULE PLATFORM STATIC LOADS TEST

4.1

Objectives

The static test of the SVM platform (Figure 2) has been performed (May 2018) to:
x Demonstrate that the structure is able to carry the qualification loads, as per applicable
specifications, without failure or degradation
x Verify the structural stiffness
x Verify the mathematical model
The overall test campaign included the following tests:
x Stiffness test, to verify the global stiffness. The following test cases have been
performed: Axial (R1) and Lateral (R2)
x Global strength test, to verify the load carrying capability (qualification loads). The
following test cases have been performed: Maximum Compression Flux (S11),
Maximum Axial Resultant (S12) and Maximum Tension Flux (S2)
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x

Local Strength Test, to verify the load carrying capability of the SVM platform main
structural interfaces (qualification loads). The following test cases have been
performed: Tank I/F (S3), SSH Main I/F (S4), SSH Strut I/F (S5), PLM I/F Tension
(S6), and PLM I/F Compression (S13)
In order to represent the actual item under test and the relevant test setup, a specific and
detailed FE model of the SVM platform has been developed. Specific FE models of the test
brackets have been also generated with the objective to improve the simulation of the load
application.
4.2

Test setup

For most of the test cases the structure was clamped at the Launch Vehicle Adapter (LVA)
ring interface. Figure 2 shows the test configuration (global cases), including the test jigs and
the actuators. The loads were applied at the main mechanical interfaces and measured by
force sensors connected to the actuators. The displacements were measured by displacement
transducers. Also, strain gauges were mounted at critical locations of the structure.
4.3

Test results and conclusions

All planned test cases have been performed and the structure has withstood the defined
qualification loads without failure or degradation. In particular the following conclusions can
be drawn:
x The structure of the SVM platform has been qualified under maximum tension and
maximum compression flux (44.56 N/mm and -57.25 N/mm respectively) at the
Lower Ring I/F.
x The structure is qualified under maximum axial force resultant (-136 kN), maximum
lateral force resultant (49 kN) and maximum bending moment resultant (56 kNm) at
the Lower Ring I/F.
x The main external I/Fs of the SVM platform structure have also been qualified, that is:
PLM I/F, SSH Main I/F, SSH Strut I/F, and Hydrazine Tank I/F
The results of the stiffness tests have shown that some refinements of the FE model were
needed. Some sensitivity analyses have been performed in order to improve the correlation of
the FE model with respect to both stiffness and strength test results and some changes in the
model have been implemented.
5

SUNSHIELD STRUCTURE MODAL SURVEY TEST

5.1

Test objectives

The modal survey test of the sunshield structure was performed at RUAG facility in Zürich
(Switzerland) from February 27th to March 3th 2018. The objective of the test was to obtain
the modal properties, i.e. natural frequencies, mode shapes and modal damping, of the
structure under test. These values were needed to perform a modal correlation with an existing
FE model. The frequency range analysed was from 15 Hz to 120 Hz.
5.2

Test setup

The SSH structure was attached via the two main brackets and the two strut brackets to a test
adapter. The measurement plan included 44 three-axial and 4 uniaxial accelerometers,
applied over the entire structure (panels, wings, struts, poles etc.). All accelerometers had
been calibrated prior to the test. Their sensitivities were used for each measurement, to get the
correct physical values of the accelerations. Sensor locations were determined in order to
achieve “optimal” modes identification and discrimination. In practice this was obtained by

871

Mechanical Verification of Euclid

Calvi, Bastia, Pérez Suárez, Neumann, Carbonell

evaluating the “best quality” Modal Assurance Criteria (MAC) values. Overall the
instrumentation included 140 accelerometers (“channels”). No strain gauges have been used.
It should be noted that the selection of the sensor locations has been also driven by the
needs of the sine vibration qualification test (base-shake test). In fact most of the
locations/accelerometers have also been used during the test on the shaker (125
accelerometers/channels out of 140 used for the modal survey test).
The measurement point positions have been selected on the following basis:
x Acceleration measurements at main interfaces to control the main load path
x Acceleration measurements on the framework key locations
x Acceleration measurements on the three solar array panels, to get information on the
panel modes and to limit the loads in the panel inserts (test at qualification level)
The shaker excitation points have been selected on the basis of different criteria such as
adequacy for target modes identification and accessibility.

Figure 2: (a) Euclid SVM general overview (bottom); (b) Setup for stiffness and strength global cases

5.3

Test results and conclusions

A multi-degrees-of-freedom frequency domain curve fitting algorithm has been used for the
evaluation of the modal parameters. The technique used processes multiple response functions
from a single reference location to obtain global least squares estimates of the modal
properties.
Table 2 summarizes the main results of the modal survey test and subsequent
correlation with the FE analysis results. In particular Table 2 reports the MAC matrix between
the results of the FE modal analysis (after a correlation activity) and the modal survey test
results for the frequency range 25-53 Hz. In the table the columns refer to the test modes,
while the rows to the analytical ones.
The test modes number 3, 4, 5 and 6 correlate quite well since the MAC values are in
the range 0.81-0.98. The MAC value for the 7th mode is only 0.53 however the visualization
of the mode shapes indicates that the mode of the MY (minus Y) wing is well identified. The
8th and 9th test modes correlate quite well being the MAC values in the range 0.77-0.80.
Similarly the test modes 10, 11 and 12 (bending modes of the substrate panels) correlate quite
well since the MAC values with the relevant FE analysis modes are in the range 0.68-0.91.
In the frequency range 56Hz-76Hz the correlation results show that, since the coupling
between the panel modes is different, the MAC values are in the range 0.33-0.63. In practice
the correlation of the bending modes in that frequency range is less accurate. On the other
hand the test modes are identifiable in the FEM and the dynamic behaviour of the SSH
structure is sufficiently well characterized in the frequency range of interest (up to100 Hz).
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On the whole the modal survey test of the SSH has been considered successful and the
goal of the correlation has been substantially reached. The correlated model allowed the reanalysis of the sine vibration test predictions and more accurate evaluations of the necessary
notching for the subsequent base-shake qualification test.

Table 2: MAC matrix – frequency range 25Hz-53Hz.

6

SUNSHIELD VIBRATION TESTS

6.1

Test objectives

The sunshield vibration test campaign was performed at IABG test facility in Ottobrunn,
Germany, in April 2018. The vibration base-shake tests had the following objectives:
x To qualify the SSH structure with respect to the sine vibration environment. This
qualification had to be reached by sinusoidal vibrations (“sine sweep”) applied
sequentially at the base of test item along the three principal axes.
x To qualify the strength of the SSH with respect to the specified “quasi static loads”
(QSL). This qualification had to be reached by sine-burst test (also called “quasi static
load test”) in case the QSL could not be reached during the sine sweep excitation.
x To verify the stiffness requirements of the overall SSH (in terms of fundamental
natural frequencies)
6.2

Test setup

The measurement points were similar to the ones used for the SSH structure modal survey
test. In total 125 channels/accelerometers were available. The test article was connected to the
shaker through the vibration test adapter (Figure 3).
6.3

Notching approach

A notching approach has been established and agreed in order to avoid possible overtesting of
the structure. Threshold values in terms of test item I/F forces and accelerations have been
considered and used to activate both manual and automatic notches with respect to the
specified sine levels. The implemented procedure had to guarantee sufficient excitation for the
qualification of the structure without jeopardising its integrity. For this reason it has been part
of the procedure to ensure that positive margins of safety were estimated during all phases of
the test. For the sine vibration testing, in all three directions, the strength of some inserts was
the driving notch criterion.
For the “primary notching” [8], the QSL values have been used to establish the
notching thresholds. The test interface forces have been estimated both by analysis and by a
“hybrid” evaluation, i.e. by the triple product of the rigid body vectors, the FE model
condensed mass matrix at the measured degrees of freedom and the measured accelerations.
Of course a crucial aspect of the proposed notched levels, especially concerning the secondary
notching, is that they have to be accepted by the customer [8].
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Figure 3: (a) Sunshield Reference Frame and design overview; (b) SSH on the Test Adapter

6.4

Test results and conclusions

For the qualification with respect to the quasi-static loads, the sine burst runs had to achieve
the following equivalent acceleration at the centre of gravity of the test item:10 g in x and y
directions (lateral axes) and 11g in z direction (longitudinal direction). The sine burst tests
were performed in line with the applicable procedure.
The SSH qualification with respect to the sine vibration loads involved a rather
complex evaluation of the notched input profiles. For example Figure 4 reports the sine test
notched input in X direction.
On the whole the SSH vibration test campaign was considered successful. In fact all
planned test cases have been properly applied and the structure has withstood the qualification
loads without any failure or degradation. However, due to a non-compliance of the first
fundamental mode in X direction, detected at about 20.5 Hz versus a required value of 22 Hz,
some design changes in the SSH have been proposed, agreed and implemented. A “delta-test”
in X direction has been then successfully performed.

Figure 4: Sine test notched input in x-direction
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CONCLUDING REMARKS

This paper has shortly addressed the mechanical system of the Euclid spacecraft and the
mechanical verification philosophy which is based on the Structure and Thermal Model
(STM), built at flight standard for structure and thermal qualification and the Proto Flight
Model (PFM), used to complete the qualification programme. The PFM will be submitted to a
proto-flight test approach and it will be suitable for launch and flight operations.
The overall verification logic of the mechanical system, as well as the mechanical tests
plan, have been presented. Within the overall verification approach some crucial mechanical
tests have been successfully performed in 2018. In particular this paper reported the
objectives and the main results of:
x the SVM platform static load test
x the SSH modal survey test
x the SSH sine vibration qualification test.
Following the successful qualification of the PLM STM (April 2019), the qualification
of the spacecraft STM is in progress (June 2019) and will be completed by the end of the year.
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A HYBRID, CONFIGURATION-AGNOSTIC APPROACH TO
AIRCRAFT CONTROL SURFACE SIZING
&9DUULDOH $5DMX.XONDUQL*/D5RFFDÁ09RVNXLMO


)OLJKW3HUIRUPDQFHDQG3URSXOVLRQ6HFWLRQ)DFXOW\RI$HURVSDFH(QJLQHHULQJ
'HOIW8QLYHUVLW\RI7HFKQRORJ\.OX\YHUZHJ+6'HOIW7KH1HWKHUODQGV




)DFXOW\RI0LOLWDU\6FLHQFHV1HWKHUODQGV'HIHQFH$FDGHP\
$&'HQ+HOGHU7KH1HWKHUODQGV

&9DUULDOH#WXGHOIWQO$5DMX.XONDUQL#WXGHOIWQOÁ*/D5RFFD#WXGHOIWQO09RVNXLMO#PLQGHIQO

ABSTRACT
An approach to position and size control surfaces on a given aircraft configuration is presented
in this paper. The approach is hybrid in nature, as it blends methods of different fidelity to
reduce computational time while preserving models representativeness. A high-fidelity method
is used to obtain an accurate aerodynamic database, while a semi-empirical method is used to
express the database as a function of the control surfaces position. The sizing procedure uses
an aircraft Flight Mechanics Model to perform simulations and evaluate the outcome of
Handling and Flying Qualities tests. On this basis, design choices are taken to iteratively alter
the position and span width of control surfaces, and consequently alter the aerodynamic
database. The approach can be applied to any aircraft configuration. In the present work, it is
applied to a commercial transport version of the PrandtlPlane, an innovative box-wing aircraft
configuration, currently under investigation in the framework of the Horizon 2020 project
PARSIFAL. Results show that the method converges from a conservative first guess control
surface arrangement. Control effectiveness calculated with the proposed method in the final
control surface arrangement presents an average 35% relative error w.r.t to the one calculated
with the high-fidelity method. The reduction in computational time and effort is unquantifiable,
as the application of the semi-empirical method is instantaneous and effortless.
Keywords: )OLJKW0HFKDQLFV.QRZOHGJH%DVHG(QJLQHHULQJ&RQWURO6XUIDFHV%R[:LQJ
1

INTRODUCTION

$FFRUGLQJWRIRUHFDVWVWKHQXPEHURISHRSOHXVLQJFRPPHUFLDODLUWUDQVSRUWDWLRQZLOOQHDUO\
GRXEOHLQWKHQH[WWZRGHFDGHVUHVXOWLQJLQDPDVVLYHJURZWKRIDLUWUDIILF>@>@,QRUGHUWR
PHHWWKHGHPDQGVRIDVDWXUDWHGPDUNHWDQGFRPSO\ZLWKWKHLQFUHDVLQJO\VWULQJHQWUHJXODWLRQV
RQDLUFUDIWHQYLURQPHQWDOLPSDFWUHVHDUFKHUVDUHGHYHORSLQJLQQRYDWLYHDQGGLVUXSWLYHDLUFUDIW
FRQILJXUDWLRQV 7KH 3UDQGWO3ODQH 3U3  LV DQ XQFRQYHQWLRQDO DLUFUDIW FRQILJXUDWLRQ ZKLFK
HPSOR\V 3UDQGWO¶V ER[ZLQJ FRQFHSW IRU PLQLPXP LQGXFHG GUDJ >@>@ 7KLV FRQFHSW LV
LQWHJUDWHG LQ DQ LQQRYDWLYH DLUFUDIW GHVLJQ ZLWK WKH SXUSRVH RI REWDLQLQJ KLJKHU SD\ORDG
FDSDFLW\DQGEHWWHUDHURG\QDPLFHIILFLHQF\IRUDJLYHQZLQJVSDQDVFRPSDUHGWRFRQYHQWLRQDO
VLQJOHZLQJDLUFUDIW>@

7KHGRXEOHZLQJV\VWHPRIWKH3U3RIIHUVWKHSRVVLELOLW\WRDFFRPPRGDWHDODUJHQXPEHURI
&RQWURO6XUIDFHV &6V 7KHVHFDQSRWHQWLDOO\DOORZIRU'LUHFW/LIW&RQWUROLPSURYHGG\QDPLF
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UHVSRQVHWRJXVWDQGWXUEXOHQFHDQGLPSURYHGFRPIRUWDQGVDIHW\RQERDUG7KH&6UHGXQGDQF\
SRVHVDQLQWHUHVWLQJGHVLJQFKDOOHQJHDVLWLVQRWWULYLDOWRGHWHUPLQHWKHRSWLPXPSRVLWLRQDQG
VL]HRIDJLYHQVHWRI&6V$SUHOLPLQDU\DSSURDFKWRWKLVSUREOHPKDVDOUHDG\EHHQSUHVHQWHG
LQ>@)RUDJLYHQDLUFUDIWSODQIRUPFRQILJXUDWLRQWKHSUREOHPKDVEHHQIRUPXODWHGWRUHWULHYH
WKH RSWLPDO DUUDQJHPHQW RI PRYDEOHV WKDW DFKLHYHV GHVLUHG +DQGOLQJ DQG )O\LQJ 4XDOLWLHV
+)4V OHYHOV

,Q RUGHU WR SHUIRUP QRQOLQHDU )OLJKW 0HFKDQLFV VLPXODWLRQV IRU WKH DFFXUDWH HVWLPDWLRQ RI
+)4V DQ H[WHQVLYH DHURG\QDPLF GDWDEDVH LV QHHGHG WR UHSURGXFH WKH DLUFUDIW G\QDPLF
EHKDYLRXULQGLIIHUHQWUHJLRQVRIWKHIOLJKWHQYHORSH7KLVGDWDEDVHFRQWDLQVWKHGHSHQGHQF\RI
WKHDHURG\QDPLFIRUFHVRQDQJOHRIDWWDFNDQJOHRIVLGHVOLSVSHHGDOWLWXGH&6VGHIOHFWLRQV
DQGDLUFUDIWFRQILJXUDWLRQ ODQGLQJFUXLVHHWF 7KHWLPHUHTXLUHGWRJHQHUDWHLWGHSHQGVRQ
WKHOHYHORIILGHOLW\RIWKHDHURG\QDPLFDQDO\VHVXVHGSRVVLEOHH[DPSOHVDUHSDQHOPHWKRGV
5H\QROGV$YHUDJHG1DYLHU6WRNHV 5$16 HTXDWLRQV/DUJH(GG\6LPXODWLRQ /(6 DQGZLQG
WXQQHOWHVWFDPSDLJQV,GHDOO\WKHDHURG\QDPLFGDWDEDVHJHQHUDWLRQLVHPEHGGHGLQWKHGHVLJQ
SURFHVV HQDEOLQJ WKH FKDUDFWHUL]DWLRQ RI HDFK DLUFUDIW SODQIRUP FRQILJXUDWLRQ DQG &6
DUUDQJHPHQWJHQHUDWHGLQWKHGHVLJQORRS,QSUDFWLFHLUUHVSHFWLYHRIWKHILGHOLW\OHYHOWKHODUJH
QXPEHURIDHURG\QDPLFDQDO\VHVQHHGHG IURPVHYHUDOKXQGUHGVWRDIHZWKRXVDQGV PDNHVWKH
FRPSXWDWLRQDOHIIRUWDFULWLFDOERWWOHQHFN$IHDVLEOHDSSURDFKFRQVLVWVLQJHQHUDWLQJDVHWRI
DHURG\QDPLFGDWDEDVHVRIIOLQHLHEHIRUHWKHGHVLJQORRSDQGWKHQLQWHUSRODWLQJWKHPRQOLQH
LH GXULQJWKH GHVLJQORRS >@ $OWKRXJK VSHHGLQJ XS WKH GHVLJQSURFHVVWKLVDSSURDFK VWLOO
UHTXLUHV VLJQLILFDQW FRPSXWDWLRQDO WLPH IRU WKH JHQHUDWLRQ RI PDQ\ DHURG\QDPLF GDWDVHWV
$OWHUQDWLYHO\VHPLHPSLULFDOPHWKRGVFDQEHXVHG7KHVHGRQRWWDNHDQ\FRPSXWDWLRQDOWLPH
EXW XVH VWDWLVWLFDO GDWD WKDW LV XQUHOLDEOH RU QRW H[LVWHQW IRU VWUDLJKWIRUZDUG DSSOLFDWLRQV WR
XQFRQYHQWLRQDODLUFUDIWFRQILJXUDWLRQV

,I WKH ZLQJ SODQIRUP LV FRQVLGHUHG IUR]HQ WKH DLUFUDIW LQKHUHQW VWDWLF DQG G\QDPLF VWDELOLW\
FKDUDFWHULVWLFVDUHQRWDIIHFWHGE\WKH&6VL]LQJSURFHVVDQGWKHLULPSDFWRQ+)4VLVWKHUHIRUH
FRQVWDQWDVVXPLQJWKDWPRGLILFDWLRQVLQPDVVDQGLQHUWLDFDQEHQHJOHFWHGDQGWKDWWKHWULP
FRQGLWLRQ KDV RQO\ PLQRU HIIHFW RQ WKH VWDELOLW\ 2QO\ WKH FRQWUROODELOLW\ FKDUDFWHULVWLFV DUH
GLUHFWO\DIIHFWHGE\WKH&6VL]LQJ,QWKLVFDVHDFROOHFWLRQRIDHURG\QDPLFGDWDVHWVFDQEH
JHQHUDWHGRIIOLQHDQGWKHQLQWHUSRODWHGRQOLQHIRUDUELWUDULO\VHOHFWHGFRPELQDWLRQVRIWKH&6
SRVLWLRQV>@6XFKDQDSSURDFKLVQRWIHDVLEO\VFDODEOHLIDQ\DLUFUDIWSODQIRUPSDUDPHWHUHQWHUV
WKHGHVLJQORRS

,QWKLVSDSHUDQLWHUDWLYHPHWKRGLVSURSRVHGIRUSUHOLPLQDU\SRVLWLRQLQJDQGVL]LQJRI&6VRQ
ERWKFRQYHQWLRQDODQGXQFRQYHQWLRQDODLUFUDIWFRQILJXUDWLRQV7KLVDSSURDFKLVK\EULGLQQDWXUH
DV LW LQWHJUDWHV D QRQOLQHDU DHURG\QDPLF DQDO\VLV PHWKRG ZLWK D VHOHFWHG VHPLHPSLULFDO
PHWKRG7KHQRQOLQHDUDHURG\QDPLFDQDO\VLVLVH[SHFWHGWRFDSWXUHWKHHVVHQWLDOGHWDLOVRIWKH
DLUFUDIWDHURG\QDPLFV7KHVHOHFWHGVHPLHPSLULFDOPHWKRGDOORZVWRH[SUHVVWKH&6GHSHQGHQW
VXEVHWRIWKHDHURG\QDPLFGDWDEDVHDVDIXQFWLRQRIHDFK&6SRVLWLRQDQGVL]H>@7KLVIXQFWLRQ
LV GHULYHG IURP VWDWLVWLFDO DQG H[SHULPHQWDO GDWD RQ VZHSW DQG WDSHUHG ZLQJV DQG UHTXLUHV
FODVVLFZLQJSODQIRUPFKDUDFWHULVWLFVDVDVSHFWUDWLR VZHHSDQJOH DQGWDSHUUDWLR 7KLV
PHWKRGPDNHVLWSRVVLEOHWRPRGLI\WKHPRYDEOHVGHSHQGHQWDHURG\QDPLFGDWDVHWDWHDFKVL]LQJ
LWHUDWLRQZLWKRXWWKHQHHGWRUHFDOFXODWHLW

7KH DGRSWHG GHVLJQ DSSURDFK LV DLUFUDIW FRQILJXUDWLRQ DJQRVWLF DQG FDQ EH XVHG IRU ERWK
FRQYHQWLRQDODQGXQFRQYHQWLRQDODLUFUDIWGHVLJQVZLWKDQ\JLYHQQXPEHURIPRYDEOHVXUIDFHV
,WDSSOLHVWRDIL[HGDLUFUDIWSODQIRUPDQGWKHUHIRUHGRHVQRWLQYROYHYDULDWLRQVLQWKHDLUFUDIW
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)LJXUH*HRPHWU\PRGHORIWKHUHIHUHQFH3U3DLUFUDIWZLWKGHIOHFWHGPRYDEOHVXUIDFHVLQDILUVW
JXHVVDUUDQJHPHQW

VWDWLF VWDELOLW\ FKDUDFWHULVWLFV 7KH PDLQ DSSOLFDWLRQ FDVH GLVFXVVHG LQ WKLV SDSHU LV WKH &6
SRVLWLRQLQJDQGVL]LQJRIDSDVVHQJHUFRPPHUFLDOWUDQVSRUWYHUVLRQRIWKH3U3GHYHORSHG
ZLWKLQWKH+RUL]RQSURMHFW3$56,)$/$YLVXDOL]DWLRQRIWKHDLUFUDIWZLWKDILUVWJXHVV
&6DUUDQJHPHQWLVVKRZQLQ)LJXUH

,QWKHUHPDLQGHURIWKHDUWLFOH6HFWLRQSURYLGHVDQRYHUYLHZSUHVHQWDWLRQRIWKHWRROVDQG
PHWKRGVDGRSWHGIRUWKHFXUUHQWVWXG\7KH&6VL]LQJDSSURDFKLVLOOXVWUDWHGLQPRUHGHWDLOLQ
6HFWLRQ  ZKLOH 6HFWLRQ  UHSRUWV DQG FRPSDUHV UHVXOWV IRU GLIIHUHQW WHVW FDVHV )LQDOO\
FRQFOXVLRQVDQGUHFRPPHQGDWLRQVIRUIXWXUHZRUNDUHSUHVHQWHGLQ6HFWLRQ
2

OPERATIONAL FRAMEWORK

$V PHQWLRQHG LQ 6HFWLRQ  DQ DHURG\QDPLF GDWDEDVH LV QHFHVVDU\ WR HYDOXDWH WKH +)4V
SHUIRUPDQFHRIDJLYHQDLUFUDIWGHVLJQ7KHILUVWVWHSLQJHQHUDWLQJVXFKDGDWDEDVHLVWRVHOHFW
WKHW\SHRIDHURG\QDPLFVROYHUWKDWPXVWEHXVHG,QWKLVSDSHUD'3DQHO0HWKRG '30 LV
XVHGEHFDXVHLWRIIHUVDQDWWUDFWLYHWUDGHRIIEHWZHHQWKHDQDO\VLVWLPHDQGWKHDFFXUDF\RIWKH
VROYHU>@ ,Q RUGHU WR XVH '30 D GLVFUHWL]HG DLUFUDIW JHRPHWU\ LH PHVK  DQG ZDNH
LQIRUPDWLRQPXVWEHSURYLGHGDVLQSXWWRWKHVROYHU$VDILUVWVWHSWKHDLUFUDIWJHRPHWU\PRGHO
KDVWREHJHQHUDWHGRQWKHEDVLVRIFRQFHSWXDOGHVLJQLQIRUPDWLRQ ZLQJVSDQWZLVWDQGWDSHU
GLVWULEXWLRQ IXVHODJH OHQJWK DQG VHFWLRQ VKDSHV HWF  7KH GLIIHUHQW VWHSV UHTXLUHG IRU WKH
JHQHUDWLRQ RI DQ DLUFUDIW DHURG\QDPLF GDWDEDVH IURP FRQFHSWXDO GHVLJQ LQIRUPDWLRQ WR WKH
HVWLPDWLRQRI+)4VDUHVKRZQLQ)LJXUH
)RU WKH SUHVHQW ZRUN WKH DLUFUDIW JHRPHWU\ LQFOXGLQJ PRYHDEOH VXUIDFHV LV DXWRPDWLFDOO\
PRGHOOHG DQG PHVKHG E\ WKH 0XOWL 0RGHO *HQHUDWRU 00*  WRRO D .QRZOHGJH %DVHG
(QJLQHHULQJ .%(  DSSOLFDWLRQ GHYHORSHG LQKRXVH XVLQJ WKH .%( V\VWHP 3DUD3\ >@ 7KH
QRQOLQHDUDHURG\QDPLFDQDO\VLVLVSHUIRUPHGZLWKWKHFRPPHUFLDO'SDQHOPHWKRGVRIWZDUH
96$(52>@DQGXSGDWHGDORQJWKHVL]LQJORRSZLWKDVHOHFWHGVHPLHPSLULFDOPHWKRG>@
7KH+)4VDUHDVVHVVHGZLWKWKHLQKRXVH3HUIRUPDQFH+DQGOLQJ4XDOLWLHVDQG/RDG$QDO\VLV
7RROER[ 3+$/$1; IRUIOLJKWG\QDPLFVVLPXODWLRQDQG)OLJKW0HFKDQLFVDQDO\VLV>@>@
7KHVHWRROVDQGPHWKRGVDUHGHVFULEHGLQWKHIROORZLQJVXEVHFWLRQV





ZZZSDUDS\QO
KWWSVVWDUNDHURVSDFHFRPSURGXFWVVHUYLFHVDPLVRIWZDUH
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)LJXUH)URPDLUFUDIWFRQFHSWXDOGHVLJQWKURXJKJHRPHWU\JHQHUDWLRQDQGPHVKLQJWRQXPHULFDO
DHURG\QDPLFDQDO\VLV

2.1

Aircraft geometry

2.1.1 Modelling
'XULQJFRQFHSWXDODQGSUHOLPLQDU\GHVLJQSKDVHVDLUFUDIWJHRPHWU\PRGHOVDUHQRWPDWXUHDQG
GHWDLOHGHQRXJKWRVXSSRUWPHGLXPRUKLJKILGHOLW\DHURG\QDPLFDQDO\VHV1HYHUWKHOHVVDQ
DLUFUDIWJHRPHWU\PRGHOKDVWREHJHQHUDWHGZLWKWKHDYDLODEOHLQIRUPDWLRQZLWKWKHDLPRI
UHILQLQJLWIRUIXWXUHXVHLQKLJKHUILGHOLW\DQDO\VHV7RWKLVHQGWKH00*IDFLOLWDWHVDLUFUDIW
GHVLJQHUV LQ PRGHOOLQJ GLYHUVH DLUFUDIW FRQILJXUDWLRQV DQG WKHLU YDULDQWV DQG LQ SUHSDULQJ
GLVFLSOLQHVSHFLILFPRGHOVWRIHHGWRWKHYDULRXVDQDO\VLVWRROVLQYROYHGLQWKHPXOWLGLVFLSOLQDU\
GHVLJQ SURFHVV $V LOOXVWUDWHG LQ )LJXUH  VRPH FDSDELOLWLHV RI WKH 00* LQFOXGH DLUFUDIW
JHRPHWU\JHQHUDWLRQPHVKJHQHUDWLRQ673ILOHJHQHUDWLRQ96$(52LQSXWILOHJHQHUDWLRQDQG
3+$/$1;LQSXWILOHJHQHUDWLRQ

,QRUGHUWRJHQHUDWHWKHDLUFUDIWJHRPHWU\FRQFHSWXDOGHVLJQLQIRUPDWLRQPXVWEHSURYLGHGWR
WKH 00* LQ WKH IRUP RI QXPHULFDO YDOXHV 7KLV FDQ EH GRQH LQ RQH RI WKH IROORZLQJ WKUHH
IRUPDWV )LJXUH 


$&RPPRQ3DUDPHWULF$LUFUDIW&RQILJXUDWLRQ6FKHPD &3$&6 EDVHGUHSUHVHQWDWLRQ
RIWKHDLUFUDIW>@
 $ -621 LQSXW IRUPDW JHQHUDWHG VSHFLILFDOO\ WR FDSWXUH UHOHYDQW FRQFHSWXDO GHVLJQ
LQIRUPDWLRQQHFHVVDU\IRUJHRPHWU\JHQHUDWLRQ
 $ 0$7/$% RXWSXW ILOH JHQHUDWHG E\ WKH ,QLWLDWRU DQ LQKRXVH 0$7/$% EDVHG
FRQFHSWXDO DLUFUDIW GHVLJQ WRRO 7KH ,QLWLDWRU LV XVHG WR V\QWKHWL]H FRQYHQWLRQDO RU
XQFRQYHQWLRQDO DLUFUDIW GHVLJQV LQFOXGLQJ WKH 3U3 FRQILJXUDWLRQ IURP 7RS /HYHO
$LUFUDIW5HTXLUHPHQWV>@>@


&RQFHSWXDOGHVLJQGDWDLVUHDGE\WKH00*DQGWKHJHRPHWULFPRGHORIGLIIHUHQW
FRPSRQHQWVLVFUHDWHGXVLQJSUHGHILQHGKLJKOHYHOSULPLWLYHV>@VXFKDV

 :LQJVVZHSWDQGWDSHUHGZLQJVZLWKRUZLWKRXWNLQNVWUDSH]RLGDOZLQJVDQG
FRQQHFWLQJZLQJVOLNHVLGHZLQJVLQER[ZLQJFRQILJXUDWLRQV
 )XVHODJHHLWKHUZLWKRUZLWKRXWZLQJIDLULQJVGHSHQGLQJRQWKHOHYHORIGHWDLORIWKH
DYDLODEOHFRQFHSWXDOGHVLJQGDWD
 0RYDEOHVWKH00*FDQJHQHUDWHDPRYDEOHVXUIDFHDQGGHIOHFWLWDVQHFHVVDU\IRU
GLIIHUHQWDHURG\QDPLFVROYHUVRQDQ\W\SHRIZLQJGHVFULEHGDERYH,QWKHFXUUHQWVWDWH
RQO\SODLQPRYDEOHVDUHPRGHOOHG
$IWHU HDFK FRPSRQHQW LV FUHDWHG WKHLU JHRPHWU\ PRGHOV DUH IXVHG WRJHWKHU RQ WKH EDVLV RI
FRQFHSWXDOGHVLJQLQIRUPDWLRQ:LWKVXFKDERWWRPXSDSSURDFKWKH00*FDQJHQHUDWHWKH
JHRPHWU\RISUDFWLFDOO\DQ\DLUFUDIWFRQILJXUDWLRQ7KLVFRQILJXUDWLRQDJQRVWLFEHKDYLRXU
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)LJXUHLQSXWRXWSXWDQGPDLQFDSDELOLWLHVRIWKH00*

PDNHVWKHXVHRIWKHWRROH[WUHPHO\EHQHILFLDOLQWKHFRQFHSWXDOGHVLJQSKDVHRIXQFRQYHQWLRQDO
DLUFUDIW
2.1.2 Meshing
7KHDLUFUDIWJHRPHWU\PRGHOPXVWEHSURYLGHGWRDHURG\QDPLFVROYHUVLQWKHIRUPRIDPHVK
,QSDUWLFXODUDVWUXFWXUHGPHVKPD\EHSUHIHUUHGOLNHLQWKHFDVHRI96$(52>@,QDOOFDVHV
WKHDLUFUDIWJHRPHWU\PRGHOPXVWEHWUHDWHGDFFRUGLQJO\7RWKLVHQGDQDOJRULWKPWRVSOLWWKH
DLUFUDIWJHRPHWU\LQWRIRXUVLGHGIDFHVLVGHYHORSHGDQGLQFRUSRUDWHGLQWKH00*'XULQJWKH
JHRPHWU\JHQHUDWLRQSKDVHWKH00*FUHDWHVDQRQWRORJ\RIDLUFUDIWWRSRORJ\ZKLFKDOORZVLW
WR GLVFHUQ WKH UHODWLRQVKLS EHWZHHQ JHRPHWU\ SULPLWLYHV VXFK DV IDFHV DQG HGJHV WR WKHLU
FRUUHVSRQGLQJIXQFWLRQDOHOHPHQWVVXFKDVWKHIXVHODJHZLQJVHWF7KH00*WKHQXVHVWKLV
RQWRORJ\WRSHUIRUPVSOLWWLQJDQGPHVKLQJRSHUDWLRQV7KHVSOLWDLUFUDIWJHRPHWU\LVWKHQXVHG
WRDXWRPDWLFDOO\JHQHUDWHDVWUXFWXUHGPHVKE\SODFLQJHTXDOQXPEHURIQRGHVRQWKHRSSRVLWH
HGJHVRIDOOTXDGULODWHUDOIDFHV7KHZKROHVSOLWWLQJDQGPHVKLQJSURFHVVLVLQGHSHQGHQWRIWKH
DFWXDOJHRPHWU\RIWKHDLUFUDIWDQGFDQWKHUHIRUHEHXVHGWRSHUIRUPPHVKLQJLUUHVSHFWLYHRI
WKHDLUFUDIWFRQILJXUDWLRQ$QH[DPSOHRIVXUIDFHPHVKDXWRPDWLFDOO\JHQHUDWHGE\WKH00*
LVVKRZQLQ)LJXUH

,QDGGLWLRQWRWKHPHVKPRGHODGLVFUHWL]HGZDNHPRGHOLVQHFHVVDU\WRSHUIRUPDHURG\QDPLF
DQDO\VLVXVLQJ'30V)RUH[DPSOHDIWHUWKHPRYDEOHVDUHJHQHUDWHGDQGGHIOHFWHGDJDSLV
FUHDWHGEHWZHHQWKHPRYDEOHVXUIDFHRIWKHZLQJDQGWKHIL[HGSDUWRIWKHZLQJ6XFKDJDSFDQ
EHFRPHSUREOHPDWLFZKHQUHVROYLQJWKHZDNHEHKLQGWKHZLQJ,QRUGHUWRVROYHWKLVWKH00*
DXWRPDWLFDOO\FRQVWUXFWVWUDQVLWLRQVXUIDFHVDVVKRZQLQ)LJXUH7KH00*FDQDXWRPDWLFDOO\
JHQHUDWHERWKIOH[LEOHDQGULJLGZDNHPRGHORQWKHEDVLVRIWKHPHVKPRGHODQGRIWKHRQWRORJ\
RIWKHDLUFUDIWWRSRORJ\ IL[HGDQGPRYDEOHWUDLOLQJHGJHVZLQJIXVHODJHLQWHUVHFWLRQVHWF 
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)LJXUH([DPSOHRIVXUIDFHPHVKRIWKH3U3JHRPHWU\DXWRPDWLFDOO\JHQHUDWHGE\WKH00*



)LJXUH$XWRPDWLFJHQHUDWLRQRIWUDQVLWLRQVXUIDFHVLQPRYDEOHVJDSVWRVXSSRUWDHURG\QDPLF
DQDO\VLVXVLQJ'30V

2.2



Aerodynamic analysis

2.2.1 VSAERO 3D panel method
2QFHWKHPHVKDQGZDNHLQIRUPDWLRQLVJHQHUDWHGWKH00*DXWRPDWLFDOO\FRPSLOHVLWLQWKH
IRUPDW UHTXLUHG E\ 96$(52 WKH VHOHFWHG '30 IRU WKH SUHVHQW ZRUN $Q DHURG\QDPLF
DQDO\VLVVLPXODWLRQFDQWKHQHDVLO\EHUXQ


'30VFDOFXODWHWKHSRWHQWLDOIORZH[WHUQDOWRDERG\RULQWHUQDOWRDGXFWZKHQQRUPDOYHORFLW\
RQWKHVXUIDFHVERXQGLQJWKHIORZLVVSHFLILHG7KHYHORFLW\SRWHQWLDOFDQEHXVHGWRHYDOXDWH
WKHYHORFLW\RIWKHIORZDWGLIIHUHQWORFDWLRQVDQGWKHUHE\WKHSUHVVXUHVIRUFHVDQGPRPHQWV
DFWLQJ RQ WKH ERG\ ,Q RUGHU WR FDOFXODWH WKH YHORFLW\ SRWHQWLDO WKH ERG\ DQG LWV ZDNH DUH
GLVFUHWL]HG XVLQJ D TXDGULODWHUDO RU WULDQJXODU SDQHOV PHVK 6HULHV RI VLQJXODULWLHV VXFK DV
VRXUFHV DQG GRXEOHWV DUH DVVRFLDWHG ZLWK HDFK PHVK SDQHO 7KH VWUHQJWK RI HDFK RI WKH
VLQJXODULWLHVLVFDOFXODWHGE\DSSO\LQJWKH1HXPDQQFRQGLWLRQWRWKH/DSODFHHTXDWLRQ>@
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96$(52 GHWHUPLQHV WKH IRUFHV DQG PRPHQWV DFWLQJ RQ DQ\ JLYHQ ERG\ )XUWKHUPRUH LW
FRUUHFWVIRUERXQGDU\OD\HUHIIHFWVXVLQJLQWHJUDOERXQGDU\OD\HUHTXDWLRQVDQGFRUUHFWV IRU
FRPSUHVVLELOLW\HIIHFWVXVLQJWKH.DUPDQ7VLHQUXOHRUWKH3UDQGWO*ODXHUWHTXDWLRQ>@5HVXOWV
IURPD96$(52VLPXODWLRQXVLQJWKHLQSXWILOHSURYLGHGE\WKH00*PRGHORIWKH3U3DUH
VKRZQLQ)LJXUH


)LJXUH9LVXDOL]DWLRQRI96$(52VLPXODWLRQUHVXOWVIRUWKH3U3XVLQJDLUFUDIWJHRPHWU\DQGZDNH
PRGHOV JHQHUDWHG E\ WKH 00* &OHDQ DLUFUDIW FRQILJXUDWLRQ VWHDG\ VLPXODWLRQ ZLWK
GHJ
GHJ


2.2.2 ESDU semi-empirical method
7KH 96$(52 LQSXW JHQHUDWLRQ DQG RXWSXW SDUVLQJ SURFHVV LV ZUDSSHG WKURXJK WKH 00*
FDSDELOLWLHV LQ DQ RXWHU ORRS 7KLV VHUYHV WKH SXUSRVH RI DXWRPDWLQJ WKH ODXQFK RI D ODUJH
RUGHUHGVHWRIDHURG\QDPLFDQDO\VHVWKDWFDQHDVLO\EHSDUVHGIRUWKHFUHDWLRQRIDQDHURG\QDPLF
GDWDEDVH IRU )OLJKW 0HFKDQLFV VLPXODWLRQ $OWKRXJK KLJKO\ DXWRPDWHG DQG HIILFLHQW WKLV
SURFHVV FDQ VWLOO WDNH UHOHYDQW DPRXQW RI FRPSXWDWLRQDO WLPH HVSHFLDOO\ IRU DLUFUDIW
FRQILJXUDWLRQVZLWKDKLJKQXPEHURIPRYDEOHV,QWKHVFRSHRIDGHVLJQRUVL]LQJORRSLWQHHGV
WREHDLGHGE\DIDVWHUPHWKRGVOLNHDQDQDO\WLFDORUVHPLHPSLULFDORQH

%DVHG RQ OLIWLQJ OLQH FDOFXODWLRQV WKH VHOHFWHG VHPLHPSLULFDO PHWKRG LV YDOLGDWHG ZLWK
H[SHULPHQWDOGDWDIRUDSSOLFDWLRQVRQVWUDLJKWDQGWDSHUHGZLQJVZLWKSODLQIODSVRIFRQVWDQW
FKRUGUDWLR>@7KHPHWKRGSURYLGHVDVLPSOHZD\WRREWDLQWKHUDWLREHWZHHQ
•
•

GXHWRWKHGHIOHFWLRQRID&6VSDQQLQJIURP WR
DQG
WKHFKDQJHLQOLIW
WKHFKDQJHLQOLIW
GXHWRWKHGHIOHFWLRQRID&6VSDQQLQJDFURVVWKHHQWLUHWUDLOLQJ
WR

HGJHRIWKHZLQJLHIURP

7KLVLV GRQHWKURXJKWKHFKDUWUHSRUWHGLQ)LJXUH >@ZKHUH
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7KLVUHODWLRQFDQEHXVHGWRH[SUHVVWKH&6GHSHQGHQWSDUWRIDQDHURG\QDPLFGDWDEDVHDVD
IXQFWLRQRIWKH&6VSRVLWLRQDQGVSDQZLGWK,QWKHVDPHZD\LWFDQEHH[SORLWHGWRDOWHULW7KH
ZD\ WKLV PHWKRG LV LPSOHPHQWHG LQ WKH SUHVHQW DSSURDFK LV H[SODLQHG LQ PRUH GHWDLO LQ
6HFWLRQ


)LJXUH/LIWYDULDWLRQUDWLREHWZHHQSDUWLDODQGIXOOVSDQ&6V>@

2.3

Flight mechanics simulation

2QFHJHQHUDWHGDQGSDUVHGWKHDHURG\QDPLFGDWDEDVHKDVWREHLPSRUWHGLQ3+$/$1;ZKHUH
LWFRQVWLWXWHVRQO\RQHRIWKHPDQ\SDUWVRID)OLJKW0HFKDQLFV0RGHO )00 'HYHORSHGLQ
0$7/$%6LPXOLQN3+$/$1;LVDPRGXODUWRROER[IRUQRQOLQHDU'HJUHHV2I)UHHGRP
'2)  IOLJKW VLPXODWLRQ DQG DQDO\VLV ,Q DGGLWLRQ WR WKH DHURG\QDPLFV PRGXOH DQ HQJLQH
PRGXOHPDVVDQGLQHUWLDGDWDD)OLJKW&RQWURO6\VWHP )&6 DQGSLORWPRGXOHDUHFRQQHFWHG
WRSHUIRUP)OLJKW0HFKDQLFVVLPXODWLRQV7KHILGHOLW\RIHDFKPRGXOHGHSHQGVRQLWVXQGHUO\LQJ
PRGHODQGGDWDVHWPDNLQJWKHWRROGDWDGULYHQORRNXSWDEOHVQRQOLQHDUDQDO\WLFDOIXQFWLRQV
DQG DQ DUUD\ RI FODVVLF VHPLHPSLULFDO PHWKRGV FDQ EH DFFRPPRGDWHG IRU ERWK WKH
DHURG\QDPLFV DQG SURSXOVLRQ PRGXOHV $OWHUQDWLYHO\ DLUFUDIW GDWD FDQ EH LQSXW WKURXJK WKH
&3$&6 VWDQGDUG UHSUHVHQWDWLRQ >@ 0RGHOV IURP YDULRXV DHURQDXWLFDO GLVFLSOLQHV DUH
V\QWKHVL]HGWRDVVHPEOHWKHJOREDODLUFUDIW)007KHG\QDPLFVVLPXODWLRQLVSHUIRUPHGE\
PDNLQJ XVH RI WKH 6LPVFDSH 0XOWLERG\ '\QDPLFV OLEUDU\ 7KLV DOORZV WR VLPXODWH V\VWHPV
G\QDPLFVZLWKRXWWKHQHHGWRH[SOLFLWO\ZULWHWKHDQDO\WLFDOHTXDWLRQVRIPRWLRQ,QWKLVZD\LW
LVSRVVLEOHWRPRGHOFRPSOH[SKHQRPHQDOLNHUHODWLYHPRWLRQRIDLUFUDIWSDUWV HJFHQWUHRI
JUDYLW\ GXH WR IXHO FRQVXPSWLRQ  RU ZLQJ IOH[LELOLW\ DQG PHDVXUH ORFDO IOLJKW SDUDPHWHUV DW
VSHFLILFDLUFUDIWORFDWLRQV7KHILGHOLW\RIWKHUHVXOWLQJ)OLJKW0HFKDQLFVDQDO\VHVZLOOGHSHQG
RQWKHILGHOLW\RIWKHLQSXWPRGHOV
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7KHIOH[LEOHVWUXFWXUHDQGWKHFDSDELOLW\WRRSHUDWHUHJDUGOHVVRIWKHDLUFUDIWFRQILJXUDWLRQDOORZ
3+$/$1;WRRSHUDWHFRQVLVWHQWO\DWGLIIHUHQWVWDJHVRIWKHGHVLJQSURFHVVDQGWRPDNHIDLU
FRPSDULVRQVDPRQJDSSOLFDWLRQFDVHV7KHWRROER[KDVEHHQXVHGLQSUHYLRXVZRUNVIRUVWXGLHV
RQ QRYHO DLUFUDIW FRQILJXUDWLRQV OLNH WKH %OHQGHG :LQJ %RG\ >@ RU WKH 'HOIW 8QLYHUVLW\
8QFRQYHQWLRQDO&RQILJXUDWLRQ '88& >@DQGRQWKHSUHOLPLQDU\VWXG\RI+)4VRIIXOODQG
VXEVFDOH3U3V>@ >@.$EORFNVFKHPHRYHUYLHZRI3+$/$1;LVVKRZQLQ)LJXUH$PRUH
GHWDLOHGLQVLJKWLQWKHDHURG\QDPLFDQGSURSXOVLYHPRGHODGRSWHGLQWKHVFRSHRIWKLVZRUNLV
JLYHQLQWKHIROORZLQJVXEVHFWLRQV
2.3.1 Aerodynamic model
)RUWKHSUHVHQWVWXG\WKHDHURG\QDPLFPRGHOLVJHQHUDWHGXVLQJWKH'SDQHOPHWKRGLOOXVWUDWHG
LQ6HFWLRQ7KHFRPSOHWHDHURG\QDPLFGDWDEDVHFRQVLVWVRIWKUHHVXEGDWDVHWVH[SUHVVLQJ
•
•
•

WKHDHURG\QDPLFDFWLRQVDVDIXQFWLRQRIDQJOHRIDWWDFN DQJOHRIVLGHVOLS DQG0DFK
QXPEHU IRUWKHFOHDQDLUFUDIWFRQILJXUDWLRQZLWKQR&6GHIOHFWHG
WKH GLIIHUHQWLDO DHURG\QDPLF DFWLRQV ZLWK UHVSHFW WR WKH FOHDQ DLUFUDIW FRQILJXUDWLRQ
REWDLQHGWKURXJKWKHGHIOHFWLRQRI&6V
WKHG\QDPLFGHULYDWLYHVRIWKHDHURG\QDPLFDFWLRQVZLWKUHVSHFWWRWKHUROOSLWFKDQG
\DZDQJXODUUDWHV
DVDIXQFWLRQRI DQG 

,QVKRUWHDFKDHURG\QDPLFDFWLRQ LVH[SUHVVHGLQWKHIRUPRIORRNXSWDEOHVDV


7KLVPRGHODVVXPHVOLQHDUGHSHQGHQFHRIWKHDHURG\QDPLFDFWLRQVRQWKHDQJXODUUDWHVDQG
QHJOHFWV WKH HIIHFWV RI DHURG\QDPLF LQWHUDFWLRQ DPRQJ &6V 7KH DELOLW\ WR GHWDFK WKH &6
GHSHQGHQWGDWDVHW IURPWKH FOHDQFRQILJXUDWLRQGDWDVHWLV WKHNH\ IHDWXUHZKLFKKDVPDGH LW
SRVVLEOH WR LPSOHPHQW WKH VHPLHPSLULFDO PHWKRG LQWURGXFHG LQ 6HFWLRQ >@ $V
H[SODLQHGLQ6HFWLRQPRYDEOHVXUIDFHVDUHPRGHOOHGLQWKH00*DVSODLQIODSVDQGWKHLU
GHIOHFWLRQREWDLQHG E\JHRPHWU\GHIRUPDWLRQ 7KLVDSSURDFKKDVWREHDXJPHQWHGZKHQWKH
PRYDEOHVXUIDFHVGRHVQRWUHSUHVHQWD&6EXWUDWKHUDKLJKOLIWGHYLFHVXFKDVDIODS,QWKLV
FDVHFODVVLFVHPLHPSLULFDOPHWKRGVDUHLPSOHPHQWHGIRUWKHGUDJDQGOLIWLQFUHDVHIRUYDULRXV
W\SHVRIVORWWHGDQGIRZOHUIODSV>@
2.3.2 Propulsive model
7KHSURSXOVLYHPRGHOLVJHQHUDWHGE\DQLQKRXVHSK\VLFVEDVHGPHWKRGIRUWXUERIDQHQJLQH
VL]LQJUHIHUUHGWRDV*7S\7KLVPHWKRGWDNHVWKHUHTXLUHGWKUXVWGHVLJQIOLJKWFRQGLWLRQDQG
HQJLQHGHVLJQYDULDEOHVDVLQSXW,WEXLOGVXSRQWKHJDVWXUELQHSHUIRUPDQFHVLPXODWLRQPHWKRG
*63>@DQGDGHVLJQPHWKRGRORJ\EDVHGRQWKHUPRG\QDPLFF\FOHFDOFXODWLRQV>@0RYLQJ
IURPWKHUHIHUHQFHIOLJKWFRQGLWLRQUHJDUGHGDVWKHHQJLQHGHVLJQSRLQW*7S\JHQHUDWHVHQJLQH
WKUXVWDQGIXHOIORZPDSVLQRIIGHVLJQFRQGLWLRQVDVDIXQFWLRQRIDOWLWXGH0DFKQXPEHUDQG
FRUUHFWHGIDQVSHHG 7KHGHSHQGHQF\RQWKHODWWHUSDUDPHWHULVWKHQPDSSHGWRDQRUPDOL]HG
H[FXUVLRQRIWKHSLORWWKURWWOHFRPPDQG
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)LJXUH3+$/$1;WRSOHYHOFRQFHSWXDOVFKHPH

3

METHOD AND APPLICATION

,QWKLVVHFWLRQDPRUHGHWDLOHGH[SODQDWLRQRIWKH&6VL]LQJPHWKRGLVJLYHQ6HFWLRQIRFXVHV
RQKRZWKH&6DUUDQJHPHQWLVPRGHOOHGDQGFRQWUROOHGWKURXJKRXWWKHVL]LQJORRS6HFWLRQ
SUHVHQWVKRZWKHVHPLHPSLULFDOPHWKRGSUHVHQWHGLQ6HFWLRQLVH[SORLWHGIRUWKHSUHVHQW
DSSOLFDWLRQ 6HFWLRQ  JLYHV DQ RYHUYLHZ RI WKH +)4V VLPXODWLRQV XVHG WR WHVW WKH
FRQWUROODELOLW\RIWKHDLUFUDIW)00/DVWO\WKHVHDUFKVWUDWHJ\XVHGWRLWHUDWHWKURXJKWKHVL]LQJ
ORRSLVLOOXVWUDWHGLQ6HFWLRQ$EULHIVXPPDU\LVJLYHQLQ6HFWLRQZKHUHWKHSUREOHP
IRUPXODWLRQLVIRUPDOL]HGXVLQJWKHFODVVLFRSWLPL]DWLRQSUREOHPVQRWDWLRQ
3.1

Control surface arrangement

)RU D JLYHQ DLUFUDIW FRQILJXUDWLRQ D ILUVW JXHVV SRVLWLRQLQJ DQG VL]LQJ RI WKH &6V LV FKRVHQ
DUELWUDULO\RURQWKHEDVLVRIVRPHRWKHUHVWLPDWLRQPHWKRG(DFK&6LQGLFDWHGZLWKDQLQGH[
 LV LGHQWLILHG E\ LWV FKRUG UDWLR
 DQG LWV VSDQZLVH LQQHU DQG RXWHU
VWDWLRQV
DQG
,IWKHDLUFUDIWFDQEHDVVXPHGV\PPHWULFWKH&6DUUDQJHPHQWFDQEH
H[SUHVVHGLQWHUPVRIRQO\WKH&6VO\LQJRQWKHVWDUERDUGVLGHRIWKHDLUFUDIW

$V LW LV IRUPXODWHG LQ WKH SUHVHQW VWXG\ WKH &6 VL]LQJ SUREOHP FRQVLVWV LQ GHWHUPLQLQJ WKH
RSWLPDOVSDQZLVHSRVLWLRQRIWKHLQQHUDQGRXWHUVWDWLRQVRIHDFK&67KHFKRUGUDWLRLVJLYHQ
DVDQLQSXWWRWKHSUREOHPDVGLFWDWHGIRUH[DPSOHE\UHTXLUHPHQWVRQWKHLQWHUQDOVWUXFWXUH
RIWKHZLQJDQGDVVXPHGIL[HGWKURXJKRXWWKH VL]LQJORRS)RUDFRUUHFWGHILQLWLRQRID&6
DQG
PXVWFRPSO\ZLWKYDULRXVW\SHVRIFRQVWUDLQWV
DUUDQJHPHQWWKHSDUDPHWHUV
•

'HJHQHUDF\FRQVWUDLQWVHQVXUHWKDWHDFK&6KDVDQRQQHJDWLYHVSDQ


•

&RPSHQHWUDWLRQFRQVWUDLQWVHQVXUHWKDWPXOWLSOH&6VRQWKHVDPHZLQJGRQRWRYHUODS

•

+DUGFRQVWUDLQWVLIDQ\OLPLWWKHSRVLWLRQRIWKH&6E\WDNLQJLQWRDFFRXQWLQWHUIHUHQFHV
ZLWK RWKHU DLUFUDIW FRPSRQHQWV IXVHODJH YHUWLFDO WDLO HWF  RU VLPSO\ LPSOHPHQW
DGGLWLRQDOGHVLJQFULWHULD
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)RUWKHSUHVHQWDSSOLFDWLRQWKHVL]LQJPHWKRGKDVEHHQDSSOLHGWRWKH&6VO\LQJRQWKHPDLQ
ZLQJVRIWKHVHOHFWHG3U3DLUFUDIW)ROORZLQJWKHJXLGHOLQHVLGHQWLILHGLQSUHYLRXVZRUNVDQ
LQQHUDQGRXWHU&6KDVEHHQSODFHGRQHDFKVHPLZLQJ>@IRUDWRWDORIHLJKWFRQWUROVXUIDFHV
RQWKHWZRZLQJV,QSDLUVWKHVHVHUYHDVHOHYDWRUVDQGDLOHURQVUHVSHFWLYHO\&RQWUROVXUIDFHV
O\LQJRQWKHWZRYHUWLFDOWDLOVDQGRQWKHWZRVLGHZLQJVDUHFRQVLGHUHGIUR]HQDVLQWKHLQLWLDO
DUUDQJHPHQW7KH\VHUYHDVUXGGHUVDQGVLGHIRUFHJHQHUDWRUVUHVSHFWLYHO\

%HWZHHQ WKH 3U3 IURQW ZLQJ LQQHU DQG RXWHU &6V DQ DGGLWLRQDO PRYDEOH VXUIDFH KDV EHHQ
SRVLWLRQHGZLWKWKHLQWHQWLRQRISURYLGLQJKLJKOLIWFDSDELOLWLHV7KLVPRYDEOHDFWVWKHUHIRUHDV
DIODSDQGQRWDFRQWUROGHYLFH7KHUHDUZLQJGRHVQRWIHDWXUHDQ\KLJKOLIWGHYLFHGXHWRWKH
PXFKKLJKHUSLWFKPRPHQWWKDWWKHLUGHIOHFWLRQZRXOGFDXVHDERXWWKHDLUFUDIW&*$VH[SODLQHG
LQ6HFWLRQIODSVDUHQRWDQDFWLYHSDUWRIWKH&6VL]LQJSURFHVVVLQFHWKH\GRQRWDIIHFW
DLUFUDIWFRQWUROODELOLW\GLUHFWO\7KHLUVSDQZLVHSRVLWLRQLVFDOFXODWHGa posteriori DWHYHU\VL]LQJ
ORRSLWHUDWLRQVRWRVDWLVI\(TXDWLRQV±DQGKHQFHFRPSO\ZLWKWKHXSGDWHG&6DUUDQJHPHQW
2QFHDQLQLWLDODUUDQJHPHQWLVZHOOGHILQHGDIXOO QRQOLQHDULQJHQHUDO DHURG\QDPLFGDWDEDVH
LV JHQHUDWHG DV D VWDUWLQJ SRLQW RI WKH VL]LQJ SURFHVV 7KH GDWDEDVH LGHDOO\ H[SUHVVHV
DHURG\QDPLFIRUFHVDQGPRPHQWVRQWKHDLUFUDIWDVDIXQFWLRQRIIOLJKWSDUDPHWHUVDQGFRQWURO
SDUDPHWHUVOLNH&6VGHIOHFWLRQVDQGRUWKUXVWVHWWLQJ
3.2

Aerodynamic model scaling

:LWK HYHU\ LWHUDWLRQ RI WKH &6 VL]LQJ ORRS FRPHV D QHZ DUUDQJHPHQW RI WKH &6V 7KH QHZ
PRYDEOHVDUUDQJHPHQWZRXOGUHTXLUHWRUHFDOFXODWHWKHIXOODHURG\QDPLFGDWDVHWRUDWOHDVWWKH
SDUWRILWZKLFKGHSHQGVRQFRQWUROVXUIDFHVZKLFKLVXVXDOO\WKHODUJHVWRQH8VLQJDKLJKRU
PLGILGHOLW\ DHURG\QDPLF DQDO\VLV PHWKRG LQ WKH ORRS ZRXOG UHVXOW LQ D JUHDW DPRXQW RI
FRPSXWDWLRQDO WLPH SHU LWHUDWLRQ :LWK WKH SURSRVHG K\EULG DSSURDFK WKH QXPEHU RI
DHURG\QDPLFDQDO\VHVLVUHGXFHGGUDVWLFDOO\DQGWKHUHE\WKHUHTXLUHGFRPSXWDWLRQDOWLPH

7KH DSSURDFK EXLOGV XS RQ WKH VHPLHPSLULFDO PHWKRG LOOXVWUDWHG LQ 6HFWLRQ  $W HYHU\
RIHDFK&6 LVNQRZQ7KLVDOORZVWRXVH
VL]LQJORRSLWHUDWLRQ WKHSRVLWLRQ
(TXDWLRQWRFDOFXODWHWKHUDWLREHWZHHQWKHYDULDWLRQLQOLIWGXHWRWKHGHIOHFWLRQRIDSDUWLDO
VSDQ&6DQGDIXOOVSDQ&6

7KHYDULDWLRQLQOLIWGXHWRWKHGHIOHFWLRQRIWKHIXOOVSDQ&6LHWKHGHQRPLQDWRURQWKHOHIW
KDQGVLGHRI(TXDWLRQGRHVQRWGHSHQGRQWKHSRVLWLRQDQGVSDQZLGWKRIWKHVDPH&6DWHDFK
LWHUDWLRQ %\PDNLQJXVHRIWKLVIDFWLWLVSRVVLEOHWRREWDLQDVLPSOHHTXDWLRQZKLFKUHODWHV
WKHYDULDWLRQLQOLIWGXHWRWKHSDUWLDOVSDQ&6DWDQ\WZRLWHUDWLRQV DQG 

%\FKRRVLQJ

FDQEHDVVXPHGDVWKH&6GHSHQGHQWOLIWRIWKHDHURG\QDPLFGDWDEDVH
JHQHUDWHG ZLWK KLJKILGHOLW\ DHURG\QDPLF PHWKRGV DV PRGHOOHG LQ (TXDWLRQ  IRU WKH ILUVW
JXHVV&6DUUDQJHPHQW
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7KHTXDQWLW\

LVDVFDOHIDFWRUZKLFKGHSHQGVRQWKHVL]LQJORRSLWHUDWLRQDQGFDQEHXVHGWRDOWHUWKHRULJLQDO
GDWDEDVHDVWKHSRVLWLRQRIHDFK&6LVXSGDWHG)RUWKHZD\LWLVGHILQHGWKHLQLWLDOYDOXHRIWKH
VFDOHIDFWRULV

$WHYHU\VL]LQJORRSLWHUDWLRQWKHRULJLQDOKLJKILGHOLW\&6GHSHQGHQWOLIWLVVFDOHGDV

$VSUHVFULEHGE\WKHVHPLHPSLULFDOPHWKRGWKHVFDOLQJIDFWRULVDSSOLHGRQO\WRWKHOLIWIRUFH
JHQHUDWHGE\HDFK&67KLVRIFRXUVHDOVRDIIHFWVWKHWUDQVSRUWPRPHQWWKDWWKH&6JHQHUDWHG
DERXWWKHDLUFUDIW&HQWUHRI*UDYLW\ &* 7KHUHPDLQLQJDHURG\QDPLFDFWLRQVDUHOHIWXQDOWHUHG
WKURXJKRXWWKHVL]LQJORRS
$VWKHDOWHUDWLRQRIWKHRULJLQDOGDWDEDVHLVMXVWDVFDOLQJLWLVUHDVRQDEOHWRDVVXPHWKDWWKH
PDLQFKDUDFWHULVWLFVRIWKHDLUFUDIWDHURG\QDPLFVOLNHLQWHUDFWLRQVDQGQRQOLQHDUEHKDYLRXUV
DUHRYHUDOOSUHVHUYHG
3.3

Handling and Flying Qualities analysis

7KH DLUFUDIW )00 LV FUHDWHG E\ OLQNLQJ WKH DHURG\QDPLF PRGHO WR SURSXOVLRQ LQHUWLDO DQG
FRQWUROPRGHOV1R$XWRPDWLF)OLJKW&RQWURO6\VWHP $)&6 LVLPSOHPHQWHGIRUWKLVVWXG\
7KH REMHFWLYH LV LQ IDFW WR VWXG\ WKH LQKHUHQW FRQWUROODELOLW\ RI WKH DLUFUDIW ZLWK QR IRUP RI
DXJPHQWDWLRQ$PHFKDQLFDOJHDULQJV\VWHPLVPRGHOOHGWROLQNWKHSLORWVWLFNFRPPDQGVWRWKH
FRQWUROHIIHFWRUVDQGWRJDQJWKH&6VWRJHWKHUDVGHVFULEHGLQWKHIROORZLQJ
•

•

•

,QQHUZLQJ&6VUHDFWWRDORQJLWXGLQDOSLORWVWLFNFRPPDQG7KHWZRRQWKHIURQWZLQJ
DUHFRQVWUDLQHGWRKDYHWKHVDPHGHIOHFWLRQDQJOHDQGWKHUHIRUHDFWDVDVLQJOHHOHYDWRU
7KHVDPHKROGVIRUWKHWZRRQWKHUHDUZLQJ0RUHRYHUWKHSDLURQWKHIURQWZLQJLV
FRQVWUDLQHG WR KDYH DQ RSSRVLWH GHIOHFWLRQ DQJOH ZLWK UHVSHFW WR WKH SDLU RQ WKH UHDU
ZLQJ7KLVLVFORVHWRWKHWUDGLWLRQDOZD\RIFRQWUROOLQJDLUFUDIWORQJLWXGLQDOPRWLRQLH
E\LQWURGXFLQJDSLWFKPRPHQWDERXWWKH&*
2XWHUZLQJ&6VUHDFWWRDODWHUDOSLORWVWLFNFRPPDQG7KHWZRRQWKHIURQWZLQJDUH
FRQVWUDLQHGWRKDYHRSSRVLWHGHIOHFWLRQDQJOHVDQGWKHUHIRUHDFWDVDSDLURIDLOHURQV
7KHVDPHKROGVIRUWKHWZRRQWKHUHDUZLQJ7KHSDLURQWKHVWDUERDUGVLGHDVZHOODV
WKHSDLURQWKHSRUWVLGHDUHFRQVWUDLQHGWRKDYHWKHVDPHGHIOHFWLRQDQJOH
5XGGHUV DQG VLGHIRUFH JHQHUDWRUV UHDFW WR D SLORW SHGDO FRPPDQG 7KH\ DUH DOO
FRQVWUDLQHGWRKDYHWKHVDPHGHIOHFWLRQDQJOHLQERWKPDJQLWXGHDQGVLJQ

7KLVFODVVLFPHFKDQLFDOJHDULQJDUFKLWHFWXUHKDVEHHQFKRVHQIRULWDOORZHGDFOHDUIRUPXODWLRQ
RIWKHVHDUFKVWUDWHJ\DVVKRZQLQ6HFWLRQ2QFHWKH)00LVDVVHPEOHGDVHWRI+)4V
WHVWVLVSHUIRUPHGLQRUGHUWRDVVHVVWKHDLUFUDIWFRQWUROODELOLW\LQYDULRXVUHJLRQVRIWKHIOLJKW
HQYHORSH)RUWKHSUHVHQWVWXG\WKHVHOHFWHGWHVWVLQFOXGH
 7ULPLQVWUDLJKWDQGOHYHOIOLJKWWKHDLUFUDIWLVUHTXLUHGWRIO\LQVWHDG\KRUL]RQWDOIOLJKW
DWDJLYHQDOWLWXGHDQG0DFKQXPEHU

887

A Hybrid, Configuration-Agnostic Approach To Aircraft Control Surface Sizing

Varriale et al.

 6WHDG\WXUQWKHDLUFUDIWLVUHTXLUHGWRVXVWDLQDVWHDG\FRUUHFWHGWXUQDWDJLYHQDOWLWXGH
DQG 0DFK QXPEHU 7KH SUHVFULEHG WXUQ UDWH LV  GHJV DQG FRUUHVSRQGV WR WKH PRVW
FRPPRQ PDQRHXYUH IRU DOLJQPHQW ZLWK WKH DLUILHOG GXULQJ DSSURDFK DQG ODQGLQJ
RSHUDWLRQV
 3XOOSXVKQRUPDO ORDG IDFWRU WKH DLUFUDIW LVUHTXLUHGWR DFKLHYHPLQLPXPSUHVFULEHG
YDOXHVRIWKHQRUPDOORDGIDFWRU DVDFRQVHTXHQFHRIDIXOOVWLFNSXOODQGDIXOOVWLFN
SXVKSLORWFRPPDQG>@
 7LPHWREDQNWKHDLUFUDIWLVUHTXLUHGWRDFKLHYHD GHJEDQNDQJOHUROODWWLWXGHZLWKLQ
DSUHVFULEHGDPRXQWRIWLPH
 7ULPZLWK2QH(QJLQH2XW 2(2 WKHDLUFUDIWLVUHTXLUHGWRIO\LQVWHDG\KRUL]RQWDO
IOLJKW DW D JLYHQ DOWLWXGH DQG 0DFK QXPEHU ZLWK WKH PRVW FULWLFDO HQJLQH EHLQJ QRW
RSHUDWLYH
9DULRXVFRPELQDWLRQVRIWKHVHWHVWVDUHUXQIRUDFUXLVHIOLJKWFRQGLWLRQ

DQGDQDSSURDFKIOLJKWFRQGLWLRQ
LQVWLOODLUDQGVLGHZLQGFRQGLWLRQV
7KHSUHVFULEHGDSSURDFKVSHHGLVH[WUDFWHGIURPDLUFUDIWRSHUDWLRQVUHJXODWLRQVIRU&DWHJRU\'
DLUFUDIW ODUJH MHWV  >@ 7KH SUHVFULEHG VLGHZLQG PDJQLWXGH
 LV
H[WUDFWHGIURPFXUUHQWUHJXODWLRQVIRUFRPPHUFLDOWUDQVSRUWDLUFUDIW>@)RUERWKFUXLVHDQG
DSSURDFKIOLJKWFRQGLWLRQVWKHDLUFUDIWZHLJKWLV
WRQVLHWKHVXPRILWV=HUR)XHO:HLJKW
=): DQGRILWV)XHO:HLJKW ): FDSDFLW\7KHSRVLWLRQRIWKH&*LVVHWWRREWDLQD
VWDWLFPDUJLQ7KH+)4VWHVWPDWUL[LVVXPPDUL]HGLQ7DEOH
7DEOH  +DQGOLQJ DQG )O\LQJ 4XDOLWLHV WHVW PDWUL[ XVHG LQ WKH FRQWURO VXUIDFH VL]LQJ ORRS )RU WKH
UHIHUHQFH 3U3 DOO WHVWV DUH SHUIRUPHG ZLWK DLUFUDIW ZHLJKW
 WRQV DQG VWDWLF
PDUJLQ


Cruise

Approach

No side wind


6WUDLJKWDQGOHYHO
3XVKSXOO
7LPHWREDQN

6WUDLJKWDQGOHYHO
6WHDG\WXUQ
3XVKSXOO
7LPHWREDQN
2(2

Side-wind


6WUDLJKWDQGOHYHO
3XVKSXOO

6WUDLJKWDQGOHYHO
3XVKSXOO
2(2

7HVWVDQGLQWKHDERYHOLVWDUHHYDOXDWHGDVHLWKHUVXFFHVVIXORUQRWVXFFHVVIXO7HVW
LVHYDOXDWHGRQDQLQWHJHUVFDOHIURP/HYHOWR/HYHODFFRUGLQJWRFXUUHQWO\DYDLODEOH+)4V
FULWHULD>@7KHVXIILFLHQWOHYHOIRUWKHWHVWEHLQJVXFFHVVIXOLVDVVXPHGDV/HYHO$VVKRZQ
LQ6HFWLRQWKH+)4VWHVWVUHSUHVHQWFRQVWUDLQWVLQWKH&6VVL]LQJORRSWKHKLJKO\GLVFUHWH
QDWXUHRIWKHLURXWSXWPDNHVLWLPSRVVLEOHWRXVHJUDGLHQWEDVHGRSWLPL]HUVIRUWKLVSURFHVV7KH
&6VSRVLWLRQDQGVL]HKDYHWREHXSGDWHGRQWKHEDVLVRIWKH+)4VWHVWVUHVXOWVDFFRUGLQJWRD
FKRVHQVHDUFKVWUDWHJ\
3.4

Search strategy

$WHDFKLWHUDWLRQRIWKH&6VL]LQJORRSWKHWHVWVDUHUXQVHTXHQWLDOO\,IDWHVWLVQRWVXFFHVVIXO
PHDQLQJ WKDW WKH DLUFUDIW PRGHO LV QRW DEOH WR KDYH VXIILFLHQW +)4V FULWHULD SHUIRUPLQJ WKH
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VSHFLILFPDQRHXYUHLQWKHUHIHUHQFHIOLJKWFRQGLWLRQVWKHLWHUDWLRQLVVWRSSHGLPPHGLDWHO\,I
DOOWHVWVDUHVXFFHVVIXOPHDQLQJWKDWWKHDLUFUDIWLVFDSDEOHRIDFKLHYLQJVXIILFLHQW+)4VIRUDOO
SUHVFULEHGPDQRHXYUHVLQWKHUHIHUHQFHIOLJKWFRQGLWLRQVWKH&6VL]LQJLWHUDWLRQLVFRPSOHWHG
,Q HLWKHU FDVH DW WKH HQG RI WKH LWHUDWLRQ D GHFLVLRQ LV WDNHQ DERXW KRZ WR XSGDWH WKH &6
DUUDQJHPHQW7KHGHFLVLRQWDEOHDGRSWHGIRUWKHVHDUFKVWUDWHJ\LVUHSRUWHGLQ7DEOH

(DFKRIWKH+)4VWHVWVUHSRUWHGLQ7DEOHLVFODVVLILHGDVHLWKHUlongitudinal, lateral, RUcoupled
G\QDPLFV+)4VWHVWVWKDWDUHFODVVLILHGDVORQJLWXGLQDODIIHFWRQO\WKH&6VLQWKHLQQHUSDUWRI
WKHZLQJV+)4VWHVWVWKDWDUHFODVVLILHGDVlateralDIIHFWRQO\WKH&6VLQWKHRXWHUSDUWRIWKH
ZLQJV/DVWO\+)4VWHVWVWKDWDUHFODVVLILHGDVcoupledDIIHFWWKH&6VLQERWKWKHLQQHUDQG
RXWHUSDUWRIWKHZLQJV

$WHYHU\LWHUDWLRQLIDVHWRI&6VPXVWXQGHUJRDQLQFUHDVHLQVSDQZLGWKDFFRUGLQJWRWKHVHDUFK
ORJLF RQO\ WKH VPDOOHVW &6 RI VHW LV HQODUJHG $QDORJRXVO\ LI D VHW RI &6V PXVW XQGHUJR D
GHFUHDVH LQ VSDQ ZLGWK RQO\ WKH ZLGHVW &6 RI WKH VHW LV UHGXFHG 7KLV ORJLF SUHYHQWV ODUJH
XQEDODQFHLQWKHVSDQZLVHGLPHQVLRQRI&6V$IWHU&6VVSDQZLVHSRVLWLRQVDUHXSGDWHGWKH
UHPDLQLQJ PRYDEOH VXUIDFHV FODVVLILHG DV IODSV DUH XSGDWHG DFFRUGLQJO\ WR FRPSO\ ZLWK
FRQVWUDLQWVUHSRUWHGLQ(TXDWLRQV±

7KHWRWDO&6VSDQZLGWKLH
7KHIL[HGLWHUDWLRQVWHSLVFKRVHQLQWKLVZRUNDV
WKHVXPRIHDFK&6VSDQZLGWKLVPRQLWRUHGWKRXJKWKHORRS

7KHVL]LQJORRSLVWHUPLQDWHGZKHQ
IRUWKHODWHVWVXFFHVVIXOLWHUDWLRQLVODUJHUWKDQ

DFKLHYHGLQDSUHYLRXVVXFFHVVIXOLWHUDWLRQ$WWKHHQGRIWKHVL]LQJSURFHVVWKHVXFFHVVIXO&6
DUUDQJHPHQWVFDQEHFRPSDUHGDQGDQRSWLPXPRQHFDQEHH[WUDFWHGRQWKHEDVLVRIDFKRVHQ
GHVLJQ FULWHULRQ ,Q WKH SUHVHQW ZRUN LQ FDVH RI PXOWLSOH VXFFHVVIXO &6 DUUDQJHPHQWV ZLWK
WKHRQHZLWKPLQLPXPVSDQZLGWKRIWKHLQQHU&6VLVFKRVHQ
HTXDO

7DEOH'HFLVLRQWDEOHIRUWKHDGRSWHGVHDUFKVWUDWHJ\

Previous sizing decision

3.5

HFQs test outcome

Current sizing decision



✔

GRQRWDOWHU



✘



GRQRWDOWHU

✔



GRQRWDOWHU

✘


GRQRWDOWHU



✔



✘





all ✔



Summary

7KH &6V VL]LQJ SUREOHP DV LQWURGXFHG LQ WKH SUHYLRXV VHFWLRQV FDQ EH IRUPXODWHG DV WKH
IROORZLQJRSWLPL]DWLRQSUREOHP
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:KHUH  LV D IXQFWLRQ UHWXUQLQJ WKH ERROHDQ RXWFRPH RI WKH WK +)4V WHVW 7KH VROYLQJ
DOJRULWKPLVUHSUHVHQWHGE\WKHVHDUFKVWUDWHJ\RXWOLQHGLQ6HFWLRQ2QFHWKLVSUREOHPLV
VROYHGLQFDVHRIPXOWLSOHHTXLYDOHQWRSWLPDOVROXWLRQVDVHFRQGDU\RSWLPL]DWLRQSUREOHPFDQ
EH IRUPXODWHG WR VHOHFW D SUHIHUUHG &6 DUUDQJHPHQW 7KH ZKROH &6 VL]LQJ ORRS IURP WKH
JHQHUDWLRQRIWKHDLUFUDIWJHRPHWU\PRGHOIRUDHURG\QDPLFDQDO\VLVWRWKHLPSOHPHQWDWLRQRI
WKHVHDUFKORJLFPDNLQJXVHRIWKH+)4VWHVWVUHVXOWVLVLOOXVWUDWHGVFKHPDWLFDOO\LQ)LJXUH


)LJXUH2YHUYLHZVFKHPHRIWKHFRQWUROVXUIDFHVL]LQJORRS

4

RESULTS

7KHILUVWJXHVV&6VDUUDQJHPHQWIRUWKHUHIHUHQFHDSSOLFDWLRQFDVHKDVEHHQDVVLJQHGDUELWUDULO\
E\ WDNLQJ D YHU\ FRQVHUYDWLYH FKRLFH LH ODUJH &6V %H\RQG HQIRUFLQJ WKH FRQVLVWHQF\ DQG
FRPSHQHWUDWLRQ FRQVWUDLQWV UHSRUWHG LQ (TXDWLRQV  DQG  VRPH KDUG FRQVWUDLQWV KDYH EHHQ
LPSOHPHQWHGDVZHOO1DPHO\WKHLQQHUHGJHRIHDFKLQQHU&6KDVEHHQFRQVWUDLQHGWRLWVLQLWLDO
SRVLWLRQOHDYLQJWKHRXWHUHGJHDVWKHRQO\YDULDEOHWREHRSWLPL]HG$QDORJRXVO\WKHRXWHU
HGJH RI HDFK RXWHU &6 KDV EHHQ IL[HG /DVWO\ WKH RXWHU HGJH RI WKH LQQHU UHDU &6 KDV EHHQ
FRQVWUDLQHGVRWRSUHYHQWLQWHUVHFWLRQVZLWKWKHYHUWLFDOWDLO
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7KH UHVXOWV RI WKH VL]LQJ ORRS DUH VKRZQ LQ )LJXUH  ZLWK WKH RSWLPXP &6 DUUDQJHPHQW
DSSHDULQJ DW LWHUDWLRQ  ,Q WKH ILJXUH LW FDQ EH VHHQ WKDW WKH WRWDO &6V VSDQ ZLGWK LV
PRQRWRQLFDOO\GHFUHDVLQJIRULWHUDWLRQVEHIRUHWKHILUVW+)4VWHVWIDLOVGXHWRWKHODFNRI
FRQWUROSRZHU%RWKWKHLQLWLDODQGRSWLPXPVSDQZLVH&6VSRVLWLRQVDUHUHSRUWHGLQ7DEOH
WRJHWKHUZLWKSRVLWLRQDOFRQVWUDLQWVDQGVKRZQLQ)LJXUHIRUTXDQWLWDWLYHDQGTXDOLWDWLYH
FRPSDULVRQ$WWKHHQGRIWKHVL]LQJORRSDUHGXFWLRQLQWRWDO&6VSDQZLGWKKDVEHHQ
DFKLHYHG
$ FRPSDULVRQ EHWZHHQ DYDLODEOH FRQWURO HIIHFWLYHQHVV LQ WKH LQLWLDO DQG RSWLPXP &6
DUUDQJHPHQW LV VKRZQ LQ )LJXUH  &XUYHV H[WUDFWHG IURP WKUHH GDWDVHWV DUH KHUH UHSRUWHG
WKRVH REWDLQHG E\ PHDQV RI 96$(52 DQDO\VHV IRU WKH ILUVWJXHVV &6 DUUDQJHPHQW WKRVH
REWDLQHG E\ VFDOLQJWKH ODWWHU GRZQ WR WKH RSWLPXP DUUDQJHPHQWE\ PHDQV RI WKH SUHVHQWHG
VHPLHPSLULFDOPHWKRGDQGODVWO\WKRVHIURPWKH96$(52GDWDEDVHREWDLQHGIRUWKHRSWLPXP
&6DUUDQJHPHQW,IFRPSDUHGWRWKHKLJKHUILGHOLW\96$(52DHURG\QDPLFDQDO\VLVPHWKRGV
VFDOLQJWKHRULJLQDODHURG\QDPLFGDWDEDVHXVLQJWKHSURFHGXUHRXWOLQHGLQ6HFWLRQUHVXOWVLQ
VOLJKWO\RYHUHVWLPDWLQJWKHFKDQJHLQFRQWUROHIIHFWLYHQHVVGXHWRWKHUHVL]LQJRIWKH&67KH
DYHUDJHUHODWLYHHUURUEHWZHHQWKHVFDOHGDQGUHFRPSXWHGGDWDEDVHVLQWKHHVWLPDWLRQRIOLIW
IRUWKHRSWLPXP&6DUUDQJHPHQWLV2QWKHRWKHUKDQGWKH
FRQWUROHIIHFWLYHQHVV
FRPSXWDWLRQ WLPH JDLQ LV XQTXDQWLILDEOH D 96$(52 GDWDEDVH ZLWK PRUH WKDQ  FDVHV
UHTXLUHV IURP RQH WR WKUHH GD\V &38 WLPH GHSHQGLQJ RQ DYDLODEOH UHVRXUFHV  ZKLOH WKH
DSSOLFDWLRQRIWKHVHPLHPSLULFDOPHWKRGLVLQVWDQWDQHRXVDQGHIIRUWOHVV
,WLVUHPDUNHGWKDWGXHWRWKHLWHUDWLYHQDWXUHRIWKHVROYHUWKLVDSSURDFKLVRQO\DEOHWRILQG
ORFDORSWLPDDQGWKHRSWLPXP&6VDUUDQJHPHQWLVGHSHQGHQWRQWKHLQLWLDOFKRLFHIRUWKH&6
DUUDQJHPHQW,QLWLDOL]LQJWKH&6VL]LQJORRSDWPXOWLSOHVWDJHVZLWKKLJKILGHOLW\DHURG\QDPLF
GDWDEDVHVLVH[SHFWHGWRUHGXFHWKHDFFXUDF\HUURUZKLOHLQFUHDVLQJWKHFRPSXWDWLRQWLPH,WLV
DOVRQRWHGWKDWPHVKVHWWLQJVOLNHVSDQZLVHJULGUHVROXWLRQPD\QHHGWREHXSGDWHGDWHYHU\
LQLWLDOL]DWLRQDFFRUGLQJWRWKHXSGDWHG&6VSDUDPHWHUV7KLVRSHUDWLRQPLJKWUHTXLUHPDQXDO
LQWHUYHQWLRQHVSHFLDOO\LQWKHFDVHRIVPDOO&6V
5

CONCLUSIONS

$QHZDSSURDFKIRUDLUFUDIWFRQWUROVXUIDFHVL]LQJKDVEHHQVKRZQLQWKLVSDSHU,WKDVEHHQ
IRUPXODWHG WR EH DSSOLFDEOH WR DQ\ JLYHQ DLUFUDIW FRQILJXUDWLRQ ZLWK DQ\ JLYHQ QXPEHU RI
FRQWURO VXUIDFHV 7KH PHWKRG HPSOR\V KLJKILGHOLW\ DQDO\VLV WR JHQHUDWH WKH DLUFUDIW
DHURG\QDPLFPRGHODQGDVHOHFWHGVHPLHPSLULFDOPHWKRGWRDOWHULWWKURXJKRXWWKHVL]LQJORRS
7KHDSSURDFKKDVEHHQDSSOLHGWRD3UDQGWO3ODQHDLUFUDIWFRQILJXUDWLRQDFKLHYLQJDFFHSWDEOH
UHVXOWVZLWKFRQWDLQHGFRPSXWDWLRQDOHIIRUW7KHDFFXUDF\RIWKHPHWKRGKDVEHHQTXDQWLILHG
DQGUHFRPPHQGDWLRQVKDYHEHHQPDGHWRLPSURYHLW)XWXUHZRUNZLOOIRFXVRQIRUPDOL]LQJD
PRUHJHQHUDOPXOWLILGHOLW\RSWLPL]DWLRQEDVHGDSSURDFKE\UHSODFLQJWKHPHFKDQLFDOJHDULQJ
RIFRQWUROVXUIDFHVZLWKDFRQWURODOORFDWLRQDOJRULWKP7KLVZLOOUHTXLUHWKHGHILQLWLRQRIDQHZ
VHDUFKVWUDWHJ\
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)LJXUHFRQWUROVXUIDFHVL]LQJORRSUHVXOWVIRUWKHUHIHUHQFH3U3
$OO+)4VWHVWVVXFFHVVIXO $WOHDVWRQH+)4VWHVWXQVXFFHVVIXO
7DEOH  6XPPDU\ RI LQLWLDO DQG RSWLPXP FRQWURO VXUIDFH DUUDQJHPHQWV ZLWK SRVLWLRQDO FRQVWUDLQWV
3RVLWLRQVDUHJLYHQDV
SDLUVVSDQZLGWKDV 

Control
Surface

Initial
position

Initial
span width

Hard
constraints

Optimum
position

Optimum
span width

,QQHU)URQW











2XWHU)URQW











,QQHU5HDU











2XWHU5HDU














)LJXUH,QLWLDODQGRSWLPXPFRQWUROVXUIDFHDUUDQJHPHQWVXSHULPSRVHGRQWKHUHIHUHQFH3U3WRSYLHZ

892

A Hybrid, Configuration-Agnostic Approach To Aircraft Control Surface Sizing

Varriale et al.





)LJXUH&RPSDULVRQRIFRQWUROVXUIDFHVOLIWFXUYHVZLWKUHVSHFWWRGHIOHFWLRQDQJOH above DQG
PHDQOLIWFRQWUROHIIHFWLYHQHVV below 5HVXOWVIURPWKH96$(52DQDO\VLVRQWKHILUVW
JXHVVDUUDQJHPHQWDQGRQWKHRSWLPXPDUUDQJHPHQWDQGWKH(6'8VFDOHGGDWDVHWIRUWKH
RSWLPXP DUUDQJHPHQW DUH VKRZQ IRU WKH
 GDWDVHW
EUHDNSRLQWV
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LAMB WAVES FOR FATIGUE DAMAGE DETECTION
6&DUULQR$&DVWULRWD*6FDUVHOOL51RELOH
8QLYHUVLW\RI6DOHQWR'HSDUWPHQWRI(QJLQHHULQJIRU,QQRYDWLRQ9LDSHU0RQWHURQL
/HFFH,WDO\

 VWHIDQRFDUULQR#XQLVDOHQWRLW DOHVVDQGURFDVWULRWD#XQLVDOHQWRLW JHQQDURVFDUVHOOL#XQLVDOHQWRLW
ULFFDUGRQRELOH#XQLVDOHQWRLW


ABSTRACT

The proposed research is aimed to develop a numerical and experimental procedure for
detecting and characterizing fatigue damage both in metallic and composite structures using
guided waves. It is well known that materials are subjected to accumulation of micro-cracks or
delaminations over the time when they are cyclically loaded. A structural monitoring system
can non-destructively assess fatigue-induced damages in order to ensure the in-service
reliability and the safety of engineering structures in aerospace field. In this study, nondestructive techniques were preliminarily used to evaluate static loads (as a load cell), applied
to the structure, through the propagation of Lamb waves (S0 or A0 mode) generated by
PieZoelectric Transducers (PZTs) bonded on to the structure surfaces. The amplitudes of the
excited wave packets were studied and correlated to the applied loads. The used wave packets
were excited at frequencies of hundred kiloHertzs, while mechanical cyclic loadings are
generally characterized by frequencies up to 100 Hz. Therefore, cyclic loading acts a static
phenomenon with respect to the propagation of a Lamb wave packet. Subsequently, A0 wave
packets were used to inspect the specimen during the fatigue loading in order to monitor the
material degradation, detect and characterize plasticity driven material damage prior to the
formation of micro-cracks.

Keywords: 'DPDJH)DWLJXH1RQ'HVWUXFWLYH(YDOXDWLRQ/DPE:DYHV
1

INTRODUCTION

&ULWLFDO PHFKDQLFDO FRPSRQHQWV LQDHURQDXWLFDO ILHOGVDUHRIWHQVXEMHFWHGWR YDULDEOH
ORDGVDQGWKHHYDOXDWLRQRIWKHLULQWHJULW\IRUWKHZKROHVHUYLFHOLIHLVDQLPSRUWDQWFKDOOHQJHWR
EHDFKLHYHG>@7KHUHIRUHLWLVHYLGHQWWKDWWKHSRVVLELOLW\RIPRQLWRULQJWKHKHDOWKRIVWUXFWXUHV
DQGFRPSRQHQWVVXEMHFWHGWRIDWLJXHORDGVLVRIIXQGDPHQWDOLPSRUWDQFHDQGFRXOGSRWHQWLDOO\
OHDG WR D UHGXFWLRQ RI WKH VDIHW\ IDFWRUV QRUPDOO\ XVHG LQ WKH GHVLJQ SKDVH 0RUHRYHU D
FRQWLQXRXV DQG LQWHJUDWHG FRQWURO FRXOG UHGXFH WKH SUREDELOLW\ RI XQH[SHFWHG IDLOXUH DQG
LQFUHDVHLQWHUYDOVRIPDLQWHQDQFHSURJUDP>@
,QWKLVSHUVSHFWLYHWKHUHDUHVHYHUDOPHWKRGVIRULQYHVWLJDWLQJWKHSUHVHQFHRIGDPDJH
LQVLGH FRPSRQHQWV LQ D ORJLF RI 6WUXFWXUDO +HDOWK 0RQLWRULQJ 6+0  6HYHUDO LQGLFDWRU RI
GDPDJH DFFXPXODWLRQ SURGXFHG E\ ORDG F\FOH IDWLJXH KDYH EHHQ SURSRVHG LQ WKH SDVW IRU
H[DPSOHWKHFKDQJHRIWKHHOHFWULFDOUHVLVWDQFHRIDPDWHULDOVXEMHFWHGWRIDWLJXHORDGKDVEHHQ
SURSRVHG >@ WR HYDOXDWH WKH IDWLJXH GDPDJH DOWHUQDWLYHO\ WKH FKDQJH RI WKH YHORFLW\ RI
SURSDJDWLRQRIXOWUDVRXQG>@KDVEHHQDOVRXVHGWRGHWHUPLQHWKHIDWLJXHGDPDJH
$IXUWKHUPHWKRGXVHGDOVRLQWKHSUHVHQWZRUNLVOLQNHGWRWKHXVHRI/DPEZDYHV
ZKLFKDUHXOWUDVRXQGZDYHVWKDWSURSDJDWHRQWKHVXUIDFHRIWKHFRPSRQHQWDQGDUHJHQHUDWHG
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E\SDUWLFXODUW\SHVRIH[FLWDWLRQV>@7KLVPHWKRGLVEDVHGRQORFDWLQJDQXOWUDVRQLFHPLWWHU
LQDQDUHDRIWKHFRPSRQHQWFORVHWRWKHDUHDWREHDQDO\]HGDQGUHDGLQJDWDUHFHLYHUORFDWLRQ
WKHYDOXHRIWKHXOWUDVRQLFVLJQDOLQWURGXFHG7KHPDJQLWXGHRIWKHXOWUDVRQLFVLJQDOLVJLYHQE\
DYROWDJHYDOXH7KHSUHVHQFHRIGDPDJHVLQVLGHDPDWHULDORUDVWUXFWXUDOFRPSRQHQWFDXVHV
JHQHUDOO\DUHGXFWLRQRIWKHYROWDJHYDOXHUHDGDWDUHFHLYHUEHFDXVHWKHGDPDJHSDUWO\DEVRUEV
WKHHQHUJ\RIWKHXOWUDVRQLFSDFNDJHVJHQHUDWHGDWWKHHPLWWHU,QWKHWHFKQLFDOOLWHUDWXUHWKHUH
DUHVHYHUDOZRUNVWKDWXVHWKLVPHWKRGWRLGHQWLI\GDPDJHLQVLGHVSHFLPHQVRIGLIIHUHQWVKDSHV
DQGVL]HV)ROORZLQJWKHLUGLVFRYHU\GXHWR+RUDFH/DPELQ>@LQWKHµDQGµRIWKH
ODVWFHQWXU\PDQ\VFLHQWLVWVGHGLFDWHGWKHPVHOYHVWRWKHDSSOLFDWLRQRI/DPEZDYHVLQGLIIHUHQW
HQJLQHHULQJILHOGVDQGDPRQJWKHVHLQWKHILHOGRIWKH6+0,QSDUWLFXODU)LUHVWRQHDQG/LQJ
>@ZHUHDEOHWRH[SHULPHQWDOO\JHQHUDWH/DPEZDYHVLQSODWHHOHPHQWV+RZHYHU:RUOWRQ
>@ZDVWKHILUVWWRUHFRJQL]HWKHLUXQLTXHSURSHUWLHVDQGWRGHPRQVWUDWHGLIIHUHQWDSSOLFDWLRQV
RI/DPEZDYHVLQ1'7LGHQWLI\LQJGHIHFWVQHDUWRWKHVXUIDFHLQWKLQDOXPLQLXPEORFNVDQG
WKHUHIRUHH[WHQGLQJWKHDSSOLFDELOLW\RIWKHWHFKQLTXHWRFXUYHGJHRPHWULHVVXFKDVWXEHV/DWHU
/HKIHOGWDQG+RHOOHU>@ZHUHDEOHWRJHQHUDWH/DPEZDYHVLQKRWUROOHGVWHHOSODWHVXSWR
PP WKLFN 'HPHU DQG )HQWQRU >@ SHUIRUPHG H[SHULPHQWV ZLWK ZLUH VDPSOHV XVLQJ WKH
WHFKQLTXHWRGHWHFWIDWLJXHFUDFNVLQPHWDOEDUV)RUZKDWFRQFHUQVWKHFXUUHQWVWDWHRIXVHRI
WKLVWHFKQLTXHLQ6+0<DQHWDO>@XVHGWKLVPHWKRGIRUWKHSURSDJDWLRQRI/DPEZDYHVLQ
DOXPLQLXP SODWHV VWDWLFDOO\ ORDGHG ILUVW LQ D GLUHFWLRQ SDUDOOHO WR WKH GLUHFWLRQ RI ZDYH
SURSDJDWLRQDQGVXEVHTXHQWO\LQDQRUWKRJRQDOGLUHFWLRQ2WKHUW\SHVRIXVHRI/DPEZDYHV
VXFKDV1'7KDYHEHHQSHUIRUPHGE\.HVVOHUHWDO>@ZKRXVHGWKLVPHWKRGWRLQYHVWLJDWH
WKHGDPDJHGXHWRYDULRXVFDXVHVLQVLGHFRPSRVLWHPDWHULDOV
,QWKLVZRUN/DPEZDYHVDUHXVHGWRPRQLWRUWKHHYROXWLRQRIWKHGDPDJHGXHWRWKH
IDWLJXHRIVWHHOVSHFLPHQVE\VHQGLQJ LQWHUPLWWHQWZDYHSDFNHWVWURXJKWKHVDPSOHV ,QWKLV
ZD\WKHVWXG\RIPDFURGDPDJHLQVLGHWKHPDWHULDOLVSRVVLEOHDQGWKHHYDOXDWLRQIURPWKHYHU\
ILUVWSKDVHVRISODVWLFL]DWLRQRIWKHPDWHULDOWRWKHELUWKRIWKHPLFURFUDFNVFDQEHSURSHUO\
PDGH7KHDSSOLFDWLRQRIWKH/DPEZDYHVRQWKHVSHFLPHQ XQGHUVWDWLFDQGIDWLJXHORDGVLV
GRQHE\H[FLWLQJ6PRGHDQG$PRGHZLWKWKHXVHRISLH]RHOHFWULFWUDQVGXFHUVERQGHGRQWR
RQHHGJHRIWKHVSHFLPHQ1XPHULFDOVLPXODWLRQVDQGH[SHULPHQWDOSLWFKFDWFKPHDVXUHPHQWV
DOORZHGWKHVWXG\RIWKHSURSDJDWLQJ/DPEZDYHVLQUHVSRQVHWRDVWDWLFORDG7KHVHVWXGLHV
ZHUH SUHOLPLQDU\ WR WKH WHVWV FRQVLVWLQJ LQ VHQGLQJ SDFNHWV RI /DPE ZDYHV GXULQJ DQ D[LDO
IDWLJXHWHVWRIWKHFRQVLGHUHGVSHFLPHQ,QWKLVZD\LWLVSRVVLEOHWRHYDOXDWHWKHYDULDWLRQRIWKH
ZDYHLQWHQVLW\JHQHUDWHGE\WKHH[FLWHUWUDQVGXFHUDQGSURSDJDWLQJWRWKHUHFHLYHUVLPSO\E\
UHDGLQJWKHYROWDJHDWWKHUHFHLYHUORFDWHGDWWKHRWKHUHGJHRIWKHVSHFLPHQ7KHDGYDQWDJHRI
WKLVLQQRYDWLYHWHFKQLTXHOLHVLQWKHIDFWWKDWLWLVSRVVLEOHWRVWXG\WKHHYROXWLRQRIWKHIDWLJXH
GDPDJHXVLQJQRQGHVWUXFWLYHWHFKQLTXHVZLWKRXWEDVHOLQHVLQFHQRLQIRUPDWLRQLVUHTXLUHGRQ
WKHRULJLQDOVWUXFWXUDOVWDWHRIWKHFRPSRQHQWWREHWHVWHG

2

MATERIALS AND METHOD

7KHWHVWDUWLFOHXVHGIRUWKHH[SHULPHQWDWLRQKDVWKHFODVVLFVKDSHRIDGRJERQHDQGLV
PDGHRI$,6,VWHHO7KHFKRLFHRIWKLVPDWHULDOZDVPRWLYDWHGE\WKHDYDLODELOLW\RIDELJ
QXPEHU RI VDPSOHV RI WKLV W\SH DW WKH 0HFKDQLFDO DQG $HURVSDFH (QJLQHHULQJ /DERUDWRU\
DOORZLQJWKHSUHVHQWDQGIXWXUHLQYHVWLJDWLRQVWKHFRQVROLGDWHGNQRZOHGJHRIDOOWKHSURSHUWLHV
RI VXFK PDWHULDO 7KH IROORZLQJ ILJXUH VKRZV WKH GLPHQVLRQV RI WKH VSHFLPHQ XVHG 7KH
LQVSHFWHG ]RQH ZDV  PP ORQJ DQG  PP ZLGH 7KH ERQGHG VHQVRUV ZHUH PDGH RI
SLH]RHOHFWULFFHUDPLFPDWHULDOVEDVHGRQPRGLILHG/HDG=LUFRQDWH7LWDQDWH$FFRUGLQJWRWKH
VXSSOLHUFDWDORJXH>@WKH3=7VPDWHULDOGHVLJQDWLRQLV3,&WKDWFRUUHVSRQGVWRVHULHV
RI(1(XURSHDQ6WDQGDUG7KHVHQVRUVXVHGLQWKLVZRUNKDYHODUJHFKDUJHFRHIILFLHQW
PRGHUDWHSHUPLWWLYLW\DQGKLJKFRXSOLQJIDFWRUZLWKHOHFWURGHVZUDSSHGDURXQGRQWKHVDPH
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VLGHLQRUGHUWRHVWDEOLVKHOHFWULFDOFRQWDFWLQJDWDIDYRXUDEOHSRVLWLRQWKHVHQVRUSURSHUWLHVDUH
UHSRUWHGLQ7DEOHDQGZHUHXVHGLQWKHQXPHULFDOVLPXODWLRQV7KH3=7VHQVRUVZHUHPP
WKLFNDQGKDYHDGLDPHWHURIPP

Physical Properties
'HQVLW\
NJP

Physical Properties
'HQVLW\
NJP

Mechanical Properties
+DUGQHVV5RFNZHOO%

7HQVLOH6WUHQJWK8OWLPDWH 03D
7HQVLOH6WUHQJWK<LHOG
03D
(ORQJDWLRQDW%UHDN

0RGXOXVRI(ODVWLFLW\
*3D
&KDUS\,PSDFW
-

Mechanical Properties
(ODVWLF&RPSOLDQFH
îP1
6(
(ODVWLF&RPSOLDQFH
îP1
6(
(ODVWLF6WLIIQHVV&' îP1
7DEOH3K\VLFDODQG0HFKDQLFDO3URSHUWLHVRI
3,&>@

7DEOH$,6,VWHHOSURSHUWLHV>@

Dielectric Properties
&XULH7HPSHUDWXUH7&
.
5HODWLYH3HUPLWWLYLW\

İ7İ
5HODWLYH3HUPLWWLYLW\

İ7İ

Piezoelectric Properties
±î&1
G
î&1
G
î&1
G
7DEOH3LH]RHOHFWULF3URSHUWLHVRI3,&>@

7DEOH'LHOHFWULF3URSHUWLHVRI3,&>@


7KUHH 3=7 GLVNV ZHUH ERQGHG RQ WKH VSHFLPHQ V\PPHWU\ D[LV 7ZR RI WKHVH ZHUH
V\PPHWULFDOO\SODFHGUHVSHFWWRWKHPLGSODQHDVVKRZHGLQ)LJXUH E LQRUGHUWRFRQWUROWKH
W\SHRIJHQHUDWHG/DPEPRGH7KHGLVWDQFHEHWZHHQWKHWZRVHQVRUVRQWKHVDPHVSHFLPHQ
IDFHZDVPP7KHWUDQVPLWWHU7DQG7ZHUHXVHGLQRUGHUWRVHSDUDWHO\H[FLWH6DQG$
PRGHZLWKLQDQGRXWRISKDVHYROWDJHWRQHEXUVWUHVSHFWLYHO\$SHDNV+DQQLQJZLQGRZHG
WRQHEXUVWZDVFKRVHQWRREWDLQDJRRGVLJQDOOHQJWKWKDWHQVXUHGWKHEHVWFRPSURPLVHEHWZHHQ
ORZGLVSHUVLRQEHKDYLRXU GHFUHDVLQJZLWKWKHSHDNVQXPEHU DQGVLJQDOFOHDQQHVVGHSHQGLQJ
RQWKHERXQGDU\UHIOHFWLRQV LQGXFHGE\WRRORQJZDYHSDFNHWV 3LWFKFDWFKWHVWLQXQORDGHG
FRQGLWLRQVZHUHQXPHULFDOO\DQGH[SHULPHQWDOO\FDUULHGRXWLQRUGHUWRHYDOXDWHWKHSURSDJDWLRQ
SURSHUWLHV RI /DPE ZDYHV ZDYH QXPEHU SKDVH DQG JURXS YHORFLW\  LQ WKH VSHFLPHQ DW WKH
H[FLWDWLRQIUHTXHQF\7KHREWDLQHGUHVXOWVZHUHWKHQFRPSDUHGZLWKWKHSURSDJDWLRQSURSHUWLHV
GHULYHGIURPWKHDQDO\WLFDOVROXWLRQRIWKH5D\OHLJK/DPEHTXDWLRQV6DQG$ZDYHSDFNHWV
ZHUHJHQHUDWHGE\7DQG7XQGHUVWDWLFORDGV7KHVLJQDOVZHUHUHFRUGHGE\WKHVHQVRU5DQG
ZHUHSRVWSURFHVVHGLQ0DWODELQRUGHUWRVWXG\WKHLQIOXHQFHRIWKHVWDWLFORDGVRQWKHVLJQDO
DPSOLWXGH7KHVWUXFWXUDOPRQLWRULQJGXULQJWKHIDWLJXHORDGLQJZDVREWDLQHGE\H[FLWLQJDQG
UHFRUGLQJ$ZDYHSDFNHWV7KHDPSOLWXGHRIWKHUHFHLYHGVLJQDOVZDVWKHQFRUUHODWHGWRWKH
QXPEHU RI F\FOHV VR GHPRQVWUDWLQJ WKH DELOLW\ WR GHWHFW WKH PDWHULDO GHJUDGDWLRQ PLFUR
SODVWLFLW\ SUHFHGLQJWKHIRUPDWLRQRIFUDFNV
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)LJXUH D 6SHFLPHQJHRPHWU\ E ,QVWUXPHQWHGVSHFLPHQ


2.1

Numerical Simulations

7KHSURSDJDWLRQRI/DPEZDYHVZDVVLPXODWHGE\)LQLWH(OHPHQW0HWKRG )(0 LQ
$16<6 $FDGHPLF 7KHGRJERQHZDVPRGHOOHGE\XVLQJ62/,'HOHPHQWZKLOHWKH3=7
VHQVRUVE\WKHFRXSOHGILHOG SLH]RHOHFWULFLW\ HOHPHQW62/,'$SLWFKFDWFKPHDVXUHPHQW
ZDVVLPXODWHGEHWZHHQ77DQG5LQRUGHUWRHYDOXDWHWKHJURXSYHORFLWLHVDWWKHH[FLWDWLRQ
IUHTXHQF\ 7KH LQWHUIDFH EHWZHHQ 3=7 VHQVRUV DQG WKH VSHFLPHQ ZDV PRGHOOHG E\ FRQWDFW
HOHPHQWV &217$ DQG GHILQHG DV ERQGHG E\ 1RUPDO /DJUDQJH IRUPXODWLRQ 1DPHG
VHOHFWLRQVZHUHXVHGWRGHILQHWKHVHQVRUHOHFWURGHVZKLFKZHUHH[SORLWHGWRLPSRVHWRQHEXUVW
YROWDJHDQGWRSLFNXSWKHUHFHLYHGVLJQDOV7KH/DPEZDYHVSURSDJDWLRQZDVFDOFXODWHGLQD
WUDQVLHQWDQDO\VLVLQZKLFKDWLPHVWHSHTXDOWRRI7H ZLWK7HWKHSHULRGRIWKHH[FLWLQJ
VLJQDO DQGDQHOHPHQWVL]HRIȜH ZLWKȜHWKHZDYHOHQJWKRIH[FLWLQJZDYHSDFNHW ZHUH
FKRVHQ


)LJXUH)(PRGHORIWKHWHVWHGVSHFLPHQ

2.2

Experiments

7KH XVHG H[SHULPHQWDO VHWXS LV UHSRUWHG LQ )LJXUH  E  D VLJQDO JHQHUDWRU ZDV
HPSOR\HGWRJHQHUDWHWKHSHDNVWRQHEXUVWDQGLWZDVFRQQHFWHGWRDYROWDJHDPSOLILHU:0$
 ZKLFK PXOWLSOLHG WKH H[FLWLQJ YROWDJH E\  7KH %1& 7MRLQW VKRZHG LQ )LJXUH  E 
DOORZHGWKHVLPXOWDQHRXVLQSKDVHDQGRXWRISKDVHH[FLWDWLRQRIWKHWUDQVPLWWHU7DQG77KH
H[FLWDWLRQ IUHTXHQF\ ZDV VHW WR  N+] 6 ZDYH SDFNHWV ZHUH JHQHUDWHG H[FLWLQJ
V\PPHWULFDOO\ WKH WZR WUDQVPLWWHUV ZKLOH $ ZDYH SDFNHWV ZHUH REWDLQHG XVLQJ WZR HTXDO
VLJQDOVVKLIWHGE\7KHVLJQDOVZHUHUHFRUGHGE\D3LFR6FRSHDQGZHUHSRVWSURFHVVHGLQ
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0DWODEWKH6KRUW7LPH)RXULHU7UDQVIRUP 67)7 DSSOLHGWRWKHVLJQDOVDOORZHGWRHYDOXDWH
WKH7LPHRI)OLJKW 7R) DQGWKHYROWDJHDPSOLWXGH
$SUHOLPLQDU\SLWFKFDWFKH[SHULPHQWZDVFDUULHGRXWLQRUGHUHVWLPDWHWKH6DQG$
JURXSYHORFLWLHV7DQG7ZHUHH[FLWHGE\DSHDNV9WRQHEXUVWWKHJURXSYHORFLWLHVZHUH
REWDLQHG E\ WKH UDWLR EHWZHHQ WKH VHQVRUV GLVWDQFH DQG WKH ZDYH SDFNHW 7R)V HVWLPDWHG E\
67)7
6HYHUDO VWDWLFWHVWVZHUH FDUULHGRXW RQDWHQVLOH VSHFLPHQLQ RUGHUWR HYDOXDWHLI WKH
DSSOLFDWLRQRIDVWDWLRQDU\ORDGFKDQJHV WKHEHKDYLRXURIWKH /DPE ZDYHV SURSDJDWLRQ 7KH
WHVWVZHUHFRQGXFWHGRQDN1076WHVWPDFKLQH$WUDFWLRQIRUFHIURPN1WRN1ZLWK
DQLQFUHPHQWRIN1ZDVDSSOLHGWRWKHVSHFLPHQ)RUHYHU\ORDGLQJFRQGLWLRQDSHDNV9
WRQHEXUVWDWN+]ZDVVHQWWRWKHWUDQVPLWWHUVWRH[FLWH6DQG$ZDYHSDFNHWV7KHVSHFWUDO
IUHTXHQF\FRQWHQWRIWKHUHFHLYHGVLJQDOVZDVVWXGLHGDWHYHU\ORDGOHYHO
7KHVSHFLPHQUHVSRQVHWRDIDWLJXHORDGZDVPRQLWRUHGE\FDUU\LQJRXW$SLWFKFDWFK
PHDVXUHPHQWVGXULQJWKHF\FOLFORDGLQJ7KHVSHFLPHQZDVF\FOLFDOO\ORDGHGDW+]ZLWKD
PD[LPXPORDGRIN1DQGDORDGLQJVWUHVVUDWLR5HTXDOWR$SHDNV9N+]
WRQHEXUVWZDVXVHGWRH[FLWHDQGUHFHLYHWKH$PRGHHYHU\F\FOHV7KHZDYHSDFNHW
DPSOLWXGHDWH[FLWDWLRQIUHTXHQF\ZDVFRUUHODWHGWRWKHQXPEHURIF\FOHVH[SHULHQFHGE\WKH
VSHFLPHQ


)LJXUH([SHULPHQWDOVHWXSXVHGIRUVWDWLFDQGIDWLJXHORDGLQJ IURQWDQGEDFNYLHZ 

3

RESULTS

7KHUHVXOWVVKRZWKDWWKHJURXSYHORFLW\RIWKHJXLGHGZDYHLVDSSUR[LPDWHO\OLQHDUO\
GHSHQGLQJRQWKHVWDWLFORDGLQWKHUDQJHRI03D7KH6ZDYHDPSOLWXGHDWN+]
VKRZHGWKLVOLQHDUGHSHQGHQFHRQWKHDSSOLHGORDG DQGWKHQRQWKHVWUHVV ERWKLQQXPHULFDO
DQG H[SHULPHQWDO DQDO\VHV 7KLV UHVXOW LV FRQILUPHG LQ WKH WHFKQLFDO OLWHUDWXUH LQ >@ WKH
DXWKRUVIRXQGWKDWWKHJURXSYHORFLW\ZDVOLQHDUO\GHSHQGHQWRQWKHDSSOLHGVWUHVVWRWKHWHVWHG
VDPSOHV)(DQGH[SHULPHQWDOUHVXOWVZHUHLQJRRGDJUHHPHQWDVVKRZHGLQ)LJXUHDQGWKH
HUURUZDVEHORZWKHLQHDFKRIWKHLQYHVWLJDWHGFDVHVDQGLWZDVPRUHSURQRXQFHGDWORZHU
VWUHVVHV)RUXQORDGHGFRQGLWLRQV6PRGHSURSDJDWHGWKURXJKWKHVSHFLPHQDQGUHDFKHGWKH
UHFHLYHU ZLWK DQ DPSOLWXGH RI  P9 LQ WKH H[SHULPHQWV DQG RI  P9 LQ QXPHULFDO
VLPXODWLRQV SHUFHQWDJHHUURUDURXQG $WWKHVWUHVVRI03DFRUUHVSRQGLQJWRDVWDWLF
ORDGRIN1WKH6DPSOLWXGHLQFUHDVHGXSWRDOPRVWP9ERWKLQWKHQXPHULFDOPRGHODQG
H[SHULPHQWVKLJKOLJKWLQJDYDULDWLRQRIUHVSHFWWRWKHXQORDGHGFRQGLWLRQ7KH$ZDYH
DPSOLWXGHGHFUHDVHGIURPP9PHDVXUHGLQXQORDGHGFRQGLWLRQVWRDYDOXHFORVHWRP9
DWN1 03D H[KLELWLQJDGLIIHUHQWEHKDYLRXUUHVSHFWWR6
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)LJXUH(IIHFWRIVWDWLFORDGRQ6ZDYH
DPSOLWXGH

)LJXUH(IIHFWRIVWDWLFORDGRQ$ZDYH
DPSOLWXGH

7KH UHVXOWV RI WKH SLWFKFDWFK PHDVXUHPHQWV GXULQJ WKH IDWLJXH ORDG DUH UHSRUWHG LQ
)LJXUHLQZKLFKDVHPLORJDULWKPLFJUDSKVKRZVWKHUHODWLRQEHWZHHQWKH$ZDYHSDFNHW
DPSOLWXGH DQG WKH QXPEHU RI F\FOHV 7KH DPSOLWXGH RI WKH $ ZDYH SDFNHWV H[SRQHQWLDOO\
GHFUHDVHG IURP D YDOXH RI  P9 WR  P9 REWDLQHG DIWHU DOPRVW  KRXUV RI IDWLJXH WHVWV
FRUUHVSRQGLQJWRDERXWF\FOHV


)LJXUH$DPSOLWXGHGHFD\DJDLQVWWKHF\FOHVQXPEHU

7KHVHWZRPDLQFRQFOXVLRQVRSHQLQWHUHVWLQJVFHQDULRVIRUWKHDSSOLFDWLRQVRIWKH/DPE
ZDYHV WR IDWLJXH H[SHULPHQWDWLRQ 7KH ILUVW SRVVLEOH DSSOLFDWLRQ LV WKH HPSOR\PHQW RI VXFK
VHQVRUVDVORDGFHOOVNQRZLQJWKHOLQHDUODZUHODWLQJWKHDSSOLHGORDGWRWKHZDYHDPSOLWXGHLW
LVSRVVLEOHWRHYDOXDWHIURPWKHUHDGZDYHDPSOLWXGHWKHLQWHQVLW\RIWKHPHFKDQLFDOORDG7KH
VHFRQGLQWHUHVWLQJDSSOLFDWLRQFRXOGEHWKHHPSOR\PHQWRI/DPEZDYHVWRPRQLWRUWKHIDWLJXH
OLIHRIWKHVWUXFWXUDOFRPSRQHQWV8VLQJORJDULWKPLFODZVOLNHWKHRQHLQWKHSUHYLRXV)LJXUH
LWZRXOGEHSRVVLEOHWRHVWLPDWHZKLFKLVWKHUHVLGXDOOLIHRIWKHFRPSRQHQWXQGHUFRQWURO2Q
WKLVSRLQWIXUWKHUWHFKQLFDODFWLYLWLHVZLOOEHDGGUHVVHGLQWKHQHDUIXWXUHWRGHPRQVWUDWHWKHWHVW
UHSHDWDELOLW\DQGWKHUHOLDELOLW\RIWKHWHFKQLTXHRQDELJQXPEHURIVDPSOHV
4

CONCLUDING REMARKS

,QWKLVSDSHUWKHHIIHFWRIVWDWLFDQGIDWLJXHORDGVRQWKHSURSDJDWLRQFKDUDFWHULVWLFVRI
JXLGHGZDYHZDVVWXGLHGEDVHGRQWKHDPSOLWXGHRIUHFHLYHGVLJQDOV$FFRUGLQJWRWKHUHVXOWV
RIWKHQXPHULFDOVWXGLHVDQGH[SHULPHQWDOFDPSDLJQVWKHIROORZLQJFRQFOXVLRQVFDQEHGUDZQ
WKH ZDYH SDFNHW DPSOLWXGH GHSHQGV OLQHDUO\ RQ WKH ORDG EHWZHHQ  DQG  03D WKH 6
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DPSOLWXGHLQFUHDVHVZLWKWKHDSSOLHGORDGZKLOHWKH$DPSOLWXGHVKRZHGDGHFUHDVLQJWUHQG
WKH DPSOLWXGH RI WKH $ ZDYH SDFNHWV XVHG WR LQVSHFW WKH VSHFLPHQ GXULQJ WKH IDWLJXH WHVW
H[KLELWHGDGHFD\ZLWKWKHQXPEHURIF\FOHVWKDWZDVZHOOGHVFULEHE\DORJDULWKPLFFXUYH7KH
OLQHDUEHKDYLRXURIWKHJXLGHGZDYHVXQGHUVWDWLFORDGFDQEHH[SORLWHGWRXVHWKH3=7VERQGHG
WRVDPSOHVDVDFRQYHQWLRQDOORDGFHOOLQRUGHUWRHVWLPDWHWKHORDGVDSSOLHGWRWKHVWUXFWXUH
7KHDPSOLWXGHGHFD\FDQEHUHODWHGWRWKHGHJUDGDWLRQRQWKHVSHFLPHQPDWHULDODQGFDQEH
XVHGWRGHWHFWWKHFRQGLWLRQRILQFLSLHQWFUDFNV
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ABSTRACT
In this paper, the problem of developing a real-time correction technique for the flight path of a
multirotor UAV for PV plants inspections using visual information is presented and discussed.
More precisely, in the proposed approach, the information obtained from a monocular RGB
camera, exploiting computer vision edge detection and feature extraction techniques, is used
to correct the GNSS coordinates of the planned waypoints to align the UAV with the object to
inspect. The integration of the developed software tools has been carried out in a Software-inthe-Loop testing environment on top of the Robot Operating System (ROS) and Gazebo simulator. Through this approach, the interactions among the various software components, namely
the Ground Control Software (GCS), the Flight Control Unit (FCU) firmware and the computer
vision algorithm, is analysed and simulated.
Keywords: UAV, guidance, computer vision
1

INTRODUCTION

The interest and the possible applications of Unmanned Aerial Vehicles (UAVs) have been increasing at a fast rate in the last few years ([1]). Despite the recent technological evolution,
mainly constituted by the miniaturization of sensors, flight control units and payloads, UAVs
have shown limits in terms of accuracy and reliability.
In particular, whenever inspection and monitoring applications are involved, such as, e.g., in
the case of photovoltaic (PV) plants, correct tracking of the desired trajectory and accurate
positioning above the region of interest assume a major importance.
However, UAV outdoor navigation is currently based on the integration of Inertial Measurement
Units (IMU) with Global Navigation Satellite Systems (GNSS) receivers while the mission
is usually planned in the form of waypoints using a Ground Control Station (GCS) software
exploiting georeferenced maps. The error in the representation of the object of interest in the
georeferenced map, combined with the inherent GNSS inaccuracy can constitute a significant
degradation of the inspections quality.
In this paper, vision is combined with control on the waypoint position to achieve precise visionbased line tracking for a multirotor UAV. The vision-based system described in the paper operates by estimating, at every instant, the error between the UAV position and the object of
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interest. This estimate is then used in a robust feedback control law to modify the waypoints
that are sent to the FCU, which takes care of the low level position and attitude control.
2

PROBLEM STATEMENT

Focusing for the sake of simplicity on a single axis, a conventional position control loop for a
multirotor UAV can be described using the block diagram in Figure 1, where x is the position
variable to be controlled, xo is the corresponding set-point and transfer functions Gx (s) and
Rx (s) represent, respectively, the position dynamics and the position controller. If, as is common
practice, position control is implemented using GNSS, then the feedback system will be affected
by the measurement noise nGNSS .
In turn, the set-point xo can be either generated directly by a pilot or may correspond to a sequence of waypoints defined on the GCS at the beginning of the mission. In the latter case,
however, an additional error term has to be taken into account, namely the error in the positioning of the waypoints, which may be due, to, e.g., limitations of the GCS interface or inaccurate
georeferencing of the map of the plant to be inspected. In such a case a more realistic representation of the control system, see Figure 1, should take into account that the actual set-point
received by the control system (denoted as x̃o ) is equal to the intended set-point xo plus an error
term nMAP .

Figure 1: Position control with set-point error block diagram.
This block diagram is interesting as it shows clearly that the effect of GNSS measurement error
and the effect of inaccurate set-point computation enter the control system at the same point, so
that letting
Rx (s)Gx (s)
F(s) =
(1)
1 + Rx (s)Gx (s)
the complementary sensitivity of the position control system, the block diagram can be equivalently represented as in Figure 2, where nxo represents the simultaneous effect of all the error
terms.

Figure 2: Simplified position control with set-point error.
Assuming now that a vision-based system can provide additional measurements, specifically
that the camera can return a (moderately) noisy measurement of x − xo , the problem under study
becomes the one of exploiting camera measurements to compensate the effect of nxo on the
performance of the control system.

905

A Computer Vision Line-Tracking Algorithm
for UAV GNSS-Aided Guidance

Roggi, Giurato and Lovera

In the following we will first discuss the vision-based algorithm used to extract measurements
of x − xo from the images and then we will turn to the design of a feedback compensator based
on such measurements.
3

COMPUTER VISION ALGORITHM

Starting from the RGB camera image, the aim of the computer vision algorithm is to extract
information about the distance and relative direction between the camera, and consequently the
UAV, and the line to track. To change the representation of an image into something easier to
be analyzed to get the required information, image segmentation, i.e., the process of partioning
an image into components, regions or objects can be exploited. Among the classes of image
segmentation techniques, edge detection ones are particularly useful in this context. They consist in identifying the boundaries where there is an abrupt change in the intensity or brightness
value of the image.

3.1 Canny Edge Detector
Canny Edge Detector (CED) [2] is a popular edge detection algorithm because of its simplicity,
good edge localization and noise reduction. The first step of the algorithm is to remove noise
from the image with a Gaussian filter. It has the aim of removing small-scale texture and noise
for a given spatial extent in the image. In 2-D the kernel of an isotropic Gaussian filter has the
form
1 − x2 +y22
e 2σ
(2)
2πσ 2
where σ is the standard deviation of the Gaussian kernel. The values from this kernel are
used to build a convolution matrix which is applied to the image. However, since the Gaussian
function will be non-zero at every point of the image, the entire image should be included in
the computation for every pixel. To overcome this issue, a discrete approximation limiting the
kernel size to contain only values within three standard deviations of the mean is usually taken.
Then a 2-D first derivative operator, both in horizontal and vertical direction, is applied to the
smoothed image to highlight regions of the image with large first spatial derivatives. From the
two convolved images, for each pixel, the magnitude and direction of the gradient is found.
This information is used, firstly, to suppress the non-local maxima in the considered pixel’s
neighborhood and in the direction of the gradient, and then to perform an hysteresis tresholding
with two levels, minimum and maximum. The pixels with intensity gradient higher than the
maximum are identified as edges, while those with value lower than the minimum are discarded;
those who lie in the range between the two thresholds are evaluated based on their connectivity
with other pixels.
G(x, y) =

3.2 Hough Transform
The Canny output edge-image consists of long continuous edges along with other information
that is not useful for navigation purposes (Figure 3).
The Hough transform [4] is a method used to isolate features of particular shape, i.e., lines,
within an image. The transformation is performed by moving from the image space to a parametric space, called accumulator. For each point of the image space (x0 , y0 ) identified by the
Canny Edge Detector, the family of lines that goes through that point can be defined in the
accumulator space (ρ, θ ) as
ρ = x0 cos θ + y0 sin θ
(3)
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(a)

(b)

Figure 3: Image before (a) and after (b) application of Canny Edge Detector.
with ρ the distance from the origin (top left corner of the image) normal to the line and θ the
angle between the normal and the horizontal.
Each pair (ρ, θ ) thus represents each line that passes by (x0 , y0 ). If the curves of different points
intersect in the plane (ρ, θ ), those points belong to the same line. If the number of intersections
is above a defined threshold, then the algorithm declares it as a line with the parameters (ρ, θ )
of the intersection point. However, since for guidance purposes only the longitudinal lines
are of interest, a filtering process is applied with the assumption that the orientation of the
UAV camera with respect to longitudinal lines falls in the range of ±45◦ . The final result is
particularly interesting since for small UAV’s pitch and roll angles, the relative heading of the
drone is approximately equal to the parameter θ of the lines in the image [6].

(a)

(b)

Figure 4: Hough transform before (a) and after (b) filtering.
Once the (ρ, θ ) parameters of all the filtered lines are known, one single value of the parameters
must be extracted. For what concerns the angle, the average value of θ is taken, while for ρ the
value corresponding to the mean line is considered. Then the distance X is computed, taking as
reference the distance between the origin and the center of the image in pixels ρre f , namely
X = ρmean −

ρre f
.
cos(θavg )

(4)

A graphical representation of the above computation in shown in Figure 5.
Then, the distance just obtained is converted into camera coordinates, namely:
xc = X cos θavg ,

yc = X sin θavg .

(5)

It is worth noting that the computed distance is measured in pixels. Assuming a linear scaling,
the values in meters can be obtained by dividing xc and yc by the respective image resolution on
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ρref
ρmean

X

Figure 5: Graphical representation of distance X
that axis and by multiplying by the corresponding scale factors given by
scalex = 2h tan(FOVx /2),

scaley = 2h tan(FOVy /2)

(6)

with symbols referring to Figure 6.

Figure 6: Schematic representation of camera Field Of View [5]
Then, the information is rotated from the camera reference frame into a UAV local reference
frame (ENU for instance) with the rotation matrix
! " !
"! "
ec
sin ψ − cos ψ xc
=
,
(7)
− cos ψ − sin ψ yc
nc
where ψ represents the heading angle of the UAV. It is worth noting that the heading of the UAV
is directed, at every instant, toward its next waypoint.
4

GUIDANCE LAW

The guidance law presented in this paper has been designed to operate outside the main position
control loop of the UAV. This feature makes the algorithm independent of the specific flight
control system; in particular, it enables its application also to platforms using proprietary flight
control software rather than open source one, such as PX4.
As discussed in Section 2, the aim of the vision-based guidance law is to modify the desired
trajectory of the UAV, acting directly on the waypoints planned by the user before the start of
the mission, in order to keep the platform above the object to track, even in presence of GNSS
inaccuracy and errors in waypoints’ positioning and map georeferencing.
With reference, for the sake of clarity, to a single axis of the position control system, the block
diagram of the system is shown in Figure 7, where F(s) represents the complementary sensitivity of the position control system of the UAV and Γ(s) is a compensator which takes as input the
908

A Computer Vision Line-Tracking Algorithm
for UAV GNSS-Aided Guidance

Roggi, Giurato and Lovera

difference between the desired waypoint (x0 , the geodetic coordinates of the line to be tracked)
and the actual position of the UAV (x), which corresponds to the result extracted by the camera
in the previous section, and gives as output the correction δ x needed to compensate the error
between the planned waypoint and the desired one nx0 .

Figure 7: Simplified position control with camera measurement and compensator.
The transfer functions from, respectively, the desired set-point and the measurement error to the
UAV position can be derived from the block diagram in Figure 7 and are given by:
x=

F(s)(1 + Γ(s)) 0
F(s)
x +
n 0.
1 + Γ(s)F(s)
1 + F(s)Γ(s) x

(8)

Assuming that the compensator Γ(s) has been chosen so that the feedback interconnection between F(s) and Γ(s) is asymptotically stable and considering the case in which nx0 can be treated
to first approximation as a constant input, then clearly the response to the error tends asymptotically to zero, while the UAV position x tends to the desired one, if and only if a compensator
with integral action is adopted.
Turning to the problem of choosing the structure of the compensator, the following line of
reasoning can be considered. As discussed in the Introduction, one of the requirements of
the line-tracking algorithm is to be independent of the position control system of the UAV,
which means that it cannot be assumed that F(s) is exactly known. However, since F(s) is the
complementary sensitivity of the position control loop, under the (quite reasonable) assumption
that the phase margin of the position control loop is in the 45◦ to 60◦ range, a second order
approximation of F(s) in the form
F(s) =

ωn2
s2 + 2ξ ωn s + ωn2

(9)

can be used, with ωn taken as the crossover frequency of the true F(s) and ξ chosen as ξ =
φm /100, with φm the phase margin of the position control loop. Note that ωn and ξ can be
equivalently obtained from a step response of the position control system. In view of the structure of F(s), a PI transfer function is adopted for Γ(s):
Γ(s) = KP +

KI
.
s

(10)

The tuning of the PI controller is performed using a structured H∞ approach (see [7]). Assuming
for F(s) that ωn = 0.7 rad/s and ξ = 0.7, suitable weighting functions have been used to drive
a mixed-sensitivity synthesis for the parameters of the compensator, using the Matlab optimisation tool systune. More precisely, two weighting functions are considered, concerning respectively the transfer function from the error to the true position x and the one from the same error
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to the control action (i.e., the set-point correction). The weights take into account, respectively,
the desired bandwidth for the compensation, as well as the limitations due to the low sampling
rate of the camera, and the corresponding limitations (both in amplitude and frequency) for the
control effort.
The obtained gains are: KP = 10.3, KI = 0.748. The step responses of the corresponding
closed-loop system to steps applied to the set-point error and to the set-point are shown (both in
continuous-time and in discrete-time with 1Hz sampling rate) in Figure 8.
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Figure 8: Step responses. Error to position (a) and setpoint to position (b).

5

SIMULATION RESULTS

5.1 Simulation environment
The simulation environment is based on the FCU PX4 firmware. One of its significant features
is that it allows to perform a Software-in-the-Loop (SITL) testing of the developed algorithm.
The PX4 SITL communicates via MAVLink with the simulator (e.g., Gazebo) to receive sensor
data from the simulated world and send actuator command values to it. It communicates with
the GCS and an Offboard API (e.g., ROS) to send telemetry from the simulated environment
and receive commands.
The main sensors’ plugin implemented for the testing of the algorithm on Gazebo involve the
GNSS, a range sensor and the camera. The camera plugin works in autotrigger mode at a
frequency of 1 Hz and provides the pictures that are analyzed in real time. The range sensor
is used to estimate the height h with respect to the object to track which is used to evaluate
the pixel-to-meter scale factors defined in (6). The GNSS signal is simulated as a first order
Gauss-Markov process. In the Gazebo simulator a row of PV panels is implemented and its
tracking represents the goal of the algorithm, while the simulated UAV is a Yuneec Typhoon
H480 hexacopter. An example is shown in Figure 9.

5.2

Results

For the sake of clarity in the representation, and without loss of generality (the system can be
used for error compensation in both longitude and latitude), the line to be tracked is implemented
at constant longitude. In the simulation, the line is inserted at 3 meters from the origin of the
local reference frame, while the waypoint sent to the FCU is located at -2 meters in the same
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Figure 9: Example of Gazebo simulator.
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Figure 11: Camera estimate compared to ground truth.
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reference frame. The UAV cruise speed and height are fixed respectively to 1 meter per second
and 10 meters. The results are shown in Figure 10 and Figure 11.
As can be seen from Figure 10, the UAV changes its trajectory to reach and track the considered
line, compensating both the GNSS noise and the waypoint error. Furthermore, from Figure
11, it can be seen that the developed computer vision algorithm is able to estimate the distance
between the UAV and the line to be tracked.
Finally, the waypoint position regarded as the control variable for the developed system is represented in Figure 12.
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Figure 12: Waypoint position compared to the desired one.
The steady state error is equal to about 0.06 m which is compatible with the accuracy of the
camera. Indeed, the mean value of the camera error is equal to µc = 0.052 m; its standard
deviation is equal to σc = 0.1432 m.
6

CONCLUSIONS

In this paper the problem of improving the performance of automatic inspection for PV plants
has been considered and a vision-based guidance law has been developed. The results show
that the approach is successful in reducing the tracking error to a level which is negligible
for all practical purposes and is just due to the camera error itself. Future work will aim at
experimental validation of the approach and at the study of the impact of the computer vision
parameters on its performance, in a control-theoretic setting.
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ABSTRACT
A key step in sustaining human settlements on Mars will be provided by the development of
technologies based on extreme-tolerant cyanobacteria capable of using in situ resources. The
potential of desiccation-, radiation- tolerant cyanobacteria of the genus Chroococcidiopsis to
perform oxygenic photosynthesis by extracting nutrients from Martian soil simulants is under
investigation. The aim is to use cyanobacterial biomass to provide nutrients to plants in life
support systems, but also to grow heterotrophic bacteria. The latter might be engineered as
cell factories to produce essential supplies for long-term missions. As a proof of concept cell
lysates obtained from Chroococcidiopsis cells were used to grow the bacterium Escherichia
coli. The development of a cyanobacterium-based technology is taking advantage of space
experiments carried out on dried Chroococcidiopsis cells exposed to Mars-like conditions
under ground-based simulations and in low Earth orbit, by using the ESA facility EXPOSER2. An ultimate goal to enable human space exploration is synthetic biology. In order to use
Chroococcidiopsis as a chassis to realize a repositories of synthetic DNA sequences available
when needed, relevant features of the genome of a strain already tested in space experiments,
are under investigation.
Keywords: Life Support, In Situ Resource Utilization, Synthetic Biology, Cyanobacteria
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INTRODUCTION

Human space exploration is strongly constrained by the need to carry consumables for the
crew. While sustaining a crewed outpost on the Moon seems more realistic by taking
advantage of Earth supplies, an outpost on Mars can be planned only if it can be maintained
with a minimal dependency from Earth. The need for safe production of food for future
manned space exploration is currently addressed by developing Biological Life Support
Systems (BLSS) that aim to recycle gas, liquid and solid wastes [1]. A challenge is
connecting in situ resource utilization (ISRU) and BLSS through the development of a
microorganism-based technology for processing on-site materials (mainly water and minerals
and Martian atmosphere) and thus turning them into resources that can be used for feeding
BLSS. Such a technology will be compatible with currently developed BLSS, noteworthy
MELiSSA Advanced Life Support- ESA [2] and EDEN, a rack-like Prototype of LSS based
on plants [3].
A key challenge for utilizing in situ resources available on Mars and link them to BLSS is
the exploitation of extreme-tolerant cyanobacteria by taking advantage of their bioleaching
and CO2 - fixing capabilities [4-6]. In this context the use of desiccation-, radiation- tolerant
cyanobacteria of the genus Chroococcidiopsis isolated from extreme deserts, is relevant
because they can cope with space and Mars-like conditions [7]. The goal is to use
Chroococcidiopsis biomass to provide nutrients not only to plants in the life support systems,
but also to support the growth of heterotrophic bacteria. Indeed the exploitation of
cyanobacterial lysate in space technologies is currently under testing in the NASA PowerCell
experiment carried out in a secondary payload of the DLR satellite Eu:CROPIS (Euglena &
Combined Regenerative Organic-food Production In Space). In the PowerCell experiment
cyanobacterial lysate will be used to support the germination of bacterial spores [8].
However, human long-term space exploration will also benefit from space synthetic biology.
This is an emerging discipline that aims to design and build novel cellular systems, or rewire
biologically natural ones, by assembling modified or chemically synthesized components [9].
Synthetic biology could greatly decrease the cost of human space exploration by enabling life
support systems, by producing consumables on site and by synthetizing for instance structural
materials [9]. On Earth humans have been consuming and/or using microorganism-produced
resources, so it could be envisaged to build a Martian outpost provided with repositories of
synthetic genetic constructs that could confer cyanobacteria with given functions, when
needed. In comparison to bacteria, such as Escherichia coli, the genetic engineering
cyanobacterial strains requires special considerations because of the presence of
restriction/modification systems that comprise a restriction endonuclease activity that cleaves
DNA [10]. Here the first proof of concept in using a desert strain of Chroococcidiopsis in
feeding a heterotrophic bacterium and a first step in using this extreme-tolerant
cyanobacterium as a chassis for space synthetic biology are reported.

2

MATERIALS AND METHODS

2.1. Cyanobacterial culture and lysate
Chroococcidiopsis sp. CCMEE 029 (hereafter Chroococcidiopsis) was isolated by Roseli
Ocampo-Friedmann from cryptoendolithic growth in sandstone in the Negev Desert (Israel)
and now maintained at the University of Rome Tor Vergata, as part of the Culture Collection
of Microorganisms from Extreme Environments (CCMEE) established by E. Imre Friedmann.
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Liquid cultures were grown under routine conditions at 25°C, in BG-11 medium under a
continuous photon flux density of 40 µmol m-2 s-1 provided by fluorescent cool-white bulbs.
Chroococcidiopsis cultures (20 ml-aliquots) were grown in BG-11 (ref.) until the early
stationary phase (about 1.5 x 109 cells/ml) and centrifuged at 7000 g for 15 min, the pellet
was dried overnight under an airflow chamber and weighed. Cyanobacterial pellets were
resuspended with 3 ml of ultra-pure dH2O and splatted in 3 aliquots. Each aliquot was lysed
by few-min mortaring and after adding 500 µl of ultra-pure dH2O they were thermal shocked
in liquid N2 for 1 min followed by immersion in 37°C-bath. Then the lysate was centrifuged
at 6000 g for 10 min and the supernatant was collected and used to support the growth of the
heterotrophic bacterium Escherichia coli K-12 MG1655.
2.1. Bacterial growth with cyanobacterial lysate
Escherichia coli K-12 MG1655 (ATCC 700926) was purchased from the American Type
Culture Collection (Manassas, VA) and grown in Luria-Bertani medium (LB: 10g Triptone,
10g NaCl, 5g Yeast extract, 200µl NaOH (1N) for 1 L) at 37°C, following standard
procedures. Then 1 x 106 cells/ml were inoculated into 1 ml of cyanobacterial lysate and
allowed to grow under standard conditions inside 1.5 ml Eppendorf tubes. As positive control
106 cells/ml were inoculated into 1 ml of LB medium and of minimum medium (M9: 6g
Na2HPO4, 3g KH2PO4, 1g NH4Cl, 0.5g NaCl, 0.12g MgSO4x7H2O, 0.04g CaCl2x2H2O and
5g Glucose, for 1 L). As negative control 106 cells/ml were inoculated into 1 ml of sterile
distilled H2O and in Phosphate-Buffered Saline (PBS). Before the inoculation bacterial cells
were washed with PBS buffer. Bacterial growth was monitored after overnight incubation by
measuring cell densities at 600 nm (OD 600 nm) with a spectrophotometer. Experiments were
carried out in two independent trials with three replicates.
2.2. Bioinformatic analysis of the genomic DNA
The genome of Chroococcidiopsis was sequenced by using Illumina Solexa technology (CD
Genomics
NY
USA)
and
after
quality
control
by
using
FastQC,
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/,) reads were trimmed and
adapter sequences removed, and selected reads were assembled using Velvet version 1.2.10.
Genes codifying restriction-modification (RM) were identified in the draft genome by using
PROKKA a prokaryotic gene annotator.
3

RESULTS AND DISCUSSION

3.1. Chroococcidiopsis lysate supports the growth of heterotrophic bacteria
Chroococcidiopsis lysate was efficiently used as nutrient source to support the growth of
Escherichia coli K-12 MG1655. In fact, after overnight incubation the cell densities increased
from about 1 x 106 cells/ml to about 4 x 108 (Figure 1). However the bacterial growth
supported by the amount of fixed carbon and other nutrients present in the cyanobacterial
lysate resulted reduced when compared to that scored when 1 x 106 cells/ml were inoculated
into a rich medium such as LB medium or M9 minimum medium (Figure 1). As expected no
increase in the cell densities was scored when Escherichia coli was inoculated in water or in
PBS (Figure 1).
This results support the development of space technologies based on oxygenic
photosynthetic microorganisms that could be exploit for producing nutrients to feed other
microbes, either part of BLSS or engineered for specific tasks such as chemical, material or
food production [9]. The next step in linking BLSS to in situ resources would is the
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investigation of the Choococcidiopsis capability to grow on the Martian soil, known to be rich
in perchlorates.
3.2. Chroococcidiopsis genome has a minimal restriction/modification system
The in silico analysis of the Chroococcidiopsis genome identified the presence of: i) hsdM,
hsdR and hsdS genes codifying Type I restriction/modification system, ii) three gene copies
codifying a Type II restriction enzyme; and iii) three gene copies codifying Type III
restriction enzyme. This results is a first step to the use of Chroococcidiopsis as chassis in
synthetic biology applications in space technologies, since the restriction/modification system
represents a barrier to genetic manipulation that is fundamental in transferring synthetic DNA
sequences to the chassis [10].

Figure 1: Growth of Escherichia coli K-12 MG1655 after overnight incubation in a medium derived
from Chroococcidiopsis biomass (Lysate), in a rich medium (LB) and minimal medium (M9).
Absence of bacterial growth in water and in a saline buffer (PBS).
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ABSTRACT
The aim of this work is to trace the historical evolution of the A.I.D.A.A. Italian Association
of Aeronautics and Astronautics through its Congresses.
Since 1920, the year of the foundation of the A.I.D.A.-Italian Association of Aerotechnics,
forty-six Congresses have been organized, nine in the aeronautical period until 1951, twelve
in the period following until 1969 when the A.I.R.-Italian Rockets Association was founded,
andtwenty-five from 1971 to 2020 with the advent of the A.I.D.A.A.
A long period, a century, experiencing strong political and social changes, two world wars
and great transformations that involved all aerospace sectors.
Organized periodically by the various Branches, the Congress is the most representative part
of A.I.D.A.A. activities and it is a meeting opportunity for all Italian civil and military
components, universities, research institutes and industries.
Much of the scientific research in aerospace technology is illustrated in the papers that the
Delegates present to the Congress, thus giving a global view on the institutional and industrial
contribution of the Italian aeronautical and space sector.
The Rome Branch of the A.I.D.A.A., which has always been connected with the Sapienza
University of Rome, has organized eight Congresses, four of which with the A.I.D.A. from
1920 to 1969 and four in the following period. Perhaps it is no coincidence that in this first
century of the history of the A.I.D.A.A., the first and last Congresses were organized at the
University La Sapienza of Rome.
The first, the so-called "First Aerotechnics Week", was held in 1925 in Rome at the “Palazzo
della Sapienza” and the last in 2019 held at the Faculty of Civil and Industrial Engineering in
Via Eudossiana in Rome.
This paper illustrates how important the support of A.I.D.A.A. has been in the progress of
national aerospace sciences and how much the Branches with their Members have contributed
to the evolution and growth of the Italian Aeronautical and Space sector.
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THE FOUNDATION OF THE A.I.D.A.
ITALIAN ASSOCIATION OF AEROTECHNICS
The history of the A.I.D.A.A. begins in 1920, the year of its foundation, and can be divided
into three periods.
The first, from 1920 to 1951, when the name of the Association was A.I.D.A. – Italian
Association of Aerotechnics; the second from 1951 to 1969 with the foundation of the A.I.R.
– Italian Rockets Association, affiliated to the A.I.D.A., and the third from 1969 to 2020 with
the current name: A.I.D.A.A.-Italian Association of Aeronautics and Astronautics.
The history of these periods is described in this work through the forty-six National
Congresses held from 1920 to 2020, each of which, in addition to the technical-scientific part,
contains many other aspects such as the particular moment and the circumstances in which it
was organized.
At the end of the First World War the Italian situation was catastrophic and the aeronautical
sector had sunk to very low levels, but the will to recover was so great and the person who
most understood this particular moment of “power failure” in the aeronautical sector was
General Maurizio Mario Moris, defined as "the driving force of the Italian Air Force" who
since 1910 directed the "Military High School of Aeronautical Constructions" of the "Brigade
for Specialist Engineers".
Together with other Italian aeronautics experts Gen. Moris proposed the foundation of a
"scientific society for the progress of aeronautics in which agreement and scientific
information among the experts is carried forward with conferences, discussions and periodic
meetings".

A.I.D.A.
ITALIAN ASSOCIATION OF AEROTECHNICS

1920

1921

1924

The first logos of the A.I.D.A.

A.I.D.A. CONGRESSES (1920-1950)
Among the various activities of the A.I.D.A. the organization of technological and scientific
Congresses is certainly the most significant, and nine were organized between 1920and1950.
(Tab. 1)
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Initially they were called "Interprovincial Conferences of Aerotechnics" but later they took
the official name "National Aerotechnics Congresses".
The organization of the Congress is always carried out by the Members belonging to the
various Branches distributed throughout the country.
Congress
I
II
III
IV
V
VI
VII
VIII
IX

Year
1925
1928
1937
1937
1938
1940
1948
1949
1950

Place
Rome
Turin
Milan
Turin
Naples
Rome
Turin and Pisa
Rome
Bologna

Event
First Aerotechnics Week
X Anniversary of the Victory
I Interprovincial Congress
XXV Aeronautical Lab. Turin Politecnico
In collaboration with ATI and ATA
Twentieth Anniversary of the A.I.D.A.
First post-war Congress
A.I.D.A. starts again
Centenary of Augusto Righi

TAB.1 National A.I.D.A. Congresses (1920-1950)
The First National Congress was called "First Aerotechnics Week". It took place in 1925 in
the Aula Magna of “Palazzo della Sapienza” of the Regia Università of Rome to celebrate
the fifth year of activity of the Association. The Congress was organized under the Presidency
of Prof. Lucio Silla of the Rome Branch. At the opening ceremony the Rector Prof. Giorgio
Del Vecchio presented the greetings of the University to the King and the highest State
representatives present.
The first scientific work, "Il Volo Transpolare" was by Col. Umberto Nobile, who illustrated
the project of the first flight over the North Pole by the first Italian military airship "Norge
N1”.

Fig. 1 The Italian airship Norge N1
The participants at the conference were then received "in sumptuous and solemn form" in the
“ala sinistra” of the Capitoline Museums by the Governor of Rome.
The Congress ended with visits to the experimental facilities of the Ministry of Aeronautics,
and with two flights over Rome with 200 Delegates aboard the Esperia airship piloted by
Colonel Valle.
The III Congress was organized by Gianni Caproni, President of the Milan Branch, in 1937 at
the “Palazzo delle Borse” in Milan with a very high participation of Aeronautical Industries:
Caproni, Breda Aeronautica, La Filotecnica, Isotta Fraschini, Alfa Romeo and S.I.A.I., each
of which presented studies, research and new projects. A young student from the Politecnico
of Milan, Ermanno Bazzocchi, presented an interesting work on the study of the longitudinal
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stability of the "slit biplane”, the biplane with scaled wings, the “Pou du Ciel"by Henry
Mignet.
The V Congress was held in Naples in 1938 at the University and the work that aroused much
interest was by Antonio Ferri on the study of aerodynamic characteristics on a series of wing
profiles with speeds from 0.4 to 2.7 Mach (8). Experimental tests were performed in the
stratospheric ultrasonic tunnel of Guidonia at the Direzione Superiore Studi ed Esperienze
(DSSE), or High Directorate for Studies and Tests of the Ministry of Aeronautics,
Aerodynamic Section, under the Direction of Prof. Antonio Eula.

Fig. 2 Experimental test wind tunnel: α=0 M=0.97
The VI National Congress had been scheduled in Rome in 1940 on 13-15 June at the Faculty
of Letters of the University of Rome, but on 10 June Mussolini declared war and this created
a very embarrassing situation.
The President of the A.I.D.A., Gaetano Arturo Crocco, decided to hold it only
"SYMBOLICALLY" inviting, by telegraph, all the participants to a symbolic congress on
June 13 at the headquarters of the Association where he read only the titles of the papers.

A.I.D.A. activities resumed definitively in 1945 under the Presidency of Prof. Enrico Pistolesi
who organized the Congress in 1948 in two locations, Pisa and Turin.
The most noticeable fact for all the participants was the recent destruction of the
experimental laboratories of Guidonia, bombed by the Allies in September 1943 and
subsequently mined by the Germans before they retreated.
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Nobody wanted to talk about Guidonia, they wanted to hide everything: the memory of the
fascist regime, the researches and the results obtained. Everyone hoped that silence would
ease the pain but the result was just the opposite.
The situation throughout the peninsula was similar, perhaps worse than that at the end of the
First World War. The A.I.D.A. with its Members Lazzarino and Pistolesi in Pisa, Gabrielli in
Turin and Eula in Rome, understood this particular moment and organized another Congress
in Rome in 1949 with the aim of restoring vigor and strength to all the Italian institutions,
both civil and military.
Many are the members who have worked for A.I.D.A. during this periodand some of the most
famous appear in the following photo, Fig. 3, taken during a visit by an American delegation
of the "Institute of the Aeronautical Sciences" in New York, to the experimental laboratories
of Guidonia.

Fig. 3 Oberziner, Giacomelli, L. Crocco, Capetti, G. A. Crocco, Gardner,Fiore, Panetti,
Pistolesi, Wickersham, White
THE FOUNDATION OF THE A.I.R.
ITALIAN ROCKETS ASSOCIATION
In 1951 the so-called economic boom began to make itself felt and the aeronautical sector was
among the foremost with new ideas, new technicians and designers, some of whom were
members of the A.I.D.A. such as Ermanno Bazzocchi, Stelio Frati, Francesco Macchi and
Ermenegildo Preti in Milan, Giuseppe Gabrielli in Turin, Luigi Broglio in Rome and Luigi
Pascale in Naples, and many others perhaps less known but still decisive.
But in this period what increasingly emerged was the space sector with Sputnik1 launched by
the U.S.S.R. in 1957, Explorer1 by the U.S.A. in 1958, Yuri Gagarin, the first man in space,
in 1961,and the first man on the Moon, Neil Armstrong, in 1969.
In 1964 the San Marco 1 was launched, the first Italian scientific satellite from Wallops Island
(USA), defined as the ‘Italian Sputnik’, the first of a program managed by the C.R.A. Aerospace Research Center in Rome, the outcome of an agreement between the University of
Rome and the Italian Air Force, under the guidance of Prof. Luigi Broglio, the real father of
the program and pioneer of Italian space activities.

Luigi Broglio
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This important evolution gained greater and greater importance within the A.I.D.A. although
not shared by all the Members because the space sector was still considered secondary.
Antonio Eula and Gaetano Arturo Crocco were the people who most understood this interest.
However, since there was still too much hesitation within the A.I.D.A., and in order to avoid
conflicts between the Members, in 1951, they thought of setting up a new Association,
connected with the A.I.D.A., but dedicated exclusively to the missile sector.

A.I.R.
ITALIAN ROCKETS ASSOCIATION

The logo of A.I.R.
As Eula said, this was an act of courage and faith because few people in Italy believed in
space and in future space missions. With the AIR was born that sector which today is called
the “astronautical sector”.
The A.I.R. was immediately very active and in 1951 was one of the founding Associations of
the International Astronautical Federation – I.A.F and in 1960 the founder of the I.A.A.International Academy of Astronautics.
A few years after foundation in 1956 the A.I.R. organized the VII International Astronautical
Congress of I.A.F. in Rome at the EUR Conference Center.
The paper presented by G.A. Crocco on the use of the gravitational fields of Mars and Venus,
the well-known gravity assist to reduce the travel time Earth-Mars-Venus-Earth, was a great
historical success.

Fig. 4 Gravity Assist
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But the activities of the A.I.D.A. continued and in particular the Congresses: in this period
ninewere organized (TAB.:2).
Congress
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII

Year
1951
1952
1953
1954
1955
1957
1959
1961
1963

Place
Naples
Florence
Palermo
Genoa
Bari
Cagliari
Pisa
Turin
Genoa

Event
With ATI ( Associazione Termotecnica Italiana) and ATA
(Associazione Tecnica dell’Automobile)

The last annual Congress
50th Anniversary of the Wrightbrothers’ flight in Italy
Centenary of Italian Unity

TAB.2 National A.I.D.A. Congresses (1951-1963)
During Pistolesi's Presidency it was decided to establish one main theme for each Congress
in order to increase its interest and to be able to gather more technical-scientific information.
In the XII Congress held in Palermo in 1953, the main themes concerned the technique and
use of helicopters and the technical and economic criteria for aircraft design, while the Bari
Congress concerned the problems of the boundary layer.
In the Cagliari Congress in 1957 the main theme was the problems of combustion in jet
engines.
The XVI Congress was held in 1959 in Pisa in honor of Prof. Pistolesi and to celebrate the
fiftieth anniversary of the first flight of the Wright brothers in Italy. The theme of the
Congress was hypersonic flight and high-speed propulsion.
The XVII National Congress was held in Turin in 1961, to celebrate the centenary of the
Republic, and it was the Congress in which the increase in Italian aeronautical and space
activities was most evident.
Prof. Antonio Capetti, Rector of the Polytechnic University of Turin, in his opening address
spoke of the contribution of Piedmontese Industry to the development of Italian aeronautics
and Prof. L. Lazzarino spoke on the specific theme of the Congress "Take-offs and landings,
shortened and vertical” where the Italian Air Force also presented the first results on VTOL
techniques.
Also among the various works were those by Broglio, Buongiorno and Arduini who
presented the first results obtained at the laboratories of the C.R.A. – Aerospace Research
Center in Rome.
Between the A.I.D.A. and the A.I.R. there was always a cordial relationship; they shared the
same headquarters, part of the staff was in common and for many years the President himself
was also the same.
But, as was to be expected, the birth of the A.I.R. created a certain imbalance within the
A.I.D.A. especially in the organization of the Congress.
In order to avoid overlapping, as happened in 1959, it was decided both Associations would
organize a single Congress (TAB.3).
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XIX
XX
XXI

Authors’ surname

Year
1965
1967
1969

TAB.3 National

Place
Naples
Milan
Rome

Event
Inauguration of the Engineering Faculty in Naples
Inauguration of the Aeronautical Institute, Via Golgi,Milan

A.I.D.A.-A.I.R. Congresses (1965-1969)

The XIX National Congress, the first jointly organized by the A.I.D.A. and A.I.R. was held
in Naples in 1965 in the new location of the Engineering Faculty in Piazzale Tecchio.
The XX A.I.D.A.-A.I.R. Congress was held in Milan in 1967 on the theme "Problems of
flight mechanics and space flight" at the new Institute of Aerospace Engineering in Via Golgi
at the Politecnico of Milan.
The organization of the Congress was carried out by Prof. Bruno Finzi, Rector and Director
of the Institute and Prof. Lazzarino who gave the lecture on the critical review of the current
state of development of problems of flight and space mechanics.
Even if the technical-scientific activities were flourishing, the problem of keeping the two
Associations alive became more and more evident; the people were the same and the
economic problems, above all the maintenance of the two Journals, became more and more
pressing.
In all the Branches some members were favorable and others contrary to the merging of the
two Associations. The final decision was taken in the Joint Extraordinary Assembly in 1969
where it was decided to found a new Association, with the negative vote of the President of
the Branch of Naples, Prof Cesare Cremona, although the person who mostly believed and
pushed for the merger was Prof. Luigi Napolitano.

A.I.D.A.A.
ITALIAN ASSOCIATION OF AERONAUTICS AND ASTRONAUTICS.

The A.I.D.A.A. logo
Prof. Eula was the first President of the A.I.D.A.A., and the Executive Vice President was
Prof. Paolo Santini of the Aerospace Engineering School of the University of Rome who
became President in 1976.
Together with the merging of the two Associations, the respective scientific Journals,
A.I.D.A.’s Aerotecnica and A.I.R.’s Missili e Spazio also merged into what is still today the
single specialist trade Journal: “Aerotecnica Missili e Spazio”.
But in addition to international activities, the National Congresses also resumed their normal
sequence and in this period twenty-five were held covering fifty years of history of the
A.I.D.A.A. from 1970 to 2020. (TAB.4)
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A.I.D.A.A. Congresses (1971-2020)
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The first took place in Palermo in 1971 and with this Congress the aerospace sector began
with the three branches in Italian universities: aeronautics, space and astronautics.
Prof. Mattioli from the University of Palermo presented a paper on fast surface transport.
In 1973 the II Congress was held in Pisa to celebrate the fiftieth anniversary of the Italian Air
Force, while the third was held at the Polytechnic of Turin in 1975, on the 100th anniversary
of the birth of Prof. Modesto Panetti.

Fig. 5 A.I.D.A.A.Congress 1973, Profs. Lazzarino, Santini, Napolitano, Lazzeri and Eula
The IV National Congress was held in Milan in 1977 at the Institute of Aerospace
Engineering of the Polytechnic of Milan, organized with the Chamber of Commerce of Milan.
President of the Milan Branch was Prof. Ermenegildo Preti. In this Congress the Italian
experiments on the first Spacelab mission were presented.
The V Congress took place in Rome in 1981 at the S.I.A. Aerospace Engineering School in
the historic headquarters of Via Eudossiana n. 18. The importance of this Congress is linked
to the opening in the academic year 1981-82 of the first Degree Course in Aerospace
Engineering at the Faculty of Engineering of Sapienza University.
The Aeronautical Academy of Pozzuoli (Naples) was the main venue of the VII National
Congress organized in 1983 by the Naples Branch with President Prof. Luigi G. Napolitano.

A.I.D.A.A. Congress 1983, Congress proceedings (cover)
At the Opening Ceremony, Gen. Licio Giorgieri, General Manager of Costarmaereo and
Head of the Aeronautical Engineers Corps spoke on the importance of the Italian Air Force as
the driving component and stimulus for Italian aeronautical activities.
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The Congress was held when the SPACELAB Space Laboratory, which included various
Italian experiments and research, was about to be launched.
In 1985 the VIII Congress was held in Turin and in the opening ceremony Prof. Carlo Ferrari
presented a paper "The Turbulence: Mystery and Fantasy" where the author cited a work of
1981 by Prof. Brian J. Cantwell where Cantwell said: "Turbulence remains a major unsolved
problem of classical Physics".
Thirty-eight years later, in 2019, Prof. Brian J. Cantwell was invited to Rome to the XXV
Congress to give a lecture on "A Hybrid Propulsion Solution for the Mars Ascent Vehicle".
In 1988 the new Emilia Romagna Branch was established with President Prof. Franco
Persiani, who organized two Congresses, in 1991 and 2007.
The Veneto Branch of the A.I.D.A. was founded in 1947 by Prof. Mario Medici, Professor at
the Faculty of Engineering of Padua, and organized the national Congress in 2011 in Venice
together with the III C.E.A.S. – The Council of European Aerospace Societies - Conference.
For the organizing of these 25 Congresses it was necessary to overcome many problems
including the economic ones, but the will of the A.I.D.A.A Presidents, Antonio Eula, Oscar
Cinquegrani, Paolo Santini, Vittorio Giavotto, Paolo Santini, Ernesto Vallerani, Fausto
Cereti, Amalia Ercoli Finzi , Franco Persiani, Leonardo Lecce, Erasmo Carrera, and the
diligence of the Branches’ Presidents and Members, made possible the realization of all the
Congresses with the regular two-year deadline.
In all the National Congresses, the opening ceremonies have always seen the presence of
representatives of the Italian Air Force.
Gen. Alessandro Guidoni opened the Congresses of 1925 and 1928 and this tradition
continues with Gen. Basilio Di Martino who opened the 2019 Congress.
The relationship with the Italian Air Force not only concerns the Congresses but also many
events organized by all Branches, such as the one for the celebration of the 75th anniversary
of the Italian Air Force in 1998 in Rome where Gen. Mario Arpino, Chief of Staff of the
Italian Air Force, and Gen. Carmine Cianci, Head of the Aeronautical Engineers Corps, were
also present.
Prof. Luigi Broglio, in his speech, recalled the whole history of the San Marco Project and
how decisive the contribution of the Italian Air Force had been in the establishment of the
C.R.A.-Aerospace Research Center and of the San Marco Project (15).

Conclusion
The 46 Congresses that A.I.D.A.A. organized in its first century of life have seen the work of
numerous Italian researchers, many of whom are little known but still important. The
development and growth of the Italian aerospace sector is linked to their love of science and
to their unceasing hard work, and this has enabled Italy to face increasingly difficult
challenges and to be among the first in the world in such a fascinating sector as the aerospace
field.
This evolution can also be seen in the comparison of the first Congress in 1925 when Nobile
described the Polar flight with Norge1, with the last Congress of 2019 where another Italian,
Luca Parmitano, illustrated the studies and research from aboard the International Space
Station but at a much greater distance from the Earth, about 400 Km.
By extrapolating this trend we can dream of, and indeed foresee, a future Congress with a link
to an A.I.D.A.A. Branch located on the planet Mars!!
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ABSTRACT
The study of passengers' comfort on an aircraft is a research field that, has been able to
accommodate both quantitative contributions, deriving from disciplines such as ergonomics,
and qualitative contributions coming from product design. In recent years, design research
has also focused on experiential and perceptive aspects, considering disciplines such as
Interaction Design and User Experience. In the first instance, the paper aims to systemize the
different design-oriented approaches that generated a complex map based also on the support
of visual narration. In the map the flight experience is treated as if it were a service,
analysing the entire customer journey to highlight the most critical issues. The
methodological steps, based on the analysis of the activities, as well as those based on the
optimization of the components, are then integrated into a holistic vision. The system has been
created on the basis of case studies drawn from aircraft currently in service and from still
embryonic concepts, capable of providing useful categories of analysis. The paper ends with
the application of the map to an application study case: the CASTLE project (CAbin Systems
design Toward passenger welLbEing).
Keywords: User Experience, Customer Journey, Comfort, Interaction Design
1

INTRODUCTION

The concept of comfort intended as perceived, experienced, felt, or even simulated and
induced on board an airplane has been a topic debated at scientific level for many years. Some
scholars date back this kind of scientific interest to the increase in air traffic and to the
consequent birth of low-cost airlines. In fact, they maximize the number of people
transportable on board in order to lower the costs and, consequently, reduce space per person
to a minimum [1]. The comfort issues in the current airlines context, however, cannot be
limited to the only low-cost companies, but involves the entire sector in which, of course,
economic classes appear to be disadvantaged. It also seems reductive, according to the
scientific literature consulted in this regard, to consider comfort as an aspect that only
involves the design of the seat; although most of the onboard experience actually takes place
on the seat with few or limited possibilities to move inside the cabin. Many authors try, in the
first instance, to give a definition of comfort and discomfort, debating about objective and
subjective evaluation criteria but, above all, facing with a linguistic problem. Some articles,
for example, introduce the concept of comfort by quoting some dictionary definitions, but
comparing some of the main definitions many differences immediately appear. In the Italian
encyclopaedia Treccani, for example, the word comfort seems to refer to the services offered
or to a series of optional products. In the two cases found on UK dictionaries, i.e. Oxford and
Cambridge, it is defined as “a state of physical ease and freedom from pain or constraint”, or

931

The extended comfort

Di Salvo, Germak

“the easing or alleviation of a person's feelings of grief or distress” [2] they assume an initial
state described as negative. Comfort is described as “freedom from pain, well-being” in Dutch
dictionaries like the Van Dale 2000 [3]. Those definitions clearly are not part of academic
researches, but they show how difficult it is to agree on a unique concept of comfort in
everyday life. This section concludes by pointing out that in Italian, for example, the word
associated with the comfort of a seat is "comodo" whose meaning is described in a similar
way to comfort: “it does not disturb or bother, which is in harmony with our desires and
needs, it is therefore appropriate, easy, convenient". But the etymology refers to the Latin
"commodus"- according to the measure - and in the same definition, concerning an armchair,
it is written " wide, soft, where you feel at ease" [4]. Therefore, the mentioned factors clearly
refer to characteristic features of a material, to ergonomics, to size but also to the parameter
which is often difficult to quantify for usability and user experience called user satisfaction.
2

THE ON BOARD COMFORT IN LITERATURE

The first attempts to define comfort and discomfort date back to the late 1950s when
Hertzberg describes it as a neutral feeling, or a state without discomfort [5]. More recently,
Zhang et al. clearly separate comfort and discomfort, excluding that one is the negation of the
other and highlighting how they are dependent on uncommon factors [6]. Discomfort would
enclose and derive from by physical constraints generating emotions like pain, soreness,
numbness and stiffness. Comfort, on the other hand, would be associated with relaxation and
well-being, and can be influenced by, for example, the aesthetic impression [7]. In both cases
comfort is considered a personal perception, but from the design point of view, although
formal languages are one of the bases of aesthetics, it is necessary to dispel the doubt that
such languages alone can generate comfort and can be disconnected from other aspects. In
many studies Vink et al. [2] state that comfort is not only an important factor, but that it
strongly impacts on the loyalty of the user, while the discomfort has a negative impact on the
human well-being and human performance, placing itself as major cause of dissatisfaction.
Starting in the early 2000s, comfort began to be linked to other factors such as the context of
use and scholars attempt to correlate the impact that certain components of the aircraft may
have on comfort. Vink and Hallbeck [8], as well as De Looze et al. [9], agree on the definition
that describes comfort as an interaction between a human and a product within a context. At
the moment, one of the most holistic definitions, both from the point of view of the factors
mentioned and due to its scalability, is the one written by Li et al. which defines comfort as a
“complex and dynamic construct, associated with physical, psychosocial, physiological,
cultural and social element, as well as environment and situational elements. From the time
dimension, comfort can be studied in different durations, the first sight comfort, short-term
comfort, and long-term comfort” [10]. This definition insists on the main factor that comfort
varies depending on the time elapsed and is different between a flight of a few hours and one
long-haul [11]. Therefore, if a first literature review dated 2005 showed how 140 out of 261
papers on the subject of comfort belonged to the climate or thermal comfort category and only
28 dealt with physical comfort including seating, posture, physical loading, and foot pressure
measurements; currently, humanistic and psychological aspects are more considered, showing
how these influence the way in which the passenger understands, acts upon and experiences
their surrounding environment. Even because they are supposed to change their modus
operandi, adopting new strategies during activities, in order to elaborate future actions. In
general, aspects related to the seat are more in-depth analysed in the literature, including
project verticalizations on the correct cushions to be used or on the playful interactive
experiments to stimulate passengers to move [12]. Instead, all the studies that research the
ways and tools to distract passengers should be considered under the cover of strategies to
mitigate discomfort, in this article we only mention the use of VR [13] or rather the frequent
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administration of food and drinks [14] that, however, appear more suitable for long-term
flights. It is worthwhile to cite the research by Menegon et al. [15] that shows how various
aspects can contribute to the perception of comfort. For example, the level that the authors
define as without-comfort is strongly connected to: “experiencing wellbeing while seated; a
good seat; feeling relaxed in the seat; the back was comfortable on the backrest; the aircraft
was silent”. Instead, the category defined as maximum-comfort is dominated by the
psychological aspect like feeling pleasure while seated and more comfortable than expected.
Many authors, in fact, agree on the conclusion that pleasure and exceeding expectations act as
triggers for positive emotions for the segment of passengers who experience the highest level
of comfort in the aircraft seat. As many authors concentrate their research looking for a
correlation between an element, or factor, and comfort, others, in smaller numbers, attempt
create a reference model connecting as many factors as possible; their research act from
components to the whole system. Those models should be used by the entire group of
designers who are usually involved in the design of a complex system such as an airplane. In
the literature review, which included the analysis of over 50 articles tracked down through
Scopus, the factors that could generate comfort are in turn enclosed in macro-categories; it is
important to note that in all models, however accurate, it is difficult to correlate both the
different factors and the categories to which they belong. This issue comes from the very high
degree of scalability that the cabin project must have, but above all because, although the user
on board is forced into a few centimetres of space, over the total duration of the flight, so for a
few hours, can constantly change needs. In particular, especially for the purposes of this
article, some characteristic elements of the User Experience are very interesting and little
explored, first of all the motivation that drives users to take a plane. Motivation does not mean
only work, tourism or even a visit to relatives or friends but includes the exploration of the
dimension that drives a person to choose that specific means of transport, what will take place
not only on board but also before and after, in order to reach the size of the service and all the
touchpoints. If this research field may seem too wide, it should be noticed that, for example,
the judgment that the user will give to the journey will not be limited to the seat-object itself,
but will be extended to the entire company, including all possible factors, from the purchase
of the ticket to the management of possible complaints. To date, publications on the subject
are limited to some reports or to some user profiling attempts which may, at the present time,
store certain preferences on entertainment systems (IFE) on board or check-in operations, or
boarding.
3

RELATED WORKS

Some groups of authors carry out a similar study as an approach to what will be presented
later, building a map in which the various factors or components are put into a system.
Extremely important, especially for the amount of work presented, are the articles by
Ahmadpour [16] which generates a model in which the comfort experience during the flight
essentially involves physical, physiological and psychological elements. The authors also
show that, according to the research data, “future design efforts should focus on enhance the
perception of physical wellbeing, peace of mind, proxemics and pleasure, by providing
stimulation while maintaining passenger’s satisfaction with the quality and adequacy of the
environment”. Another research is presented by Hiemstra van Mastrigt et al. highlighting the
relationships between human, seat and context variables in order to predict passenger comfort
and discomfort. They found correlations between anthropometric variables and interface
pressure variables, and how this relationship is affected by body posture [17]. The interesting
aspect of this work is the effort in giving different weight to the correlation, even if this effort
is still difficult to carry on, due to the amount of data to be considered. Another model appears
on the work of Patel & Mirabelle D’Cruz who aims to create a personal comfort profile to
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personalize the flight experience, which is one of the theoretical pillars of UX. The model is
based on the assumption that the experience of comfort itself is psychological, and any
intervention can positively change how a person perceives a sub-optimal situation and/or
provides options to improve the situation can help to increase comfort [18]. The most designoriented model is shown in the work of Tao et al. who create a very complex system
organized through importance factors, systems and subsystems that compose the cabin of an
aircraft [19]. This work is extremely important in the roadmap that leads to the design of the
entire cabin and has the merit of connecting, even graphically, all the elements from the
subsystems up to the complete system. The factor of importance runs, perhaps, the risk of
being a criterion perceived only by the designer and is based on the current perception; if we
consider that the design cycle of an airplane from the brief on the first flight can even exceed
10 years, it is clear that the aspects linked to innovation and the habits and future needs of
users are difficult to integrate. For example, more than 10 years after the introduction on the
market, and the enormous spread, of the first smartphone, the on board wi-fi connection,
which according to online commercial reports is considered essential by the users since 2012,
is not so common on many aircrafts that travel on short distances, the so-called regionals.
Although it is a different UX, it is worth remembering that wi-fi coverage, or connection to
telephone operators (a non-comparable element on an aircraft journey) is now guaranteed on
any train, to allow passengers seamless experience. In particular, one publication analyses an
important phenomenon such as proxemics, showing not only how it can impact on comfort,
but highlighting the relational factors on board [20]. Among of all the papers analysed, it is
the only one that considers the journey not necessarily as a solitary experience but that can be
experienced in pairs or in groups. These considerations are, in our view, essential for a correct
analysis of an aircraft cabin not only in terms of Human Centred Design but also of User
Experience.
4

VISIONS ABOUT COMFORT AND UX

In order to better understand the current visions, not only in the academic field but also from
the industrial point of view, the research group focused on the scenario, which is a peculiar
phase of design research. The scenario is, in fact, an exploratory method that allows the
designer to gather as much material as possible, even if it is often divergent and not relevant
to the specific theme of the project. The goal is to create a system on the basis of a series of
case studies drawn from both aircraft in service, and from still embryonic concepts, capable of
providing useful categories of analysis.

Figure 1: Example of one case study for each macro-category

The research group conducted a desk-type scenario research, analysing the solutions proposed
by the already operating airlines and those still in the concept phase in the last 8 years, a
period comparable to the project cycle adopted in the CASTLE application case (CAbin
Systems design Toward passenger welLbEing). The search has obviously used as main
keywords comfort, user experience, well-being but also associating the term future and
innovation, in order to include not only the perspective view of the airplane producers but also
the hidden desiderata of passengers. This scenario, although it also uses also not openly
scientific sources, some magazines of the aeronautical sector taken into consideration can, in
fact, be used as a communication tool, gives an overview of some current trends. From the 55

934

The extended comfort

Di Salvo, Germak

case studies analysed, 5 macro-categories were then extracted to better highlight which were
the most present project interventions. The 5 categories are: my favourite place, forced
perspective, colour influence, extended view, seats and activities. The research team decided
the categories names avoiding the name of a component in order to maintain a higher level
and to include heterogeneous projects with a holistic view. The only exception is the seat, the
most recurrent element, this is due to two main factors: the seat element is one of the most
taught teaching themes in design schools with a consequent proliferation of concepts
published on the web; it is an element of discussion that does not only concern the experts and
consequently impassions and involves a wider audience. The category my favourite place
implies ergonomic, cognitive, emotional, cultural and social factors, and it is composed of
two main elements: the need to choose a place based on the relationships the user wants to get
or avoid with other passengers, including the elements of privacy and social relations; the
need to choose a place based on the services offered (greater space, infotainment, services for
business man, for families, for children, FIFO priority boarding). This macro-category
includes aspects related to both the product and the service that can best manage this type of
needs. The forced perspective category refers to the tunnel effect that is peculiar of regional
aircrafts since the proportion between length, width and, above all, height of the cabin
perceptively communicates a feeling of occlusion. The case studies analysed in this category
show some formal strategies that tend to mitigate the effect, such as the use of vaults, which
harmoniously connect surfaces, or softer lights that attenuate the jutting effect of some
surfaces, like the stowage bins. The research team, in this case, analysed the phenomenon by
performing 3D simulation and creating focus groups during the design phase. The preliminary
results, still being processed, show that this effect is perceived during the boarding phase
rather than walking on the plane. These two phases are limited in time but of great impact
since they are concentrated precisely in the first touchpoints of the experience. The boarding
phase is, in fact, often slowed because of the loading of the suitcases in the stowage bins, the
accommodation of the passengers in the correct place. In this phase the narrow space around
the person, which usually corresponds in width to the distance between the two stowage bins
or between the two seats (with respect to the height of the passengers) is even more restricted
for: the opening of the bins, the queue that reduces the distance between people, the urgency
of finding one's place as soon as possible to comfortably sit. According to the simulations,
forced perspective is not perceived when the passenger is seated, without distinction between
the occupied place (window, middle or aisle), in that case the analysed projects propose
solutions inherent to the extended view. Te extended view category obviously has the
ambition to suggest structural changes to the windows usually designed on regional aircraft to
widen them and, thus, allowing passengers to enjoy a panoramic view, a greater light, a wider
perception of the entire cabin. If it is not possible to intervene on a structural level, some case
studies show some applicable strategies to perceptually communicate the same factors as, for
example, widening the internal shape of the windows compared to the external one. In this
way passengers are supposed to receive more light and perceive a bigger space. Colour
Influence is the capability to use tints like a communication vehicle, the chosen colour, or the
range of colour, depends on some correlations: colour-brand; colour-context; colour-cultures
(including trends); colour-material (including hi-tech and cleanliness). Airlines usually choose
the colour of their setting up according to the colour of their brand (e.g. colours of logo). This
allows the airlines to perceptually emphasize a group identity level and a formal coherence.
Seats and Activities category resumes all the formal concepts and the solutions that allow the
passenger to personally interact with, for example, interior climate, lights, sound. Many
examples concern the elements of the seat that can support relaxing activities like headrests
that guarantee a degree of privacy, not only spatially, but also by eliminating unwanted noise.
Many concepts focus on modular solutions that can change in width and depth to better adapt
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to passengers. In particular, students or makers propose unconventional interactions,
experimenting with innovative technologies that allow passengers a more fun and playful
interaction, using simple devices that can be attached to the belt, or by mounting helmets
integrated with the headrest or even projecting holograms with virtual assistants. All the case
studies point out that even if the proposed solution is very punctual and vertical, the core of
the 5 macro categories stands in the interaction between passengers and other people or
elements inside the cabin. In this way matching literature, visions, UX and IxD principles the
research team created, at first, a complex map in order to connect and visualise all the
elements that can influence the extended comfort. Then a structure of the customer journey
has been built focusing on activities, touchpoints and the above relations.
5

CUSTOMER JOURNEY AND EXTENDED COMFORT

The customer journey is a graphical and methodological tool widely used during the metadesign phase both in the User Experience methodology and in Interaction Design. In this case
it is used to systemize the user research data obtained through the study of the literature and
the observation carried out both in the field and through 3D models to define the extended
comfort. By extended comfort we mean, therefore, a scalable and adaptable model not only
linked to the presence of some components, intended as optional, or to their excellent quality,
but it is enlarged to the Persona's features and motivations in order to understand the whole
experience related to flight. For the CASTLE project this model is applied to a regional
aircraft that has characteristics such as a small-sized cabin, a single aisle and a limited
duration of flight. In the figure, the various phases and possible perceptual impacts are then
highlighted.

Figure 2: All the factors and components that are included in the extended comfort
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Figure 3: Structure of the customer journey based on activities, touchpoints and the above relations

6

CONCLUSIONS

The construction of the customer journey based on the extended comfort concept is a tool able
to highlight the critical phases, that may occur at certain specific times, and some desiderata.
By virtue of this model it is possible, referring to the categories identified above, to draw up a
series of guidelines based on a specific user research. Based on the data found, the literature
and the visions it seems no longer possible to design a product capable of responding to the
needs of all, on the contrary, considering the variations that occur at each touchpoint it is
appropriate to design a system that allows to structure and use multiple environments and
differentiated services. The future work, already in progress on the CASTLE project, has also
allowed us to draw up a series of guidelines that take into account the complexity of the
achieved customer journey.
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*631 -87 3;2 8;3 8)14)6%896) %2( 46)7796) 7)27367 -+96) % 2) 7)2736 -7 -278%00)(
398(336-236()6836)'36(8,))<8)62%08)14)6%896)%2(46)7796);,-0)8,)7)'32(32)-7
03'%8)(;-8,-28,)78=63*3%1&3<
( ,) 2)68-%0 )%796)1)28 2-8   &%7)( 32 %   7)2736 #$ 8,%8 '328%-27 %
 %'')0)631)8)6 %2( %  +=63 -2 % 7-2+0) ',-4 -+96) & %', 1-77-32 -7
)59-44)(;-8,32)368;3 7)27367,-77)2736463:-()7-2*361%8-32%&3988,)
%88-89() %2( %2+90%6 %'')0)6%8-32 3* 8,) 4%=03%( %77)1&0= %2( -7 97)( *36 8,) (=2%1-'%0
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.,96* &8-*86&271.88*6'8-*  6&(*3)*1




&'



.,96* &8-*+0.,-8(31498*6'8-*!'3&6)


(-&6&(8*6.>&8.323+8-*40&8+361 -*7*2736.7(3286300*)'=&)*).(&8*)&74'*66=.
#*63;-.(-7836*78-*(300*(8*))&8&.2&1.(631*136=(&6)$ %
* -*!*&(322&1*0=&**.2* 6&271.88*68-&8.797*)8386&271.8&'*&(3232 
> 97*) 83 03(&8* 8-* 0&2)*)  97.2, & ! 3< 928*6 7 8-* 7.,2&0 (&2238 '*
*1.88*);-.0*+0=.2,8-*!'*&(32.7320=&(8.:&8*)&80&2).2,97.2,&6*0&=(3286300*)
'=8-*&74'*66=
+ -* >(3286300*))336'*008-&8.797*)83*1.8&7392)83-*046*(3:*6=3+8-*0&2)*)
4&=03&))96.2,8-*2.,-836;.8-.2;33)0&2)7
, :.)*3(&1*6&97*)836*(36):.)*3)96.2,8-*+0.,-8 -*437.8.323+8-*:.)*3(&1*6&
;&7 (-&2,*) '*+36* *:*6= 1.77.32 .2 36)*6 83 &)/978 8-* :.*; 36 83 .1&,* .2 ).++*6*28
).6*(8.327


 



-*).&,6&1.2.,96* 7-3;78-*&6(-.8*(896*3+8-*4&=03&)008-*-&6);&6*(31432*287
97*) 83 .28*,6&8* 8-*  4&=03&) &6* 311*6(.&0++ -*-*0+ -* 32'3&6) &28*22& 8-*
4&77'&2)+.08*6&2)8-*3;3.7*140.+.*6&6*892*)32!36'&2)7;-.0*8-*
43;*6&140.+.*68-*3+8;&6**+.2*)&).3)*:.(*&2)8-*&74'*66=&6*(31132
83'38-'&2)7":*23286300*)6=78&07(.00&836-&7'**2&))*)83+0.,-8
   .2 36)*6 83 .2(6*&7* 8-* +6*59*2(= 78&'.0.8= 3+ 8-*  37(.00&836 )96.2, 8-*
7&140*6*(36).2,
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,*63($ %$0'$05(00$%"$05(00$


!+( %$0'2$5&+$05(00$ &100(&513,4$55$&+('51%$4(1)5+(2$:.1$'8+,.(5+("
',21.($05(00$&100(&513,4,045$..('2$3$..(.515+(%$4($5$',45$0&(1) &/64,0*$2.$45,&
%3$&-(5,013'(351/$9,/,;(5+($05(00$*$,0,*63(15+$05(00$4$3(&100(&5('515+(
2$44%$0'),.5(38,5+$4+135 &1$9,$.&$%.(5+($05(00$)(('(3.,0-

..15+(3&1/210(0541)5+(2$:.1$'$2$35)31/5+(#$05(00$45+()(('(3.,0-$0'5+(
 $05(00$1)5+( #$3(,045$..('8,5+,0$&1//1045:31)1$/%19 9 9 
&/,013'(351-((25+(&1/210(0548$3/'63,0*5+().,*+5!+(2$44%$0'),.5(35+(5+(
$0'5+( '(7,&($3(&100(&5('($&+15+(364,0*5+(,3 &100(&5134,0$..:5+( 
'(7,&( ,4 &100(&5(' 51 5+( $42%(33:   64,0* $ "  &$%.( !+( $42%(33:   4513(4 5+(
&1..(&5(''$5$8,5+,0,54/,&31 








 



 



,44,10 2+$4(4 $3( 46//$3,;(' ,0 ,*63(  ,345 5+(  ,4 3(.($4(' ,051 5+( $5/142+(3(
)31/5+(.$60&+4,5(013/$..:5+(.$60&+12(3$5,104$3(&$33,('165%:$5($/1)),7(2(12.(
!+(05+(%$..11045$3545+($4&(052+$4( 62518+(0,53($&+(4,54/$9,/6/4,;($0'%63454
 31/5+,4/1/(05105+(2$:.1$'45$3545+('(4&(052+$4( 60'(32$3$&+65(%3$-,0*
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&$2/" &00&,+,-"/1&,+00".2"+ "
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&+))61%"-6),!&0/" ,3"/"! 61%" %0"1"*+!1%"0"3"/)*& /, ,+1&+&+$
!1 ,))" 1"!61%"3/&,20,+,/!0601"*-6),!+!1/ (&+$0601"*0/"/" ,3"/"!
%" %0"1"*/")&"0,1%,+1%"!1+!1%"1/ "/-,0&1&,+1,#,)),41%"-6),!
), 1&,+!2/&+$1%"#)&$%1




   

%" 20"#2) !1 1%1 1%" -6),! *"02/"0 !2/&+$ 1%" *&00&,+ /" 01,/"! &+1,  *& /, 
*"*,/6 /!+! ++,1"1/+0*&11"!4%&)"#)6&+$!2"1,1%"&/0&7"" ,3"/6,#1%"-6),!
&0*+!1,/6#,/1%"*&00&,+02 "00+! 2/1"-/"!& 1&,+,#1%"#)&$%1-1% ,/!&+$1,
4"1%"/ ,+!&1&,+0 +! !&/" 1&,+ +! 01/"+$1% ,# 1%" 4&+!0 &0 1%"/"#,/" ,# -/*,2+1
&*-,/1+ "0,1,)),4#,/ %,& ",#)2+ %-/*"1"/0), 1&,+1&*")&#1"1 1%14&))
3,&!"+!&+$2-&+/"0+,1 "00&)"02 %0!""-4,,!041"/,/ ),0"!-/,-"/16
))1%""5&01&+$)+!&+$-/"!& 1,/0/"0"!,+ ) 2)1&,+,#1%"3"/1& )+!%,/&7,+1)*,1&,+
,#1%"+!-/,3&!"1%")+!&+$0&1"+!1%"#)&$%11&*"0,21-21 201,*)+!&+$
-/"!& 1,/%0""+!"3"),-"!!2/&+$1%&0-/,'" 1&+,/!"/1,%3"/")&)"-/"!& 1&,+,#1%"
#)6&+$-1%%"-/"!& 1,/4/&11"+&+61%,+ +"!'201"!1,#&1!&##"/"+1#)&$%1 ,+!&1&,+0
)&("#)&$%1&+/&+6 ,+!&1&,+01%116-& ))6/"+,1 ,2+1"!#,/6-/"!& 1,/03&))",+)&+"
%" ,!" *,!")0 &+!"-"+!"+1)6 1%" 0 "+1 +! 1%" %,/&7,+1) *,1&,+   +! 20"0 !1
-/,3&!"!61,"*+2))6&*-,/1"! 
 #"#
+ *,!"))&+$ 1%" #)&$%1 !6+*& 0 ,# 1%" )),,+ 1%"/" /" 1%/"" #,/ "0 1%1 /" ,# &+1"/"01 
$/3&162,6+ 6+!!/$%"2,6+1#,/ "&0".2)1,1%"*$+&12!",#1%"4"&$%1,#1%"
&/!&0-) "!61%")),,+&+ ")&#1&+$$0"0/"6!"#&+&1&,+)"00!"+0"1%+&/1%"2,6+1
#,/ ""5 ""!01%"#,/ ",#$/3&16+!-/,-")01%")),,+2-4/!%"2,6+1#,/ "4%& %
 10&+1%"'!&/" 1&,+&0 



    

946

% " $&%$ #!$"%$
%%& !! $ !#!' !$%
"#% !!)$% 

   #&!


2%"-"*&./%"''**)1*'0("/"3''**). )"3+)!/*(0'/&+'"*#/%"&-'0) %.&/"
!&("/"- / +*$"" )! /%" !").&/4 $)/  *# /%" /(*.+%"-" / /4+& ' 0-./ '/&/0!". )
++-* % *#."'"1"'!").&/42%&'"1-&/&*).*#/%"$-1&/4 "'"-/&*)*-"'"../%)
 %"0*4)/#*- "&.*++*."!4/%"!*2)2-!#*- "*#$-1&/4*)/%"''**)

<<<( => ;  :0-0 => 


 

2%"-"0-0 ;  %$**--, 9 .$4*-$& 9 !'*)1+ &./%"(..*#/%"2%*'".4./"(&)''4/%"
!-$#*- " )" *(+0/"!.#*''*2.
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< /'* ; 
 



&./%"''**)7.1"'* &/4-"'/&1"/*/%".0--*0)!&)$&- &./%"!-$ *"##& &")/)!=>&.
< /'* %"/*/'#*- " /&)$*)/%"
/%" -*..." /&*)'-"*#/%"''**)&)/%"!&-" /&*)*#
''**)&./%")




<<<
< /'* 
0 => ;  ?=>$)/ => : 0-0 @=> : $)/ => => /'* 


 


%" 1"-/& ' (*/&*) &. /%") !"-&1"! 4 &)/"$-/&)$ /%" /*/' #*- " 0.&)$ "2/*)7. '2 )!
&(+*.&)$/%"&)&/&' *)!&/&*).)!/%"0-./ *)!&/&*).2*0-./ *)!&/&*). )"."/&"
"&/%"-/%"0-./'/&/0!"*-/%"0-./!&("/"-*#/%"''**).+-*1&!"!4/%"()0# /0-"-
 ! !%!#*! %!%! 
%"%*-&5*)/'(*/&*)&.(*!"''"!..0(&)$/%//%"()!) *(+*)")/.*#/%"1"'* &/4
-"",0'/*/%"()!) *(+*)")/.*#2&)!.%"( *(+*)")/&.'*)$/%"'* '+-''"'2%&'"
/%") *(+*)")/&.+-''"'/*/%"'* '("-&!&)$)&/0!".*#/%"."2&)!. *(+*)")/.*#/")
-"#"--"!/*.2 )!1 -"(!"1&''"#*-)4'* /&*)&)/%"2*-'!4."1"-'")/&/&".
.0 %./%"/&*)' ")& )!/(*.+%"-& !(&)&./-/&*)2&/%-".*'0/&*)*#
6*- 6# 0 &./%"&)/"$-/&*)/&("0."!4/%".&(0'/*-/%"%*-&5*)/'!&.+' "(")/. )
" *(+0/"!.#*''*2

3 ;  3 #  0
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)& '#+'(* !''#"' #+")"&('$&#($- #&#*&-
$&#)&$&#*(#&  "%)!,!)! (()&)&"#)& ('
+'  !  ( $- # +'  +-' &#*&    ')!!&.' ( !''#"'/ -
$&!(&'

ISM-HAB#1

ISM-HAB#2

ISM-HAB#3

ISM-HAB#4

ISM-HAB#5

Test launch w/o
RF payload

2,4 GHz, DSA
w/ sampling rate
1 MHz

2,4 GHz, DSA
w/ sampling rate
1 MHz

868 MHz, DSA
w/ sampling rate
100 KHz

2,4 GHz, DSA w/
sampling rate 100
KHz + SAMPLE
RECORDING

Payload
weight
(w/o parachute) (g)

1450

1830

1840

1960

1960

Launch Date and
Time

13/09/18
13:05

02/10/18
15:30

12/10/18
2:38

27/10/18
11:32

14/11/18
12:32

Launch site (City,
District)

Lajatico
(PI)

Montegonzi
(AR)

Certaldo
(FI)

Ponte a Elsa
(FI)

Lajatico
(PI)

Landing site (City,
District)

Villamagna (PI)

Cecina
(LI)

Monteguidi
(SI)

Latera
(VT)

Rapolano Terme
(SI) -

Landing site (type)

Woods

Woods

Woods

Grassland

Woods

Payload Recovered

YES

YES

YES

YES

YES

Weather conditions

Cloudy

Rainy

Sunny

Sunny

Sunny

Peak Altitude [km]

21.038

19.115

32.412

30.400

29.493

Total
Distance
Covered [km]

8.3

78.3

28.8

137

74

Total Flight Time
[min]

118

123

210

236

176

Ascent Time [min]

91

93

152

185

114

Descent Time [min]

27

30

58

51

62

Mean
Ascent
Velocity [m/s]

3.85

3.4

3.7

2.7

4.3

Mean
Descent
Velocity [m/s]

12.98

10.5

9.2

9.7

7.9

9.9

6

5.3

3.4

3.4

Mission

Landing
[m/s]

Velocity

  ''#"$&!(&'#(  ('








  
!!

 &( # '"( # (  ##"' )&"   ( !''#"' +' !#'( #"'("( ' '#+" "
)&'' *(#)(#((((+ ( ##"&''(&#!'
"&'" -&&"('"'(-&#$'"('!+-( ##",$"',$#'"
&&&#'''(#"(+#('&#) -#!$"'(#(&'#(((&'"'$'
 !#'( #"'("(  (&#& ( '"( &( $"' ''"( - #" ( !#)"( # ( "( -
!$#' #" $&()&  ( +(& ' &"- #& *&-  #)- ( +(& " (  (( (
$- #+ "#)"(&)&"'"(!-)'"& -)&'((" (()##)(!
"'(#("#!"  !
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&$1." )0&01!"-.,#&)"/




&$1."  2"), &04/&*1)0&,+
 
2/." ,.!"!/-""!



&$1." / "+0.0"/#1+ 0&,+,#)&#0&+$*//



,3".1./0)0&01!"*"+/0%00%"0,0)!&/0+ "0.2")"!3&))"/%,.0"./%--"+"!3&0%
 +! #0%"1./0%--"+/0,,".)4).$".-,.0&,+,#0%")),,+
,1)!."*&+00 %"!0,0%"-4),!##" 00%" ,.." 0!"-),4*"+0,#0%"-. %10"&+/1 %
,+!&0&,+/0%"-4),!3&))!"/ "+!*,.".-&!)4
,*"!&##& 1)0&"/&+-."!& 0&+$0%"/ "+0.0"3".""+ ,1+0"."!-" &#& ))4/&0 +"/""+
&+&$1." 0%"/&*1)0,./)&$%0)4,2".-."!& 0"!0%"/ "+0.0"&*-,/&+$+&+&0&))&#0*//
2&+$/"0!&##"."+0)&#0/#,." %*&//&,++!%2&+$ %&"2"!!&##"."+0/ "+0.0"/3"3"."
"2"+01))4)"0,!".&2" )&.0&,+.")0&,+/%&-#,./ "+0.0"2/)&#0&$1." 0%03&))
"&*-)"*"+0"!&+#101."2"./&,+,#0%"-."!& 0,.


 







,/0 ,# 0%" !&/0+ " 0.2"))"! 4 0%" -4),! &/ ,2"."! &+/&!" 0%" 0.,-,/-%"." 3%"." 0%"
/0.,+$"/03&+!/."/&!"%&//&010&,+&/ )".)4&))1/0.0"!&+&$1." %"3&+!/+,.*))4
." %2"), &0&"/,#  (*%+". (*)0&01!"&0%)&*&0"!*,1+0,#)&#00%")),,+
3&))"/1'" 0"!0,0%"/"3&+!/#,..")0&2")4),+$0&*"/&03&))." %%&/1./0)0&01!",+)4
#0".*1 %0&*"0%&/3&))*("&00,0.2")#,.2".4),+$!&/0+ "/0%1/."!1 &+$0%")&(")&%,,!
,# &0/ ." ,2".4 " #,1+! 0%0  $,,! ,*-.,*&/" &/ 0, /"0 ,10  ($ ,# )&#0 /, 0%0 0%"
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&&))(1#&&,"#.-/,-.&.#./-+/#%&3-*)--#&"#-1#&&,/().)(&3."#-.(
.,0&.)."&(#(!-#./.&-)."'#--#)(/,.#)('%#(!#.'),&#%&3.".."*3&)
#-,)0,)(."-'3) ."&/("


   



"#&."&&))(-(-."*3&)#--/$..)0,#.3) )-#&&.#)(-*# #&&3#.
)-#&&.-,)/()."*#."(,)&&2#-1"#&#.,)..-,)/(#.-312#--#!/,
#."#(."(&)(!1#."."!3,)(,.-(-),-'!(.)'.,#-/-.).,'#(
.""#(!) .",)&&2#-(.",)..#)(,)/(."312#---")1(#(#!/, ."
-(.*"-#-",.,#43-'&&)-#&&.#)(-) '*&#./,-#(!1#."&.#./.
/,-.."*3&)/(,!)--,#-) /*./,(- ."#-1-&-))( #,'3.",),0#)-
)(.,,3.)-(.."-(.*"-1"#"#-)'#(.3."*,"/.3('#-#-+/#.
-"%3#."(,)&&)-#&&.#)(-"0-#'#&,"0#)/,
#0(."*#.",)&&(31..#./(!&-'-/,3.")(."*3&)11,
&.),)(-.,/.."*,)$.!,)/(*."-(3.")..)'-#) ."*3&)1",."


#!/, ),#4)(.&-* &#!". 



#!/, #.")-#&&.#)(-,!#-.,3." &#!". 
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+1"++40*,2+1"!,1%&0"+!0 /&-1404/&11"+4%& % ,*-21"01%"!"3&1&,+
#/,* 1%" ), ) 3"/1& ) #1"/ -&1 % +! /,)) 1%"+ -/,'" 10 &1 &+ 1%" --/,-/&1" !&/" 1&,+
!"1"/*&+"!1%/,2$%1%"64*"02/"*"+1#/,*1%"*$+"1,*"1"/+!#&+))6,21-210
#&)"20)"4&1%,,$)"/1%/,%&0-/, "!2/"40/".2"01"!61%" 201,*"/&+,/!"/1,
%3"-/" &0"2+!"/01+!&+$,#4%"/"1%"+1"++40-,&+1&+$1,!2/&+$#)&$%1+"5*-)"
,#1%"/" ,+01/2 1"!$/,2+!-,&+1&+$-1%&00%,4+&+&$ 
/,*,2/&"/+)60&0,#1%"0&$+)1%1/"-/"0"+101%"-&1 %,0 &))1&,+0&1--"/01%11%"/"
/"+, )"/)6!"1" 1)" %/ 1"/&01& #/".2"+ &"0&++$2)/*,1&,+!2/&+$1%"#&/01-%0"0,#
1%"0 "+11),4)1&12!"1%"&/12/2)"+ "-/,!2 "0-&1 %0&$+)1%1&0"00"+1&))6/+!,*
+1%" ,+1//6&+1%"01/1,0-%"/" %/ 1"/&01& #/".2"+ 6&0 )"/)63&0&)"&$ 0
"5-" 1"!1%&0#/".2"+ 6 7&0".2)1,1%"#/"",0 &))1&,+#/".2"+ 6,#-"+!2)2*&+
"*-16 0- " 4&1%  ,/! )"+$1% "5 1)6 ".2) 1, 1%" !&01+ " "14""+ 1%" -6),! +! 1%"
)),,+
+11&12!"01&)&71&,+0601"*4,2)!"+%+ "1%",-"/1&,+) -&)&16,#1%"-)1#,/*+!
*(" &1 4")) 02&1"! 1,  )/$" 3/&"16 ,#1" %+,),$6"5-"/&*"+10 ,#&+1"/"01 #,/#212/" 0- "
*&00&,+0#02 %11&12!"01&)&71&,+&01,"&+1/,!2 "!1%"*,0102&1)"-%0",#1%"*&00&,+
#,/&14,2)!!"#&+&1")6"1%",+",3"/ (*)1&12!"4%"/""+3&/,+*"+1)1,/.2"!&012/+ "0
/"1*&+&*2*+!11&12!"01&)&71&,+ ,2)!-/,3&!"*,01"##" 1&3"&$2/"00%,401%"
+$2)/ 3"), &16 +!  ")"/1&,+ 3)2"0 ,*-21"! !2/&+$  1&*" !2/1&,+ ,//"0-,+!&+$ 1,
1/+0&1,#1%")),,+&+"14""+ 1, (*


&$2/" ,&+1&+$-1%4%&1"+!-,0&1&,+0/"!
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'$  !% #&'%#&$' 
#&"%&"!%&!$%!&&'
&"#&""&&" 




  

'$  !'$("&*&"#!!'$
$&"!"&&" &!$%!&&'




'$  #$&'$ %'$ !&
!%&#"*%&*$!")$'$(!"'&""$'
'$!& 
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#.+3+'9;8+*:+36+8':;8+9'4*:.+8+2':/<+-8'6.'8+9.5=4/4/-  52?9:?8+4+685<+*:5
(+ 7;/:+ +,,+):/<+ '9 ' :.+83'2 /49;2':58 ;8/4- '22 ,/<+ " ,2/-.:9 :.+ :+36+8':;8+
/49/*+:.+6'?25'*9:'?+*(+:=++4 A'4* A=./2+:.+5;:9/*+:+36+8':;8+8+').+*'
3/4/3;35, A"5'22:.++2+):854/))53654+4:9/49/*+:.+6'?25'*=+8+/49/*+:.+/8
56+8':/<+ :+36+8':;8+ 8'4-+ 5 '):/<+ :.+83'2 )54:852 9?9:+3 ='9 4++*+* :5 ='83 :.+
)53654+4:9 (+)';9+ -85;4* :+9:9 8+<+'2+* :.': :.+ ! )53654+4:9 '28+'*? *+<+256+* '
)549/*+8'(2+'35;4:5,.+':4,'):',:+8:;84/4-54:.++2+):8/))53654+4:9'4*9+'2/4-:.+
6'?25'*(+,58+:.+2';4).:.+:+36+8':;8+/49/*+:.+(5>/4)8+'9+*7;/:+7;/)12?


 

/-;8+ 9.5=9:.+96+):85-8'395,:.+8+)58*+*9/-4'298+658:+*'::.+'4:+44')544+):58
5;:6;:,58:.+"  @('4*'4*,58:.+  @('4*#.+96+):85-8'399.5=:.+
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ABSTRACT
Dust from the Upper Stratosphere Tracking Experiment and Retrieval (DUSTER) is designed
to sample, on-board stratospheric balloons, aerosol present in the Earth atmosphere at
altitudes between 30 - 40 km, where they are almost exclusively of extraterrestrial origin. The
final purpose of the project is the contamination-free laboratory analyses of the collected
samples. Several analytical techniques can be applied with no need of sample manipulation:
field-emission scanning microscopy and energy dispersive X-ray analysis, micro-infrared and
micro-Raman spectrometry, X-ray microtomography and IR nano-tomography. This activity
has a multipurpose interest: 1) extraterrestrial particles characterization providing
information on their parent bodies; 2) extraterrestrial particles, carriers of organic molecules,
are of astrobiological interest; 3) biological terrestrial particles upwelling to the upper
stratosphere can be analyzed to study the resistance of biological matter to extreme
environments; 4) stratospheric dust collection and analysis support the development of climate
models (stratospheric chemistry modules).
Keywords: Extra-terrestrial material, Aerosol, Stratosphere;
1

INTRODUCTION

A sampling of the stratosphere will include particles from different sources with relative
contributions that vary as a function of time, altitude, and geographic location. At any time, the
stratosphere contains extraterrestrial dust, dust from natural terrestrial sources and dust related
to anthropogenic activities. Anthropogenic dust usually stands out among natural dust by its
unique chemical composition. From the earliest days of collection, it was evident that
anthropogenic dust persists in the lower stratosphere. The extraterrestrial component can give
important clues to the study of the origin of the Solar System. Above about 33 km the
extraterrestrial particles, together with volcanic ones, are the predominant population. Only
routine, contamination-free nano- to micrometer-sized grain collections, followed by laboratory
characterizations, can confirm this scenario. The Earth atmosphere is continuously crossed by
natural solid objects from extraterrestrial bodies. Their structure, composition and preatmospheric size constrain the fate of the natural solid objects: meteoroids (sizes in the range 2
mm – 10-5 m) entering the Earth atmosphere as fragments and partly-vaporized micron-sized
fragments and nanometer-sized condensed smokes that sediment in the atmosphere. The
analysis of these grains provides information as much close to the formation condition as lower
the processing suffered by the grains is. Focusing on the smaller sizes, thanks to the relatively
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gentle braking effect of the Earth atmosphere, we are able to collect grains at basically null
relative velocity with respect to the collecting substrate, thus well-preserved samples.
Interplanetary dust reservoir is permanently replenished by dust ejected from cometary nuclei
[1] [2] and released from asteroids collisions in the Kuiper belts. The larger dust particles have
heliocentric orbits that are similar to the parent comet, thus forming trails and meteoroid stream.
Another important source of interplanetary dust comes from the asteroid belt. Impacts on the
surfaces of asteroids, and catastrophic collisions within the belt, generate fragments covering a
very wide size distribution. The transport of dust from the asteroid belt and the outer solar
system, results in the inner solar system being populated by a largely homogeneous dust cloud,
concentrated along the ecliptic plane. Embedded in this cloud are cometary meteoroid streams,
although with time orbital perturbation and other effects also work to disperse the streams such
that the meteoroids can no longer be associated with a particular comet and thus become part
of the zodiacal dust cloud.
Modelling indicates that it is possible to recover relatively unaltered interstellar grains from
the Earth stratosphere. Present analytical techniques would allow clear discrimination between
dust of different origin (interstellar, interplanetary and terrestrial). The first collection of
extraterrestrial dust from the Earth's atmosphere was performed by balloon-borne experiment
in 1970, supported by NASA. Later the NASA/U-2 aircraft collection efforts started, sampling
particles in the 10-micron range [3]). A new balloon-borne collection program started in 2006
Errore. L'origine riferimento non è stata trovata. [5] collecting micrometer and
submicrometer dust grains, settling in the Earth atmosphere, at altitudes of 35 - 40 km. The
primary target of this collection are the ~0.5 to 1 micron diameter grains, i.e. the typical size
range of the grains in the interstellar medium through which the Sun is moving [1].

2

DUSTER INSTRUMENT

DUSTER [5][6] design was tailored to overcomes the limitations identified in the stratospheric
collections made by stratospheric airplanes such as contamination control and the use of
sticking material to stick particles on exposed target. This goal was achieved developing an
instrument capable of collecting refractory aerosols with diameter down to 0.1 microns at
altitudes between 30 and 40 km, these altitudes are only accessible thanks to the use of
stratospheric balloons.
The guidelines followed during the design of DUSTER are the following:
Cleanliness, high quality contamination control and characterization of possible
contaminants;
Limiting manipulation of collected particles and the substrates used for dust collection;
Dust collection with low impact velocity between particles and substrate;
Inertial-collection used by DUSTER is a well-established technique for solid particle
monitoring, which is based on the decoupling between the gas flux and particle, when proper
acceleration is induced in the flux. Due to inertia, a particle moving in a gas stream can strike
slow-moving or stationary obstacles (impacting targets) in its path.
The instrument consists of a collecting chamber where the inertial collection is induced by
means of an active pumping system. The pumping system creates a flow of the sampled
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atmosphere in a collecting chamber where the suspended particle in the atmosphere are
separated from the air and collected on a target.

4

1
2
3

Figure 1 DUSTER sampling system: collecting chamber pumping system, motorized UHV valves and the collecting chamber
exploded view (left panel) ; sample holder (right panel).

The collecting chamber is composed by two sub-chambers (exploded view of the collecting
chamber, Figure 1 left panel): a primary chamber main body (1) the sample holder (2) is
mounted with the collecting surface orthogonal to the air flow, is closed by a flange (3) ending
on a valve, a secondary chamber (4), where a monitoring substrate (blank) is housed.
The collection chamber is connected to an in-let pipe, exposed to the atmosphere, and on the
other side to the pumping system by means of two Ultra High Vacuum valves: 1) the in-let is
connected to the chamber by a gate valve and 2) the pumping system is connected to the
chamber with a flexible pipe and a butterfly valve (Figure 1, left panel). The two valves are
operated by 2 stepper motors and monitored by 2 encoders.

3

CONTAMINATION CONTROL AND PARTICLES RECOGNITION

The contamination control of the actual collector is the most important task pursued during the
preparation of the instrument. In fact, during the whole assembly phase rigid procedures are
followed starting from the mechanical parts: the collecting chamber is assembled inside a class100 clean-room; all mechanical parts are cleaned in an ultrasonic bath of isopropyl alcohol prior
to assembly. To keep the collecting chamber isolated from possible contaminants the instrument
reaches the operational altitude, with the two automated UHV sealed valves. The inlet pipe is
cleaned and integrated inside the clean room. The CF 40 flange that seals the inlet pipe is kept
fixed to the inlet during all pre-flight operations and is only released during the ascent when the
atmospheric pressure reaches about 100 mbar (~20 km altitude). This flange stays fixed to the
inlet pipe to protect its cleanliness during (1) all pre-flight operations in the laboratory, (2)
transportation to and at the balloon launch site, and (3) during ascent through the troposphere
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into the lower stratosphere. DUSTER automatically seals off the UHV valves at the operative
altitude as soon as collection is terminated. This operation is executed by telecommand from
ground or autonomously by the on-board pressure sensors + software. Complete
characterization of the entire collection substrates, i.e. TEM grids mounted on the actual and
the blank collectors, is performed using high resolution FESEM imaging prior to their
integration in the collecting and blank chambers.
The FESEM scanning procedure is performed twice:
1. just before integration of the “collectors” into DUSTER;
2. just after the removal of the “collectors” from DUSTER after the flight.
Integration and removal of the collectors in and from the instrument is performed in a class 100
clean room. In the operational phase both collectors are always exposed to the same
environment. The mosaics obtained from the pre- and post-flight collector scans, for each TEM
grid, are compared to check for the presence of new particles deposited on the collectors. This
procedure identifies all new particles, when compared to the pre-flight scans, present on both
the actual collector and the blank collector following stratospheric flight.
Following identification of the new particles on each collector a strict protocol[7] is applied to
select which particles are “true” stratospheric dust and which are contaminant dust, i.e. all
particulate matter that is identified as not collected in the upper stratosphere at the DUSTER
operating altitude. This protocol foresees the following steps:
1. For each NEW particle found on the actual collector, we perform high resolution FESEM
images and EDS analyses.
2. For each NEW particle found on the blank, we perform high resolution FESEM images
and EDS analyses.
3. We make a comparison between the NEW set of particles found on the actual collector
with the NEW set of particles found on the blank collector.
4. The results from this comparison allowed us to eliminate from the actual collector all
particles that have similar morphology and composition to those identified on the blank
collector.
5. The resulting NEW particle set includes only collected stratospheric particles.
6. All other particles found on the collector are classified as "Contamination”.
4

LAUNCH CAMPAIGNS

Starting from the 2006 DUSTER performed several launch campaigns in different
configuration and from different geographical areas, in the following the list of the flights:
1) 2006 qualification flight from Kiruna, Sweden (CNES);
2) 2008 standalone flight from Longyearbyen, Svalbard (ASI, ISTAR, “Univ. of
Rome La Sapienza”, ARR) (Figure 2 left panel);
• collected meteoric dust from a fireball;
3) 2009 piggy-back flight from Longyearbyen, Svalbard (ASI, ISTAR, ”Univ. of
Rome La Sapienza”, ARR) (Figure 2 middle panel);
• nominal flight, safe landing, damages to H/W due to parachute dragging;
4) 2011 multi-instruments gondola from Kiruna, Sweden (CNES) (Figure 2 right
panel);
• collected particles;
5) 2017 Antarctica balloon failure (Figure 3)
6) 2018 piggy-back flight (ASI, ”Univ. of Rome La Sapienza”) (Figure 4)
• Payload retrieved analysis on collection substrates on-going
7) 2019 multi instruments gondola (HEMERA project);
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The launch campaign is planned for the first 2 weeks of September 2019.

Figure 2 Flight paths during the 2008, 2009 and 2011DUSTER campaigns

Figure 3 Instrument preparation and flight path during the Antarctica campaign : the balloon experienced a main failure
before reaching the sampling altitude. Thanks to the telemetry and on-board tracking system the retrieval of payload was
successful.

Figure 4 DUSTER 2018 flight path (courtesy http://stratocat.com.ar)

5

RESULTS
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During the 2008 flight we collected for the first time the products of the meteor ablation process
associated with the disintegration of a fragmenting bolide impacting the Earth’s atmosphere.
The collected particles sampled by flying through the debris cloud of a fireball included
different types of thermal altered particles: intact fragments, thermal eroded fragments, grain
melting and vaporization, vapor phase condensation forming CaO[8] and pure carbon
nanoparticles (Figure 5 left panel). Meteoric smoke is the dominant source of aerosol extinction
in the upper stratosphere above 35 to 40 km altitude [9] and at lower stratospheric altitudes
[10][11], which supports an ample supply of extra-terrestrial debris to the Earth’s atmosphere.
Based on the altitude of the collection we conclude that the CaO and carbon nanoparticles
originated from a large fragmenting bolide. The solid debris type of particles collected may be
referred to as "meteoritic dust" instead of "meteoric smoke" that could be restricted to refer to
re-condensed extra-terrestrial matter. The compositions, morphologies and chemical
interactions among particles that were randomly collected in the stratosphere in 2008 and 2011
(Figure 5 left and middle panel) are consistent with ultra-rapid, non-equilibrium processes
within a closed-system environment. Alumina, aluminosilica, silica and carbon nanoparticles
were among the meteoric particles collected by the DUSTER-2008 and DUSTER-2011
campaigns in the upper stratosphere ([8]; [12]; [13]).

Figure 5 Example of particles collected by DUSTER during 2008 (left panel), 2009 (right panel) and 2011(middle panel)
flight campaign.

The DUSTER-2009 rate is excessive when compared to the DUSTER-2011 collection rate and
suggests, that DUSTER-2009 had acquired particles from an external, probably non-natural,
source (Figure 5 right panel). The presence of similar and numerous particles covering the
actual and blank collectors confirms that their source was a particulate-laden, carbon-rich cloud
that entered DUSTER through a vacuum valve broken off from the main payload that was
dragged across the landing site when high winds caught the parachute after the payload and
gondola materials had caught on fire. These nanoparticles were by far the most abundant
particles found on the two here-studied collection surfaces out of 13 for the DUSTER-2009
stratospheric sampling flight. Seventy-six nanoparticles on both collection surfaces are
supposed to be collected between 34 and 39 km altitude during a 25-hour period.

6

CONCLUDING REMARKS

DUSTER during its six successful flight campaigns demonstrated the capability to sample
stratospheric refractory aerosol that resulted to be, as foreseen, mainly of extra-terrestrial
origins. The strict protocol applied in the analyses and the followed cleanliness rules allowed
us to disentangle stratospheric sampled particles from contamination. The next flight
opportunity from Kiruna, Sweden in September 2019, for which DUSTER has been selected in
the frame of the HEMERA-H2020 project, will enrich the catalogue of the collected particles
improving the statistics and findings.
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ABSTRACT
The paper aims to investigate the use of colour and its perception within the cabin of a
regional aircraft used for short distances and it is divided into two parts. The first part
presents an analysis of the literature and the state of the art on the use of colour both within
the aeronautical sector and in comparable sectors, such as that of interior architecture,
where over the last few decades researchers formulated different theories of approach. The
case studies examined show that, today, the choice of using colour is mainly based on
marketing factors linked to the corporate branding of airlines, with a lack of sensitivity to
human factors. The literature on colour, on the other hand, suggests that the different tones of
colour have a strong impact from a physiological and psychological point of view, factors
that must be taken into consideration to improve the experience of wellbeing on board,
defining a framework of requirements. The chromatic hypotheses were, then, examined and
compared through a preliminary perceptual test conducted on a sample of 20 subjects aimed
at evaluating and defining guidelines for approaching the colour project. The objective of the
guidelines is the construction of chromatic design scenarios defining a comfortable
environment from the visual point of view and capable not only of generating a pleasant,
comfortable travel experience but also a feeling of security and limiting the typical unwanted
perceptions related to flight.
Keywords: colour trim design, UXD user experience design, HCD human centred design
1

INTRODUCTION

This research, through a holistic approach between psyche, culture and vision science studies
colour as a component for the design of the passengers’ level of comfort in the airliner cabin.
In the design of colour it is in fact necessary to take into account the psychological and
expressive component, as well as to attribute the right weight to the function by elaborating
rational solutions to the chromatic problems, searching for the most suitable colour for each
environment and function based on the needs of the end user. Each colour produces different
effects depending on the use and context in which it is placed, and it is also for this reason
that it is not entirely correct to judge combinations as right or wrong. "The colour
combinations must instead primarily be used for their function, which has to do with
visibility." [1] Colour is looked at from points of view: that referring to the psyche and
culture, in which also the subjective component of perception at the entrance, and the
objective component, described by the science of vision. The project, because colouring is
also a project activity, it is up to mediate between the two, wearing the dress of the scientist
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and that of the creative to design products (artefacts) that have a recognizable identity in the
combination of shape, material and colour [2]. Through these three components, always in
relation to each other, the designer communicates the function, the expressiveness and the
meaning of a product, so much more forcefully as the relationships will appear evident, in
harmony or in contrast. "Harmony is perceived when the single elements of a whole are
related to each other and respond to a common principle [...] Harmony is interaction both of
the like and of the contrary, it is a completion, an increase, a cancellation. A common
parameter that makes comparison possible, without which things would only be different,
unrelated, meaningless for each other" [3].
2

COLOUR AND COMFORT IN THE AIRCRAFT

What are the main problems to be faced in the chromatic design of an airliner cabin in order
to improve the travel experience? Peter Vink and Klaus Brauer in their book "Aircraft interior
comfort and design" define the chromatic component of the cabin (walls, seats, etc.) as an
integral part of travel entertainment. [4] Research conducted by DOXA in 2011 concerning
the fear of flying has shown that in Italy 53.5% of the population suffers from aerophobia and
flight-related disorders. [5] The phases in which there is greater fear are: take-off, landing,
flight over the sea, poor visibility, night flight, wind, disturbance and crowding. Some
companies offer combinations of colour (and light) aimed to create a more pleasant and
comfortable atmosphere in order to distract the passenger from the common disturbances that
arise when traveling. We are only at the beginning of an interior design for the flight that
promises to be full of innovative experiments that cross systems and technologies to ensure
better well-being, but also to distract the passenger from the increasingly crowded conditions
of the aircraft and less space available. Martin G. Helander, a researcher at Nanyang
Technological University in Singapore has long wondered about the comfort factors or
discomfort of the sessions. The research he conducted resulted that the perception of comfort
of a seat is closely linked to the aesthetic aspect, much more than to the ergonomic
characteristics of the seat. [6,7]. Promising instead the search for coloured light in the cabin
(RGB LED) after a somewhat too noisy start of the first experiences in multicolour, a subject
that is also the subject of the CASTLE research (CASTLE is part of the Clean Sky 2
Programme (CS2). CS2 programme has been launched under H2020), but for brevity will not
be treated here.
2.1

The perception of comfort/discomfort

Comfort is the feeling of the level of well-being perceived by the user in a given environment,
whose main factors used in the design of the building refer to light, sound, heat and air quality
[8]. Declining this approach, in "Comfort and Design: Principles and Good Practice" [9] are
listed the factors that influence the overall comfort perceived during the flight (thermal,
acoustic, physical and sensorial, visual, discomfort). Therefore, it is not only the physiological
aspects that need to be considered, but also the psychological and socio-cultural aspects,
which are just as important and are rarely mentioned. The methodological model called
"pyramid of discomfort" (Bubb, 2008) indicates how anthropometry is unimportant if the
other aspects at the base of the pyramid are not addressed. Vink and Hallbeck, in 2011,
presented the so-called "Comfort model" [10]. This model simplifies the steps that influence
the comfort/discomfort experience, starting from the observation that the experience of
"comfort or discomfort" is different for each person and that the assessment is all the more
effective if referred to when a subject/ person, within a specific space/environment an activity
begins, interacting with one or more artefacts. Interaction with the product and immersion in
the environment with certain characteristics can cause internal effects in the human body,
such as changes in tactile sensations, blood flow and muscle response or that induce changes
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in body posture. The perceived effects are therefore influenced by the responses of the human
body but also by the physiological and cultural expectations of the subject. The result is
feeling comfortable, uncomfortable or feeling no sensation. Continuing with the analysis of
the user experience, Naseem Ahmadpour (2014) [11] believes that perception is filtered by
psychological ("Peace of mind") and physical ("physical wellbeing") factors including
"proxemic", understood as the control of personal and social space, "pleasure", "satisfaction"
associated with efficiency, effectiveness and usability and "association" with regard to the
interaction between the environment and the personal characteristics of the subject (colour is
one of these). Finally, it should be emphasized that the measurement of these factors is
important not only because it affects the passengers satisfaction or discomfort at the time of
the experience, but it can affect his future choices and those of other passengers, through
word of mouth and today with increasing frequency the social networks. How to measure
these factors? According to Wilson J.R. [12], the test methods can be divided into direct
observation methods and indirect observation methods. The first are based on techniques of
observation and evaluation of user behaviour during interaction with the product. "Objective"
methods are also defined, as they are able to provide exactly the objective information and
consist in the collection of data relating to the behaviour and performance of users during the
execution of specific activities. Indirect observation methods, on the other hand, allow us to
gather information about the interpretation that users give to what they are doing. These are
also called subjective methods and relate to reporting on behaviour, attitudes and opinions of
users. Their subjectivity refers to the fact that the information produced is filtered by the
observer's evaluation. To these factors, the CASTLE research has given ample room for study
in the metadesign phase, anticipating the design project, through a comparative evaluation of
multicriteria indexes which examined 20 last generation aircraft for passenger transport of
line. The object of the evaluation was to define for each factor the thresholds indicative of the
current standard, in order to overcome them even taking into consideration a scenario of
anticipation of the future that foresees what will be the achievements in terms of innovation,
trends and future behaviour of users between about 10 years, date of a possible entry into the
aircraft market now in the project. The comparative evaluation factors can be summarized as
follows:
x thermal comfort, linked to the microclimate and the possibility of user customization the air
speed and temperature;
x acoustic comfort, measured on the absorption capacity of surfaces due to diffuse noise and
non-interference between passenger voices and in relation to the noise of engines and
devices; in the next phase also the evaluation of the discomfort induced by vibrations and
sudden movements;
x physical and sensorial comfort, in turn articulated in an extensive range of parameters:
dimensional, with regard to the spaces for sitting and walking passengers; perceived
security of the solutions offered; of sensory perception of stimuli caused by the materials
used and surface treatment;
x visual comfort, analysed through the simulation of "what I see and what I feel" during the
main stages of the journey, from the entrance to the leaved the cabin at the end of the flight:
tunnel effect, search for the place, field of vision beyond the windows, recognition
perspective of the signs and the presence of the on-board personnel. But to the ergonomic
visual comfort is also added the well-being generated by the lighting levels of a room and
the chromatic relationship between the elements present in it, aim to satisfy the user's
physiopsychological perceptive needs. [13]
The visual input therefore influences our experiences and the first perception of a more or less
comfortable environment is linked to it. And among the indices of perception, the colour
certainly has a strategic importance. Therefore, entering the cabin of an airplane, the "first
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visual impression" (the eye-catcher) is of fundamental importance for what will be our
evaluation of the flight experience. And on this first glance colour has a notable incidence, not
only in terms of expressive pleasantness but also in terms of environmental perception [14].

Figure 1: Psychological and physiological factors in the perception of comfort in the cabin.

2.2

The chromatic design of the cabin

Most airlines choose the colour of their set-up not based on a psycho-physiological project but
with other motivations.
a. Colour brand. Very common are the colours associated with the flag mark. This design
choice, if well harmonized, can be pleasant, livening up the environment and creating a
pleasant memory and associations experienced with a particular company. Most of the time,
however, a heavy and physiologically incorrect visual imprint results.
b. Colour culture. Some companies, on the other hand, use colours, fabrics and decorative
motifs related to their local culture. A choice of this type can be interesting as it immerses the
traveler in what will be his destination and attributes to the colours the role of communication
of a meaning that can be clearly understood.
c. Colour context. Still others use the "colour context" which refers to the colour applied to
interact with the senses, creating harmony and visual comfort. Some airlines choose colours
with the formula of contrast, also known as "antinomy": volumes and clear set-ups to
communicate lightness in contrast to dark catwalks to evoke solidity and presence of gravity;
light and light colours to emphasize the prestige of the business class compared to the less
dirty colours for the economy. To better understand what role colour has in the configuration
and communication of the cabin environment, it was deemed appropriate to analyse the
chromatic criteria of the exhibition promoted by the top 30 companies in the world, according
to SkyTrax (British research company), stood out for the quality of the service. [15] The
chromatic choice, as previously mentioned, has been included in the 3 types of approach
(colour brand, colour culture, colour context) and as detection products the seats and
headrests and the nacelle, the latter articulated in walls, have been identified ceiling and
walkway. Recent experiences highlight how Interior Design, a holistic discipline geared to
human factors, is called to design passenger cabins taking into consideration the relationship
between man and the environment in order to create well-being and make the flight
experience pleasant and attractive for the future. This term is connected to the ability to
combine colour and light in the construction of real experiential environments, capable of
involving the passenger and distracting him from any inconvenience related to travel. The
main tools available to create experience are:
x colour: used to make the environment attractive, to create harmony, sometimes to
emphasize the philosophy of the airline or to create associations between hue and meaning;
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x artificial light: the travel experience is amplified with the use of artificial lighting, useful
for regulating the phases of flight, interacting with the circandian rhythm or with the
external environment. A field still to be explored;
x virtuality: visual communication experiments multiply, equally in other sectors, through a
mix of elements such as light, colour, multimedia and virtual reality. The main objectives
of these productions are: the creation of a "memorable" travel experience and that can also
distract the passenger from the typical flight-related disturbances;
x pattern: designing interior cabin surfaces by repeating ordered and organized signs and
patterns (the pattern) is one of the most interesting activities for the designer. The pattern
can be created at different scales and with different meanings: on a larger scale, for
example, when the seat, or a group of seats, is used as a minimum unit of the cabin's colour
composition; but the pattern also serves to modulate the space, to indicate paths and escape
routes.

Figure 2: Colour trends detected in the cabins of the main airlines.

3

GUIDELINES

In the CASTLE activity, the chromatic study is dealt with according to the performance
methodology that provides for the determination of the response to the psycho-physiological
needs of environmental comfort and the corresponding requisites and performances required
through the conscious colouring of the components of the cabin environment (walls, ceiling,
etc.). The evaluation is instead still in an initial phase, so the variables identified by the
metadesign of the "colour pattern" were measured only through a preliminary perceptual test
conducted with 40 subjects and considered only indicative of the correctness of the
ethnographic questionnaire that will be administered also with the help of the virtual
immersive reality in a second next phase to 100 subjects, divided between experts and nonexperts.
3.1

Needs for chromatic comfort in the cabin

The search intends the colour to the service of:
x visual comfort: balanced and harmonious visual scenario between colour and surface
illumination;
x perception of space: limiting the claustrophobic sensation of the "tunnel" effect of the
nacelle and the relative narrow spaces, creating new apparent dimensions of space;
x perception of comfort: widening the role of colour to the perception of smell, temperature
and noise;
x relaxation and well-being: the colour influences the perception of skin colour which in
mental association can induce relaxing or energizing behaviours;

968

Colours and aircraft interiors

Germak, Di Salvo

x perception of security: search for the colour matching the security status to be
communicated, component by component;
x recognizability of spaces and functions: colour with delimiter role and marker of spaces and
functions;
x recognisability of hygiene: masking colour or emphasizing hygiene conditions? The answer
is not obvious: it involves the performance of coating materials and perception.
3.2

Requirements and performances requested to the cabin space components

The cabin under study must therefore possess a series of requirements aimed at satisfying the
needs listed by operating on the various components of the interior of the cab:
x ceiling and luggage racks: conceived with shape and volume in continuity, they will have
identical light colours with an average reflection index so as to diffuse the light and restore
a perception of airiness to the ceiling and decrease the "apparent weight" of the luggage
racks on the seats;
x side walls: organized with windows in groups of 4 contoured, it knows a dimmable LED
strip in order to create the perception of "rooms" in contrast to the "tunnel" effect perceived
in the cabin. For concept homogeneity, the colour will be identical to the previous one
described for ceiling and luggage racks.
x back walls: designed, according to the Gestalt theory, more saturated than the side walls, to
create an effect of widening the transversal dimension of the space and of approaching the
wall, in contrast to the "tunnel" effect generated by the larger size longitudinal of the cab
(fig.3);
x walkway: designed with a colour similar to that of the back wall to suggest continuity
between different floors. Being the darkest hue found in the cabin, it reinforces the concept
of harmonious composition related to gravity: the one in which the heavy masses, in this
case the saturated and dark colours, are at the bottom and the lighter, lighter and less
saturated ones, at the top;
x seats: in order to reinforce the perception of the "room", creating rhythm and breaking the
"tunnel" effect, the basic module of the chromatic pattern is made up of 3 rows of seats that
will have the same colour declined in saturation/clarity and organized in rhythmic
sequence.

Figure 3: Perception of the dimensions of the cabin in the Gestalt comparison between chromatic
organization for columns (left) and for rows (right).

4

DEFINITION OF THE METADESIGN TEST

Preliminary phases of the first metadesign assessment test on the role of colour in the cabin:
1. Choice of the problem and definition of the hypotheses. Phase dedicated to the definition of
the object of investigation. In the six proposals of patterns and colours associated with them,
hypotheses are formulated on how colour can affect not only the perception of space but also
comfort, time, noise and temperature.
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2. Formulation of the test. Phase in which the sample of subjects (target) and the instruments
to carry out the test are identified: textual structure and visual instrument (3D models in
sequence).
3. Data collection.
4. Data encoding and analysis. In the third and fourth phases, after having submitted the
subjects to the test, the answers are aggregated with a return in graph form.
5. Interpretation of results. It is the phase that leads to validation or feedback correction of the
hypotheses formulated.
4.1.

Metadesign test

The test was conceived as a preliminary questionnaire in order to understand how the
metadesign concept of the subdivision into "rooms", set up with different colours and scalar
nuances influence the perception of the organization of space and other psycho-physiological
sensations. The subjects (including 20 males and 20 females) will display the images shown
on a screen of 120x90 cm size. The test was divided into 3 sessions:
1. Comparison between standard and new concept: in the first part, two images depicting two
cabins to which the colours currently used most in booth setups, and a third with the
chromatic and spatial sequence-only solutions organized according to the "rooms" concept.
Subjects are invited to say in which of these environments the back wall appears closer to the
observer making it perceive the environment as wider;
2. Perception of space: in the second part different shades of colour have been proposed, each
represented with 2 possible sequences. The subject was asked to express his own judgment in
terms of the breadth of the perceived space. In preview and without knowing the question that
would have been asked, the subjects could visualize the 12 hypotheses, for ten seconds each.
3. Perception of comfort and feelings: in this session on sensations, the subject was asked to
express an opinion on how space and environment were perceived in terms of stress, comfort,
harmony, elegance, and safety, assigning, a value from zero to five for each of these factors.

Figure 4: The six hypotheses of association between patterns (3 rows of seats) and colors of seats and
cabin surfaces.

5

RESULTS AND CONCLUSIONS
The perceptive test conducted in the metaprojective phase confirms what has already been
widely emphasized in literature: colour influences the user’s level of comfort and, his entire
from a sensorial perception point of view, his whole travel experience.
From the point of view of the pattern, the creation of "rooms" through the use of alternating
colour on the seats and the sought-after contrast between walls, side windows and back wall,
makes the environment perceptively wider, mitigating the typical perspective connected
disorder to the tunnel effect. This optical illusion of amplitude can be increased through the
use of ground lighting and the contour of the portholes. In terms of colours, the results of the
test relating to the question of matching a colour with sleep, reading and working activities
highlight studies concerning the influence of colour on the psyche: the reds win only in the
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activity of the work; the blues and the greens emerge in the activity of sleep, while the pure
greys and the dove greys are combined with the activity of reading mainly. A new series of
test in a semi-immersive 3D virtual environment at the Digital HD Laboratory of the
Polytechnic of Turin.
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ABSTRACT
7KH,WDOLDQ6SDFH$JHQF\ $6, SURYLGHVDFFHVVWRWKH,QWHUQDWLRQDO6SDFH6WDWLRQ ,66 DVD
ODERUDWRU\ LQ VSDFH WR WKH ,WDOLDQ UHVHDUFK FRPPXQLW\ 7KLV LV DFKLHYHG ZLWK ELODWHUDO
DJUHHPHQWVVXFKDVWKH0HPRUDQGXPRI8QGHUVWDQGLQJEHWZHHQ$6,DQG1$6$IRUWKHXVHRI
WKH,66  WKHFRRSHUDWLRQDJUHHPHQWEHWZHHQ$6,DQG(6$IRUWKH³%(<21'´PLVVLRQ
DQGYLDWKH,WDOLDQSDUWLFLSDWLRQWRWKH,66DVDPHPEHUVWDWHRIWKH(XURSHDQ6SDFH$JHQF\
7KHJRDORIWKH87,66WHDPFRPSRVHGE\$5*27(&DQG7HOHVSD]LRLVWRSURYLGHXWLOL]DWLRQ
VXSSRUWVHUYLFHVVXSSRUWLQJ,WDOLDQUHVHDUFKWHDPVSURSRVLQJYDOXDEOHH[SHULPHQWVIRUWKH,66
LQPXOWLSOHGLVFLSOLQHV7KH87,66WHDPEULQJVH[SHULHQFHDQGDELOLW\WRGHPRQVWUDWHWKDWWKH
H[SHULPHQWLVFRPSDWLEOHZLWKWKH,66SURYLGHGIDFLOLWLHVDQGWKDWLWFDQEHVDIHO\RSHUDWHGRQ
RUELWDQGWRVXSSRUWWKHLQWHJUDWLRQSURFHVVDQGRSHUDWHWKHH[SHULPHQWVGXULQJWKHIOLJKWRQ
WKH6SDFH6WDWLRQ,WDOVRKHOSVUHVHDUFKHUVLQDFFHVVLQJDQGFROOHFWLQJH[SHULPHQWDOGDWDDV
ZHOO DV UHWULHYLQJ WKH SD\ORDGV DIWHU WKH\ DUH UHWXUQHG WR (DUWK ,Q WKH IUDPH RI WKH 87,66
FRQWUDFWRXWFRPHVDUHPDQDJHGLQDGHGLFDWHGVWUDWHJLFSODQWRSURPRWHWKHNQRZOHGJHRIWKH
,WDOLDQUHVHDUFKWRWKHLQWHUQDWLRQDO,66VFLHQFHFRPPXQLW\

Keywords: ,66XWLOL]DWLRQ87,66$6,0LVVLRQ%H\RQG
1

INTRODUCTION

7KH,QWHUQDWLRQDO6SDFH6WDWLRQLVDFURVVFRXQWULHVSURMHFWWKDWSXWWRJHWKHU&DQDGD &6$ 
(XURSH (6$  -DSDQ -$;$  5XVVLD 5RVFRVPRV  DQG 8QLWHG 6WDWHV 1$6$  WR EXLOG D
VFLHQFHODERUDWRU\RUELWLQJWKH(DUWKEHWZHHQNPDQGNPRIDOWLWXGH,WLVGLYLGHGLQ
WKHWZRVHJPHQWVWKH526LVRZQHGE\5RVFRVPRVZKLOHWKH8626LVVKDUHGDPRQJWKHRWKHU
FRXQWULHV7KHXVHRIUHVRXUFHVRIWKH8626VHJPHQW FUHZWLPHSRZHUFRPPXQLFDWLRQVDQG
WKH IDFLOLWLHV RQERDUG  LV GHILQHG DQG GLYLGHG IROORZLQJ LQWHUQDWLRQDO DJUHHPHQWV 
1$6$  -$;$  (6$  &6$ ,Q WKH IUDPH RI WKHVH DJUHHPHQWV WKH GDLO\
RSHUDWLRQVRQWKH,66DUHUHJXODWHGEHWZHHQWKHYDULRXVHQWLWLHVWRJHWKHUZLWKWKHUHIXUELVKPHQW
PDQDJHPHQWIDFLOLWLHVVSDFHVKDULQJIRUUHVHDUFKDQGGHYHORSPHQWDFWLYLWLHVDQGWKHODXQFKRI
URFNHWVWRZDUGVWKH,66DQGUHWXUQUHJXODWLRQV
,WDO\LVRQHRIWKHFRXQWULHVPRUHGHHSO\LQYROYHGLQWKH,66SURJUDP,QIDFWLWLVWKH
RQO\(XURSHDQFRXQWU\WRKDYHDGRXEOHDFFHVVWRWKH ,66RQHWKURXJKELODWHUDODJUHHPHQWV
ZLWK1$6$DQGRQHEHLQJSDUWLFLSDQWLQWKH(6$¶6(/,36SURJUDP (XURSHDQSURJUDPPHIRU
/LIH DQG 3K\VLFDO VFLHQFHV DQG DSSOLFDWLRQV XWLOL]LQJ WKH ,QWHUQDWLRQDO 6SDFH 6WDWLRQ  ,Q
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9'L7DQD

SDUWLFXODURQ2FWREHU$6,KDVVLJQHGZLWK1$6$WKH³0HPRUDQGXPRI8QGHUVWDQGLQJ
0R8  IRU WKH GHVLJQ GHYHORSPHQW RSHUDWLRQ DQG XWLOL]DWLRQ RI WKUHH 0LQL 3UHVVXUL]HG
/RJLVWLFV0RGXOH 03/0 IRUWKH,QWHUQDWLRQDO6SDFH6WDWLRQ ,66 ´8QGHUWKLVDJUHHPHQW
1$6$HQVXUHV$6,DFFHVVWRXVHRIWKHVWDWLRQIRUDVKDUHSDUWRIWKHLUDOORFDWLRQVLQH[FKDQJH
IRUWKHVXSSO\RIWKUHHSUHVVXUL]HGPRGXOHV 03/00XOWL3XUSRVH/RJLVWLFV0RGXOH IRUWKH
ORJLVWLFVRIWKH,QWHUQDWLRQDO6SDFH6WDWLRQ ,66 
&RQVHTXHQWO\DIWHUVLJQLQJWKHDJUHHPHQWDSODQRIXWLOL]DWLRQRI,66ZDVGHILQHG,W
ZDVEDVHGRQWKHGHYHORSPHQWRIUHVHDUFKSURJUDPVIRUDVWURQDXWVRI,WDOLDQQDWLRQDOLW\DQGWKH
XVHRIVWDWLRQ¶VUHVRXUFHV FUHZWLPHDOORFDWLRQLQSUHVVXUL]HGHQYLURQPHQWRURXWVLGHWKH,66
HQHUJ\PDVVXSORDGDQGGRZQORDGYROXPHFRPPXQLFDWLRQVXVHRIWRROVDOUHDG\H[LVWLQJRQ
ERDUGWKH,66 LQRUGHUWRHQDEOHWKH,WDOLDQVFLHQWLILFDQGWHFKQRORJLFDOFRPPXQLW\WRSHUIRUP
UHVHDUFKLQPLFURJUDYLW\
$6,KDVIXUWKHUPRUHDFFHVVWR(6$¶6(/,36SURJUDPPHZKLFKRSHQVWKHXWLOL]DWLRQ
RI WKH ,66 DV ZHOO DV RI GLIIHUHQW VSDFH SODWIRUPV DQG JURXQG IDFLOLW\ OLNH DQDORJXHV 7KHUH
VWXGLHVLQVLPXODWLRQFDQEHFDUULHGRXWDQGDQXQGHUVWDQGLQJRIWKHRULJLQDQGHYROXWLRQRIOLIH
H[WUHPHHQYLURQPHQWVLVJDLQHG
7KDQNVWRWKHVWUDWHJ\DQGYLVLRQRIWKHYDULRXVSURJUDPPHV$6,,WDO\LVRQHRIWKH
FRXQWULHVZLWKWKHKLJKHVWQXPEHURIPLVVLRQVZLWKDVWURQDXWVRQWKHLQWHUQDWLRQDOVSDFHVWDWLRQ
DIWHUWKH86 DQG5XVVLD $6,DOVR OHGPDQ\H[SHULPHQWV RQWKH ,66ERUQWR GLUHFW IXQGLQJ
RSSRUWXQLWLHV RI $6, RU MRLQW YHQWXUHV ZLWK SULYDWH FRPSDQLHV IRU GHPRQVWUDWLRQ LQ RUELW RI
WHFKQRORJLHV7KHQH[WPLVVLRQRIDQ(6$DVWURQDXWZLWK,WDOLDQSDVVSRUW/XFD3DUPLWDQRLV
VFKHGXOHGLQ-XO\

2

UTISS PROGRAM


7KH87,66 87LOL]DWLRQ,66 LVDFRQWUDFWDZDUGHGE\$6,WR$UJRWHFDQG7HOHVSD]LRIRUD
\HDU VXSSRUWLQJ VHUYLFHV 7KH DLP LV WR VXSSRUW WKH ,WDOLDQ 6SDFH $JHQF\ WR IO\ SD\ORDGV
H[SHULPHQWVRUWHFKQRORJ\GHPRQVWUDWRUV RQERDUGWKH,667KHWHDPLVDFRPELQHGHIIRUWRI
$UJRWHF DVSULPHFRQWUDFWRU DQG7HOHVSD]LR

,Q WKH IUDPH RI WKH 87,66 FRQWUDFW WKH WHDP LV LQ FKDUJH RI VXSSRUWLQJ $6, RQ WKH
PDQDJHPHQWRIWKH,WDOLDQ,66UHVRXUFHVLQWHUIDFLQJWKHH[SHULPHQWV3ULQFLSDO,QYHVWLJDWRUV
DQG 3D\ORDG 'HYHORSHUV DQG VXSSRUWLQJ WKH ,WDOLDQ SD\ORDGV IRU WKH VDIHW\ DFWLYLWLHV
)XUWKHUPRUHLWJLYHVVXSSRUWWRWKHSD\ORDGVGXULQJWKHLQWHJUDWLRQOHDGLQJWRZDUGVDVDIHDQG
HIILFLHQWGHOLYHU\XWLOL]DWLRQDQGUHFRYHU\RIWKHSD\ORDG
2.1

Baseline Activities


7KH87,66WHDPZRUNVLQGLIIHUHQWILHOGV

 6XSSRUWWKH'HILQLWLRQDQG,PSOHPHQWDWLRQRIWKH$6,8WLOL]DWLRQ3ODQV
 2Q2UELW2SHUDWLRQVRI$6,3D\ORDGV
 $VWURQDXW7UDLQLQJDQG3D\ORDG)DPLOLDUL]DWLRQ$FWLYLWLHV
 6XSSRUWWKH'LVVHPLQDWLRQRI6FLHQWLILF5HVXOWV
 6XSSRUW$6,GXULQJ:*IRUXPV

,QSDUWLFXODULWVXSSRUWVWKH$6,XWLOL]DWLRQZLWKWKHUHVRXUFHPDQDJHPHQWLQWKHIUDPHRI
(6$DQG1$6$$6,$6,0R8ZKLOHDVVLVWLQJWRZRUNLQJJURXSV
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)XUWKHUPRUHLWVXSSRUWV%'&VRSHUDWLRQDOSURFHGXUHVGHYHORSPHQWDQGH[HFXWLRQJURXQG
VXSSRUWGDWDVHWRQFRQVROHUHDOWLPHPLVVLRQRSHUDWLRQVDQGSRVWIOLJKW RSHUDWLRQV,W JLYHV
LQSXWWR7UDLQLQJ5HTXLUHPHQW)RUPVDQGWUDLQLQJPDWHULDOVXSSRUWV3/IDPLOLDUL]DWLRQ
7KH87,66WHDPVXSSRUWVWKHLGHQWLILFDWLRQRIDSSOLFDEOHUHTXLUHPHQWVWKHRYHUYLHZRIWKH
+:TXDOLILFDWLRQWHVWDQGDQDO\VLVWKHVDIHW\SURFHVVSD\ORDGJURXQGDQGIOLJKWRSHUDWLRQV
DQGORJLVWLFV SD\ORDGDFFHVVWR1$6$IDFLOLWLHV+:HQGRIOLIHSURFHGXUHV 
7KHPDQDJHPHQWDQGLPSOHPHQWDWLRQRIWKH6DIHW\SURWRFROV JURXQGDQGIOLJKW LVFDUULHG
RXW E\ WKH 6DIHW\ 0DQDJHU 7KH 6DIHW\ 0DQDJHU LV LQ FKDUJH RI WKH 6DIHW\ 5HYLHZ LH
SUHSDUDWLRQDWWHQGDQFHDQGFORVHRXW 3UHSDUDWLRQRIWKHGRFXPHQWDWLRQIRUWKH6DIHW\5HYLHZV
LV FRRUGLQDWHG ZLWK WKH $6,(6$ RU 1$6$ 3,0 7HFKQLFDO LQSXWV IURP 3'3, LV UHTXHVWHG
WKURXJKWKH$6,3,0
)LQDOO\ WKH WHDP RIIHUV RQVLWH VXSSRUW DW -6& 1$6$  WR VXSSRUW 1$6$ ERDUGV
SDUWLFLSDWLRQDQGLQVSHFWLRQVDQGTXDOLILFDWLRQVDFWLYLWLHVDW-6&

2.2

Utilization database


$OOWKHUHVRXUFHVH[SHULPHQWUHIHUHQFHGDWDUHODWHGSXEOLFDWLRQVDQGGLVVHPLQDWLRQLQYROYHG
LQWKHGHYHORSPHQWH[HFXWLRQDQGILQDOUHWULHYDORIWKHH[SHULPHQWVLVUHFRUGHGLQDQRQOLQH
GDWDEDVHRZQHGE\$6,(DV\WRLQWHUIDFHWKLVGDWDEDVHPDQDJHGE\WKH87,66WHDPLQEHKDOI
RI$6,VXPPDUL]HWKHHQWLUHVSHFWUXPRI,WDOLDQLQYHVWLJDWLRQVWKDWKDYHEHHQVHQWWRWKH,66
7KH87,66JURXSWUDFNHYHU\FKDQJHLQWKHUHVRXUFHXWLOL]DWLRQH[SHFWHGFUHZWLPHDQGPDVV
WLPHOLQHV DQG XSORDGV WKH LQIRUPDWLRQ DERXW FRQIHUHQFHV SXEOLFDWLRQV DQG GLVVHPLQDWLRQ
HYHQWVUHODWHGWRWKHH[SHULPHQWV,WLVFRPSRVHGRIGLIIHUHQWVHFWLRQ,5(67,63$5&DQG,6'
 ,5(67

7KH,665HVRXUFHV8WLOL]DWLRQ7UDFNLQJ7RRO ,5(67 LVWKHGDWDEDVHRI$6,¶V,66UHVRXUFH
XWLOL]DWLRQ 7KH SXUSRVH RI ,5(67 LV WR FROOHFW PDQDJH DQG SUHVHQW ,66 XWLOL]DWLRQ GDWD ,W
VXSSRUWVWKHGHYHORSPHQWRIWKHWZRNH\UHSRUWVLQWKH,66UHVRXUFHPDQDJHPHQWOLIHF\FOH

 WKH&RQVROLGDWHG2SHUDWLRQVDQG8WLOL]DWLRQ3ODQ &283 
 WKH3D\ORDG7DFWLFDO3ODQ 373 

7KH&283GHILQHVWKHXWLOL]DWLRQRIUHVRXUFHVDJUHHGZLWK1$6$DQGGHILQHGE\WKH
0XOWLODWHUDO&RRUGLQDWLRQ%RDUG$OLVWRISDUDPHWHUVLVUHFRUGHGVXFKDVFUHZWLPHYROXPH
DQG PDVV DOORFDWLRQ WHPSHUDWXUH UHTXLUHPHQWV SRZHU EXGJHWV 7KH &283 GRFXPHQW LV
UHJXODUO\ XSGDWHG DQG DJUHHG ZLWK 1$6$ LQ RUGHU WR UHIOHFW HYHU\ VLQJOH UHTXHVW RI HDFK
SD\ORDG
7KH 373 LV D GRFXPHQW DVVHVVHG GXULQJ WKH VWUDWHJLF SKDVH RI WKH H[SHULPHQW
GHYHORSPHQW7KLVPHDQVWKDWGDWDDUHSURJUHVVLYHO\UHILQHGDQGILQDOO\UHYLHZHGGXULQJWKH
WDFWLFDOSKDVH7KHGLIIHUHQWFDWHJRULHVUHSUHVHQWHGPLUURUVWKH&283ZKLFKLVWKHSUHYLRXV
SODQRIZKDWLVWKHQRSHUDWLRQDOO\UHDOL]HGLQWKH373$OLVWRIH[DPSOHVLVODXQFKDQGUHHQWU\
DOORFDWLRQVRIYROXPHDQGPDVVSUHVVXUL]HGYROXPHFUHZWLPHUHTXLUHGSRZHUUHTXLUHPHQWV
DQGXSDQGGRZQOLQNGDWDEXGJHWIRUYLGHRDXGLRDQGWHOHPHWU\

 ,63$5&
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,6$5& ,663XEOLFDWLRQ$UFKLYH LVWKHVHFWLRQRIWKHGDWDEDVHFUHDWHGWRFROOHFWDOOWKHUHVHDUFK
GLVVHPLQDWLRQDQGRXWUHDFKFDUULHGRXWE\WKH$6,H[SHULPHQWV¶WHDPV7KHSDSHUVDUWLFOHVDQG
GRFXPHQWVDUHRUJDQL]HGLQWDEOHVZLWKGLIIHUHQWSLHFHVRILQIRUPDWLRQSURYLGHG6RPHH[DPSOHV
RIFDWHJRULHVDUH

 5HVHDUFKDUHDV
 )DFLOLWLHV3D\ORDGV
 ,QFUHPHQWV
 <HDUV
 $XWKRU
 3XEOLVKHU
 &LWHV

,QYHVWLJDWLRQVDUHFODVVLILHGLQVL[UHVHDUFKFDWHJRULHV

 %LRORJ\DQG%LRWHFKQRORJ\
 (DUWKDQG6SDFH6FLHQFH
 (GXFDWLRQDO$FWLYLWLHVDQG2XWUHDFK
 +XPDQ5HVHDUFK
 3K\VLFDO6FLHQFH
 7HFKQRORJ\'HYHORSPHQWDQG'HPRQVWUDWLRQ

7KHVWDWLVWLFVUHSRUWHGKHUHDIWHUUHIHUWRDFROOHFWLRQRI250SDSHUVSXEOLVKHGE\,WDOLDQVFLHQWLVWV
IRU$6,VSRQVRUHGLQYHVWLJDWLRQRQERDUG,66FDUULHGRXWIURPWR7KH7DEOH
VKRZVWKHQXPEHURISXEOLFDWLRQVJURXSHGSHUDOLVWRIGLVFLSOLQHVLGHQWLILHG

n.
Research Categories
%
Publications
+XPDQ5HVHDUFK


7HFKQRORJ\'HYHORSPHQWDQG'HPRQVWUDWLRQ


%LRORJ\DQG%LRWHFKQRORJ\


3K\VLFDO6FLHQFH


(GXFDWLRQDO$FWLYLWLHVDQG2XWUHDFK


Total
250
100%

7DEOH1XPEHURISXEOLFDWLRQVUHODWHGWRH[SHULPHQWVRQERDUG,66FDUULHGRXWXQGHU$6,FRQWUDFWVSHU'LVFLSOLQHV


7KHWDEOHVKRZVWKHPRVWRI,WDOLDQH[SHULPHQWRQ,66LVLQ +XPDQ5HVHDUFKDQG%LRORJ\
%LRWHFKQRORJ\GRPDLQV
7KHTable 2-2UHSRUWVLQVWHDGWKHQXPEHURISXEOLFDWLRQVSHU\HDUVKRZLQJWKDW\HDUV
DQGWKHPRVWSUROLILF



Number of
Publications


Year
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TOTAL
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251


7DEOH1XPEHURISXEOLFDWLRQVUHODWHGWRH[SHULPHQWVRQERDUG,66FDUULHGRXWXQGHU$6,FRQWUDFWVOLVWHGSHU<HDU7KH
\HDUUHIHUVWRSWKHSXEOLFDWLRQRIWKHSDSHUUDWKHUWKDQWRWKHSDSHUVXEPLVVLRQ

7KHIROORZLQJVWDEOH Table 2-3 UHSRUWQXPEHURISXEOLFDWLRQVRQ3URFHHGLQJVRU6FLHQWLILF
-RXUQDOVDQGWKRVHRQSHHUUHYLHZHGRUQRW,WLVHYLGHQWWKDWVFLHQWLILFMRXUQDOVSHHUUHYLHZHG
KDYH DFFHSWHG WKH SDSHU IRU SXEOLFDWLRQV WKDW LV DQ LQGLUHFW HYLGHQFH RI WKH KLJK VFLHQWLILF
UHOHYDQFHRIWKHRXWFRPHRIWKHH[SHULPHQWVSHUIRUPHGRQERDUG,66
3XEOLVKHGRQ
6FLHQWLILF-RXUQDOV
6\PSRVLXP&RQJUHVV3URFHHGLQJV
Total

1XPEHU


251





7DEOH1XPEHURISXEOLFDWLRQVUHODWHGWRH[SHULPHQWVRQERDUG,66FDUULHGRXWXQGHU$6,FRQWUDFWVDSSHDUHGRQHLWKHU
3URFHHGLQJVRU6FLHQWLILF-RXUQDOV

)LQDOO\7DEOHVKRZVWKDWPRVW  RIWKHSDSHUVKDYHEHHQSXEOLVKHGRQSHHUUHYLHZHG
MRXUQDOV
3XEOLFDWLRQ3HHU5HYLHZHG1R3HHU5HYHZHG
3XEOLFDWLRQV3HHU5HYLHZHG
3XEOLFDWLRQVQRW3HHU5HYLHZHG
Total

1XPEHU


251




100%

7DEOH1XPEHURISXEOLFDWLRQVUHODWHGWRH[SHULPHQWVRQERDUG,66FDUULHGRXWXQGHU$6,FRQWUDFWVGLYLGHGLQ3HHU
5HYLHZHGDQG1RW3HHU5HYLHZHG



 ,6'

7KH ,6' RU ,66 6FLHQWLILF 'DWD $UFKLYH FROOHFWV LQ GLIIHUHQW IRUPV WKH YDULHW\ RI UHVXOWV
FRQQHFWHGWRWKHH[HFXWLRQWR,WDOLDQH[SHULPHQWVRQERDUGWKH,667KHVKDSHDQGIRUPDWRI
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WKH FROOHFWHG GDWD FDQ EH YDULRXV VLQFH WKH RXWFRPH LV QRW VWDQGDUGL]HG DQG FRQVLGHUHG WKH
PXOWLSOLFLW\RIDUHDVRIVFLHQWLILFDUHDVLQYROYHGLQWKH$6,XWLOL]DWLRQRIWKH,66$QH[DPSOH
FDQEHDGRFXPHQWUHSRUWLQJREVHUYDWLRQVSK\VLFDOVDPSOHVSLFWXUHVGDWDYLGHRVRUUHSRUWV
$IWHUWKHSULQFLSDOLQYHVWLJDWRUVLQYROYHGLQWKHUHVHDUFKKDYHUHFRYHUHGWKHLULQVWUXPHQWDWLRQV
VDPSOHV DQG IOLJKW KDUGZDUH WKH\ SURFHVV WKH UHVXOWV :KHQ WKH\ ILQDOO\ DUH LVVXHG WR WKH
VFLHQWLILFFRPPXQLW\WKH87,66WHDPFROOHFWVWKHUHIHUHQFHVRIDOOWKHPDLQRXWFRPHVRIWKH
$6,VXSSRUWHGLQYHVWLJDWLRQVLQWKH,6'GDWDEDVH

2QHRIWKHDLPVRIWKLVGDWDFROOHFWLRQLVWRLPSURYHFURVVUHIHUHQFLQJEHWZHHQVLPLODU
UHVHDUFKHV ZKLOH FRQQHFWLQJ GLIIHUHQW VFLHQWLILF JURXSV DURXQG ,WDO\ )URP WKLV H[FKDQJH
IXUWKHUDQDO\VLVFRXOGEHKHOGRUFRPELQHGUHVHDUFKFDQEHIRUHVHHQ)URPWKLVSHUVSHFWLYH
DFFHVVHVWRWKHUHVXOWVDUHUHJXODWHGE\WKH$JHQF\GLVSRVLWLRQVDQGDJUHHPHQWV
3

MISSION BEYOND: ASI EXPERIMENTS


7KH (6$ PLVVLRQ ³%(<21'´ RI /XFD 3DUPLWDQR ZLOO VWDUW RQ WK RI -XO\ DQG HQG RQ WKH
EHJLQQLQJ RI )HEUXDU\ 'XULQJ WKH  PRQWKV VSHQW RQ WKH ,66 /XFD LV JRLQJ WR SHUIRUP VL[
GLIIHUHQW H[SHULPHQWV IURP WKH ,WDOLDQ 6SDFH $JHQF\ $FRXVWLF 'LDJQRVWLFV $P\ORLG
$JJUHJDWLRQ 1XWU,66 ;HQR*5,66 /LJKW ,RQV 'HWHFWRU IRU $/7($ /,'$/  DQG 0LQL
(862$EULHIRYHUYLHZRIWKHIRXUSD\ORDGVFDQEHIRXQGLQWKHQH[WWDEOH

$FRXVWLF
$P\ORLG
0LQL

1XWU,66 ;HQR*5,66 /,'$/
'LDJQRVWLFV $JJUHJDWLRQ
(862
%LRORJ\DQG
+XPDQ
%LRORJ\DQG
+XPDQ
3K\VLFDO 3K\VLFDO
Discipl.
%LRWHFKQROR
5HVHDUFK ELRWHFKQRORJ\ 5HVHDUFK
6FLHQFH
6FLHQFH
J\
,QF
,QF
Inc
,QF
,QF ,QF ,QF

,QF
,QF
,VWLWXWR
8QLYGHJOL
=RRSURILODWWLFR
6WXGLGL
,VWLWXWR
8QLYRI
6SHULPHQWDOH 8QLYGL
0LODQR
1D]LRQDOH
5RPH7RU
PI
7ULHVWH
GHO3LHPRQWH
,7,6$
8QLYRI GL)LVLFD
9HUJDWD
/LJXULDH9DOOH
0HXFFL
1XFOHDUH
5RPH
G $RVWD
)LUHQ]H
)UDVFDWL
7RU
,1)1 
9HUJDWD
8QLYRI
7RU
5RPH7RU
.D\VHU
.D\VHU
PD
$/7(&
9HUJDWD
9HUJDWD
,WDOLD
,WDOLD
$/7(&
7DEOH0LVVLRQ%H\RQG$6,H[SHULPHQWV

7KHH[SHULPHQWV DUH JRLQJWR EHSHUIRUPHGLQ GLIIHUHQW VHVVLRQVIROORZLQJ /XFD3DUPLWDQR
VFKHGXOHDQGLPSRUWDQWVFLHQWLILFFRQVWUDLQWV)RU$FRXVWLF'LDJQRVWLFVDQG1XWU,663,V3'V
$6,DQGWKH87,66WHDPFROODERUDWHGWRVXSSRUWSUHIOLJKW%DVHOLQH'DWDFROOHFWLRQ7KHILUVW
VHVVLRQVIRU,QFH[SHULPHQWVDUHVFKHGXOHGDVIROORZV-XO\WKIRU1XWU,66$XJXVW
IRU$P\ORLG$JJUHJDWLRQDQG$XJXVWWKIRU$FRXVWLF'LDJQRVWLFV
4

TEAM

7KH $UJRWHF WHDP LV WKH PDQDJLQJ WHDP DQG LW LV FRPSRVHG E\ WKH 7HFKQLFDO 0DQDJHU LQ
VXSSRUWWRWKHLQWHJUDWLRQDQGYHULILFDWLRQRISD\ORDGVDVZHOODVWKHVDIHW\JURXSOHGE\WKH
6DIHW\ (QJLQHHU LQ FKDUJH RI GHPRQVWUDWLQJ DQG TXDOLI\LQJ WKH H[SHULPHQWV WR EH VDIHO\
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RSHUDWHGRQRUELW6XSSRUWLQJLQIRUPXODWLQJHQJLQHHULQJUHTXLUHPHQWVSUHSDULQJTXDOLILFDWLRQ
DQG DFFHSWDQFH SKDVHV WRJHWKHU ZLWK UHYLHZ RI SURFHGXUHV WHFKQLFDO GRFXPHQWDWLRQ DQG
LQWHJUDWLRQRIWKHSD\ORDGVDUHLQFKDUJHRIWKH$UJRWHFWHDP0RUHRYHU$UJRWHFVXSSRUWV$6,
LQ WKH PDQDJHPHQW RI WKH UHVRXUFH XWLOL]DWLRQ RQ ERDUG WKH ,66 DQG LW NHHSV UHFRUG RI WKH
DJUHHPHQWVDQGXQGHUVWDQGLQJZLWKLQWHUQDWLRQDOSDUWQHUV

7KH7HOHVSD]LRWHDPLVFRPSRVHGE\DJURXSRISHRSOHZRUNLQJDV$6,3,0VDQRWKHU
JURXS IRFXVHG RQ WKH FRQWURO FHQWHU LQIUDVWUXFWXUH DQG $6,1(7 QHWZRUN LQVWDOODWLRQ DQG
PDLQWHQDQFHDQGILQDOO\DQRWKHUJURXSZRUNLQJIRUWKHRSHUDWLRQVH[HFXWLRQ

7HOHVSD]LRDQG$UJRWHFVKDUHWKHGXWLHVIRUWKHRSHUDWLRQVSUHSDUDWLRQDQGVXSSRUWWR
LQYHVWLJDWRUVGXULQJWKHUHDOWLPHRSHUDWLRQV7KHWZRFHQWHUVEHLQJORFDWHGLQWKHVRXWKHUQDQG
QRUWKHUQ SDUW RI ,WDO\ UHVSHFWLYHO\ FDQ VXSSRUW DQG KRVW ,WDOLDQ VFLHQWLVWV JHRJUDSKLFDOO\
GLVWULEXWHG 7KH WZR FHQWHUV EDFNXS HDFK RWKHU DV &RQWURO FHQWHUV VLQFH WKHUH LV D IXOO
UHGXQGDQF\RIWKHFRQWUROFHQWHUVLWHPVDQGIXQFWLRQDOLWLHV

5

CONCLUDING REMARKS


,Q WKH IUDPH RI WKH FRQWUDFW VLJQHG E\ $6, ZLWK $UJRWHF DQG 7HOHVSD]LR WKH ,WDOLDQ 6SDFH
$JHQF\ PDQDJHV WKH PXOWLSOH UHVRXUFH XWLOL]DWLRQ RSSRUWXQLWLHV HVWDEOLVKHG ZLWK WKH
LQWHUQDWLRQDO SDUWQHUV VXFK DV 1$6$ (6$ 5RVFRVPRV 7KDQNV WR WKH DJUHHPHQWV WKDW $6,
EXLOWDQGZRUNHGIRUVLQFHWKHEHJLQQLQJRIWKH,66HUDQRZDGD\VDVROLGDPRXQWRIZRUNIRUFH
FDQEHLQYROYHGLQWKHXWLOL]DWLRQSURFHVVHV
7KH87,66WHDPRIIHUVVSHFLDOL]HGH[SHULHQFHDQGNQRZOHGJHLQPXOWLSOHDUHDVRIWKH
SD\ORDGV¶GHYHORSPHQWSURFHVV,QFROODERUDWLRQZLWKWKH,WDOLDQ6SDFH$JHQF\LWUHSUHVHQWV
WKH,WDOLDQH[SHUWLVHLQWKHVSDFHVHFWRUZRUNLQJIRUWKHGHYHORSPHQWRIHIIHFWLYHSHUIRUPLQJ
DQGDGYDQFHGWRROVIRUVXSSRUWLQJWKH,WDOLDQXWLOL]DWLRQRIWKH,QWHUQDWLRQDO6SDFH6WDWLRQ
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ABSTRACT
'XULQJWKHODVWGHFDGHVIRUPHUGHYHORSLQJFRXQWULHVVWDUWHGDSSURDFKLQJVSDFHDFWLYLWLHV7KLV
ZDV PDLQO\ GXH WR WKH GHFUHDVH RI WKH FRVWV UHODWHG WR VSDFH SURJUDPPHV EXW DOVR WR WKH
IXQGDPHQWDOUROHSOD\HGE\LQWHUQDWLRQDOFRRSHUDWLRQLQWKHVSUHDGRINQRZOHGJHDQGH[SHUWLVH
6SDFHDFWLYLWLHVDUHHVVHQWLDOIRUWKHVHFRXQWULHVDVWKH\FRQVWLWXWHDQHIIHFWLYHWRROIRUHFRQRPLF
DQG VXVWDLQDEOH GHYHORSPHQW 7KLV HYROXWLRQ KDV FRQVLVWHQWO\ LQYROYHG $IULFD ZLWK VHYHUDO
LQLWLDWLYHVWDNHQDWERWKQDWLRQDODQGFRQWLQHQWDOOHYHO$PRQJWKH$IULFDQFRXQWULHVUHFHQWO\
LQYROYHGLQVSDFHDFWLYLWLHVIRUWKHYHU\ILUVWWLPHPHQWLRQPXVWEHPDGHWRWKH5HSXEOLFRI
.HQ\DZKLFKKDVDQKLVWRU\RIVXFFHVVIXOFRRSHUDWLRQZLWK,WDO\DIWHUWKHHVWDEOLVKPHQWRIDQ
,WDOLDQ ODXQFK DQG WUDFNLQJ VWDWLRQ WKH %URJOLR 6SDFH &HQWUH RQ .HQ\DQ FRDVW 7KH OHJDO
UHJLPH JRYHUQLQJ WKLV IDFLOLW\ ZLOO EH DGGUHVVHG LQ WKH SUHVHQW SDSHU IRFXVLQJ RQ WKH PDLQ
DVSHFWV RI WKH IRXU DJUHHPHQWV FRQFOXGHG EHWZHHQ WKH WZR 6WDWHV DQG XQGHUOLQLQJ KRZ WKH
HYROXWLRQRI.HQ\DQVSDFHVHFWRUKDVEHQHILWWHGIURPWKLVELODWHUDOUHODWLRQVKLS

1. INTERNATIONAL COOPERATION FOR ECONOMIC DEVELOPMENT AND
ACCESS TO OUTER SPACE
1.1 A general overview



$WWKHEHJLQQLQJRIWKHVSDFHHUDRQO\IHZFRXQWULHVKDGWKHFDSDELOLWLHVRIUHDFKLQJRXWHUVSDFH
,QLWLDOO\GXHWRWKHKLJKDPRXQWRIPRQH\QHFHVVDU\WREXLOGXSDQ\NLQGRIVSDFHSURJUDPPH
VSDFHDFWLYLWLHVZHUHFRQVLGHUHGDGRPDLQOLPLWHGWRWKHPRVWGHYHORSHG6WDWHVDQGVSDFHIDULQJ
QDWLRQV KDYH EHHQ DQ LQQHU FLUFOH IRU GHFDGHV ,Q DGGLWLRQ RQO\ IHZ 6WDWHV KDG VXIILFLHQW
H[SHUWLVHIRUHODERUDWLQJDQGPDQDJLQJVSDFHSURJUDPPHV7RGD\WKHVLWXDWLRQKDVUDGLFDOO\
FKDQJHGDQGQHZDFWRUVKDYHDSSHDUHGRQWKHVFHQHDPRQJWKHPQRWRQO\SULYDWHFRPSDQLHV
EXW DOVR IRUPHUGHYHORSLQJFRXQWULHVZKLFKKDYHGHFLGHGWR LQYHVW LQ WKH VSDFHVHFWRU 7KLV
RSSRUWXQLW\KDVEHFRPHIHDVLEOHZLWKWKHGHYHORSPHQWRIVPDOOHUDQGFKHDSHUVSDFHREMHFWV
HDVLHUWREHGHVLJQHGDQGPDQXIDFWXUHGLQFRQMXQFWLRQZLWKWKHLQFUHDVHGVKDUHRINQRZOHGJH
DOORZHGE\WKHJOREDOL]HGZRUOG
7KH GHFLVLRQ RI GHYHORSLQJ QDWLRQDO VSDFH DFWLYLWLHV E\ IRUPHU GHYHORSLQJ FRXQWULHV
ILQGV LWV UDWLRQDOH LQ WKH EHQHILWV GHULYLQJ IURP VSDFH DSSOLFDWLRQV XQGHU WKH HFRQRPLF DQG
HQYLURQPHQWDO YLHZSRLQWV :LWK UHJDUG WR WKH ILUVW DVSHFW LW LV QHFHVVDU\ WR XQGHUOLQH WKDW
ZRUOG¶V HFRQRP\ ODUJHO\ GHSHQGV RQ WKH WUDQVIHU RI GDWD DOORZHG E\ VDWHOOLWH V\VWHPV LQ
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DGGLWLRQ DQG HVSHFLDOO\ IRU WKH $IULFDQ FRQWLQHQW VSDFH DSSOLFDWLRQV DUH IXQFWLRQDO WR WKH
GHYHORSPHQWRIFRUHQDWLRQDOHFRQRPLFVHFWRUVDVDJULFXOWXUHDQGZDWHUPDQDJHPHQW'HDOLQJ
ZLWKWKHSURWHFWLRQRIWKHHQYLURQPHQWVDWHOOLWHVDUHFDSDEOHRIPRQLWRULQJFOLPDWHFKDQJHDQG
WKH ZD\ LW DIIHFWV WHUULWRULHV DV ZHOO DV WR SURYLGH EHWWHU VROXWLRQV WR PDQDJH WKH OLPLWHG
UHVRXUFHVRIWKHODWWHU7KURXJKWKHGHVLJQRIRZQQDWLRQDOVSDFHLQLWLDWLYHVWKHVHFRXQWULHVFDQ
WKHUHIRUHFHDVHWRGHSHQGRQVHUYLFHVIXUQLVKHGE\RWKHU6WDWHV
7KHSDWKIURPDVSDFHVHFWRUPRQRSROL]HGE\IHZ6WDWHVWRWKLVEURDGHUDFFHVVWRRXWHU
VSDFH LQ WHUPV RI QXPHULFDO SDUWLFLSDWLRQ RI FRXQWULHV DQG RI WKH YDULHW\ RI WKHLU HFRQRPLF
EDFNJURXQGV FDQQRW EH FRPSUHKHQGHG ZLWKRXW KLJKOLJKWLQJ WKH IXQGDPHQWDO UROH SOD\HG E\
LQWHUQDWLRQDOFRRSHUDWLRQ,QGHHGLQWHUDFWLRQVZLWKKLJKVNLOOHGFRXQWULHVVWUHQJWKHQHGFDSDFLW\
EXLOGLQJLQVSDFHVFLHQFHDQGWHFKQRORJ\7HFKQLFLDQVHQJLQHHUVEXWDOVRODZ\HUVEHQHILWWHG
IURP FRPLQJ LQWR FRQWDFW ZLWK FRXQWHUSDUWV IURP VSDFH IDULQJ QDWLRQV DFTXLULQJ D
FRPSUHKHQVLYHVHWRIVNLOOVDQGQRWLRQV,QWKLVOLJKWDW81OHYHOLWLVUHFRPPHQGHGDWULDQJXODU
DSSURDFK WR IDFLOLWDWH DFFHVV WR RXWHU VSDFH WR DOO FRXQWULHV 7KLV DSSURDFK LV EDVHG RQ
FRRSHUDWLRQDPRQJVSDFHIDULQJQDWLRQVHPHUJLQJRUQRQVSDFHIDULQJQDWLRQVDQGWKH8QLWHG
1DWLRQV 2IILFHIRU2XWHU6SDFH$IIDLUV 81226$ LQ RUGHUWR IRVWHUFDSDFLW\ EXLOGLQJ DQG
UHGXFHWKHVSDFHGLYLGH>@
6SDFHWRROVDUHDOVRIXQGDPHQWDOIRUXSKROGLQJVXVWDLQDEOHGHYHORSPHQWDVLWKDVEHHQ
VWUHVVHG YLJRURXVO\ LQ LQWHUQDWLRQDO LQLWLDWLYHV DQG ZLWKLQ WKH FRQWH[W RI $JHQGD  DQG
81,63$&( >@ 7KH FRQWULEXWLRQ ZKLFK VSDFH WHFKQRORJLHV DUH OLNHO\ WR IXUQLVK WR
VXVWDLQDEOH GHYHORSPHQW KDG DOUHDG\ EHHQ XQGHUOLQHG E\ WKH *HQHUDO $VVHPEO\ LQ VHYHUDO
UHVROXWLRQVGHDOLQJZLWKWKHSHDFHIXOXVHVRIRXWHUVSDFHDPRQJRWKHUV5HVGLUHFWO\
UHIHUUHGWRWKHUHVXOWVRI81JOREDOFRQIHUHQFHVRQHQYLURQPHQWDQGGHYHORSPHQWDVWKH\FRXOG
EH EHWWHU UHDFKHG WKURXJK UHFRXUVH WR VSDFH WHFKQRORJLHV >@ ,Q WKLV VFHQDULR SDUWLFXODU
DWWHQWLRQLVSDLGWREHQHILWVGHULYLQJIURPVSDFHDSSOLFDWLRQVWRGHYHORSLQJFRXQWULHVDQGJOREDO
HIIRUWVDUHKRSHGIRULQRUGHUWRJUDQWWKHPHDVLHUDFFHVVWRRXWHUVSDFHDVKLJKOLJKWHGZLWKLQ
WKH8QLWHG1DWLRQV*HUPDQ\,QWHUQDWLRQDO&RQIHUHQFHRQ(DUWK2EVHUYDWLRQJOREDOVROXWLRQV
IRUWKHFKDOOHQJHVRIVXVWDLQDEOHGHYHORSPHQWLQVRFLHWLHVDWULVNKHOGLQ%RQQLQ0D\
>@7KHWKHPDWLFSULRULWLHVXQGHUOLQHGLQWKHVHGRFXPHQWVKDYHEHHQWKHQDOVRWUDQVSRVHGLQ
WKHREMHFWLYHRI81,63$&(SURPRWHGE\WKH&RPPLWWHHRQWKH3HDFHIXOXVHVRI2XWHU
6SDFH &23826 LQ-XQHDQGKHOGLQ9LHQQDLQLWVVL[W\ILUVWVHVVLRQLQ-XQH>@,Q
WKLV VHVVLRQ LW KDV DOVR EHHQ HVWDEOLVKHG D ZRUNLQJ JURXS RQ ³6SDFH ´ $JHQGD >@
$FFRUGLQJWRWKH'UDIWUHSRUWRIWKH:RUNLQJJURXSDGRSWHGLQ-XQHWKH$JHQGDLVDLPHG
DWXQGHUOLQLQJWKHUROHRIWKH&RPPLWWHHDV³XQLTXHSODWIRUP>V@IRULQWHUQDWLRQDOFRRSHUDWLRQLQ
WKHH[SORUDWLRQDQGXVHRIRXWHUVSDFHIRUSHDFHIXOSXUSRVHV>«@IRUIRVWHULQJGLDORJXHDPRQJ
VSDFHIDULQJDQGHPHUJLQJVSDFHIDULQJQDWLRQVDQGIRUSURPRWLQJWKHLQFUHDVHGLQYROYHPHQWRI
DOO FRXQWULHV LQ VSDFH DFWLYLWLHV LQFOXGLQJ WKURXJK FDSDFLW\EXLOGLQJ LQLWLDWLYHV 7KH
µ6SDFH¶$JHQGDZRXOGDOVRGHPRQVWUDWHWKHLPSRUWDQWUROHRIVSDFHLQVXSSRUWLQJJOREDO
GHYHORSPHQW DJHQGDV´>@ ,Q WKH ILHOG RI WKH SURPRWLRQ RI FRRSHUDWLRQ LQ VSDFH DFWLYLWLHV
DQRWKHU UHFHQW LQLWLDWLYH GHVHUYHV WR EH PHQWLRQHG 2Q  0D\  WKH (XURSHDQ 6SDFH
$JHQF\ (6$ DQG81226$VLJQHGD0HPRUDQGXPRI8QGHUVWDQGLQJIRUWKHUHDOL]DWLRQRID
6SDFH6ROXWLRQV&RPSHQGLXP 66& ZLWKLQDEURDGHUSURJUDPPH³WRFRRSHUDWHRQKHOSLQJDOO
FRXQWULHVLGHQWLI\KRZVSDFHFDQVXVWDLQWKHLUHIIRUWVWRUHDFKWKH8QLWHG1DWLRQV6XVWDLQDEOH
'HYHORSPHQW *RDOV 6'*V  ZLWK D YLHZ WR IDFLOLWDWH DFFHVV WR VSDFH VROXWLRQV DQG ZLWK
SDUWLFXODUDWWHQWLRQWRGHYHORSLQJFRXQWULHV´>@
$OOWKHLQLWLDWLYHVPHQWLRQHGWHVWLI\KRZLQWHUQDWLRQDOFRRSHUDWLRQLQVSDFHDFWLYLWLHVLV
SHUFHLYHGDVIXQGDPHQWDOE\ERWK6WDWHVDQGLQWHUQDWLRQDORUJDQL]DWLRQV)XUWKHUPRUHIURPD
OHJDOSRLQWRIYLHZLQWHUQDWLRQDOFRRSHUDWLRQFDQEHGHILQHGDVRQHRIWKHJHQHUDOSULQFLSOHVRI
LQWHUQDWLRQDO6SDFH/DZ>@3DUDJUDSKRIWKH3UHDPEOHRIWKH2XWHU6SDFH7UHDW\LGHQWLILHV
LWDVRQHRIWKHPDLQSXUSRVHVRIWKH7UHDW\>@7KHHQKDQFHPHQWRILQWHUQDWLRQDOFRRSHUDWLRQ
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LVPRUHRYHUWKHREMHFWRI$UWLFOH,,,RIWKH267DQGLWLVDOVRPHQWLRQHGLQLWV$UWLFOHV,;DQG
;DVZHOODVLQWKHRWKHU8QLWHG1DWLRQVWUHDWLHVRQRXWHUVSDFHDQGLQVHYHUDOLQWHUQDWLRQDO
FRQYHQWLRQV>@

1.2 Space applications for the African continent
$IULFDLVIDFLQJFULWLFDOFKDOOHQJHVLQUDSLGO\LQFUHDVLQJXUEDQLVDWLRQVXVWDLQDEOHPDQDJHPHQW
RIWKHHQYLURQPHQW DQGRIQDWXUDOUHVRXUFHVDQGLQWKHQHHGWRGHYHORSWHFKQLFDOVNLOOVDQG
FDSDFLW\EXLOGLQJIRUDJURZLQJSRSXODWLRQ'XHWRWKHEURDGQHVVRIWKHQHHGVPHQWLRQHGWR
WKHLUFDSDFLW\RIDIIHFWLQJWKHHQWLUHFRQWLQHQWDQGWRWKHQHFHVVLW\RIILQGLQJDVROXWLRQLQD
FRPSUHKHQVLYH DQG VKDUHG PDQQHU JDLQLQJ FDSDFLW\ LQ VSDFH DSSOLFDWLRQV FRXOG SOD\ DQ
H[WUHPHO\UHOHYDQWUROH7KHGHYHORSPHQWRIVSDFHFDSDELOLWLHVE\WKH$IULFDQFRXQWULHVLVDNH\
SRLQWLQVHYHUDOSODQVRIDFWLRQHODERUDWHGDWFRQWLQHQWDOOHYHOLQUHFHQW\HDUV$WWKHKHDUWRI
WKHVHSURJUDPPHVWKHUHLVWKHVXJJHVWLRQWKDWIRUWKHVHVROXWLRQVWREHHIIHFWLYH$IULFDQHHGVWR
SURPRWHLQGLJHQRXVRZQVNLOOV DQGWHFKQRORJLFDOFDSDELOLWLHV>@7KH$IULFDQ8QLRQLWVHOI
VWDWHVLQWKLVUHJDUG³$IULFDFDQQRWDIIRUGWRUHPDLQDQHWLPSRUWHURIVSDFHWHFKQRORJLHVDVLQ
WKHORQJWHUPWKLVZLOOOLPLWVRFLRHFRQRPLFGHYHORSPHQWDQGQHJDWHWKH$IULFDQ8QLRQYLVLRQ
RIµDQLQWHJUDWHGSURVSHURXVDQGSHDFHIXO$IULFDGULYHQE\LWVRZQFLWL]HQVDQGUHSUHVHQWLQJD
G\QDPLFIRUFHLQWKHJOREDODUHQD¶´>@$VLWFDQEHVHHQZKDWWKH$IULFDQ8QLRQLVIRVWHULQJ
LVFRRSHUDWLRQLQVSDFHDFWLYLWLHVLQRUGHUWRVKDUHNQRZOHGJHUHVRXUFHVDQGFDSDELOLWLHVDPRQJ
WKHFRXQWULHVVRWRPDNHWKHHQWLUHFRQWLQHQWEHFRPHDVSDFHSOD\HU>@,QWKHVFRSHRIWKH
VROXWLRQV SURSRVHG LQ WKH $IULFDQ 6SDFH 6WUDWHJ\ HODERUDWHG E\ WKH $IULFDQ 8QLRQ LW LV
VXJJHVWHG³8VHLQWHUQDWLRQDOSDUWQHUVKLSVDQGWKH$IULFDQ'LDVSRUDWREXLOGORFDOVNLOOVDQG
H[SHUWLVH´ >@ ,Q WKH YLHZ RI DFKLHYLQJ WKHVH JRDOV LQ  WKH $IULFDQ /HDGHUVKLS
&RQIHUHQFHRQ6SDFH6FLHQFHDQG7HFKQRORJ\IRU6XVWDLQDEOH'HYHORSPHQWKDVEHHQIRXQGHG
E\WKHJRYHUQPHQWVRI$OJHULD.HQ\D1LJHULDDQG6RXWK$IULFD7KH&RQIHUHQFHZKLFKKDV
UHDFKHG LWV VHYHQWK FRQYRFDWLRQ LQ  LV DLPHG DW UDLVLQJ DZDUHQHVV DPRQJ SROLWLFDO
OHDGHUVKLSVDERXWWKHEHQHILWVGHULYLQJIURPVSDFHDFWLYLWLHVWRWKHFRQWLQHQW>@SURYLGLQJD
UHJXODU IRUXP IRU WKH H[FKDQJH RI LQIRUPDWLRQ DPRQJ $IULFDQ FRXQWULHV DERXW WKHLU VSDFH
DFWLYLWLHVDQGHQKDQFLQJLQWUD$IULFDQFRRSHUDWLRQLQWKHGHYHORSPHQWRIVSDFHWHFKQRORJLHV
>@
)URPDQLQVWLWXWLRQDOYLHZSRLQWLWFDQEHQRWHGWKDWRQO\(J\SWKDVFUHDWHGDQDWLRQDO
VSDFHDJHQF\EHIRUHWKHEHJLQQLQJRIWKHWKLUG0LOOHQQLXPKRZHYHUGXULQJWKHODVWGHFDGHV
PRUHDQGPRUHFRXQWULHVDUHFUHDWLQJQDWLRQDOVSDFHDJHQFLHVWRSURYLGHDQLQVWLWXWLRQDODQG
OHJLVODWLYHIUDPHZRUNIRUQDWLRQDOVSDFHDFWLYLWLHV7KLVHIIRUWLQEXLOGLQJQDWLRQDOVSDFHVHFWRUV
ZDVDOVRHQKDQFHGE\WKHLQFUHDVHGGHYHORSPHQWDQGPDQXIDFWXULQJRIVPDOOVDWHOOLWHVZKLFK
DUHWKHPRVWYLDEOHVROXWLRQIRU$IULFDQFRXQWULHVWRUHDFKRXWHUVSDFHDVWKH\DUHFKHDSHUWKDQ
WUDGLWLRQDOVDWHOOLWHV>@)RULQVWDQFH0RURFFRODXQFKHGLWVILUVWPLFURVDWHOOLWHLQDQG
WKHFRXQWU\LV IDULQYROYHGLQ VSDFHUHVHDUFKIRU VXVWDLQDEOHGHYHORSPHQWDV LWIDFHV QDWXUDO
GLVDVWHUVIORRGDQGHDUWKTXDNHV>@
$ PHDQLQJIXO H[DPSOH RI WKH FRQWULEXWLRQ WKDW LQWHUQDWLRQDO FRRSHUDWLRQ LV OLNHO\ WR
IXUQLVKWRWKHHVWDEOLVKPHQWRIDQDWLRQDOVSDFHVHFWRULVWKHDSSURDFKWRVSDFHDFWLYLWLHVRIWKH
5HSXEOLFRI.HQ\D7KHODWWHULVLQIDFWVWULFWO\FRQQHFWHGWRELODWHUDOFRRSHUDWLRQLQDXJXUDWHG
ZLWK ,WDO\ IRU WKH HVWDEOLVKPHQW RI D ODXQFKLQJ VWDWLRQ RQ LWV FRDVW ZKLFK LV JRLQJ WR EH
DGGUHVVHGLQWKHIROORZLQJSDUDJUDSKV

2. ITALY-KENYA COOPERATION IN SPACE ACTIVITIES
2.1 The establishment of the San Marco-Malindi base and launching activities
,WDO\.HQ\DELODWHUDOFRRSHUDWLRQLQVSDFHDFWLYLWLHVILQGVLWVVWDUWLQJSRLQWLQWKHHVWDEOLVKPHQW
RIWKH6DQ0DUFR0DOLQGLODXQFKLQJVWDWLRQDQ,WDOLDQVSDFHIDFLOLW\ORFDWHGLQWKHWHUULWRU\RI
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WKH5HSXEOLFRI.HQ\D7KHEDVHWRGD\UHQDPHG%URJOLR6SDFH&HQWUH %6& DIWHUWKHQDPH
RILWVIRXQGHU/XLJL%URJOLRKDVEHHQLQVWDOOHGGXULQJWKH6L[WLHVZKHQ,WDO\ZDVILUVWHQJDJLQJ
VSDFH DFWLYLWLHV 7KH SURMHFW RI 3URIHVVRU %URJOLR FRQVLVWHG LQ EXLOGLQJ DQ ,WDOLDQ IDFLOLW\ WR
SURYLGHODXQFKLQJVHUYLFHVIRUQDWLRQDODQGIRUHLJQVDWHOOLWHVSHUIRUPLQJWKHVHRSHUDWLRQVQRW
IURP WKH VRLO EXW IURP D IORDWLQJ SODWIRUP >@ 7KH FKRLFH RI .HQ\DQ FRDVW DV WKH PRVW
DSSURSULDWH ORFDWLRQ ZDV GXH WR WKH SUR[LPLW\ RI WKH FRXQWU\ WR WKH (TXDWRU ZKLFK DOORZV
EHQHILWV LQ WHUP RI DYRLGLQJ HQHUJ\ ZDVWH >@ DQG WR WKH SRVVLELOLW\ RI SRVLWLRQLQJ WKH
ODXQFKLQJ SODWIRUPV LQ LQWHUQDWLRQDO ZDWHUV DV .HQ\DQ OHJLVODWLRQ RQO\ H[WHQGHG WHUULWRULDO
ZDWHUVWRWKUHHQDXWLFDOPLOHVDWWKDWWLPH>@$IWHUWKHEDVHZDVHVWDEOLVKHGLQWKH6DQ
0DUFRVDWHOOLWHZDVVXFFHVIXOO\ODXQFKHGLQWRRUELWIURPWKHSODWIRUPVLQPDNLQJ,WDO\
WKHWKLUGFRXQWU\WRODXQFKDQREMHFWLQWRRXWHUVSDFHIURPDQDWLRQDOIDFLOLW\DQGWKHILUVWWRGR
LWIURPWKHVHD/DXQFKLQJIURPDIORDWLQJSODWIRUPZDVDWUXHLQQRYDWLRQIRUWKDWWLPHDQGLWLV
VWLOODYDOXDEOHWHFKQLTXHDVSURYHQE\WKHODXQFKRID/RQJ0DUFKURFNHWIURPDIRUPHURLO
GULOOLQJSODWIRUPLQWKH<HOORZ6HDSHUIRUPHGE\&KLQDLQ-XQH>@
'XULQJWKH6HYHQWLHVWKHDFWLYLWLHVRIWKHEDVHZHUHYHU\LQWHQVHZLWKVHYHUDOODXQFKHV
RI,WDOLDQ$PHULFDQDQG%ULWLVKVDWHOOLWHV+RZHYHUGXHWRWKHRQJRLQJ,WDOLDQHFRQRPLFFULVLV
DQGWRWKHUHRULHQWDWLRQRIIXQGVWRRWKHUSURMHFWVODXQFKLQJDFWLYLWLHVVWRSSHGLQZLWK
WKHODXQFKRI6DQ0DUFR>@)URPWKHQWKHEDVHKDVQRWORVWLWVLPSRUWDQFHDVLWUHOLDEO\
SURYLGHVJURXQGVHUYLFHVDQGLWKDVEHHQLQFOXGHGLQWKH(XURSHDQ6SDFH$JHQF\¶VQHWZRUNRI
WUDFNLQJVWDWLRQV (675$&. >@0RGHUQL]DWLRQRIWKH&HQWUHLVFXUUHQWO\LQSODFHWKLV\HDU
LWKDVEHHQHTXLSSHGZLWK DQHZ6EDQGDQWHQQDIRUVXSSRUWWR )DOFRQ+HDY\DQG$ULDQH
ODXQFKHUV DQG QHZ IDVW ERDWV DUH H[SHFWHG WR UHDFK WKH VLWH LQ RUGHU WR EHWWHU FRQQHFW WKH
WHUUHVWULDOVHJPHQWWRWKHPDULWLPHRQH>@7RGD\WKH%6&LVPDQDJHGE\WKH,WDOLDQ6SDFH
$JHQF\ $6, DIWHUWKHWUDQVIHURILWVPDQDJHPHQWIURP6DSLHQ]D8QLYHUVLW\ZKRKDVUXQWKH
IDFLOLW\XQWLO>@
)URP D OHJDO SRLQW RI YLHZ WKH EDVH KDV EHHQ JRYHUQHG E\  ELODWHUDO DJUHHPHQWV
FRQFOXGHGLQDQGDQGLWLVWKHREMHFWRIDPRUHUHFHQWRQHVLJQHGLQEXW
QRW DOUHDG\LQWR IRUFHSHQGLQJ UDWLILFDWLRQSURFHGXUHVLQ ERWK FRXQWULHV>@2QWKH ,WDOLDQ
VLGH DIWHU 6HQDWH¶V DSSURYDO RFFXUUHG RQ  -XQH  >@ WKH GUDIW ODZ SURYLGLQJ WKH
DXWKRUL]DWLRQIRUWKH3UHVLGHQWRIWKH5HSXEOLFWRUDWLI\WKHWUHDW\LVQRZXQGHUWKHDWWHQWLRQRI
WKH+RXVHRI'HSXWLHV>@0HDQZKLOHWKHVLWXDWLRQLVVWLOOUHJXODWHGE\WKHDJUHHPHQWLQ
DUHJLPHRISURURJDWLR
,QDQDO\VLQJWKHPRVWUHOHYDQWDVSHFWVRIWKHVHDJUHHPHQWVLWLVDSSURSULDWHWRVWDUWIURP
WKHLU HYHQWXDO WHUULWRULDO VRYHUHLJQW\ LPSOLFDWLRQV DV WKH HVWDEOLVKPHQW RI D EDVH LQ IRUHLJQ
WHUULWRU\LVDIRUPRI6WDWH¶VSUHVHQFHLQWKHWHUULWRU\XQGHUWKHVRYHUHLJQW\RIDQRWKHU6WDWH
5HJDUGOHVVLWVFRQFHSWLRQDVGRPLQLXPRUDVLPSHULXP>@WHUULWRULDOVRYHUHLJQW\FRQVWLWXWHV
DLXVH[FOXGHQGLDOLRVZKLFKLPSOLHVWKDWQR6WDWHPXVWH[HUFLVHLWVSRZHULQWKHWHUULWRU\RI
DQRWKHU>@$VDIILUPHGE\WKH3HUPDQHQW&RXUWRI,QWHUQDWLRQDO-XVWLFHLQWKH /RWXVFDVH
VLQFH WHUULWRULDO VRYHUHLJQW\ EHQHILWV RI DQ DEVROXWH SURWHFWLRQ RQO\ WKH H[LVWHQFH RI D
SHUPLVVLYHUXOHFRQYHQWLRQDORUFXVWRPDU\FDQGHURJDWHWRWKHSURKLELWLRQRILQWHUIHULQJZLWK
WKHWHUULWRULDOVRYHUHLJQW\RIDQRWKHU6WDWH>@7KHOHJDOEDVLVIRUWKHHVWDEOLVKPHQWRIDEDVH
DEURDGZKDWHYHULWVNLQGLVWKXVWKHFRQVHQWRIWKHWHUULWRULDO6WDWH>@7KLVFRQVHQWLVLQIDFW
VXIILFLHQWWRUHPRYHLQWHUSDUWHVWKHSURKLELWLRQHVWDEOLVKHGE\WKHFXVWRPDU\UXOHSURWHFWLQJ
WHUULWRULDOVRYHUHLJQW\>@,QWKLVYLHZLWFDQEHDUJXHGWKDWWKHEDVHLVDOORZHGWRODZIXOO\
H[LVWZLWKLQDIRUHLJQWHUULWRU\E\YLUWXHRIWKHSULQFLSOHYROHQWLQRQILDWLQLXULDDFFRUGLQJWR
ZKLFKLQLQWHUQDWLRQDOODZFRQVHQWLVDFLUFXPVWDQFHRIH[HPSWLRQIURPWKHXQODZIXOQHVVRID
FRQGXFW>@
6WHPPLQJIURPWKHVHJHQHUDOFRQVLGHUDWLRQVLWLVFOHDUWKDWIRUWKHODZIXOQHVVRIWKH
SUHVHQFHRIWKH,WDOLDQEDVHLQ.HQ\DQWHUULWRU\.HQ\D¶VFRQVHQWZDVUHTXLUHG6XFKDFRQVHQW
KDVEHHQILUVWH[SUHVVHGLQWKH([FKDQJHRI1RWHVZLWKRQO\UHJDUGWRWKHWHUUHVWULDODUHDV
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,WDO\UHTXHVWHGWRXVH>@,QGHHGWKHSRUWLRQRIVHDZKHUHWKHWZRSODWIRUPVZHUHSRVLWLRQHG
DWWKDWWLPHIHOORXWVLGHWKHERUGHUVRIWKHWHUULWRULDOZDWHUVLGHQWLILHGE\.HQ\DQOHJLVODWLRQDQG
WKHSODFHPHQWRILQVWDOODWLRQVLQLQWHUQDWLRQDOZDWHUVLVQRWVXEMHFWWRDXWKRUL]DWLRQ>@7KLV
VLWXDWLRQKDVFKDQJHGDIWHUWKHH[WHQVLRQRIWHUULWRULDOZDWHUVWRQDXWLFDOPLOHVRSHUDWHGLQ
 >@ FRQVHTXHQWO\ IURP WKH  DJUHHPHQW RQZDUG .HQ\DQ FRQVHQW WR WKH ,WDOLDQ
SUHVHQFHLVH[SUHVVHGDOVRZLWKUHIHUHQFHWRWKHPDULWLPHVHJPHQW
7KHELODWHUDOUHODWLRQVKLSFRQFHUQLQJWKHSRUWLRQRI.HQ\DQWHUULWRU\,WDO\ZDVDOORZHG
WR XVH FDQ EH GHILQHG DV DQ LQWHUQDWLRQDO OHDVH RI WHUULWRU\ WKXV QRW LPSO\LQJ D WUDQVIHU RI
VRYHUHLJQW\IURPWKHWHUULWRULDO6WDWHWRWKHRQHPDQDJLQJWKHIDFLOLW\$VWKLVUHODWLRQVKLSLV
VXEMHFWLYHLQQDWXUHLWGRHVQRWSURGXFHXOWUDSDUWHVHIIHFWV7KHIDFWWKDW.HQ\DQWHUULWRULDO
VRYHUHLJQW\UHPDLQVXQDIIHFWHGKDVDOVRLPSRUWDQWFRQVHTXHQFHVRQWKHULJKWVDQGWKHGXWLHVRI
WKHSDUWLHVHQXPHUDWHGLQWKHDJUHHPHQWV>@(YHQLI,WDO\KDVJDLQHGWKHULJKWWRSHUIRUP
DFWLYLWLHV ZLWKLQ WKH SHULPHWHU RI WKH EDVH IRU WKRVH RI WKHP PRUH OLNHO\ WR LQWHUIHUH ZLWK
WHUULWRULDOVRYHUHLJQW\WKHUHLVVWLOOWKHQHHGRIDVSHFLILFH[SUHVVLRQRIFRQVHQWE\WKH5HSXEOLF
RI .HQ\D )RU LQVWDQFH ,WDO\ VKDOO VXEPLW WKH OLVW RI WRROV DQG SHUVRQQHO HQWHULQJ .HQ\DQ
WHUULWRU\DQGLWKDVWRUHFHLYH.HQ\DQDXWKRUL]DWLRQIRUHYHU\ODXQFK>@+RZHYHULWFDQEH
DUJXHGWKDWIURPWKHIRUPXODWLRQRIWKHSURYLVLRQVVXFKDXWKRUL]DWLRQVDUHUDWKHUGXHDFWVDV
WKHSRVVLELOLW\RIGLVFUHWLRQDOO\DQGXQLODWHUDOO\SUHYHQWWKHDFWLYLW\FRXOGXQGHUPLQHWKHREMHFW
DQGWKHVFRSHRIWKHDJUHHPHQWLWVHOI>@$QRWKHULPSRUWDQWFRQVHTXHQFHLVWKDWHYHU\DFWLYLW\
SHUIRUPHGE\DWKLUGSDUW\ZLWKLQWKHSHULPHWHURIWKH,WDOLDQEDVHVKDOOEHVXEMHFWWRWKHFRQVHQW
RI.HQ\D>@7KHXVHRIWKHEDVHE\WKLUGSDUWLHVZDVUHJXODWHGE\$UWLFOH9,RIWKH
,WDO\.HQ\DELODWHUDODJUHHPHQWZDVVXEMHFWHGWRDZULWWHQDXWKRUL]DWLRQSURYLGHGE\.HQ\D
DIWHUDQDSSURSULDWHUHTXHVWVXEPLWWHGE\,WDO\LQDFFRUGDQFHZLWK$UWLFOH,,,  $GGLWLRQDOO\
,WDO\KDGWRFRUUHVSRQGWRWKH*RYHUQPHQWRI.HQ\DDVXPHTXDOWRWKHRIWKHSD\PHQW
UHFHLYHGE\WKHWKLUGSDUW\IRUWKHVHUYLFHVIXUQLVKHG>@7KLVDPRXQWKDVEHHQGHFUHDVHGE\
WKHDJUHHPHQWSURYLGLQJDVXPRIWREHFRUUHVSRQGHGWR.HQ\DFDOFXODWHGRQWKH
DPRXQWRIWKHSURILWVGHULYLQJIURPWKHFRQWUDFW>@
$FFRUGLQJO\ZKHQWKH(XURSHDQ6SDFH$JHQF\GHFLGHGWRLQVWDOOLWVHTXLSPHQWDWWKH
6DQ 0DUFR EDVH LW FRQFOXGHG D 7ULODWHUDO 3URWRFRO ZLWK ERWK FRXQWULHV LQ  >@ 7KH
7ULODWHUDO3URWRFROFRQVWLWXWHVWKHDXWKRUL]DWLRQE\,WDO\WRWKHLQVWDOODWLRQRI(6$HTXLSPHQW
ZLWKLQWKHSHULPHWHURIWKHEDVHEXWLWLVDOVRWKHDXWKRUL]DWLRQE\.HQ\DWROHWWKLVHTXLSPHQW
HQWHUDQGEHLQVWDOOHGLQLWVWHUULWRU\>@7KHDJUHHPHQWWKXVFRQWDLQVDVHWRIULJKWVDQGGXWLHV
DV WKDW RI LQIRUPLQJ WKH *RYHUQPHQW RI .HQ\D DERXW WKH SURJUDPPHV DQG WKH DFWLYLWLHV
SHUIRUPHG E\ WKH $ULDQH DQG 77& IDFLOLWLHV LQ WKH 6DQ 0DUFR >@ ,Q SDUDOOHO .HQ\D VKDOO
SURYLGHDVVRRQDVSRVVLEOHIUHHDFFHVVWRWKHFRXQWU\¶VWHOHFRPPXQLFDWLRQVV\VWHPLQRUGHUWR
JUDQWWKHFRUUHFWIXQFWLRQLQJRI(6$HTXLSPHQWLQ FRPSOLDQFHZLWK,785DGLR5HJXODWLRQV
DQGZLWK.HQ\DQOHJLVODWLRQLQIRUFH>@,QWKLVUHJDUGWKHWZRSDUWLHVZLOOFRRUGLQDWHWKHLU
DFWLYLWLHV VR WR DYRLG KDUPIXO LQWHUIHUHQFHV ZKLOH WKH SURWHFWLRQ RI WKH UDGLRIUHTXHQFLHV
FRQFHGHG WR WKH $JHQF\ LV D GXW\ RI WKH WHUULWRULDO 6WDWH >@ $GGLWLRQDOO\ WKH 3URWRFRO
HVWDEOLVKHVDELODWHUDOFRRSHUDWLRQEHWZHHQ(6$DQGWKH$IULFDQFRXQWU\DV DFFRUGLQJWR$UWLFOH
 WKH\ VKDOO HQWHU LQWR FRQVXOWDWLRQV LQ RUGHU WR LGHQWLI\ SURMHFWV RI FRPPRQ LQWHUHVW
)XUWKHUPRUHWKH$JHQF\VKDOOZHOFRPHHQJLQHHUVDQGWHFKQLFLDQVIURP.HQ\DWRSURYLGHWKHP
WUDLQLQJ FRXUVHV HVSHFLDOO\ LQ WKH ILHOGV RI WHOHFRPPXQLFDWLRQV PHWHRURORJ\ DQG VDWHOOLWH
REVHUYDWLRQRI(DUWK¶VUHVRXUFHVDIWHUWKHFRQFOXVLRQRIDSSURSULDWHDUUDQJHPHQWVZKLFKZLOO
DOVRSURYLGHIRUWKHFHUWLILFDWLRQRIWKHWUDLQHHV)XUWKHUPRUH.HQ\DQVFLHQWLILFLQVWLWXWHVZLOO
EHQHILWRIIDFLOLWDWHGDFFHVVWRGDWDUHFROOHFWHGE\(6$VFLHQWLILFVDWHOOLWHV>@'HDOLQJZLWK
WKH ILQDQFLDO DVSHFWV RI WKH FRRSHUDWLRQ WKH $JHQF\ VKDOO EHDU DOO WKH FRVWV UHODWHG WR WKH
LQYHVWPHQWVLQWKH$ULDQHDQG77&IDFLOLWLHVDVZHOODVWKRVHUHODWHGWRWKHLUPDQDJHPHQW1R
H[SHQVHVKDOOEHERUHE\,WDO\QRUE\.HQ\D
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5HWXUQLQJ WR ELODWHUDO FRRSHUDWLRQ DQRWKHU LQWHUHVWLQJ DVSHFW WR LQYHVWLJDWH LV WKH
DOORFDWLRQRIOLDELOLW\XQGHU,WDO\.HQ\DDJUHHPHQWV,QWKHFDVHRIDODXQFKLQJVWDWLRQLQIRUHLJQ
WHUULWRU\WKH6WDWHUXQQLQJWKHIDFLOLW\DQGWKHWHUULWRULDORQHERWKILWWKHGHILQLWLRQRI³ODXQFKLQJ
6WDWH´SURYLGHGE\$UW, F RI/,$%DQGWKH\DUHFRQVHTXHQWLDOO\³MRLQWO\DQGVHYHUDOO\OLDEOH´
XQGHU LWV $UW 9 $FFRUGLQJO\ WKH YLFWLP FDQ DVN FRPSHQVDWLRQ WR HLWKHU RI WKH WZR 6WDWHV
LQYROYHGLQWKHDFWLYLWLHV>@1HYHUWKHOHVVHDFKODXQFKLQJ6WDWHFRXOGDVNIRULQGHPQLILFDWLRQ
WRWKHRWKHUVDQGWKHFRQYHQWLRQDODSSRUWLRQPHQWRIOLDELOLW\LVUHFRPPHQGHG>@3URYLVLRQV
DLPHG DW WKLV JRDO DUH WKXV TXLWH FRPPRQ LQ DJUHHPHQWV LQYROYLQJ ODXQFKLQJ RSHUDWLRQV
'HDOLQJ ZLWK WKH LQVWDOODWLRQ RI D VSDFH EDVH LQ IRUHLJQ WHUULWRU\ WKH IXQFWLRQDOLW\ RI WKHVH
SURYLVLRQVLVVSHFLILFDOO\WKDWRIDYRLGLQJWKHLQVXUJHQFHRIWKHOLDELOLW\RIWKHWHUULWRULDO6WDWH
,QWKHFDVHRIWKH6DQ0DUFR0DOLQGLVWDWLRQ.HQ\DFRXOGSRWHQWLDOO\EHKHOGOLDEOHEHLQJLWWKH
6WDWH IURP ZKRVH WHUULWRU\ WKH REMHFWV DUH ODXQFKHG 1HYHUWKHOHVV $UWLFOH 9,, RI 
DJUHHPHQWUHSURGXFLQJWKHVDPHSURYLVLRQRIWKDWRISUHYHQWVWKHHYHQWXDOGXW\RI.HQ\D
RIEHDULQJFRVWVIRUWKHGDPDJHVFODLPHG7KHVHFRVWVVKDOOEHFRPSOHWHO\ERUHE\,WDO\DVDOO
WKH DJUHHPHQWV SUHVFULEH ,WDO\ VKDOO EH OLDEOH IRU DQ\ GDPDJH FDXVHG WR REMHFWV RXW RI WKH
SHULPHWHURIWKHEDVHRUWRDQ\SHUVRQ>@)XUWKHUPRUH,WDO\KDVWKHGXW\WRLQGHPQLI\.HQ\D
IRUWKHHYHQWXDOORVVHVLQZKLFKWKHWHUULWRULDO6WDWHZRXOGLQFXUDIWHUFODLPVSUHVHQWHGDJDLQVW
LW>@DQGWKHSXEOLFHQWLW\LQFKDUJHRIWKHPDQDJHPHQWRIWKHEDVHLVERXQGWRWDNHRXWOLDELOLW\
LQVXUDQFH ZLWK RQH RU PRUH .HQ\DQ LQVXUDQFH FRPSDQLHV >@ ,WDO\¶V OLDELOLW\ KDV EHHQ
UHLWHUDWHGE\WKHDJUHHPHQW KRZHYHULWLVZRUWKWRQRWHWKDWWKHODWWHUDOVRSUHVFULEHV
.HQ\DVKDOOEHKHOGOLDEOHLQFDVHWKHFODLPHGGDPDJHKDVEHHQFDXVHGE\JURVVQHJOLJHQFH
GHOLEHUDWH DFW RU RPLVVLRQ E\ .HQ\DQ SHUVRQQHO ,Q WKLV FDVH QR LQGHPQLILFDWLRQ PXVW EH
FRUUHVSRQGHG E\ ,WDO\ DIWHU WKH VXEPLVVLRQ RI D FODLP DJDLQVW .HQ\D E\ D WKLUG SDUW\ 7KH
REOLJDWLRQRI.HQ\DWRKROGWKHEXUGHQVFRQQHFWHGWROLDELOLW\LQFDVHRIIDXOWRILWVHPSOR\HHV
LVDQLQQRYDWLRQLQWURGXFHGLQ>@WKHDJUHHPHQWLQIDFWFRQWDLQHGQRH[HPSWLRQ
WR ,WDO\¶V REOLJDWLRQ WR LQGHPQLI\ WKH WHUULWRULDO 6WDWH QHLWKHU LQ FDVH RI GDPDJHV FDXVHG E\
.HQ\DQSHUVRQQHO¶VIDXOW

2.2 Cooperation aspects of the agreements and the 2016 Five Implementing
Arrangements
7KHHYROXWLRQRIWKHFRRSHUDWLRQDVSHFWVRIWKHDJUHHPHQWVLVDPDWWHURISDUWLFXODULQWHUHVWDV
LWDOORZVWRXQGHUOLQHWKHSDWKRI.HQ\DQDSSURDFKWRVSDFHDFWLYLWLHV,QWKH0HPRUDQGXPRI
8QGHUVWDQGLQJFRQFOXGHGLQEHWZHHQWKH,WDOLDQ6SDFH&RPPLVVLRQ ,6& DQGWKH5R\DO
&ROOHJHRI1DLUREL>@ZKLFKZDVWUDQVSRVHGLQWKH([FKDQJHRI1RWHVFRQFOXGHGEHWZHHQ
WKH WZR JRYHUQPHQWV WKH VDPH \HDU WKH SDUWLHV DJUHHG WR ³SXUVXH MRLQWO\ D SURMHFW IRU WKH
SHDFHIXO H[SORUDWLRQ RI WKH HTXDWRULDO VSDFH UHJLRQ´ >@ )RU LPSOHPHQWLQJ WKLV HPEU\RQLF
FRRSHUDWLRQWKH,6&XQGHUWRRNWRSURYLGHDOOWKHLQVWUXPHQWVDQGWKHIDFLOLWLHVQHFHVVDU\IRU
WKHH[SHULPHQWVRIWKHSURMHFWQDPHO\WKH6DQ0DUFRPRELOHUDQJHDOVRIXUQLVKLQJWRWKH5R\DO
&ROOHJH¶V SHUVRQQHO ³WHFKQLFDO DQG FRQVXOWLQJ´ VXSSRUW ,Q SDUDOOHO WKH 5R\DO &ROOHJH RI
1DLURELFRPPLWWHGLWVHOIWRSDUWLFLSDWHZLWKLWVRZQSHUVRQQHOWRWKHH[SHULPHQWVFDUULHGRXWRQ
ODQG DOVR JLYLQJ WR ,6&¶V SHUVRQQHO ³WKH VXSSRUW GHHPHG QHFHVVDU\´ FRQVLVWHQWO\ ZLWK WKH
UHVRXUFHV DYDLODEOH 7KH  $JUHHPHQW DQG WKH  RQH VWUHQJWKHQHG WKH WHFKQLFDO DQG
VFLHQWLILF FRRSHUDWLRQ EHWZHHQ WKH SDUWLHV ,WDO\ DQG .HQ\D FRPPLWWHG WKHPVHOYHV WR WKH
EHJLQQLQJRISURMHFWV VXFKDVWKHDFTXLVLWLRQRIFOLPDWRORJLFDO DQGQDWXUDO UHVRXUFHVGDWDLQ
.HQ\DQWHUULWRU\DQGLQWKHQHLJKERULQJFRXQWULHVDQGLWDOVRHVWDEOLVKHGDMRLQWSURJUDPPHIRU
WKHWUDLQLQJE\,WDO\RI.HQ\DQWHFKQLFLDQVDQGHQJLQHHUVLQWKHILHOGRIVSDFHUHVHDUFK
)URP  RQZDUG WKHUH KDV EHHQ IURP .HQ\DQ SDUW DQ DPELWLRQ WR DSSURDFK VSDFH
DFWLYLWLHV PRUH DQG PRUH DXWRQRPRXVO\ +ROGLQJ LQ FRQVLGHUDWLRQ WKLV LQWHQW LQ WKH 
DJUHHPHQWWKHFRRSHUDWLRQIUDPHZRUNLVGHVLJQHGDOVRWRDFFRPPRGDWH.HQ\DQHIIRUWVLQWKH
GHYHORSPHQW RI D QDWLRQDO VSDFH VHFWRU IXQFWLRQDO WR HFRQRPLF GHYHORSPHQW ,QGHHG WKH

993

%URJOLR6SDFH&HQWUH

0DWWHLV

DJUHHPHQWSURYLGHVDFRPSUHKHQVLYHVHWRIUXOHVJRYHUQLQJWKHFRRSHUDWLRQEHWZHHQ,WDO\DQG
.HQ\DLQWKHPDQDJHPHQWRIWKHEDVHDQGPRUHJHQHUDOO\LQILHOGVUHODWHGWRVFLHQWLILFUHVHDUFK
IRUWKHGHYHORSPHQWRIWKH$IULFDQFRXQWU\7KH3UHDPEOHRIWKHDJUHHPHQWPHQWLRQVVHYHUDO
DFWV DQG GRFXPHQWV UHIHUUHG WR VXVWDLQDEOH GHYHORSPHQW DQG WKH DSSOLFDWLRQ RI VSDFH
WHFKQRORJLHV WR WKH ODWWHU DV ZHOO DV WKH LPSRUWDQFH RI LQWHUQDWLRQDO FRRSHUDWLRQ LQ VSDFH
DFWLYLWLHVLQFRPSOLDQFHZLWKWKH81VSDFHWUHDWLHV
7KHFRQWHQWRIVXFKFRRSHUDWLRQLVILUVWSURYLGHGLQWKHWH[WRIWKHDJUHHPHQWDQGEHWWHU
GHHSHQHG LQ WKH ILYH ,PSOHPHQWLQJ $UUDQJHPHQWV DWWDFKHG 7KH ILUVW DQG WKH IRXUWK RI WKH
$UUDQJHPHQWVFRQFHUQWKHHVWDEOLVKPHQWRID5HJLRQDO&HQWUHIRU(DUWK2EVHUYDWLRQH[SHFWHG
WRVHUYHQRWRQO\.HQ\DEXWDOVR(DVWHUQDQG&HQWUDO(DVWHUQ$IULFDQUHJLRQDQGDFFHVVWR(2
GDWDE\.HQ\D$VHODERUDWHGDERYH(2IRUVXVWDLQDEOHGHYHORSPHQWLVDQHVVHQWLDODVVHWIRU
WKH$IULFDQFRQWLQHQWDQGFRRSHUDWLRQLVFRQVHTXHQWLDOO\FUXFLDO)URPDOHJDOSRLQWRIYLHZDV
LWKDVEHHQDFFXUDWHO\REVHUYHGSD\LQJFDUHIXODWWHQWLRQWRWKHSULQFLSOHVDSSO\LQJWRUHPRWH
VHQVLQJDQGWRWKRVHUHODWLQJWRVXVWDLQDEOHGHYHORSPHQWWKHGXW\RIFRRSHUDWLRQLV³DVRUWRI
SURFHGXUDO VXSHU SULQFLSOH´ SUHVFULEHG LQ ERWK DQG LW LV ³HVVHQWLDO WR VSDFH DSSOLFDWLRQV IRU
HQYLURQPHQWDOSURWHFWLRQDQGHFRQRPLFGHYHORSPHQW´>@
7KH VHFRQG ,PSOHPHQWLQJ $UUDQJHPHQW FRQFHUQV VXSSRUW WR .HQ\D 6SDFH $JHQF\
.(16$ ZKRVHFUHDWLRQLVDGGUHVVHGLQWKHQH[WSDUDJUDSKLQWHUPVRILWVHVWDEOLVKPHQWDQG
RSHUDWLRQDOL]DWLRQ7KURXJKWKH$UUDQJHPHQWDWVWDNH$6,LVFRPPLWWHGWRIXUQLVKWHFKQLFDO
OHJDODQGLQVWLWXWLRQDOVXSSRUWWRWKHHDUO\SKDVHVRI.(16$RSHUDWLYLW\)RU.HQ\DQVLGHWKLV
$UUDQJHPHQWLVDOVRDQRSSRUWXQLW\RILQWHUQDWLRQDOO\SURPRWLQJWKHQHZDJHQF\VLQFHXQGHU
$UWLFOHSDUOHWI.(16$KDVWKHULJKWWR³DFFHVVWRRSSRUWXQLWLHV$6,PD\KDYHZLWKRWKHU
VSDFHDJHQFLHV´
$QRWKHU LPSRUWDQW ILHOG RI FRRSHUDWLRQ UHJXODWHG E\ WKH WKLUG ,PSOHPHQWLQJ
$UUDQJHPHQW LV WHOHPHGLFLQH ZKLFK FRQVLVWV LQ GLVWDQFH GHOLYHU\ RI KHDOWK PHGLFDO
VHUYLFHV>@ 7KLV WHFKQLTXH LV DQ HVVHQWLDO WRRO LQ LPSURYLQJ KHDOWKFDUH HVSHFLDOO\ LQ UXUDO
DUHDV LQ SDUWLFXODU LQ FRXQWULHV ZKLFK DV .HQ\D DUH H[SHULPHQWLQJ D VSUHDG RI 1RQ
&RPPXQLFDEOH'LVHDVHV 1&'V  ZKLFKKDYHEHHQUHFRJQL]HGE\$JHQGD DV³DPDMRU
FKDOOHQJHIRUVXVWDLQDEOHGHYHORSPHQW´>@6SDFHDSSOLFDWLRQVIRUKHDOWKVHUYLFHVKDYHEHHQ
UHFHQWO\ FRQVLGHUHG DOVR E\ &23826 ZKLFK KDV LQFOXGHG LQ WKH DJHQGD RI LWV 6FLHQWLILF
6XEFRPPLWWHHDQHZLWHPWLWOHG³6SDFHDQGJOREDOKHDOWK´>@7HFKQLFDOO\WKHSDUWLHVKDYH
DJUHHGWKHHVWDEOLVKPHQWRIDFFHVVSRLQWVWR$6,1HWWKHODWWHU¶VPXOWLPLVVLRQLQIUDVWUXFWXUH
IRURSHUDWLRQDOFRPPXQLFDWLRQV>@LQ.HQ\DDQGDKXEORFDWHGLQ0DOLQGLWRSXUSRVHIXOO\
FRQQHFWDFFHVVSRLQWVLQ5RPHDQG0DOLQGLDVZHOODVWKHVXSSO\RIWHOHPHGLFLQHHTXLSPHQWWR
ORFDOKHDOWKLQVWLWXWLRQVDQGVXSSRUWWRWKHRSHUDWLRQRIWKHODWWHU
7KH ILIWK DQG ODVW ,PSOHPHQWLQJ $UUDQJHPHQW SURYLGHV FRRSHUDWLRQ LQ WUDLQLQJ DQG
HGXFDWLRQ7KLVLVDFURVVFXWWLQJVHFWRUDVSURYLVLRQVDERXWWUDLQLQJDQGHGXFDWLRQDUHSUHVHQW
LQDOOWKHRWKHUDUHDVRIFRRSHUDWLRQFRQWHPSODWHGLQWKHIUDPHZRUNRIWKHELODWHUDO$JUHHPHQW
$UWLFOH  RI WKH $UUDQJHPHQW LGHQWLILHV  HGXFDWLRQDO ILHOGV LQ ZKLFK FRRSHUDWLRQ VKDOO WDNH
SODFHWKURXJKVFKRODUVKLSVDQGIHOORZVKLSVDQQXDOO\SURYLGHGE\ ,WDOLDQLQVWLWXWLRQV7KH
LGHQWLILHGDUHDVLQFOXGHWKRVHFRQWDLQHGLQWKHRWKHU,PSOHPHQWLQJ$UUDQJHPHQWVQDPHO\(DUWK
2EVHUYDWLRQ DQG 1DYLJDWLRQ 6SDFH 6FLHQFH DQG 7HOHPHGLFLQH EXW WUDLQLQJ DQG HGXFDWLRQDO
FRRSHUDWLRQ VKDOO DOVR LQYHVW $HURVSDFH (QJLQHHULQJ DQG 7HFKQRORJ\ 7HOHFRPPXQLFDWLRQV
6SDFH3ROLF\DQG,QWHUQDWLRQDO6SDFH/DZ

3. KENYA SPACE SECTOR TODAY
3.1 The birth of KENSA
'XULQJWKHODVWGHFDGHV.HQ\DVWDUWHGHODERUDWLQJSROLFLHVRULHQWHGWRZDUGVWKHFUHDWLRQRID
QDWLRQDOVSDFHVHFWRUZKLFKZDVFRQVLGHUHGWREHIXQFWLRQDOWRFRPSUHKHQVLYHHFRQRPLFDQG
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VRFLDOSURJUHVVRIWKHFRXQWU\%HWZHHQDQGDGHYHORSPHQWEOXHSULQWFDOOHG.HQ\D
9LVLRQZDVHODERUDWHGDLPHGDW PDNLQJ.HQ\DD ³PLGGOHLQFRPHFRXQWU\SURYLGLQJD
KLJKTXDOLW\OLIHWRDOOLWVFLWL]HQVE\\HDU´>@7KHSURJUDPPHZDVPDLQO\EDVHGRQ
WKUHHSLOODUVWKHHFRQRPLFWKHVRFLDODQGWKHSROLWLFDO2QHRIWKHPDLQDVSHFWVRIWKHHFRQRPLF
SLOODU ZDV WKH FUHDWLRQ RI D VWURQJ DJULFXOWXUH SURGXFWLRQ WKURXJK UHFRXUVH WR DGYDQFHG
WHFKQRORJLHV DQG ERWK WKH HFRQRPLF DQG WKH VRFLDO SLOODU ZHUH IRXQGHG RQ WKH QHFHVVLW\ RI
GHYHORSLQJ DQG VWUHQJWKHQLQJ LQYHVWPHQWV LQ HGXFDWLRQ DQG UHVHDUFK 7KH HODERUDWLRQ RI D
QDWLRQDO VSDFH SURJUDPPH ZDV WKXV FRKHUHQW DQG IXQFWLRQDO WR WKH LPSOHPHQWDWLRQ RI WKH
SLOODUV¶ FRQWHQW 6SDFH WHFKQRORJLHV LQ IDFW FRXOG EH DSSOLHG WR VHYHUDO ILHOGV FRQQHFWHG WR
VXVWDLQDEOHGHYHORSPHQW REMHFWLYHV HPEHGGHGLQ WKH 9LVLRQ>@%\ ZD\RIH[DPSOH
WKH\FDQEHXVHGLQURDGFRQQHFWLYLW\SODQQLQJDQGODQGPDSSLQJIRUWKHGHYHORSPHQWRIWKH
QHFHVVDU\LQIUDVWUXFWXUHVZDWHUFDWFKPHQWVPDQDJHPHQWPRQLWRULQJRIODQGGHJUDGDWLRQDQG
FURSVZKLFKDUHHVVHQWLDOWRDVVXUHIRRGVHFXULW\LQDGGLWLRQVRPHWHFKQRORJLHVFDQEHLPSOLHG
LQWKHILHOGRIPRQLWRULQJGHVHUWLILFDWLRQXUEDQVSUDZODQGSROOXWLRQDVZHOODVLQWKDWRIIRUHVW
PDSSLQJ DQG ZDWHU PDQDJHPHQW >@ ,Q DGGLWLRQ D IXUWKHU HVVHQWLDO HOHPHQW IRU WKH
LPSOHPHQWDWLRQRIWKH9LVLRQWKURXJKUHFRXUVHWRVSDFHWHFKQRORJLHVLVWKHHQKDQFHPHQW
RIKLJKOHYHOHGXFDWLRQLQWKHILHOGDOORZLQJWKHELUWKRIDQHZJHQHUDWLRQRI.HQ\DQKLJKO\
VNLOOHG SURIHVVLRQDOV DQG OHDGHUV DV ZHOO DV WKDW RI QHZ ORFDO LQGXVWULHV >@ $PRQJ WKH
LQLWLDWLYHVIRVWHUHGIRUWKHGHYHORSPHQWRIDQDWLRQDOVSDFHSURJUDPPHWKHUHZDVLQWHUDOLDWKH
FUHDWLRQ RI D QDWLRQDO VSDFH DJHQF\ GHVWLQHG WR EH WKH VXFFHVVRU RI WKH 1DWLRQDO 6SDFH
6HFUHWDULDW7KHHVWDEOLVKPHQWRIWKH$JHQF\ZDVILQDOO\SURYLGHGWKURXJK3UHVLGHQWLDO2UGHU
LQ>@EHLQJUHVSRQVLEOHIRUHQIRUFLQJ.HQ\DQQDWLRQDOVSDFHSODQDVZHOODVIRUDGYLVLQJ
WKH*RYHUQPHQWLQWKHLPSOHPHQWDWLRQRIVSDFHUHODWHGLQWHUQDWLRQDODJUHHPHQWVLWLVSDUW\RI
>@ 7KH 2UGHU DOVR FRQWDLQHG WKH LQWHUQDO OHJDO IUDPHZRUN JRYHUQLQJ WKH $JHQF\ DQG LW
FKDUJHGWKHODWWHURISURPRWLQJ³FDSDFLW\EXLOGLQJLQVSDFHVFLHQFHDQGWHFKQRORJ\´DWWULEXWLQJ
LWWKHFDSDFLW\RIFRQFOXGLQJDJUHHPHQWVIRUWKHLPSOHPHQWDWLRQRILWVPDQGDWH>@+RZHYHU
GXHWRDVLWXDWLRQRISROLWLFDODQGLQVWLWXWLRQDOLQVWDELOLW\IROORZLQJWKHODVWHOHFWLRQVWKHQHZ
RUJDQKDVQRWLPPHGLDWHO\DVVXPHGLWVIXQFWLRQVLQFRQFUHWH>@$VWHSIXUWKHULQWKLVGLUHFWLRQ
KDVEHHQWDNHQE\.HQ\DQ*RYHUQPHQWLQ-XO\ZKHQWKH&KDLUPDQDQGWKHPHPEHUVRI
WKH .HQ\DQ $JHQF\ KDYH EHHQ DSSRLQWHG E\ 3UHVLGHQW .HQ\DWWD >@ )LQDOO\ WKH %RDUG RI
'LUHFWRUVKDVEHHQLQDXJXUDWHGRQ6HSWHPEHU>@

3.2 Development and launch of IKUNS
7KHSDWKRI.HQ\DWRZDUGVWKHGHYHORSPHQWRIDQDWLRQDOVSDFHVHFWRUKDVDOVREHHQPDUNHGE\
WKHGHSOR\PHQWLQRUELWRILWVILUVWVSDFHREMHFWDQDQRVDWHOOLWHUHDOL]HGZLWKLQWKHIUDPHZRUN
RI WKH ,WDO\.HQ\D 8QLYHUVLW\ 1DQRVDWHOOLWHV SURMHFW ,.816  7KLV LV D FRRSHUDWLRQ
SURJUDPPHHVWDEOLVKHGLQDQGDLPHGDWWKHGHYHORSPHQWDQGUHDOL]DWLRQRIDVWXGHQWEXLOW
VDWHOOLWH>@$IWHULWVPDQXIDFWXULQJE\,WDOLDQDQG.HQ\DQVWXGHQWVHQUROOHGLQERWK6DSLHQ]D
DQG8QLYHUVLW\RI1DLURELWKHILUVW,.81ZDVGHSOR\HGWKDQNVWRWKHRSSRUWXQLW\RIIHUHGE\
WKH 81226$-$;$ FRRSHUDWLRQ SURJUDPPH 7KH ODWWHU LV DLPHG DW WKH ODXQFK IURP
³.LER&8%(´WKH-DSDQHVHPRGXOHRIWKH,QWHUQDWLRQDO6SDFH6WDWLRQ ,66 RIQDQRVDWHOOLWHV
EXLOW E\ GHYHORSLQJ FRXQWULHV RU UHVHDUFK LQVWLWXWLRQV EHORQJLQJ WR 81 PHPEHU 6WDWHV >@
6LQFHODXQFKLQJIURPWKH,66LVHDVLHUWKDQGHSOR\LQJDVSDFHREMHFWWKURXJKDWUDGLWLRQDOODXQFK
YHKLFOH>@WKHSURMHFWLV FDSDEOHRISURYLGLQJVWUDLJKWIRUZDUGDFFHVVWRVSDFHDFWLYLWLHVWR
PDQ\PRUHDFWRUVIDFLOLWDWLQJDFFHVVWRRXWHUVSDFH>@,QWKH³)LUVW.HQ\D8QLYHUVLW\
1DQRVDWHOOLWH3UHFXUVRU)OLJKW´ ,.8163) KDVEHHQVHOHFWHGE\81226$LQFRRUGLQDWLRQ
ZLWK -$;$ DV WKH ILUVW &XEH6DW GHSOR\HG IURP .LER&8%( ZLWKLQ WKH IUDPHZRUN RI WKH
FRRSHUDWLRQSURJUDPPH7KHGHSOR\PHQWKDVEHHQVXFFHVVIXOO\SHUIRUPHGRQ0D\
DOORZLQJ.HQ\DWRODXQFKLWVILUVWREMHFWLQWRRXWHUVSDFH>@7KHREMHFWKDVEHHQUHJLVWHUHG
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E\WKH5HSXEOLFRI.HQ\DXQGHU5HV% ;9, DVWKHFRXQWU\LVQRWSDUW\WRWKH5HJLVWUDWLRQ
&RQYHQWLRQ>@
7KHILUVW.HQ\DQQDQRVDWHOOLWHKDGEHHQFRQFHLYHGDVDPHDQRIIRVWHULQJWKHFDSDFLW\
RIORFDOV RIXVLQJVSDFH UHVRXUFHVIRUREMHFWLYHV RIVXVWDLQDEOHGHYHORSPHQW LQ WKHILHOGV RI
DJULFXOWXUH DQLPDO KDELWDW DQG IRUHVW FRQVHUYDWLRQ >@ ,Q DGGLWLRQ LQ WKH PLQG RI .HQ\DQ
UHVHDUFKHUVWKHPDQXIDFWXULQJRIQDQRVDWHOOLWHVVKRXOGSUHOXGHWRWKHGHSOR\PHQWRIDODUJHU
.HQ\DQ(DUWKREVHUYDWLRQVDWHOOLWHLQWKHIXWXUH

CONCLUSIONS
7KHHYROXWLRQRI.HQ\DQVSDFHVHFWRUVKRZVKRZIRUPHUGHYHORSLQJFRXQWULHVDUHPRUHDQG
PRUHFRPPLWWHGWRGHYHORSVSDFHFDSDELOLWLHV7KHELODWHUDOFRRSHUDWLRQRIWKH$IULFDQFRXQWU\
ZLWK,WDO\LQLWLDOO\OLPLWHGLQVFRSHWRWKHHVWDEOLVKPHQWRIWKH6DQ0DUFR0DOLQGLEDVHDQG
WKHQEURDGHQHGWRDZLGHUVSHFWUXPRIDFWLYLWLHVLQWKHVSDFHILHOGKDVXQGRXEWHGO\FRQWULEXWHG
WRWKHHVWDEOLVKPHQWRIDQDWLRQDOVSDFHVHFWRU7KHODWWHULVH[SHFWHGWRKDYHVLJQLILFDQWSRVLWLYH
LPSDFWRQWKHFRXQWU\¶VHFRQRP\DVWHVWLILHGDOVRE\DUHFHQWLQLWLDWLYHSURPRWHGE\WKHQHZ
ERUQ.HQ\D6SDFH$JHQF\ZKLFKLVJRLQJWRSDUWQHUZLWKWKH*OREDO3DUWQHUVKLSIRU6XVWDLQDEOH
'HYHORSPHQW'DWDIRUPDQDJLQJGURXJKWWKURXJKVDWHOOLWHLPDJLQHU\LQRUGHUWRHQKDQFHIRRG
VHFXULW\.HQ\DQHIIRUWVDUHSDUWRIDJHQHUDOWUHQGRIIRUPHUGHYHORSLQJFRXQWULHVDSSURDFKLQJ
VSDFH DFWLYLWLHV ZLWK WKH DLP RI SURPRWLQJ WKHLU HFRQRPLF JURZWK DQG WKH VXVWDLQDEOH
PDQDJHPHQWRIWKHLUUHVRXUFHV
$VWKLVSDSHUKDVDWWHPSWHGWRXQGHUOLQHLQWHUQDWLRQDOFRRSHUDWLRQLQVSDFHDFWLYLWLHV
SOD\VDIXQGDPHQWDOUROHLQIDFLOLWDWLQJDFFHVVWRRXWHUVSDFHDQGLQDOORZLQJDOO6WDWHVWRHQMR\
WKH EHQHILWV GHULYLQJ IURP VSDFH DSSOLFDWLRQV LPSOHPHQWLQJ WKH FRQWHQW RI WKH 2XWHU 6SDFH
7UHDW\

>@5HSRUWRQWKH8QLWHG1DWLRQV$XVWULD6\PSRVLXPRQWKHWKHPH³$FFHVVWRVSDFHKROLVWLF
FDSDFLW\EXLOGLQJIRUWKHWZHQW\ILUVWFHQWXU\´*UD]$XVWULD 6HSWHPEHU 
$$&
>@7UDQVIRUPLQJRXUZRUOGWKH$JHQGDIRU6XVWDLQDEOH'HYHORSPHQW$5(6
2FWREHU81,63$&(9LHQQD$XVWULD -XQH 
>@,QWHUQDWLRQDOFRRSHUDWLRQLQWKHSHDFHIXOXVHV RIRXWHUVSDFH$5(6-DQXDU\

>@5HSRUWRQWKH8QLWHG1DWLRQV*HUPDQ\,QWHUQDWLRQDO&RQIHUHQFHRQ(DUWK2EVHUYDWLRQ
JOREDOVROXWLRQVIRUWKHFKDOOHQJHVRIVXVWDLQDEOHGHYHORSPHQWLQVRFLHWLHVDWULVN&RPPLWWHH
RQ WKH 3HDFHIXO 8VHV RI 2XWHU 6SDFH )LIW\QLQWK VHVVLRQ 9LHQQD  -XQH  
$$&
>@)LIWLHWKDQQLYHUVDU\RIWKH8QLWHG1DWLRQV&RQIHUHQFHRQWKH([SORUDWLRQDQG3HDFHIXO8VHV
RI2XWHU6SDFHWKHPHRIWKHVHVVLRQVRIWKH&RPPLWWHHRQWKH3HDFHIXO8VHVRI2XWHU6SDFH
LWV6FLHQWLILFDQG7HFKQLFDO6XEFRPPLWWHHDQGLWV/HJDO6XEFRPPLWWHHLQ&RPPLWWHHRQ
WKH 3HDFHIXO 8VHV RI 2XWHU 6SDFH )LIW\HLJKWK VHVVLRQ 9LHQQD  -XQH  
$$&/
>@5HSRUWRIWKH&RPPLWWHHRQWKH3HDFHIXO8VHVRI2XWHU6SDFH6L[W\ILUVWVHVVLRQ ±
-XQH $
>@5HSRUWRIWKH:RUNLQJ*URXSRQWKH³6SDFH´$JHQGDRIWKH&RPPLWWHHRQWKH
3HDFHIXO8VHVRI2XWHU6SDFH'UDIWUHSRUW&RPPLWWHHRQWKH3HDFHIXO8VHVRI2XWHU6SDFH
6L[W\VHFRQGVHVVLRQ9LHQQD ±-XQH $$&:*/
>@81226$3UHVV5HOHDVH81,626 0D\ DYDLODEOHDWZZZXQRRVDRUJ
>@ 6 0DUFKLVLR 6 $UWLFOH ,; LQ 6 +REH % 6FKPLGW7HGG . 6FKURJO ³&RORJQH
&RPPHQWDU\RQ6SDFH/DZ´9RO,  S
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>@$.DSXVWLQ$UWLFOH;LQ6+REH%6FKPLGW7HGG.6FKURJO³&RORJQH&RPPHQWDU\
RQ6SDFH/DZ´9RO,  S
>@0DUFKLVLR6$UWLFOH,;TXRWHGVXSUDS
>@ $IULFDQ 6SDFH 6WUDWHJ\ 7RZDUGV 6RFLDO 3ROLWLFDO DQG (FRQRPLF ,QWHJUDWLRQ 6HFRQG
RUGLQDU\VHVVLRQRIWKH6SHFLDOL]HG&RPPLWWHH0HHWLQJRQ(GXFDWLRQ6FLHQFHDQG7HFKQRORJ\
&DLUR(J\SW 2FWREHU $IULFDQ8QLRQ+56767&(67([S ,, S
>@,ELGHPS
>@,ELGHPS
>@,ELGHPS
>@ $ )URHKOLFK $ 6LHEULWV 6SDFH 6XSSRUWLQJ $IULFD LQ 6WXGLHV LQ 6SDFH 3ROLF\ (63,
6SULQJHU  
>@2QWKHDLPVDQGVWUXFWXUHRI$/&VHH0DUWLQH]37KH$IULFDQ/HDGHUVKLS&RQIHUHQFH
RQ6SDFH6FLHQFHDQG7HFKQRORJ\IRU6XVWDLQDEOH'HYHORSPHQW6SDFH3ROLF\  ±
 
>@ & -XPD : +DUULV 3 :DVZD 6SDFH 7HFKQRORJ\ DQG $IULFD¶V 'HYHORSPHQW 7KH
6WUDWHJLF5ROHRI6PDOO6DWHOOLWHVLQ)DFXOW\5HVHDUFK:RUNLQJ3DSHU6HULHV+DUYDUG.HQQHG\
6FKRRO  S
>@ 6 &LFFDUHOOL 6SDFH FRRSHUDWLRQ ZLWK GHYHORSLQJ FRXQWULHV WKH FDVH RI 0RURFFR LQ
-RXUQDORI0LGGOH(DVWHUQ*HRSROLWLFV  
>@/%URJOLR,OSURJUDPPDVSD]LDOHLWDOLDQRLQ,O3HJDVRQ%ROOHWWLQR8IILFLDOHGHOOD
6FXRODGL*XHUUD$HUHD  S
>@$VLWHORFDWHGDVQHDUDVSRVVLEOHWRWKHHTXDWRULQIDFWZLOOEHQHILWRIWKHPD[LPXP(DUWK
URWDWLRQDO VSHHG DOORZLQJ WR DYRLG WKH HQHUJ\ ZDVWH GXH WR HYHQWXDO GRJOHJ PDQHXYHUV
/HVVDUG1RUGOXQG/HVEDVHVGHODQFHPHQWHYROXWLRQHWDVSHFWVMXULGLTXHVLQ$QQDOHVGHGURLW
DpULHQHWVSDWLDO9RO;9  SS%3DWWDQ6DWHOOLWH6\VWHPV3ULQFLSOHVDQG
WHFKQRORJLHV1HZ<RUN  S
>@.HQ\DQ,QWHUSUHWDWLRQDQG*HQHUDO&ODXVHV2UGLQDQFH0D\
>@&KLQDFRQGXFWVILUVW6HD/DXQFKPLVVLRQZLWK/RQJ0DUFKODXQFKRIVHYHQVDWHOOLWHV
-XQHDWZZZQDVDVSDFHIOLJKWFRP
>@ 0 'H 0DULD / 2UODQGR ) 3LJOLDFHOOL ,WDO\ LQ VSDFH  (6$ 3XEOLFDWLRQV
'LYLVLRQ7KH1HWKHUODQGV  S
>@(XURSHDQ6SDFH$JHQF\DQG3URJUDPV+DQGERRN%HOJLXP  SS(675$&.
FRUHQHWZRUNLVFRQVWLWXWHGRI.RXURX )UHQFK*XLDQD 0DVSDORPDV9LOODIUDQFDDQG&HEUHURV
6SDLQ 5HGX %HOJLXP 6DQWD0DULD 3RUWXJDO .LUXQD 6ZHGHQ 1HZ1RUFLD $XVWUDOLD 
DQG0DODUJH $UJHQWLQD 
>@,O%URJOLR6SDFH&HQWHUIDXQQXRYRXSJUDGH$6,ZHEVLWH)HEUXDU\DYDLODEOHDW
ZZZDVLLW
>@*&DSUDUD6WRULDLWDOLDQDGHOORVSD]LR9LVLRQDULVFLHQ]LDWLHFRQTXLVWHGDO;,9VHFROR
DOODVWD]LRQHVSD]LDOH0LODQR  SWKLVGHFLVLRQZDVIRUPDOL]HGLQWKHGHFUHHE\WKH
0LQLVWU\RI(GXFDWLRQ8QLYHUVLW\DQG5HVHDUFK3URW5LFGDWHG1RYHPEHU
7KLVLPSOHPHQWHGWKHOHJLVODWLYHGHFUHH1RI-XQHPRUHVSHFLILFDOO\LWV$UWLFOH
SDUDJUDSK
>@1DPHO\([FKDQJHRI1RWHVEHWZHHQWKH*RYHUQPHQWRIWKH5HSXEOLFRI.HQ\DDQGWKH
*RYHUQPHQW RI WKH ,WDOLDQ 5HSXEOLF ,WDOLDQ 1RWH  -DQXDU\  $FFRUGR WUD O ,WDOLD H LO
.HQ\D UHODWLYR DOOD EDVH GL ODQFLR H FRQWUROOR GL VDWHOOLWL GL 6DQ 0DUFR0DOLQGL LQ .HQ\D
1DLUREL$SULO*85,62Q-XO\$FFRUGRWUDO ,WDOLDHLO.HQ\DUHODWLYRDOOD
EDVHGLODQFLRHFRQWUROORGLVDWHOOLWLGL6DQ0DUFR0DOLQGLLQ.HQ\D1DLUREL0DUFK
*85,$SULO62Q$JUHHPHQWEHWZHHQWKH*RYHUQPHQWRIWKH5HSXEOLFRI.HQ\D
DQGWKH*RYHUQPHQWRIWKH,WDOLDQ5HSXEOLFRQWKH/XLJL%URJOLR0DOLQGL6SDFH&HQWUH7UHQWR
,WDO\2FWREHU
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>@5DWLILFDHGHVHFX]LRQHGHOO $FFRUGRIUDLO*RYHUQRGHOOD5HSXEEOLFDLWDOLDQDHLO*RYHUQR
GHOOD5HSXEEOLFDGHO.HQ\DUHODWLYRDO&HQWURVSD]LDOH/XLJL%URJOLR 0DOLQGL.HQ\DFRQ
$OOHJDWRH3URWRFROOLDWWXDWLYLIDWWRD7UHQWRLORWWREUH3UHVHQWDWRLQGDWDIHEEUDLR
DQQXQFLDWRQHOODVHGXWDQGHOIHEEUDLRDSSURYDWRLOJLXJQR6
>@$WWR&DPHUDQ;9,,,/HJLVODWXUD
>@6HH6KDZ017HUULWRU\LQLQWHUQDWLRQDOODZLQ1HWKHUODQGV<HDUERRNRI,QWHUQDWLRQDO
/DZ9ROSS
>@60DUFKLVLR&RUVRGLGLULWWRLQWHUQD]LRQDOH7RULQR  S
>@³1RZWKHILUVWDQGIRUHPRVWUHVWULFWLRQLPSRVHGE\LQWHUQDWLRQDOODZXSRQD6WDWHLVWKDW
IDLOLQJWKHH[LVWHQFHRIDSHUPLVVLYHUXOHWRWKHFRQWUDU\LWPD\QRWH[HUFLVHLWVSRZHULQDQ\
IRUPLQWKHWHUULWRU\RIDQRWKHU6WDWH,QWKLVVHQVHMXULVGLFWLRQLVFHUWDLQO\WHUULWRULDOLWFDQQRW
EHH[HUFLVHGE\D6WDWHRXWVLGHLWVWHUULWRU\H[FHSWE\YLUWXHRIDSHUPLVVLYHUXOHGHULYHGIURP
LQWHUQDWLRQDOFXVWRPRUIURPDFRQYHQWLRQ´7KHFDVHRIWKH66³/RWXV´3XEOLFDWLRQVRIWKH
3HUPDQHQW&RXUWRI,QWHUQDWLRQDO-XVWLFH6HULHV$1R6HSWHPEHUWKS
>@60DUFKLVLR/HEDVLPLOLWDULQHOGLULWWRLQWHUQD]LRQDOH0LODQR  S
>@,ELGHPS
>@15RQ]LWWL,QWURGX]LRQHDO'LULWWR,QWHUQD]LRQDOH7RULQRSDQGIURPWKHVDPH
DXWKRU/HEDVLPLOLWDULLQ,WDOLDSUREOHPLDSHUWLLQ&RQWULEXWLGL,VWLWXWLGL5LFHUFD6SHFLDOL]]DWL
6HQDWRGHOOD5HSXEEOLFD1  S
>@2ULJLQDOO\WKH([FKDQJHRI1RWHVRQO\PHQWLRQHG³DQDUHDRIVTXDUHPHWHUV«WR
VHUYH DV D ZDUHKRXVH´ WKLV FRQFHVVLRQ FDQ EH GHILQHG DV DQ LQWHUQDWLRQDO OHDVH RI JRRGV
GLIIHUHQWIURPWHUULWRU\$UWLFOH,,,SDURIDQGDJUHHPHQWV$UW9,,,RIWKH
ELODWHUDODJUHHPHQWPHQWLRQDWHUUHVWULDOVHJPHQWLQWKLVFDVHLWLVPRUHDSSURSULDWHWRGHILQHLW
DV DQ LQWHUQDWLRQDO OHDVH RI WHUULWRU\ 6HH 2 )HUUDMROR 6DQ 0DUFR0DOLQGL OD EDVH VSD]LDOH
LWDOLDQD LQ .HQ\D LQ 5LY 'LU ,QW   IURP WKH VDPH DXWKRU VHH /DXQFK DQG WUDFNLQJ
VWDWLRQVWKH³6DQ0DUFR0DOLQGLFDVH´LQ2XWORRNRQ6SDFH/DZ2YHUWKH1H[W<HDUV
(VVD\V SXEOLVKHG IRU WKH WK $QQLYHUVDU\ RI WKH 2XWHU 6SDFH 7UHDW\ 0DUFK   *
/DIIHUUDQGHULH'&URZWKHUDQG/DGLVFLSOLQDGHOOHEDVLGLODQFLRDFDUDWWHUHLQWHUQD]LRQDOH
LQ60DUFKLVLR/H]LRQLGL'LULWWR$HURVSD]LDOH5RPD
>@6HH)HUUDMROR26DQ0DUFR0DOLQGLTXRWHGVXSUDS
>@3URFODPDWLRQRI-XQHE\WKH3UHVLGHQWRIWKH5HSXEOLFRI.HQ\DFRQFHUQLQJWKH
WHUULWRULDOVHDDQGWKHFRQWLJXRXV]RQHRIWKH5HSXEOLFRI.HQ\D8QLWHG1DWLRQV/HJLVODWLYH
6HULHV1DWLRQDO/HJLVODWLRQDQG7UHDWLHV5HODWLQJWRWKH7HUULWRULDO6HDWKH&RQWLJXRXV=RQH
WKH&RQWLQHQWDO6KHOIWKH+LJK6HDVDQGWR)LVKLQJ&RQVHUYDWLRQRIWKH/LYLQJ5HVRXUFHV1HZ
<RUN
>@2)HUUDMROR6DQ0DUFR0DOLQGLTXRWHGVXSUDS
>@$UW,,,SDU$UW,9SDUUDQGRIERWKDQGDJUHHPHQWV$UWW9,,,,;DQG
;,,DJUHHPHQW
>@6HH2)HUUDMROR6DQ0DUFR0DOLQGLTXRWHGVXSUDS
>@$UW9,RIWKHDQGWKHDJUHHPHQWV$UW;DJUHHPHQW
>@7KLVVSHFLILFDWLRQLVFRQWDLQHGLQ$UWLFOH,,,  
>@$UW;7KHWHUPLQRORJ\XVHGLQLQ,WDOLDQ³FRPSHQVL´OHIWVRPHGRXEWDERXWWKH
VXPWREHFRQVLGHUHGIRUWKHLQGLYLGXDWLRQRIWKHVXPGXHWR.HQ\DZKLOH,WDO\DVVXPHGWKH
WREHFRUUHVSRQGHGWR.HQ\DXQGHU$UWLFOH,,,SDUDJUDSKRIWKHDJUHHPHQWZDVWR
EHFDOFXODWHGRQWKHSURILWVREWDLQHGWKURXJKWKHFRQWUDFW.HQ\DFRQVLGHUHGVXFKVXPKDGWR
EHLGHQWLILHGXSRQWKHHQWLUHDPRXQWRIWKHLQFRPHV7KHIRUPXODWLRQRIWKHQHZDJUHHPHQW
RYHUFRPHVWKLVOH[LFDODPELJXLW\FOHDUO\UHIHUULQJWRSURILWV,QDGGLWLRQ$6,VKDOOFROOHFWIURP
HDFKWKLUGSDUW\DQDQQXDODXWKRUL]DWLRQIHHIRUWKHXVHRI%6&DPRXQWLQJWR86'SHU
\HDU WKLV IHH VKDOO EH HQWLUHO\ UHPLWWHG WR WKH 5HSXEOLF RI .HQ\D 7KLV DQQXDO IHH LV DQ
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LQQRYDWLRQLQWURGXFHGE\WKHDJUHHPHQWLQWKHRQHLQIDFWQRDXWKRUL]DWLRQIHHZDV
SUHVFULEHG
>@3URWRFROEHWZHHQWKH*RYHUQPHQWRIWKH5HSXEOLFRI,WDO\WKH*RYHUQPHQWRIWKH5HSXEOLF
RI.HQ\DDQGWKH(XURSHDQ6SDFH$JHQF\RQWKHVHWWLQJXSDQGRSHUDWLRQRI(XURSHDQ6SDFH
$JHQF\ HTXLSPHQW ZLWKLQ WKH SHULPHWHU RI WKH 6DQ 0DUFR VDWHOOLWHV WUDFNLQJ DQG ODXQFKLQJ
VWDWLRQLQ0DOLQGL.HQ\DDQGRQWKHFRRSHUDWLRQEHWZHHQWKH*RYHUQPHQWRIWKH5HSXEOLFRI
.HQ\DDQG(6$IRUSHDFHIXOSXUSRVHV6HSWHPEHU
>@7KHGHVFULSWLRQRIWKHHTXLSPHQWFRQFHUQHGLVLQFOXGHGLQWKH$QQH[ZKLFKLVLQWHJUDOSDUW
RI LW XQGHU $UWLFOH  ,Q SDUWLFXODU WKH IDFLOLWLHV PDGH DYDLODEOH WR WKH $JHQF\ LQFOXGH WKH
,WDOLDQ0DOLQGLVWDWLRQLQIUDVWUXFWXUHHTXLSPHQW(6$$ULDQHIDFLOLWLHVIRUWHOHPHWU\RI$ULDQH
ODXQFKHUV DQG (6$ 7HOHPHWU\ 7UDFNLQJ DQG &RPPDQG 77&  IDFLOLWLHV IRU WKH FRQWURO RI
VDWHOOLWHVLQRUELW
>@ $UW  SDUD  ³«7KH $JHQF\ VKDOO NHHS UHJXODUO\ LQIRUPHG WKH *RYHUQPHQW RI WKH
5HSXEOLFRI.HQ\DRIWKHDFWLYLWLHVRIWKH$ULDQHDQG77&IDFLOLWLHVDWWKH0DOLQGLVWDWLRQDQG
ZLOOSURYLGHTXDUWHUO\UHSRUWVRQVXFKDFWLYLWLHV´
>@$UWSDUD
>@$UWSDUD
>@$UW
>@/-6PLWK$.HUUHVW$UWLFOH9 -RLQW/DXQFK-RLQWDQG6HYHUDO/LDELOLW\ LQ6+REH%
6FKPLGW7HGG.6FKURJO³&RORJQH&RPPHQWDU\RQ6SDFH/DZ´9RO,,  S
>@ 6 0DUFKLVLR ,QWHUQDWLRQDO /HJDO 5HJLPH RQ 2XWHU 6SDFH /LDELOLW\ &RQYHQWLRQ DQG
5HJLVWUDWLRQ &RQYHQWLRQ LQ 0HHWLQJ LQWHUQDWLRQDO UHVSRQVLELOLWLHV DQG DGGUHVVLQJ GRPHVWLF
QHHGV3URFHHGLQJV8QLWHG1DWLRQV1LJHULD:RUNVKRSRQ6SDFH/DZ8QLWHG1DWLRQV9LHQQD
 SSS
>@$UW9,,SDUD³3HUTXDOVLDVLGDQQRDUUHFDWRDTXDOVLDVLSURSULHWjDOGLIXRULGHOOD%DVHR
DTXDOVLDVLSHUVRQDDFDXVDGHOOHDWWLYLWjGLFXLDOO¶$UW,LO*RYHUQRGHOOD5HSXEEOLFD,WDOLDQD
VDUjUHVSRQVDELOHGHOULVDUFLPHQWR´
>@$UW9,,SDUD³,QFDVRGLD]LRQLFDXVHRULYHQGLFD]LRQLQHLFRQIURQWLGHO*RYHUQRGHOOD
5HSXEEOLFDGHO.HQ\DLQPHULWRRLQUHOD]LRQHDOOHDWWLYLWjHIIHWWXDWHSUHVVROD%DVHLO*RYHUQR
GHOOD5HSXEEOLFD,WDOLDQDSURYYHGHUjDGLQGHQQL]]DUHHGDOLEHUDUHLO*RYHUQRGHO.HQ\DGD
UHVSRQVDELOLWjSHUSHUGLWHHULYHQGLFD]LRQLUHODWLYHDOHVLRQLRGDQQLFRVWLRQHULHVSHVHUHODWLYH
RDWWLQHQWLDGHVVH´
>@$UW9,,³D 3HUTXDQWRULJXDUGDOHDWWLYLWjFRQQHVVHDOODQFLRO¶HQWHSXEEOLFRGHVLJQDWR
DLVHQVLGHOO¶$UW9GHOSUHVHQWH$FFRUGRVRWWRVFULYHUjXQDSROL]]DGLDVVLFXUD]LRQHFRQXQDR
SLFRPSDJQLHGLDVVLFXUD]LRQLDXWRUL]]DWHDGHIIHWWXDUHWUDQVD]LRQLDVVLFXUDWLYHLQ.HQ\DHFKH
VLDQRDXWRUL]]DWHGDO0LQLVWHURGHO7HVRURNHQLRWD«´
>@$UW;,DJUHHPHQW
>@0HPRUDQGXPRI8QGHUVWDQGLQJEHWZHHQWKH,WDOLDQ6SDFH&RPPLVVLRQRIWKH1DWLRQDO
&RXQFLORI5HVHDUFKDQGWKH8QLYHUVLW\RI(DVW$IULFD5R\DO&ROOHJH1DLUREL-DQXDU\
>@/HWWHUV D  E DQG F RI$UWRIWKH([FKDQJHRI1RWHVIXUWKHUVSHFLI\WKHREMHFWLYHV
RIWKHSURMHFWZKLOH$UWHVWDEOLVKHVWKHFRQWHQWVRIWKHWZRSKDVHVRIWKHSURMHFW
>@ 6 0DUFKLVLR 5HPRWH 6HQVLQJ IRU 6XVWDLQDEOH 'HYHORSPHQW LQ ,QWHUQDWLRQDO /DZ LQ
³2XWORRNRQ6SDFH/DZRYHUWKH1H[W<HDUV´*/DIIHUUDQGHULH'&URZWKHU7KH+DJXH
 S
>@ :+2 7HOHPHGLFLQH RSSRUWXQLWLHV DQG GHYHORSPHQWV LQ 0HPEHU 6WDWHV UHSRUW RQ WKH
VHFRQGJOREDOVXUYH\RQH+HDOWKLQ*OREDO2EVHUYDWRU\IRUH+HDOWK6HULHV*HQHYD
 S
>@ ³:H DUH FRPPLWWHG WR WKH SUHYHQWLRQ DQG WUHDWPHQW RI QRQFRPPXQLFDEOH GLVHDVHV
LQFOXGLQJ EHKDYLRXUDO GHYHORSPHQWDO DQG QHXURORJLFDO GLVRUGHUV ZKLFK FRQVWLWXWH D PDMRU
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FKDOOHQJH IRU VXVWDLQDEOH GHYHORSPHQW´ 7UDQVIRUPLQJ RXU ZRUOG WKH  $JHQGD IRU
6XVWDLQDEOH'HYHORSPHQW81*$5HV 2FWREHU SDU
>@5HSRUWRIWKH&RPPLWWHHRQWKH3HDFHIXO8VHVRI2XWHU6SDFH6L[W\ILUVWVHVVLRQ ±
-XQH $
>@)RUIXUWKHUGHWDLOVRQ$6,1HWVHH$6,1(7'HWDLOHG'HVLJQ'RFXPHQW56767
DYDLODEOHDWZZZDVLLW
>@.HQ\D9LVLRQ7KHSRSXODUYHUVLRQ*RYHUQPHQWRIWKH5HSXEOLFRI.HQ\D  
>@2QWKHDSSOLFDWLRQRIVSDFHWHFKQRORJLHVWRVXVWDLQDEOHGHYHORSPHQWLQ$IULFDVHH6SDFH
%HQHILWVIRU$IULFD&RQWULEXWLRQRIWKH8QLWHG1DWLRQV)DPLO\&23826)LIW\VHFRQGVHVVLRQ
9LHQQD±-XQH$JHQGDLWHP$$&&53 -XQH 
>@3:DVZD&-XPD(VWDEOLVKLQJDVSDFHVHFWRUIRUVXVWDLQDEOHGHYHORSPHQWLQ.HQ\DLQ
,QWHUQDWLRQDO-RXUQDORI7HFKQRORJ\DQG*OREDOL]DWLRQ9RO  S
>@,ELGHPS
>@7KH.HQ\D6SDFH$JHQF\2UGHU0DUFK.HQ\D*D]HWWH6XSSOHPHQW1
>@.HQ\D6SDFH$JHQF\2UGHUTXRWHGVXSUDSDUDJUDSK
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ABSTRACT

ORUHQ]RWUDLQHOOL#SROLPLLW

6ZLWFKLQJWRQRYHODLUFUDIWSRZHUWUDLQVIHDWXULQJHOHFWULFSRZHUFRPSRQHQWVHQWDLOVDUHOHYDQW
UHFRQILJXUDWLRQHIIRUWLQWHUPVRIDLUSRUWLQIUDVWUXFWXUH$VORQJDVEDWWHULHVDUHXVHGWRVWRUH
HOHFWULFHQHUJ\RQERDUGLQDIXWXUHVFHQDULRZKHUHDIOHHWRIDOOHOHFWULFRUK\EULGHOHFWULF
DLUFUDIWZLOORSHUDWHIURPDQDLUILHOGLWZLOOEHUHTXLUHGWRUHFKDUJHRUVZDSGHSOHWHGEDWWHULHV
LQ VXFK D ZD\ WR DVVXUH WKH VDPH RSHUDWLYLW\ OHYHO DWWDLQHG ZLWK FRQYHQWLRQDO IXHOEXUQLQJ
DLUFUDIW$VQRZDGD\VEDWWHULHVGRQRWDOORZIRUDUHFKDUJLQJWLPHVRVKRUWWREHFRPSDUDEOH
ZLWK IXHO UHILOOLQJ RSHUDWLRQV D VXLWDEO\ GHVLJQHG PL[ RI EDWWHU\ VZDSSLQJ DQG EDWWHU\
UHFKDUJLQJIDFLOLWLHVZLOOEHUHTXLUHGRQJURXQGWRJUDQWGHVLUHGRSHUDWLYLW\OHYHOV
)RUWKHW\SLFDOFDVHRIIO\LQJVFKRROVRUDHURFOXEVZKHUHWKHVDPHRUJDQLVDWLRQPDQDJHVERWK
DJURXQGLQIUDVWUXFWXUHDQGDQDLUFUDIWIOHHWWKHVL]LQJSUREOHPFDQEHH[WHQGHGWRFRQVLGHU
VLPXOWDQHRXVO\WKHUHVSHFWLYHFRVWVRISURFXUHPHQWDQGRSHUDWLRQ
7KLV SDSHU LQWURGXFHV D FRPSOHWH DQDO\WLFDO PRGHO WR TXDQWLWDWLYHO\ DVVHVV WKH UHTXLUHG
LQIUDVWUXFWXUH DV ZHOO DV WKH SURFXUHPHQW DQG RSHUDWLYH FRVWV FRQQHFWHG ZLWK WKH
UHFRQILJXUDWLRQRIDQDLUILHOGWRZDUGVDQHOHFWULFDOO\SRZHUHGIOHHW$QRSWLPDOVL]LQJDSSURDFK
ZLOO EH GLVFXVVHG DQG WKH SURFHGXUH H[HPSOLILHG LQ WKH UHDOLVWLF WHVW FDVH RI WKH $HUR &OXE
0LODQRIO\LQJVFKRRORSHUDWLQJIURP0LODQ%UHVVRDLUSRUW

Keywords: IOHHW VL]LQJ JURXQG LQIUDVWUXFWXUH VL]LQJ HOHFWULF SURSXOVLRQ RSWLPDO DLUSRUW
UHFRQILJXUDWLRQFRVWPRGHO
1

INTRODUCTION

$Q HQDEOLQJ IDFWRU IRU WKH LQWURGXFWLRQ RI DQ DOOHOHFWULF RU K\EULGHOHFWULF IOHHW LQ WKH DLU
WUDQVSRUWV\VWHPLVWKHVHWXSRIDVXLWDEOHJURXQGLQIUDVWUXFWXUH$QHHGIRUDQLQFUHDVHGHOHFWULF
SRZHUVXSSO\KDVWREHDFFRXQWHGIRULQWKHUHFRQILJXUDWLRQRIDQH[LVWLQJDLUSRUWV,QGHHGWKH
SULFHRIHOHFWULFHQHUJ\ ZRXOGFRPHWRUHSUHVHQWDPRUHUHOHYDQWFRVW7KHHQHUJ\SXUFKDVH
SULFHLVW\SLFDOO\DIXQFWLRQRIWLPHFKDQJLQJJUHDWO\RYHUDGDLO\RUZHHNO\SHULRGUHDFKLQJ
XSWRWZRWLPHVDQGIRXUWLPHVWKHPLQLPXPUHVSHFWLYHO\RYHUWKHVHWLPHIUDPHV>@$VPDUW
VFKHGXOLQJRIWKHUHFKDUJLQJDFWLYLWLHVVKRXOGEHSXUVXHGWRUHGXFHWKHHQHUJ\VXSSO\FRVW
6XFKVPDUWUHFKDUJHSODQQLQJLVFOHDUO\FRQQHFWHGZLWKWKHWHFKQRORJLFDOFRQVWUDLQWVLQKHUHQW
WRDYDLODEOHRQERDUGV\VWHPVDQGJURXQGUHFKDUJLQJIDFLOLWLHV>@7KHVHFDQEHUHGXFHGWR
WZREDVLFW\SHV>@EDWWHU\UHFKDUJLQJVWDWLRQV %56 DQGEDWWHU\VZDSSLQJVWDWLRQV %66 
%DWWHU\ UHFKDUJLQJ VWDWLRQV DUH FRQFHSWXDOO\ VLPLODU WR IXHO UHILOOLQJ VWDWLRQV $ PDMRU
VKRUWFRPLQJDVVRFLDWHGZLWK%56LVWKHIDFWWKDWKHDYLHUDQGKLJKHUSHUIRUPLQJDLUFUDIW±HJ
WRGD\¶VOLQHUV±ZRXOGQHHGDPRXQWVRIEDWWHU\HQHUJ\LQWKHRUGHURI0:K 0:KIRUDQ
DLUFUDIWWKHZHLJKWRID%GHSHQGLQJRQWKHPLVVLRQ>@ ZKLFKLQWXUQZRXOGWUDQVODWH
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LQWRDQXQDFFHSWDEOHUHFKDUJLQJWLPHWRWDOO\LQFRPSDWLEOHZLWKWKHXVXDOWXUQDURXQGRIDOLQHU
7KHXVXDON9$SRZHUOLQHVDQGFRQQHFWRUVFXUUHQWO\GHSOR\HGWRVXSSO\DLUFUDIWV\VWHPVRQ
JURXQG FRXOG EH PXOWLSOLHG WR LQFUHDVH SRZHU VXSSO\ EXW EHVLGHV SURFXUHPHQW FRVW IRU WKH
KDUGZDUHWKLVZRXOGLPSDFWRQWKHSHDNSRZHUUHTXLUHGIURPWKHJULGZKLFKLVUHVSRQVLEOHIRU
SDUWRIWKHHQHUJ\VXSSO\FRVWWRJHWKHUZLWKWKHDFWXDOHQHUJ\DFTXLUHG,QWKH,WDOLDQHQHUJ\
VXSSO\VFHQDULRWKHFRVWRIDOORZHGSHDNSRZHULVUHVSRQVLEOHIRURIWKHRYHUDOOHOHFWULF
HQHUJ\FRVWIRUDW\SLFDOXVHU>@
$QDOWHUQDWLYHWR %56 DUH%66ZKLFKDOORZUHFKDUJLQJEDWWHULHVZKLOHXQSOXJJHGIURP WKH
DLUFUDIW3URYLGHGDVXLWDEOHQXPEHURIXQSOXJJHGEDWWHULHVLVDYDLODEOHDVPDUWVFKHGXOLQJRI
WKH UHFKDUJH VLPXOWDQHRXVO\ FRPSDWLEOH ZLWK DLU RSHUDWLRQV DQG VXFK WR PLQLPL]H SRZHU
DFTXLVLWLRQ FRVW FDQ EH HQYLVDJHG &OHDUO\ D ODUJHU DPRXQW RI EDWWHULHV UHSUHVHQWV D KLJKHU
DFTXLVLWLRQFRVWDQGDQLQFUHDVHGORJLVWLFDOHIIRUW EDWWHULHVQHHGWREHWUDQVSRUWHGIURPDQGWR
WKHDLUFUDIWDVZHOODVVDIHO\VWRUHGDIWHUUHFKDUJHDQGEHIRUHEHLQJSOXJJHGLQ )XUWKHUPRUH
VLPLODU WR %56 UHFKDUJLQJ SRZHU LV OLPLWHG IRU D VLQJOH %66 KHQFH D KLJKHU QXPEHU RI
VLPXOWDQHRXVEDWWHU\UHFKDUJHVZRXOGLPSO\DODUJHUQXPEHURI%66ZLWKDQHQVXLQJKLJKHU
DFTXLVLWLRQFRVW
7KHVH IDFWRUV ± UHTXLUHG HQHUJ\SRZHU VXSSO\ QXPEHU RI %56 DQG %66 DQG QXPEHU RI
EDWWHULHV±FRQVWLWXWHWKHPDLQRXWSXWRIDVL]LQJSUREOHPZKHUHWKHVFKHGXOHRIDLURSHUDWLRQV
LHQXPEHUDQGWLPHIUDPHVLVJLYHQLQLQSXW)URPWKHYLHZSRLQWRIDJURXQGRSHUDWRUWKH
UHFRQILJXUDWLRQRIDQDLUILHOGIRURSHUDWLRQVZLWKDOOHOHFWULFRUK\EULGHOHFWULFDLUFUDIWVKRXOG
LPSO\GHILQLQJWKHVHRXWSXWLQRUGHUWRJUDQWPLQLPXPSURFXUHPHQWDQGRSHUDWLYHFRVWV
$GLIIHUHQWVFHQDULRLVUHSUHVHQWHGE\DLUILHOGVZKHUHDVLQJOHFRPSDQ\LVVLPXOWDQHRXVO\DFWLQJ
DV JURXQG RSHUDWRU DQG RZQHU RI D IOHHW ,Q VRPH FDVHV PRVW W\SLFDOO\ RQ VPDOOHU DLUILHOGV
VHUYLQJDVEDVHVIRUIO\LQJVFKRROVWKHRSHUDWLRQVRIWKDWIOHHWPDNHIRUQHDUO\WKHWRWDORIDOO
DLURSHUDWLRQV)RUVXFKVFHQDULRWKHVWXG\RIIOHHWVZLWFKLQJWRLQQRYDWLYHSURSXOVLRQVKRXOG
DFFRXQWIRUWKHSURFXUHPHQWFRVWRIQRYHODLUFUDIWVXFKWRJUDQWWKHVDPHRSHUDWLYLW\OHYHORID
FRQYHQWLRQDOIXHOEXUQLQJIOHHW\LHOGLQJDQH[WHQGHGVL]LQJSUREOHPZKHUHDQRSWLPDOQXPEHU
RIDLUFUDIWLVREWDLQHGDVDQRXWSXWWRJHWKHUZLWKDVXLWDEO\VL]HGJURXQGLQIUDVWUXFWXUH
7KHODWWHUVFHQDULRLVRIJUHDWLQWHUHVWWRGD\ZKHQWKHHFRQRPLFSURILWDELOLW\RIIOHHWVZLWFKLQJ
WRHOHFWULFSURSXOVLRQKDVWREHDVVHVVHGLQGHWDLO/RZHUDEVROXWHFRVWVIRUERWKSURFXUHPHQW
DQGRSHUDWLRQVDVZHOODVLWVOLPLWHGLPSDFWRQWKHH[LVWLQJDLUWUDQVSRUWV\VWHPPDNHWKHIO\LQJ
VFKRRORUDHURFOXEFDVHPRUHOLNHO\WRWUDQVODWHLQWRDUHDOILHOGDSSOLFDWLRQ
,Q WKLV SDSHU D FRPSUHKHQVLYH RULJLQDO PHWKRG WR IDFH WKH SUREOHP RI RSWLPDOO\ VL]LQJ WKH
JURXQG LQIUDVWUXFWXUH DQG IOHHW ZLOO EH RXWOLQHG ILUVW $Q DSSOLFDWLRQ RI WKDW PHWKRG WR WKH
UHFRQILJXUDWLRQ RI WKH 0LODQR %UHVVR /,0%  DLUSRUW ZLOO EH SUHVHQWHG QH[W 7KLV DLUSRUW LV
RSHUDWHGE\WKHFRPSDQ\$HUR&OXE0LODQR>@ZKLFKDFWVDVDLUSRUWPDQDJHUDQGRZQVDQ
DLUFUDIWIOHHWXVHGIRULQVWUXFWLRQDODVZHOODVVSRUWIOLJKWV
2

GROUND INFRASTRUCTURE AND FLEET RECONFIGURATION:
ANALYTIC APPROACH

7KH DLUSRUW LQIUDVWUXFWXUH DQG DLUFUDIW IOHHW VL]LQJ LQWURGXFHG LQ 6HFWLRQ  FDQ EH PRGHOOHG
DQDO\WLFDOO\DVDQRSWLPL]DWLRQSUREOHP)URPDQRSHUDWRUVWDQGSRLQWWKHRSWLPXPUHSUHVHQWV
DEDODQFHEHWZHHQWKHQHHGWRJUDQWDQDVVLJQHGRSHUDWLYLW\OHYHOLHDIOLJKWVFKHGXOHDQGWKDW
RIPLQLPL]LQJSURFXUHPHQWDQGRSHUDWLYHFRVW
,Q PDWKHPDWLFDO WHUPV D VXLWDEOH FRVW IXQFWLRQ  FDQ EH EXLOW XS EDVHG RQ FRVW FKDSWHUV DV
IROORZV
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DQG UHSUHVHQWWKHFRVWRIWKHHOHFWULFHQHUJ\
ZKHUHWKHFRPSRQHQWV 
SXUFKDVHGIURPWKHJULGWKHFRVWRISHDNSRZHUWKHSURFXUHPHQWFRVWRIWKHEDWWHU\VZDSSLQJ
VWDWLRQVDQGRIWKHUHFKDUJLQJVWDWLRQVRIWKHEDWWHULHVDQGRIWKHDLUFUDIWUHVSHFWLYHO\,QVHHNLQJ
IRU DQ RSWLPXP RI WKH FRVW IXQFWLRQ  VRPH FRQVWUDLQWV QHHG WR EH FRQVLGHUHG FDSDEOH RI
PRGHOOLQJLQKHUHQWWHFKQRORJLFDOOLPLWVDVZHOODVPDWKHPDWLFDOO\IRUPXODWLQJWKHSK\VLFVRI
UHFKDUJLQJ RSHUDWLRQV ,Q RUGHU WR FRUUHFWO\ HYDOXDWH WKH FRQVWUDLQWV WKH G\QDPLFV RI WKH
LQIUDVWUXFWXUHDUHLQWHJUDWHGRYHUDVXLWDEOHWLPHIUDPHRIOHQJWK 7KHSUREOHPLVDOORFDWHGRQ
DGLVFUHWHWLPHJULGZKHUHWKHOHQJWKRIHDFKWLPHVWHSLV 
7KHFRVWFRPSRQHQWVDQGFRQVWUDLQLQJHTXDWLRQVZLOOEHGHVFULEHGLQWKHIROORZLQJVXEVHFWLRQV
KLJKOLJKWLQJWKHLUUHVSHFWLYHGHSHQGHQFLHV
2.1

Cost components

7KHFRVWFRPSRQHQWVLQ(TFDQEHH[SUHVVHGDVIROORZV7KHFRVWRIWKHHQHUJ\VXSSO\ LV
SXUFKDVHGIURPWKH JULGRYHUD JLYHQSHULRGDQGWR WKH
ERXQGWR WKHHQHUJ\ DPRXQW
PRQHWDU\YDOXHSHUHQHUJ\XQLW
'XHWRWKHYHU\ORZIUHTXHQFLHVLQWKHHYROXWLRQRIERWK
IXQFWLRQVRIWLPH FRPSDUHGWRDGD\WLPHVFDOH SURYLGLQJGHILQLWLRQVLQGLVFUHWHWLPHLVPRUH
W\SLFDOWRWKLVW\SHRISUREOHP7KHUHIRUHLWLVSRVVLEOHWRZULWH








ZKHUHWKHYDOXHRI UHSUHVHQWVWKHHQHUJ\DFTXLUHGEHWZHHQWKHFXUUHQWWLPH DQGWKHQH[W
RQH&RQFHUQLQJ(TLWZRXOGEHHDV\WRLQFOXGHDQHJDWLYHFRVWERXQGWRSXWWLQJHQHUJ\LQWR
WKH JULG 7KH DELOLW\ WR VWRUH HQHUJ\ LQ VSDUH EDWWHULHV ZKLFK DUH QRW RQERDUG PD\ JDLQ WKH
JURXQGRSHUDWRUWKHFKDQFHWRUHVHOOHQHUJ\WRWKHJULGDWWLPHVZKHQLWVYDOXHLVKLJKHU7KLV
DVSHFW ZDV LQYHVWLJDWHG DW D WKHRUHWLFDO OHYHO EXW LV QRW RI LQWHUHVW IRU WKH FDVH RI VPDOOHU
DLUSRUWV IRU WKH DEVROXWH JDLQ REWDLQHG VHOOLQJ WKH HQHUJ\ FRUUHVSRQGLQJ WR WKH FDSDFLW\ RI
VPDOOHU EDWWHULHV ZRXOG EH VPDOO DQG ZRXOG FRPH DW WKH SULFH RI D VLJQLILFDQWO\ LQFUHDVHG
V\VWHPFRPSOH[LW\
&OHDUO\WKHYDOXHIURP(TLVDIXQFWLRQRIWKHWLPHIUDPH FRQVLGHUHGIRUWKHDQDO\VLV7KDW
YDOXH VKRXOG EH WDNHQ FRQVLVWHQWO\ ZLWK WKH GHILQLWLRQV RI WKH RWKHU FRPSRQHQWV RI  DV
GHVFULEHGWKURXJKWKHQH[WHTXDWLRQV
7KHFRVWRISRZHUFDQEHH[SUHVVHGDV

 


  

ZKHUH


 DQG
 DUH WKH QXPEHU DQG QRPLQDO SRZHU RI %66 DQG %56
UHVSHFWLYHO\7KHVXPEHWZHHQEUDFHVUHSUHVHQWVQRPLQDOSHDNSRZHULHWKHSRZHUQHHGHGLQ
FDVHDOO%66DQG%56DUHRSHUDWLQJVLPXOWDQHRXVO\7KH WHUPUHSUHVHQWVWKHFRVWSHUXQLW
SHDNSRZHUSHUPRQWKDQGWKHYDOXHRI WKHQXPEHURIGD\VLQWKHFRQVLGHUHGDQDO\VLV

LQDPRQWK7KHYDOXHRI LPSOLFLWO\GHILQHVWKHOLPLWIRUWKHVXPLQ(T
7KHFRPSRQHQW
UHSUHVHQWVWKHSURFXUHPHQWFRVWRIWKH%66DQGFDQEHZULWWHQDV





  

LVWKHDFTXLVLWLRQFRVWSHUXQLWRIWKH%66DQG
WKHH[SHFWHGOLIHVSDQRIWKH
ZKHUH
GHYLFH7KHUHIRUH
UHSUHVHQWVWKHUHODWLYHH[WHQVLRQRIWKHDQDO\VLVPHDVXUHGLQGD\VRYHU
WKH H[SHFWHG OLIHVSDQ RI WKH GHYLFH 7KH FRVW RI WKH XQLW %66 FDQ EH GHILQHG EDVHG RQ D
WHFKQRORJLFDOUHJUHVVLRQDVDIXQFWLRQRI
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,QDVLPLODUIDVKLRQWKHFRVWPRGHOIRU%56FDQEHZULWWHQDV

7KHFRVWPRGHOIRUEDWWHULHV\LHOGV








  

ZKHUH LVWKHFRVWSHUEDWWHU\,WVKRXOGEHQRWHGWKDWDWDWKHRUHWLFDOOHYHOFRQVLGHULQJD
VXIILFLHQWO\ORQJWLPHIUDPHIRUWKHFRPSXWDWLRQRIFRVWGULYLQJWKHQXPEHURIWRWDOEDWWHULHV
WRDPLQLPXPZRXOGQRWLPSO\DORZHURYHUDOOEDWWHU\FRVWEXWRQO\DORZHULQLWLDOSURFXUHPHQW
FRVW$ORZHUQXPEHURIEDWWHULHVZRXOGLPSO\HDFKRIWKHPVKRXOGVXVWDLQPRUHFKDUJHDQG
GLVFKDUJHF\FOHV7KLVLQWXUQZRXOGGHFUHDVHWKHLUOLIHPRUHUDSLGO\LPSO\LQJPRUHEDWWHULHV
ZRXOGEHQHHGHGRQWKHORQJUXQZLWKDQHQVXLQJKLJKHURYHUDOOFRVW2QWKHRWKHUKDQGD
KLJKHU QXPEHU RI VSDUH EDWWHULHV ZRXOG HQWDLO D KLJKHU LQLWLDO SURFXUHPHQW FRVW DQG WKHLU
HIILFLHQWXVHZRXOGEHDVVRFLDWHGLQWXUQWRDKLJKHUQXPEHURI%66,QWKLVVHQVHWKH WHUP
PDNHVVHQVHRQO\RQDWLPHIUDPHVXIILFLHQWO\OLPLWHGZLWKUHVSHFWWRWKHEDWWHU\OLIHVSDQ
)LQDOO\WKHDLUFUDIWSURFXUHPHQWFRVW FDQEHDUUDQJHGVLPLODUO\WR(TDQGSURSRUWLRQDO
WRWKHQXPEHURIDLUFUDIW
QHHGHGIRURSHUDWLYLW\\LHOGLQJ

 





ZKHUH LVWKHDLUFUDIWSURFXUHPHQWFRVWSHUXQLWDQG WKHH[SHFWHGOLIHVSDQRIWKHDLUFUDIW
2.2

 




  






Constraints

7KH SDUDPHWHUV LQIOXHQFLQJ WKH FRPSRQHQWV RI WKH FRVW IXQFWLRQ QHHG WR VDWLVI\ DQ DUUD\ RI
FRQVWUDLQWVZKLFKUHIOHFWERWKWHFKQRORJLFDOOLPLWVDQGPRGHOVRIWKHUHFKDUJLQJSURFHVVHV
7KH VWDWH RI FKDUJH
 RI WKH WK EDWWHU\ DW WLPH LQGH[  VKRXOG EH EHWZHHQ D
 DQG D PD[LPXP
 DV UHTXLUHG E\ WHFKQRORJLFDO OLPLWV 7KLV LV
PLQLPXP
H[SUHVVHGE\(T




  

%DWWHU\ FKDUJLQJFDQEH FDUULHGRXW WKURXJK D%66RU%56%DWWHU\FKDUJLQJ SRVLWLYH UDWH
FDQQRWH[FHHGDWHFKQRORJLFDOOLPLWH[SUHVVHGE\DQRPLQDO
7KLV\LHOGV

















$WDQ\WLPHDEDWWHU\FDQEHUHFKDUJHGRQO\LILWLVOLQNHGWRD%66RU%56DQGWKLVLVUHWXUQHG
E\WKHELQDU\YDULDEOHV DQG LQ(TZKLFKZLOOEHLIWKHEDWWHU\LVOLQNHGWRD%66RU
%56GHYLFHUHVSHFWLYHO\DQGQXOORWKHUZLVH7ZRVHSDUDWHFRQVWUDLQLQJHTXDWLRQVDUHZULWWHQ

LQFDVHWKHEDWWHU\LVOLQNHGWRHLWKHUD%66RU%567ZRIXUWKHUELQDU\YDULDEOHV DQG
DUHDGGHGWRH[FOXGHVLPXOWDQHRXVUHFKDUJLQJRIWKHVDPHEDWWHU\IURPD%66DQGD%56±WKHLU
VXPLVFRQVWUDLQHGXQGHU
$ IXUWKHU FRQVWUDLQLQJ HTXDWLRQ LV UHSUHVHQWHG E\ WKH HQHUJ\ EDODQFH IRU WKH WK EDWWHU\
\LHOGLQJ
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ZKHUH LVWKHHIILFLHQF\RIWKH UHFKDUJLQJSURFHVV7KHLQLWLDOYDOXHRIWKHVWDWHRIFKDUJH
QHHGVWREHDVVLJQHG7KHHQHUJ\DPRXQWDFTXLUHGIURPWKHJULGDQGFRUUHVSRQGLQJWR
WKHUHFKDUJHSRZHULV

 


  

ZKHUHWKHVXPKDVWREHFDUULHGRXWRQWKHQXPEHURIDFWLYHFKDUJLQJGHYLFHV %66DQG%56 
0RUHELQDU\YDULDEOHVDQGFRUUHVSRQGLQJFRQVWUDLQWVDUHGHSOR\HGDWDQLPSOHPHQWDWLRQOHYHO
WRJUDQWFRQVLVWHQF\ZKHQUHGXFLQJDOOFRQVWUDLQLQJHTXDWLRQVWRDOLQHDUIRUP
2.3

Optimization structure and implementation aspects

7KHRSWLPL]DWLRQRIWKHFRVWIXQFWLRQLQ(TLVFDUULHGRXWEDVHGRQDGHVLUHGRSHUDWLYLW\GDWD
7KHIOLJKWVFKHGXOHLVDVVLJQHGRYHUDFRQVLGHUHGWLPHIUDPH\LHOGLQJDQXPEHURIDLUFUDIWWKDW
QHHGWREHDLUERUQHDWDQ\FROORFDWLRQSRLQW7KHQXPEHURIDLUFUDIWEDWWHULHVDQGUHFKDUJLQJ
GHYLFHVLVWKHQVWHHUHGE\WKHRSWLPL]HUWR\LHOGWKHPLQLPXPFRVWDVGHILQHGE\(T
5HWULHYLQJ WKH H[SUHVVLRQ RI  IURP (T  LW FDQ EH QRZ FRPSXWHG DV D IXQFWLRQ RI WKH


 DQG
2WKHUTXDQWLWLHVDSSHDULQJLQ(T
RSWLPL]DWLRQYDULDEOHVRI 
WRQDPHO\ 

 




  DQG FDQEHFRQVLGHUHG
DV DVVLJQHG WHFKQRORJLFDO SDUDPHWHUV )XUWKHU RSWLPL]DWLRQ SDUDPHWHUV LQFOXGH WKH ELQDU\
YDULDEOHV DSSHDULQJ LQ WKH FRQVWUDLQLQJ (T  DQG WKRVH UHTXLUHG WR H[SUHVV DOO FRQVWUDLQWV
WKURXJKOLQHDUHTXDWLRQV7KHUHVXOWLQJRSWLPL]DWLRQSUREOHPLVEDVHGRQDPL[RIGLVFUHWHDQG
QRQGLVFUHWH YDULDEOHV DQG FDQ EH IDFHG YLD GHGLFDWHG 0,3 PL[HGLQWHJHU SURJUDPPLQJ 
VROYHUV
$QDQDO\VLVRQVXLWDEO\ VLPSOLILHGFDVHVWXGLHVKDVEHHQFDUULHGRXWWR FKHFNWKHSUREOHPLV
ZHOOSRVHGDQGYDOLGDWHUHVXOWVDVZHOODVWHVWLQJWKHSHUIRUPDQFHRIGLIIHUHQWFRPPHUFLDO0,3
VROYHUV7KHVHOHFWHGVROXWLRQDOJRULWKPLV*852%,ZKLFKLPSOHPHQWVD0,/3 PL[HGLQWHJHU
OLQHDU SURJUDPPLQJ  DSSURDFK IXOO\ FRPSDWLEOH ZLWK D OLQHDU IRUPXODWLRQ RI WKH RSWLPDO
SUREOHP
3

INFRASTRUCTURE AND FLEET RECONFIGURATION AT MILAN
BRESSO

7KHSURFHGXUHLQWURGXFHGLQ6HFWLRQFDQEHDSSOLHGWRWKHDQDO\VLVRIWKHUHFRQILJXUDWLRQRI
WKH DLUSRUW EDVH DQG IOHHW RI $HUR &OXE 0LODQR $&0  ZKLFK RSHUDWHV IURP 0LODQ %UHVVR
/,0% 
7KH0LODQ%UHVVRDLUILHOGIHDWXUHVDVLQJOH[PDVSKDOWUXQZD\ZKLFKGRHVQRWSRVH
OLPLWV WR WHUPLQDO RSHUDWLRQV E\ DQ\ DLUFUDIW LQ WKH VLQJOHHQJLQH SURSHOOHUGULYHQ ZHLJKW
FDWHJRU\ 7KH FXUUHQW IOHHW RI WKH $&0 LV FRPSRVHG RI  DLUFUDIW RI ZKLFK  DUH VLQJOH
HQJLQHSURSHOOHUGULYHQ,QWKHFXUUHQWDQDO\VLVLWKDVEHHQK\SRWKHVL]HGWRVZLWFKIURPWKH
FXUUHQW DLUFUDIW PRGHOV PDLQO\ &HVVQD & DQG 3LSHU 3$ WR D KRPRJHQHRXV IOHHW RI
3LSLVWUHO 3DQWKHUD +\EULG >@ ZKLFK LV LQ DQ DGYDQFHG GHVLJQ VWDJH XQGHU WKH DXVSLFHV RI
SURMHFW0$+(3$>@7KHEDVLFIHDWXUHVRIWKHEDWWHU\RIWKLVDLUFUDIWDUHUHSRUWHGLQ7DEOH

RIWKH
,QRUGHUWRDQDO\WLFDOO\VHWXSWKHVL]LQJSUREOHPWKHUHFKDUJHSRZHUYDOXHV
JURXQGUHFKDUJLQJGHYLFHVKDYHEHHQGHILQHGDWWKHQRPLQDOUHFKDUJHSRZHURIWKHDLUFUDIWLH
N:6LPLODUO\WKHPD[LPXP
WKHUHFKDUJHHIILFLHQF\ DQGWKHXQLWFRVW KDYH
EHHQGHILQHGEDVHGRQWKHGDWDLQ7DEOH
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Parameter
1RPLQDOFDSDFLW\
8VDEOHFDSDFLW\
/LIH#'2'
&KDUJLQJHIILFLHQF\
&KDUJLQJSRZHU

Value
N:K
N:K
F\FOHV

N:

7DEOH%DVLFGDWDRI3LSLVWUHO3DQWKHUD+\EULGEDWWHU\

7KHXQLWFRVWRIWKHUHFKDUJLQJGHYLFHV
DQG
KDVEHHQIL[HGDWN¼EDVHGRQD
WHFKQRORJLFDOVWDWLVWLFDOUHJUHVVLRQIRUWKHFRQVLGHUHGUHFKDUJHSRZHURIN:>@
3.1

Simplified sizing problem

7KHVL]LQJSUREOHPKDVEHHQFDUULHGRXWDWILUVWIRUDVLPSOLILHGVFHQDULRZKHUHRQO\%66DUH
FRQVLGHUHG DVUHFKDUJLQJGHYLFHV7KLV \LHOGVDVLPSOLILFDWLRQ LQ WKHIRUPXODWLRQRIWKHFRVW
IXQFWLRQDQGFRQVWUDLQWV7KHWUDIILFGDWDLQLQSXWKDVEHHQWDNHQIURPWKHDFWXDORSHUDWLRQVRI
WKH$&0RQDJLYHQ6DWXUGD\LQ2FWREHU7KLVPRQWKLVDVVRFLDWHGWRWKHPRVWLQWHQVH
IO\LQJDFWLYLW\GXHWRWKHJRRGZHDWKHUDQGVKULQNLQJGD\OLJKWWLPH,WKDVEHHQVHOHFWHGEDVHG
RQDZRUVWFDVHFRQVHUYDWLYHDSSURDFKIRUWKHVL]LQJ
7KHVL]LQJDQDO\VLVKDVEHHQFDUULHGRXWILUVWFRQVLGHULQJDWLPHIUDPHRIDVLQJOHGD\DQGQH[W
RQWKHFRUUHVSRQGLQJZHHN7KHFRQVLGHUHGGLVFUHWL]DWLRQWLPH LVPLQXWHV7KHWRSSORWV
RI)LJXUHGLVSOD\WKHUHVXOWVLQWHUPVRIHOHFWULFHQHUJ\QHHGRYHUWLPHFRPSDUHGWRWKHVXSSO\
FRVWRIHQHUJ\LQ,WDO\EDVHGRQKLVWRULFDOGDWD RUDQJHOLQH 7KHUHVXOWVIRUWKHRQHGD\DQG
RQHZHHNFDVHVDUHVKRZQRQWKHOHIWDQGULJKWSORWVUHVSHFWLYHO\




D











 E 



)LJXUH(QHUJ\H[SHQGLWXUHDQGUHFKDUJLQJVFKHGXOHDW0LODQ%UHVVR%66RQO\ D EXVLHVWGD\ E 
EXVLHVWZHHN

2QWKHERWWRPSORWVWKHEDWWHU\UHTXLUHPHQWERXQGWRWKHDVVXPHGVFKHGXOHRIRSHUDWLRQVLV
UHSRUWHG,WLVSRVVLEOHWRQRWHKRZWKHRSWLPDOUHFKDUJHVWUDWHJ\WDNHVDGYDQWDJHRIWKHORZ
HQHUJ\ SULFH GXULQJ QLJKW KRXUV WR UHFKDUJH D ILUVW VHW RI EDWWHULHV 7KH UHPDLQLQJ UHFKDUJH
RSHUDWLRQV DUHFDUULHGRXW RQFRQGLWLRQ VRRQ DIWHUWKHEHJLQQLQJRIIOLJKW RSHUDWLRQVGXULQJ
GD\OLJKWKRXUV7KLVLVPRUHDGYDQWDJHRXVWKDQKDYLQJDODUJHUQXPEHURIEDWWHULHVFKDUJHG
DKHDGRIWKHLUUHVSHFWLYHWLPHRIXVH$IWHUXVHEDWWHULHVDUHQRWFKDUJHGXQWLODORZHUSRZHU
SURFXUHPHQWSULFHLVUHDFKHGLHDIWHUGD\OLJKWKRXUV
7DEOHFRPSDUHVWKHUHVXOWVRIWKHVL]LQJIRUWKHRQHGD\DQGRQHZHHNFDVHV$VH[SHFWHG
WKHQXPEHURIEDWWHULHVDQG%66LVWKHVDPHDV6DWXUGD\FRUUHVSRQGVWRWKHPRVWGHPDQGLQJ
GD\RIWKHZHHN7KHQXPEHURIDLUFUDIWQHHGHGWRFRYHUWKHRSHUDWLYHUHTXLUHPHQWVLVORZHU
WKDQWKHFXUUHQWIOHHWRI$&07KLVLVGXHWRWKHIDFWWKDWWKHVFHQDULRLQYHVWLJDWHGKHUHGRHV
QRWDFFRXQWIRUUHGXQGDQF\ZKLFKZRXOGEHUHTXLUHGLQUHDOZRUOGRSHUDWLRQVWRPLWLJDWHWKH
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HIIHFWRISURORQJHGXQDYDLODELOLW\RIVRPHDLUFUDIWUHVXOWLQJIURPPDLQWHQDQFHDQGIDXOWVQRULW
FRQVLGHUVWKDWVRPHDLUFUDIWZLWKVSHFLILFLQVWUXPHQWDWLRQFRQILJXUDWLRQDUHLQGHHGUHTXLUHGIRU
VSHFLILFPLVVLRQVOLNH,)5WUDLQLQJEXWDUHJHQHUDOO\IDUOHVVXVHGWKDQRWKHUVLQWKHFXUUHQW
$&0IOHHW


Parameter
1XPEHURIEDWWHULHV

1XPEHURIFKDUJHUV

1XPEHURIDLUFUDIW

5HFKDUJHGEDWWHULHV
2YHUDOOHQHUJ\UHTXLUHPHQW>N:K@
3HDNSRZHU>N:@
3RZHUORVVHV>0-@

One-day sizing








One-week sizing








7DEOH5HVXOWVRIVL]LQJFRPSDULVRQ

3.2

Complete sizing problem

,QDPRUHFRPSOHWHVFHQDULRERWK%66DQG%56DUHFRQVLGHUHG)RUWKHFDVHRI0LODQ%UHVVR
QR VXEVWDQWLDO GLIIHUHQFH LQ WKH RXWSXW RI WKH GHVLJQ SURFHGXUH KDV EHHQ KLJKOLJKWHG 7KH
UHFKDUJHWLPHE\D%56LVFRPSDWLEOHZLWKWKHPLQXWHVDYHUDJHWXUQDURXQGWLPHIRU$&0
RSHUDWLRQVWKXVWKHDGRSWLRQRID%56RU%66EHDUVDVLPLODULPSDFWRQRSHUDWLYLW\)LJXUH
KLJKOLJKWVWKHVLPLODULW\RIWKHVL]LQJVROXWLRQVLQWKHUHVSHFWLYHFDVHVZLWKERWK%56DQG%66
OHIW  DQG ZLWK %56 RQO\ ULJKW  %RWK FRPSDUH ZHOO ZLWK )LJXUH  D  ZKHUH RQO\ %66 DUH
FRQVLGHUHG



D









 E 



)LJXUH&RPSDULVRQRIVL]LQJVROXWLRQV D %66RQO\ E %66DQG%56

7KHEUHDNGRZQRIRSWLPDOFRVWFRUUHVSRQGLQJWRDVL]LQJVROXWLRQZKHUHERWK%56DQG%66
DUHFRQVLGHUHGLVVKRZQLQ)LJXUH7KHULJKWSORWSUHVHQWVWKHFRVWFRPSRQHQWVGXHWRSRZHU
DVZHOODVSURFXUHPHQWRIUHFKDUJLQJGHYLFHVDQGEDWWHULHVPDJQLILHGZLWKUHVSHFWWRWKHOHIW
SORW7KHODWWHULV GRPLQDWHGE\DLUFUDIWDQG HQHUJ\SURFXUHPHQWFRVW 7KHFROXPQVUHIHUWR
VL]LQJVROXWLRQVZLWKGLIIHUHQWEDWWHU\XQLWFRVWSDUDPHWHU 
$VSUHYLRXVO\UHSRUWHGDFKDQJHLQWKLVTXDQWLW\KDVDQLQGLUHFWHIIHFWDOVRRQWKHQXPEHURI
FKDUJLQJGHYLFHV)URPWKHORZHUSORWVLQ)LJXUHPRYLQJOHIWZDUGVFROXPQE\FROXPQLWLV
SRVVLEOHWRFKHFNWKDWXQGHUDFHUWDLQ WKHVROXWLRQFKDQJHVWRDKLJKHUQXPEHURIUHFKDUJHUV
ZKLFK LQFUHDVH JUHDWO\ WKH UHFKDUJLQJ DELOLW\ RI WKH JURXQG LQIUDVWUXFWXUH DQG FRQVHTXHQWO\
\LHOGDORZHUQXPEHURIUHTXLUHGEDWWHULHV
4

CONCLUDING REMARKS

$PHWKRGWRUHVL]HDQH[LVWLQJDLUSRUWEDVHGRQWKHDGRSWLRQRIDK\EULGHOHFWULFIOHHWKDVEHHQ
LQWURGXFHG 7KH PHWKRG PLQLPL]HV WKH SURFXUHPHQW FRVW IRU DLUFUDIW DQG EDWWHU\ UHFKDUJLQJ
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GHYLFHV DV ZHOO DV WKH UXQQLQJ FRVW RI HQHUJ\ 7KLV UHVXOW LV REWDLQHG ZLWKRXW DOWHULQJ WKH
FDSDFLW\RIDQH[LVWLQJFRQYHQWLRQDOIOHHW$QDSSOLFDWLRQRIWKHPHWKRGRORJ\WRWKHFDVHRIWKH
IOHHWRI$HUR&OXE0LODQRKDVEHHQSUHVHQWHGKLJKOLJKWLQJLWVHIIHFWLYHQHVV




D






 E 



)LJXUH%UHDNGRZQRIFRVWIRUGLIIHUHQWYDOXHVRI  D *HQHUDOYLHZ E GHWDLORIVPDOOHUFRVW
FRPSRQHQWV

5
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AERODYNAMIC AND ACOUSTIC ANALYSIS OF A
PRELIMINARY PRANDTLPLANE CONFIGURATION
WITHIN THE FRAMEWORK OF THE PARSIFAL PROJECT
0&DULQL 00pKHXW/6DQGHUV


21(5$'$$$8QLYHUVLWp3DULV6DFOD\)0HXGRQ)UDQFH
PDUFRFDULQL#RQHUDIU



ABSTRACT
The present paper summarizes the main results obtained from the CFD analysis of a
reference boxwing configuration designed during the initial phase of the PARSIFAL project,
with focus on the assessment of its aerodynamic performance in the transonic regime. For
such purpose, high-fidelity RANS computations have been carried out and a detailed
inspection of the different drag sources, induced, wave and viscous drag components, is
presented. In addition, preliminary results from the acoustic analysis of such innovative
aircraft configuration are also discussed, concerning the impact of the engine location.
Keywords: $HURG\QDPLFV%R[ZLQJ3UDQGWO3ODQH)DUILHOGGUDJGHFRPSRVLWLRQ



1

INTRODUCTION

7KH SURMHFW 3$56,)$/ 3UDQGWOSODQH $5FKLWHFWXUH IRU WKH 6XVWDLQDEOH ,PSURYHPHQW RI )XWXUH
$LUS/DQHV  >@ DLPV DW GHILQLQJ WKH EDVLV WR LPSURYH WKH IXWXUH DLU WUDQVSRUW E\ HYDOXDWLQJ WKH
HIIHFWVRILQWURGXFLQJWKHLQQRYDWLYHER[ZLQJDLUFUDIWFDOOHG³3UDQGWO3ODQH´ 3U3 LQWRVHUYLFH
,QGHHG LW LV ZHOO NQRZQ IURP WKHRUHWLFDO YLHZSRLQW WKDW WKH 3U3 FRQILJXUDWLRQ SUHVHQWV WKH
PLQLPXPLQGXFHGGUDJ DPRQJDOOSRVVLEOH ZLQJ DUFKLWHFWXUHV DVVKRZQE\3UDQGWOLQ
>@DQGSURYHGLQ>@1RWZLWKVWDQGLQJWKH3U3FDQRIIHUVHYHUDODGGLWLRQDODGYDQWDJHVZUW
WKH WUDGLWLRQDO ³WXEH DQG ZLQJ´ FRQILJXUDWLRQ DOVR FRQFHUQLQJ HQJLQH LQWHJUDWLRQ VWUXFWXUH
GHVLJQ DQG RSHUDELOLW\ +RZHYHU DW WUDQVRQLF FUXLVH FRQGLWLRQV WKH DSSHDUDQFH RI VWURQJ
VKRFNV ZDYHV LQ SDUWLFXODU DW WKH MRLQHG ZLQJ WLSV DQG DW WKH ILQ FDQ VHULRXVO\ LPSDFW WKH
RYHUDOO3U3DHURG\QDPLFSHUIRUPDQFH$KLJKILGHOLW\SUHGLFWLRQDQGGHWDLOHGDQDO\VLVRIWKH
DHURG\QDPLF SHUIRUPDQFH RI VXFK DUFKLWHFWXUH LV WKHUHIRUH QHFHVVDU\ WR SURSHUO\ DVVHVV WKH
DIRUHPHQWLRQHG H[SHFWHG EHQHILWV DQG GHWHUPLQH WKH SRWHQWLDO LPSURYHPHQWV WKDW FDQ EH
DFKLHYHGE\DUHILQHGGHVLJQ
,QWKHSUHVHQWZRUNDQDHURG\QDPLFDQGDFRXVWLFDQDO\VLVRIWKHEDVHOLQH3UDQGWO3ODQH 3U3 
FRQILJXUDWLRQ ZKLFK GHILQHV WKH0LOHVWRQHRIWKH3$56,)$/SURMHFW06 LVSUHVHQWHG
7KLVEDVHOLQHFRQILJXUDWLRQLVLOOXVWUDWHGLQ)LJXUH D ,QDGGLWLRQWRWKLVFRQILJXUDWLRQVRPH
DQDO\VHVKDYHDOVREHHQSHUIRUPHGRQWKHLVRODWHGER[ZLQJOLIWLQJV\VWHP )LJXUHD DQGRQ
WKHXSGDWHG3U3FRQILJXUDWLRQVKRZLQJWKHLQWHJUDWLRQRIWKHYHUWLFDOWDLOV 06 )LJXUH
E 
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 D 







 E 

)LJXUH%DVHOLQH3U3FRQILJXUDWLRQV KDOIPRGHO  D 06 IXVHODJHZLWKLQWHJUDWHGER[ZLQJOLJKW
EOXH DQG06LVRODWHGER[ZLQJ UHG  E 06FRQILJXUDWLRQIHDWXULQJWKHLQWHJUDWLRQRIWKHYHUWLFDO
WDLO

2

AERODYNAMIC ANALYSIS

2.1

Computational approach

5$16FRPSXWDWLRQVKDYHEHHQFDUULHGRXWE\PHDQVRIWKHLQKRXVH21(5$ILQLWHYROXPH
VROYHU elsA 21(5$$LUEXV6DIUDQ SURSHUW\  XVLQJ DQ RYHUVHWJULG DSSURDFK %RG\ILWWHG
VWUXFWXUHG JULGV KDYH EHHQ JHQHUDWHG DURXQG WKH ER[ZLQJ OLIWLQJV\VWHP WKH IXVHODJH WKH
YHUWLFDO WDLO DQG DURXQG HDFK FRUUHVSRQGLQJ LQWHUVHFWLRQ ]RQH FROODU JULGV  $ &DUWHVLDQ
RFWUHH EDFNJURXQG PHVK KDV WKHQ EHHQ FUHDWHG DXWRPDWLFDOO\ XVLQJ WKH 21(5$ Cassiopée
VRIWZDUH OLEUDU\ ZLWK DQ H[WHQVLRQ RI QHDUO\  P  PHDQ DHURG\QDPLF FKRUGV  DZD\
IURP WKH DLUFUDIW VXUIDFH DORQJ WKH WKUHH VSDWLDO GLUHFWLRQV 7KH QRUPDO ZDOO VSDFLQJ LV NHSW
DOPRVWXQLIRUPHYHU\ZKHUHZLWKDVL]HRIaȝPFRUUHVSRQGLQJWRDPD[LPXP\aIRU
WKHFRQVLGHUHGFUXLVHFRQGLWLRQVRI0DFKQXPEHU0 DQGDOWLWXGHRIaNP7KHVWHDG\
5$16HTXDWLRQVDUHVXSSOHPHQWHGE\ZDOOYLVFRXVERXQGDU\FRQGLWLRQVRQWKHVROLGVXUIDFHV
E\ DSSURSULDWH IDUILHOG FRQGLWLRQV RQ WKH H[WHUQDO ERXQGDU\ RI WKH EDFNJURXQG JULG DQG E\
V\PPHWU\ SODQH FRQGLWLRQV DW \  P KDOIPRGHO VLPXODWLRQ  7KH Spalart-Allmaras
WXUEXOHQFHPRGHOZLWKWKH4&5FRUUHFWLRQ>@LVDGRSWHGDQGWKH-DPHVRQVFKHPHLVXVHGIRU
WKHLQYLVFLGIOX[GLVFUHWL]DWLRQ7KHUHVXOWLQJGLVFUHWL]HGHTXDWLRQVDUHVROYHGXVLQJSVHXGR
WLPH LWHUDWLRQV ZLWK GXDO WLPHVWHSSLQJ DQG PXOWLJULG DFFHOHUDWLRQ WR FRQYHUJH WRZDUGV WKH
GHVLUHG PHDQIORZVROXWLRQDWWKHEHVWDFFXUDF\LQWHUPVRIDHURG\QDPLF FRHIILFLHQWV DV DQ
H[DPSOHIRUFUXLVHFRQGLWLRQVDW$R$ GHJ ZKHUHQRVHSDUDWLRQVRFFXU WKHYDULDWLRQRI
WKHGUDJFRHIILFLHQWRYHUWKHODVWLWHUDWLRQVLVDVVPDOODVGF GF  
2.2

Detailed analysis at cruise conditions

7KHFRPSXWHGOLIW &/ $R$ DQGSRODU &/ &' FXUYHVIRUERWKWKHLVRODWHGER[ZLQJDQG
WKH3U3FRQILJXUDWLRQDWFUXLVHFRQGLWLRQVLH0DFK QXPEHU0  DQG 5H\QROGV QXPEHU
5H î DOWLWXGHNP DUHLOOXVWUDWHGLQ)LJXUH D DQG)LJXUH E UHVSHFWLYHO\
1RWHWKDWWKHDHURG\QDPLFFRHIILFLHQWVKDYHEHHQFRPSXWHGXVLQJWKH06UHIHUHQFHVXUIDFH
RIP7KLVH[SODLQVWKHGRZQZDUGVKLIWRIWKH3U3OLIWFXUYHFRPSDUHGWRWKHLVRODWHG
ER[ZLQJ GXH WR WKH LQFUHDVH RI WKH HIIHFWLYH OLIWLQJ VXUIDFH VHH )LJXUH D  IRU WKLV ODWWHU
JHRPHWU\ ZKLOH NHHSLQJ WKH VDPH UHIHUHQFH VXUIDFH IRU WKH DHURG\QDPLF FRHIILFLHQW
FRPSXWDWLRQ7KHUHVXOWVVKRZWKDWIRUERWKFDVHVWKHVWDOOVWDUWWRGHYHORSTXLWHHDUO\DWDQ
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LQFLGHQFH RI a GHJ ZKLFK OLPLWV WKH PD[LPXP OLIW FRHIILFLHQW DURXQG a  $ IDU
ILHOGGUDJGHFRPSRVLWLRQ>@KDVWKHQEHHQFDUULHGRXWIRUDILQHSHUIRUPDQFHDVVHVVPHQWE\
HYDOXDWLQJWKHGLIIHUHQWGUDJFRQWULEXWLRQV7KDQNVWRVXFKDQDO\VLVWKHSRODUFXUYHVRI)LJXUH
 E  DUH GHFRPSRVHG DFFRUGLQJ WR WKH FODVVLFDO GUDJ EUHDNGRZQ LQWR WKH GLIIHUHQW SK\VLFDO
VRXUFHVIULFWLRQGUDJ &'I YLVFRXVSUHVVXUHGUDJ &'YS ZDYHGUDJ &'Z DQGLQGXFHGGUDJ
&'L 7KHUHVXOWVDUHLOOXVWUDWHGLQ)LJXUH F $VH[SHFWHGWKHFRQWULEXWLRQRIWKHIULFWLRQ
GUDJ LV DOPRVW LQVHQVLWLYH WR WKH OLIW FRHIILFLHQW DQG WKH VKLIW RI a GF EHWZHHQ WKH WZR
FXUYHV LV PDLQO\ GXH WR WKH IXVHODJH GUDJ FRQWULEXWLRQ 7KH ZDYH GUDJ LV YHU\ VPDOO DW
QHJDWLYH YDOXHV RI $R$ DQG JUDGXDOO\ LQFUHDVHV XS WR a GF IRU &/ JUHDWHU WKDQ  $
VXGGHQ GUDJ ULVH LV REVHUYHG IRU WKH YLVFRXV SUHVVXUH GUDJ ZKHQ &/ LQFUHDVHV RYHU a
VXJJHVWLQJ WKH RQVHW RI D ODUJH VFDOH VHSDUDWLRQ ZKLFK KDV EHHQ FRQILUPHG E\ WKH IXUWKHU
LQVSHFWLRQRIWKHIORZVROXWLRQQRWVKRZQKHUH $WWKHVDPHWLPHWKHZDYHGUDJULVHLVQRWDV
UHJXODUDVH[SHFWHG7KLVLVGXHWRWKHIDFWWKDWDWORZ$R$WKHPDLQZDYHGUDJVRXUFHVDUH
ORFDWHG RQ WKH VXFWLRQ VLGH RI WKH ORZHU ZLQJ WLS QRW VKRZQ KHUH  ZKHUHDV DW KLJK $R$ D
VHSDUDWLRQRFFXUVLQWKLVUHJLRQZKLFKSUHYHQWVWKHGHYHORSPHQWRIWKHVWURQJVKRFNV\VWHP
SUHYLRXVO\REVHUYHG

D

E

F  G 

)LJXUH$HURG\QDPLFFRHIILFLHQWVFRPSXWHGIRUWKH063U3DQGWKHLVRODWHGER[ZLQJ D /LIW
FXUYH E 3RODUFXUYH F )DUILHOGGHFRPSRVLWLRQ G $HURG\QDPLFHIILFLHQF\/'DQGHTXLYDOHQW
2VZDOGIDFWRUHDVDIXQFWLRQRI&/IRUERWKWKH063U3DQGWKHFRUUHVSRQGLQJLVRODWHGER[ZLQJ
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7KHRYHUDOODHURG\QDPLFHIILFLHQF\/'DQGWKHHTXLYDOHQW2VZDOGHIILFLHQF\e ZKLFKKDV
EHHQFRPSXWHGEDVHGRQWKHH[WUDFWHGYDOXHVRI&'LWKHUHIHUHQFHVXUIDFHPðDQGWKH
VSDQP DUHLOOXVWUDWHGLQ)LJXUH G DVDIXQFWLRQRIWKHOLIWFRHIILFLHQW&/,QSDUWLFXODU
IRUERWKWKH06FRQILJXUDWLRQDQGWKHLVRODWHGER[ZLQJWKHPD[LPXPHIILFLHQF\LVDFKLHYHG
FORVH WR WKH FUXLVH GHVLJQ SRLQW DURXQG &/ a  DQG LW GURSV IURP a IRU WKH LVRODWHG
ER[ZLQJ WR a IRU WKH 3U3 FRQILJXUDWLRQ $V H[SHFWHG IRU D ER[ZLQJ DUFKLWHFWXUH WKH
2VZDOG HIILFLHQF\ LV JUHDWHU WKDQ  ZLWK e  DW WKH GHVLJQ FUXLVH SRLQW $R$  GHJ
&/  
2.3

Overall performance from low-speed to high-speed conditions

([WHQVLYH &)' 5$16 FRPSXWDWLRQV KDYH EHHQ FDUULHG RXW LQ RUGHU WR SURGXFH DQ
DHURG\QDPLFGDWDEDVHRIWKHEDVHOLQH3U3FRQILJXUDWLRQIRUGLIIHUHQWIOLJKWFRQGLWLRQVUDQJLQJ
IURPVXEVRQLFWRKLJKWUDQVRQLFUHJLPHVDWGLIIHUHQWDOWLWXGHVDVUHTXLUHGIRUDLUFUDIWPLVVLRQ
DQDO\VLV7KHVHIOLJKWFRQGLWLRQVDUHVXPPDUL]HGLQ7DEOH

Flight Condition
1
2
3
4
5
6
7
8
9

Altitude ft










Mach










7DEOH)OLJKWFRQGLWLRQVLQWHUPVRI0DFKQXPEHUVDQGDOWLWXGHVIRUWKH063U3DHURG\QDPLF
SHUIRUPDQFHGDWDEDVHJHQHUDWLRQ


7KH REWDLQHG OLIW SRODU FXUYHV DV ZHOO DV WKH H[WUDFWHG ZDYH GUDJ SRODU WKH WRWDO DQG WKH
2VZDOGHIILFLHQF\FXUYHVDUHLOOXVWUDWHGLQ)LJXUH,QSDUWLFXODULWFDQEHREVHUYHGWKDWDWXS
WR &/ a WKH 2VZDOG HIILFLHQF\ LV DOPRVW LQGHSHQGHQW RI ERWK 0DFK DQG DOWLWXGH ZKLFK
FRQILUPVWKHH[SHFWHGEHQHILWRIIHUHGE\WKHER[ZLQJDUFKLWHFWXUHRYHUDZLGHUDQJHRIIOLJKW
FRQGLWLRQV LQ WHUPV RI LQGXFHG GUDJ ,W LV DOVR REVHUYHG WKDW WKH ZDYH GUDJ EHFRPHV TXLWH
LPSRUWDQW E\ LQFUHDVLQJ 0DFK DERYH  WKXV FRUURERUDWLQJ WKH FKRLFH RI WKH YDOXH RI
0DFK  IRU WKH FUXLVH VSHHG 7KLV LV IXUWKHUPRUH VXSSRUWHG E\ LQVSHFWLQJ WKH WRWDO
DHURG\QDPLF HIILFLHQF\ UHSRUWHG LQ )LJXUH  H  7KH PD[LPXP HIILFLHQF\ RI a LV
DFKLHYHGDWORZVSHHGVIRU&/aDQGWKHQJUDGXDOO\UHGXFHVDV0DFKLQFUHDVHVGRZQWR
a DW 0DFK  IRU &/ a WKXV DOVR IHDWXULQJ D VKLIW RI WKH PD[LPXP /' WRZDUGV
ORZHUYDOXHVRIWKHOLIWFRHIILFLHQW1RWVXUSULVLQJO\DVDFRQVHTXHQFHRIWKHZDYHGUDJULVH
E\LQFUHDVLQJ0DFKIURPWRDVHYHUHHIILFLHQF\GURSRIaLVREVHUYHG

3

ACOUSTIC ANALYSIS

7KH LQLWLDO DFRXVWLF LQYHVWLJDWLRQV LQ 3$56,)$/ KDYH EHHQ GHGLFDWHG WR WKH DQDO\VLV RI WKH
EDVHOLQH FRQILJXUDWLRQ ZLWK D IRFXV RQ WKH LPSDFW RI L  WKH YHUWLFDO WDLO SODQH DQG LL  WKH
HQJLQHORFDWLRQ
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D  E 

F



 H 






G









)LJXUH063U3DHURG\QDPLFSHUIRUPDQFHIRUGLIIHUHQWIOLJKWFRQGLWLRQV D /LIWFXUYHV E 3RODU
FXUYHV F :DYHGUDJSRODUFXUYHV G 2VZDOGHIILFLHQF\FXUYHV H 7RWDODHURG\QDPLFHIILFLHQF\
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Computational approach

3.1.1 Underlying assumptions
6HYHUDODVVXPSWLRQVKDYHEHHQPDGHLQRUGHUWRVLPSOLI\WKHDFRXVWLFSUREOHPDQGREWDLQDQ
DIIRUGDEOH &38 FRVW IRU VHYHUDO FRPSXWDWLRQV FRUUHVSRQGLQJ WR GLIIHUHQW HQJLQH ORFDWLRQV
)LUVWRIDOOWKHHQJLQHQRLVHLVPRGHOHGDVDQDFRXVWLFSRLQWVRXUFHDQGWKHHQJLQHLVDVVXPHG
WR EH GLVORFDWHG RU LVRODWHG  IURP WKH DLUIUDPH WKXV QR VXSSRUW RI WKH HQJLQH LV WDNHQ LQWR
DFFRXQWLQWKHFRPSXWDWLRQV ,QDGGLWLRQVHYHUDO IORZHIIHFWVDUHQRWWDNHQLQWRDFFRXQW L 
WXUEXOHQFHLVRXWRIWKHVFRSHRIVXFKDVWXG\DQG LL JLYHQWKHORZIORZVSHHG 0DFKQXPEHU
ORZHUWKDQIRUWDNHRIIRUODQGLQJFRQGLWLRQV WKHFRQYHFWLRQHIIHFWRIWKHIORZFDQEH
QHJOHFWHG$VDILUVWVWHSWZRRWKHUVVLJQLILFDQWDVVXPSWLRQVKDYHEHHQPDGH L WKH'RSSOHU
HIIHFW LV QHJOHFWHG VR WKDW WKH DLUFUDIW LV PRGHOHG DV PRWLRQOHVV DQG LL  WKH HQJLQH QRLVH
VRXUFH LV DVVXPHG WR EH omni-directional VR WKDW LW FDQ EH PRGHOHG DV D PRQRSROH ZKLFK
UHVXOWVLQDJURVVDSSUR[LPDWLRQRIWKHQRLVHHPLWWHGE\DWXUERIDQ7KHPRQRSROHVRXUFHKDV
D FRQVWDQW SRZHU HPLVVLRQ DW DOO WKH FRPSXWHG IUHTXHQFLHV RI WKH WKLUGRFWDYH EDQGV XS WR
 >+]@ EDVHG RQ WKH FRPSXWHG IDQ DQG MHW EURDGEDQG QRLVH FRQWULEXWLRQV GXULQJ $
IO\RYHU LQYHVWLJDWLRQV DW WDNHRII FDUULHG RXW LQ DSUHYLRXV VWXG\>@*LYHQWKHORZHUVRXQG
SUHVVXUH OHYHOV RI WKH QRLVH EH\RQG  >+]@ DQG WKH LQFUHDVLQJ &38 FRVW IRU WKH
FRPSXWDWLRQDWKLJKHUIUHTXHQFLHVLQRXUHPSOR\HGDSSURDFKQRLVHIUHTXHQFLHVEH\RQG
>+]@DUHQHJOHFWHGLQWKLVSUHOLPLQDU\VWXG\
3.1.2 Computational method
(QJLQHLQWHJUDWLRQRQDLUFUDIWUHTXLUHVDQHYDOXDWLRQRIWKHDFRXVWLFLQVWDOODWLRQHIIHFWDQGWKH
%RXQGDU\(OHPHQW0HWKRG %(0 FDQWDNHLQWRDFFRXQWFRPSOH[JHRPHWULHVVXFKDVWKHRQH
RI D 3U3 FRQILJXUDWLRQ 7KH FRUUHVSRQGLQJ FRPSXWDWLRQDO FRVW LV SURSRUWLRQDO WR WKH WKLUG
SRZHU RI WKH IUHTXHQF\ RI WKH DFRXVWLF VRXUFH VR LWV XVH LV OLPLWHG WR ORZ DQG PHGLXP
IUHTXHQFLHV $V VWDWHG SUHYLRXVO\ WKH SHUIRUPHG FRPSXWDWLRQV KDYH EHHQ IRFXVHG RQ WKH
IUHTXHQF\ UDQJH RI  >+]@ ZKLFK LV GRPLQDWLQJ WKH HQJLQH QRLVH HPLVVLRQV DQG
FRPSXWDWLRQV DUH UXQ IRU WKH FHQWUDO IUHTXHQFLHV RI WKH WKLUGRFWDYH EDQGV LQFOXGHG LQ WKLV
IUHTXHQF\UDQJH7KUHHVXUIDFHPHVKHVZKRVHWULDQJOHVVL]HLVDQGPPDQGQRGHV
QXPEHU   DQG  UHVSHFWLYHO\ KDYH EHHQ FUHDWHG IRU WKH FRPSXWDWLRQV
)LJXUH  LOOXVWUDWHV WKH JHQHUDO %(0 DSSURDFK LQ WKH FDVH RI HQJLQH QRLVH 7KH HQJLQH
DFRXVWLFVRXUFHLVDVVXPHGWREHLVRODWHGIURPWKHVFDWWHULQJDLUFUDIWVXUIDFHDQGLWVDFRXVWLF
HPLVVLRQLVPRGHOHGLQWKHSUHVHQWFDVHE\DPRQRSROH


)LJXUH6NHWFKRIWKH%RXQGDU\(OHPHQW0HWKRG %(0 DSSURDFKIRULQVWDOOHGHQJLQHQRLVH


%(0 LV WKHQ HPSOR\HG WR FRPSXWH WKH SUHVVXUH VFDWWHUHG E\ WKH DLUFUDIW VXUIDFH IURP WKH
LQFLGHQWILHOG7KHWRWDOSUHVVXUHRQWKHJURXQGPDSLVILQDOO\PLUURUHGDFFRUGLQJWRWKH\ 
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SODQH LQ RUGHU WR WDNH LQWR DFFRXQW WZR V\PPHWULF HQJLQHV DQG WKH WZR SUHVVXUH ILHOGV DUH
VXPPHGZLWKRXWDQ\FRKHUHQFHDVVXPSWLRQ
3.1.3 Assessment methodology
$JURXQGPDSXQGHUWKHPRWLRQOHVVDLUFUDIWLVWKHQFRPSXWHGWRDVVHVVWKHQRLVHLPSDFWRIWKH
LQVWDOOHG HQJLQH WRZDUGV WKH JURXQG DV LOOXVWUDWHG LQ )LJXUH  ,W LV FRPSRVHG RI 
PLFURSKRQHV$PHWULFLVDOVRGHILQHGWRWDNHLQWRDFFRXQWWKHVFDWWHULQJRIWKHHQJLQH,WLV
σ | ()|²


QDPHG Scattering Factor ܼ  DQG LV GHILQHG DV  ܼ = 10 ݈݃ כଵ ൜σ |

FHQWUDOIUHTXHQF\RIWKHWKLUGRFWDYHEDQGVIURPWR+]




 ()|²

ൠ  ݂ EHLQJ WKH



Front view
Side view
)LJXUH1RLVHJURXQGPDSGHILQLWLRQ EOXHFRORU XQGHUWKHDLUFUDIW


3.2

Aircraft configurations

7KH WZR GLIIHUHQW 3U3 FRQILJXUDWLRQV FRQVLGHUHG IRU FRPSXWDWLRQV LH WKH 06 DQG WKH
06 )LJXUH DOORZDSUHOLPLQDU\ DVVHVVPHQWRIWKHDFRXVWLF LPSDFWRIWKHYHUWLFDOWDLO
SODQH DQG RI WKH HQJLQH ORFDWLRQ ,Q SDUWLFXODU WKUHH GLIIHUHQW HQJLQH ORFDWLRQV KDYH EHHQ
FRQVLGHUHG D UHDU IXVHODJH ORFDWLRQDSRVLWLRQLQJXQGHUWKHUHDUZLQJDQGDORFDWLRQDERYH
WKH IURQW ZLQJ )LJXUH   )LQDOO\ E\ FRPELQLQJ 3U3 JHRPHWULHV DQG HQJLQH ORFDWLRQV ZH
REWDLQ  GLIIHUHQW FRQILJXUDWLRQV ZKRVH QDPHV DUH OLVWHG LQ 7DEOH . 0RUH SUHFLVHO\ LQ WKH
IROORZLQJWKHDFURQ\P973LVXVHGWRGHQRWHWKH06FRQILJXUDWLRQ

(a)
(b)
(c)










)LJXUH&RQVLGHUHGHQJLQHORFDWLRQV D XQGHUUHDUZLQJORFDWLRQ E UHDUIXVHODJHORFDWLRQDQG F 
DERYHIURQWZLQJORFDWLRQ7KHHQJLQHDFRXVWLFVRXUFHLVUHSUHVHQWHGE\WKHUHGGRW
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Configuration Names
MS1_fuselage
MS1_rearwing
06BIURQWZLQJ

VTP_fuselage
VTP_rearwing
973BIURQWZLQJ

7DEOH6\QWKHVLVRIWKHFRQILJXUDWLRQQDPHVDFFRUGLQJWRDLUFUDIWJHRPHWULHVDQGHQJLQHORFDWLRQV

3.3

Results analysis

*LYHQ WKH ORQJLWXGLQDO V\PPHWU\ RI WKH FRQVLGHUHG SUREOHP UHODWHG WR WKH WZR V\PPHWULF
HQJLQH ORFDWLRQV WKH PDSV SUHVHQWHG LQ )LJXUH  DUH V\PPHWULF ZUW WKH \ SODQH ,Q WKLV
ILJXUH WKH WZR FRQILJXUDWLRQV ZLWK WKH HQJLQHV DERYH WKH ZLQJV DUH FOHDUO\ PLWLJDWLQJ WKH
QRLVH HPLVVLRQ IURP WKH HQJLQHV ZKHUHDV WKH WZR FRQILJXUDWLRQVZLWKWKHHQJLQHVXQGHUWKH
ZLQJV DUH WKHPRVWGLVDGYDQWDJHRXV )RUWKLVODWWHU HQJLQHORFDWLRQRQO\WKH JHRPHWU\ ZLWK
WKHYHUWLFDOWDLOV VTP LQGXFHVDVLJQLILFDQWDGGLWLRQDOGLVDGYDQWDJH7DEOHIRFXVHVRQWKH
PD[LPXPRIWKHVFDWWHULQJIDFWRUIRUHDFKFRQILJXUDWLRQ7KHZRUVWFRQILJXUDWLRQLVORJLFDOO\
WKHVTPZLWKHQJLQHXQGHUWKHZLQJ1RQHWKHOHVVWKLVUHVXOWLVTXDOLILHGZLWKWKHFDOFXODWLRQ
RIWKHDPSOLILFDWLRQDUHDSa SUHVHQWHGLQ 7DEOH7KHDPSOLILFDWLRQDUHDLVGHILQHGDVWKHUDWLR
EHWZHHQWKHDUHDZKHUHQRLVHDPSOLILFDWLRQRFFXUVi.e.Z>0DQGWKHPDSDUHD,WLVH[SUHVVHG
ௌ(வ)
LQ SHUFHQW i.e. ܵ = 100  כௌ
  ,W LV VKRZQ WKDW WKH WZR FRQILJXUDWLRQV ZLWK WKH HQJLQH
ೌ

FORVHWRWKHIXVHODJHKDYHWKHELJJHVWDPSOLILFDWLRQDUHDZLWKRXWDQ\FRQVLGHUDWLRQRIQRLVH
OHYHO UDQNLQJ 7KLV EHKDYLRXU FRXOG EH UHODWHG WR WKH ODUJH GLIIUDFWLRQ RSHUDWHG E\ WKH
IXVHODJH%\LQVSHFWLQJDOOWKHIUHTXHQF\FRPSXWDWLRQVWKHPRVWGLVDGYDQWDJHRXVIUHTXHQF\
FDQEHH[WUDFWHGIRUHDFKFRQILJXUDWLRQDFFRUGLQJWRWKHIUHTXHQF\VFDWWHULQJIDFWRUܼ GHILQHG
|

()|²

DVܼ = 10 ݈݃ כଵ ቀ| ()|²ቁ






)LJXUH6FDWWHULQJIDFWRUIRUDOOWKHFRQVLGHUHGFRQILJXUDWLRQVIRUDFRXVWLFDQDO\VLV$LUFUDIWQRVHLV
RULHQWHGWRZDUGV[!GLUHFWLRQ



7KHVH IUHTXHQFLHV DUH OLVWHG LQ 7DEOH :KHQ WKH HQJLQH LV DERYH WKH IURQW ZLQJ WKH PRVW
GLVDGYDQWDJHRXVIUHTXHQF\LVYHU\ORZ +] ZKLFKFRUUHVSRQGVWRDZDYHOHQJWKRIP
)RU VXFK ZDYHOHQJWK WKH VKLHOGLQJ HIIHFW RI WKH ZLQJ ZKRVH FKRUG LV ORZHU WKDQ  P LV
XQVLJQLILFDQW LQ WKH ; GLUHFWLRQ ZKHUHDV WKH GLIIUDFWLRQ RQ WKH PHWHUV IXVHODJH SUREDEO\
SOD\VDGRPLQDQWUROHLQWKHDPSOLILFDWLRQRIWKHQRLVHDW SRLQW  7KHHQJLQHSRVLWLRQ
XQGHU WKH UHDU ZLQJ WHQGV DOVR WR DPSOLI\ WKH ORZ IUHTXHQFLHV  +]  ZKHUHDV WKH
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HQJLQHSRVLWLRQFORVHWRWKHIXVHODJHWHQGVWRDPSOLI\WKHPLGGOHIUHTXHQFLHV +] 
7KHVHWZRGLIIHUHQWWUHQGVDUHWULFN\WRDQDO\VHVLQFHWKHWZRHQJLQHSRVLWLRQVDUHTXLWHFORVH
DQGERWKLQYROYHUHIOHFWLRQDQGGLIIUDFWLRQHIIHFWV7KLVDVSHFWZRXOGGHVHUYHIXUWKHUDQDO\VHV
EDVHGRQVLPSOHUJHRPHWULHV



Configuration MAX(Z), dB
VTP_rearwing
3.7
06BIXVHODJH

06BUHDUZLQJ

973BIXVHODJH

MS1_frontwing
0.6
VTP_frontwing
0.6



X(m)
-174



135
135

Y(m)
-114



0
0

7DEOH0D[LPDRI=IRUDOOFRQILJXUDWLRQVDQGFRUUHVSRQGLQJJURXQGREVHUYHUORFDWLRQV




Configuration
MS1_fuselage
VTP_fuselage
973BUHDUZLQJ
06BUHDUZLQJ
VTP_frontwing
MS1_frontwing



Sa (%)
81.7
80.5


17.4
17.2


7DEOH5DQNLQJRIFRQILJXUDWLRQVEHQHILWDFFRUGLQJWRWKHDPSOLILFDWHGDUHD6D


Wavelength (m)



4

Configuration

Frequency (Hz)

MAX(Zf)
(dB)

X (m)

Y (m)

VTP_rearwing











MS1_rearwing











VTP_fuselage











MS1_fuselage











MS1_frontwing











VTP_frontwing












7DEOH0D[LPDRIIUHTXHQF\VFDWWHULQJIDFWRUIRUDOOFRQILJXUDWLRQVDQGFRUUHVSRQGLQJJURXQG
REVHUYHUORFDWLRQV

CONCLUDING REMARKS

7KH DHURG\QDPLF DQG DFRXVWLF DQDO\VHV RI WKH EDVHOLQH 3U3 FRQILJXUDWLRQ PDLQO\ EDVHG RQ
PHGLXP DQG KLJKILGHOLW\ &)' PRGHOOLQJ  KDYH EHHQ SUHVHQWHG LQ WKLV SDSHU 6HYHUDO
LQWHUHVWLQJ UHVXOWV KDYH EHHQ REWDLQHG ,Q SDUWLFXODU WKH H[SHFWHG EHQHILWV RIIHUHG E\ WKH
ER[ZLQJLQWHUPVRILQGXFHGGUDJDUHFRQILUPHGRYHUDZLGHUDQJHRIIOLJKWFRQGLWLRQVIURP
WKHORZVSHHGWRWKHKLJKWUDQVRQLFUHJLPHWKH2VZDOGHIILFLHQF\EHLQJDOPRVWLQGHSHQGHQW
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RIWKH0DFKQXPEHUZLWKYDOXHVRIaRYHUWKHUDQJHRI&/a,QDGGLWLRQDWGHVLJQ
FUXLVH FRQGLWLRQV DQG ZLWK UHIHUHQFH WR WKH DVSHFW UDWLR ZKLFKLVIL[HGDWDTXLWHKLJK
YDOXH RI WKH DHURG\QDPLF HIILFLHQF\ LV REWDLQHG ZLWK /'  1RWZLWKVWDQGLQJ WKH &)'
UHVXOWVKDYHDOVRKLJKOLJKWHGWKHRFFXUUHQFHRIVHYHUHVKRFNZDYHDWWLSRIWKHIRUZDUGZLQJ
ZLWKWKHRQVHWRIDODUJHIORZVHSDUDWLRQDWUHODWLYHO\VPDOOLQFLGHQFH QRWVKRZQKHUH WKXV
VLPXOWDQHRXVO\UHGXFLQJWKHPD[LPXPDFKLHYDEOHOLIWZKLOHSURGXFLQJDVWURQJGUDJULVH
2QWKHDFRXVWLFVLGHSUHOLPLQDU\DQDO\VHVKDYHVKRZQWKDWWKHHQJLQHORFDWLRQDERYHWKHIURQW
ZLQJLVFOHDUO\UHOHYDQWLQWHUPVRIHQJLQHQRLVHPLWLJDWLRQZKLOHSRVLWLRQLQJWKHHQJLQHDWWKH
UHDU RI WKH DLUFUDIW UHDU IXVHODJH DQG XQGHU WKH UHDU ZLQJ  UHVXOWV GLVDGYDQWDJHRXV )XUWKHU
LQYHVWLJDWLRQV LQFOXGLQJ KLJKHUILGHOLW\ QRLVH VRXUFH PRGHOOLQJ ZLOO KHOS LQ DVVHVVLQJ WKH
WUDGHRIIEHWZHHQWKHVHWZRFRQILJXUDWLRQVLQWHUPVRIQRLVHLPSDFW
5
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0%UXJOLHUL $00DUFKLRQQL/7UDLQHOOL



'HSDUWPHQWRI'HVLJQ3ROLWHFQLFRGL0LODQR9LD'XUDQGRD0LODQ ,WDO\ 

'HSDUWPHQWRI$HURVSDFH6FLHQFHDQG7HFKQRORJ\3ROLWHFQLFRGL0LODQR9LD/D0DVD0LODQ ,WDO\ 
PDXUL]LREUXJOLHUL#SROLPLLW


$%675$&7

Against a background of increasing energy demand and rising fuel prices, hybrid-electric
(HE) propulsion systems have the potential to significantly reduce fuel consumption in
aviation. By taking advantage of both electric motor and internal combustion engine, these
systems provide not only a benefit in fuel saving but also a great reduction in take-off noise
and pollutant emission levels.
In this work, HE aircraft are assessed as an alternative air transport service for short-haul
regional travel. The aim is to connect the international airports with zones characterized by
poor or inefficient traditional transport services. This innovative transport service is called
micro-feeder, where micro stands for the airplane size (they have less than 20 seats) and
feeder for their role of feeding major airports from smaller ones. In this context, a
mathematical optimization problem is formulated in order to maximize the demand satisfied
by the introduction of HE aircraft in the market. Moreover, a secondary objective is the
minimization of the total number of airports activated to serve such demand.
The model is tested in a realistic case study, corresponding to the Northern Italy
geographical area. Considering different scenarios, the trends of the satisfied demand and
activated airports depending on the fleet size are analysed.
.H\ZRUGV0DWKHPDWLFDO3URJUDPPLQJDLUFUDIWURXWLQJVHFRQGDU\DLUSRUWORFDWLRQK\EULG
HOHFWULFSURSXOVLRQ




,1752'8&7,21

(XURSH LV HQWHULQJ D QHZ DJH LQ ZKLFK LW IDFHV PDQ\ FKDOOHQJHV VXFK DV JOREDOLVDWLRQ D
ILQDQFLDO V\VWHP LQ QHHG RI UHIRUP FOLPDWH FKDQJH DQG DQ LQFUHDVLQJ VFDUFLW\ RI UHVRXUFHV
7KLV LV ZK\ WKH (XURSHDQ DLU WUDQVSRUW V\VWHP LV GLUHFWO\ FRQFHUQHG E\ QHZ FKDOOHQJHV
UHJDUGLQJLWVFRPSHWLWLYHQHVVSHUIRUPDQFHDQGVXVWDLQDELOLW\
,Q WKLV FRQWH[W WKH SLRQHHULQJ ZRUN GHYHORSHG LQ WKLV SDSHU FRQVLVWV LQ VWXG\LQJ K\EULG
HOHFWULF +( DLUFUDIWDVDQDOWHUQDWLYHWUDQVSRUWVHUYLFHIRUVKRUWUDQJHUHJLRQDOWUDYHO)RUWKLV
NLQGRIDLUFUDIWWKHmicro-feederVHUYLFHLVFRQVLGHUHGZKHUHmicroFRQFHUQVWKHDLUSODQHVL]H
WKH\DUHVXSSRVHGWRKDYHOHVVWKDQVHDWV DQGfeeder VWDQGV IRUWKHLUUROHRIIHHGLQJPDMRU
DLUSRUWVZLWKSDVVHQJHUVFRPLQJIURP]RQHVFKDUDFWHUL]HGE\LQHIILFLHQWWUDGLWLRQDOWUDQVSRUW
VHUYLFHV HJWUDLQVDQGEXVHV 
)RU WKLV NLQG RI VHUYLFH DQ LQQRYDWLYH RSWLPL]DWLRQ SUREOHP LV LQWURGXFHG WR WDNH LQWR
DFFRXQWDWWKHVDPHWLPHDLUFUDIWURXWLQJDQGDLUSRUWVDFWLYDWLRQ7KHRSWLPL]DWLRQSUREOHPLV
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IRUPXODWHG DV D 0L[HG ,QWHJHU /LQHDU 3URJUDP 0,/3  DQG VROYHG ZLWK D VWDWH RI WKH DUW
0,/3 VROYHU &3/(;  7KH SULPDU\ REMHFWLYH FRQVLVWV LQ WKH PD[LPL]DWLRQ RI WKH WRWDO
WUDQVSRUW GHPDQG VDWLVILHG E\ WKH LQWURGXFWLRQ RI +( DLUFUDIW LQ WKH PDUNHW ZKLOH WKH
VHFRQGDU\REMHFWLYHLQWKHPLQLPL]DWLRQRIWKHWRWDOQXPEHURIDLUSRUWVDFWLYDWHGWRVHUYHVXFK
GHPDQG GXH WR WKH RSHUDWLQJ FRVWV DVVRFLDWHG ZLWK WKHLU XVDJH 7KH SRWHQWLDO GHPDQG LV
FRPSXWHG E\ WKH IRUPXODWLRQ RI D SKDVHV WUDQVSRUWDWLRQ PHWKRG DGKRF GHYHORSHG ,Q
SDUWLFXODU LQ RUGHU WR GHWHUPLQH WKH FDWFKPHQW DUHD DVVRFLDWHG ZLWK HDFK DLUFUDIW URXWH LW
FRQVLGHUVWKHWLPHUHGXFWLRQDGYDQWDJHIRUWUDYHOOLQJZLWKWKHmicro-feederVHUYLFHUHVSHFWWR
WUDGLWLRQDOWUDQVSRUWVHUYLFHV
7KHSDSHULVRUJDQL]HGDVLQWKHIROORZLQJ6HFWLRQUHYLHZVWKHIHZZRUNVFRQFHUQLQJWKH
micro-feeder VHUYLFH DQG WKH RSWLPL]DWLRQ SUREOHPV IRU +( PRELOLW\ 6HFWLRQ  VWDWHV WKH
LQQRYDWLYH RSWLPL]DWLRQ SUREOHP DGGUHVVHG LQ WKLV SDSHU 6HFWLRQ  VKRUWO\ GHVFULEHV WKH
0,/3 IRUPXODWLRQ 6HFWLRQ  GHVFULEHV WKH SKDVHV PHWKRG XVHG WR JHQHUDWH WKH SRWHQWLDO
GHPDQGIRUWKHLQVWDQFHV 6HFWLRQVKRZVVRPHQXPHULFDO UHVXOWV ILQDOO\6HFWLRQGUDZV
VRPHFRQFOXVLRQV


/,7(5$785(5(9,(:

7KH FRQFHSW RI micro-feeder ZDV SUHYLRXVO\ IDFHG LQ >@ ZKHUH WKH PDQXIDFWXULQJ DQG
RSHUDWLQJ FRVWV RI +( DLUFUDIW DSSOLHG DV VKXWWOH VHUYLFH IURP PLQRU DLUSRUWV WRZDUGV PDMRU
KXEVLV DQDO\VHG7KHFRQWULEXWLRQ RI>@LVILUVWO\WKHSRWHQWLDOGHPDQG HVWLPDWLRQ IRUWKLV
NLQG RI WUDQVSRUW VHUYLFH FRQVLGHULQJ (XURSH DV UHIHUHQFH DUHD 7KH PDLQ DLUSRUWV DUH
LGHQWLILHG LQ WKH WUDQV(XURSHDQ WUDQVSRUW QHWZRUN 7KHQ D FRVW DQDO\VLV LV SHUIRUPHG
FRQVLGHULQJ RSHUDWLQJ DQG SURGXFWLRQ FRVWV UHODWHG WR PDQXIDFWXULQJ DQG RSHUDWLRQV RI WKH
DLUFUDIWUHVSHFWLYHO\7KHmicro-feeder LVDOVRDGGUHVVHGLQ>@ZKHUHDGHVLJQSURFHGXUHIRU
+( DLUFUDIW FRQVLGHULQJ GLIIHUHQW FLYLO DSSOLFDWLRQV LV SURSRVHG ,QGHHG LW SURSRVHV DV
UHIHUHQFHDLUFUDIWIRUWKHmicro-feederDSSOLFDWLRQWKH,WDOLDQVHDW7HFQDP3
&RQFHUQLQJ WKH PDWKHPDWLFDO IRUPXODWLRQ RI RSWLPL]DWLRQ SUREOHPV UHODWHG WR WKH microfeederWKHOLWHUDWXUHDQDO\VLVVKRZVDODFNLQWHUPVRIERWK+(DLUFUDIWURXWLQJDQGORFDWLRQRI
WKH DLUSRUWV GHGLFDWHG WR WKLV VHUYLFH ,QGHHG VR IDU RSWLPL]DWLRQ PHWKRGV IRU +( DLUFUDIW
KDYHEHHQPDLQO\DSSOLHGWRGHWHUPLQHSROLFLHVIRUEDWWHU\FKDUJLQJRUVZDSSLQJDWVWDWLRQV
)RU LQVWDQFH >@ SURYLGHV DQ RSWLPL]DWLRQ PRGHO IRU WKH WUDGHRII EHWZHHQ UHVSRQGLQJ WR
G\QDPLFHOHFWULFLW\SULFHVDQGFKDUJLQJEDWWHULHVMXVWZKHQWKH\DUHQHHGHG UHJDUGOHVVRIWKH
SULFH  LQ RUGHU WR DYRLG WKH RSSRUWXQLW\ FRVW RI FRPPLWWLQJ FDSLWDO WR FKDUJLQJ WRR HDUO\
:KLOH >@ SURSRVHV D G\QDPLF RSHUDWLRQ PRGHO RI EDWWHU\ VZDSSLQJ VWDWLRQ LQ HOHFWULFLW\
PDUNHW IRUPXODWHG DV D VHTXHQWLDO GHFLVLRQ SUREOHP FRQVLGHULQJ KRZ PDQ\ EDWWHULHV WR EH
VZDSSHG FKDUJHG RU GLVFKDUJHG DW HDFK VWHS )LQDOO\ LQ >@ QHZ PHWKRGRORJLHV WR
RSWLPDOO\VL]HK\EULGHOHFWULFDLUFUDIWDUHGHVFULEHG


352%/(067$7(0(17

,Q WKLV SDSHU D SRVVLEOH FLYLO DSSOLFDWLRQ IRU +( DLUFUDIW LV VWXGLHG ,Q SDUWLFXODU WKHVH
DLUSODQHVDUHPHDQWWREHDQDOWHUQDWLYHWUDQVSRUWVHUYLFHIRUFRQQHFWLQJ]RQHVFKDUDFWHUL]HG
E\ LQHIILFLHQW WUDQVSRUW VHUYLFH ZLWK LQWHUQDWLRQDO DLUSRUWV ,Q WKLV FRQWH[W WKH ODWWHU DUH
FRQVLGHUHG hubs VLQFH WKH\ DUH WKH PDMRU DLUSRUWV LQ WHUPV RI DQQXDO WUDIILF LQ WKH
JHRJUDSKLFDODUHD7KH\DUH XVHGE\RQHRUPRUHDLUOLQHVWRFRQFHQWUDWHSDVVHQJHUWUDIILFDQG
IOLJKW RSHUDWLRQV DQG VHUYH DV WUDQVIHU RU VWRSRYHU  SRLQWV WR JHW SDVVHQJHUV WR WKHLU ILQDO
GHVWLQDWLRQ. ,QRUGHUWRSURYLGHWKHmicro-feederWUDQVSRUWVHUYLFHDVHWRIsecondary airport
DQG airfield FDQGLGDWHV LV FRQVLGHUHG 6HFRQGDU\ DLUSRUWV DUH XQGHUXWLOLVHG DLUSRUWV WKDW
FRPSOHPHQWDFLW\DQGLWVPDLQSULPDU\DLUSRUWV,QVWHDGDLUILHOGVDUHGHILQHGDVOHYHODUHDV
ZKHUH DLUFUDIW FDQ WDNHRII DQG ODQG ZLWK IHZHU EXLOGLQJV DQG VHUYLFHV WKDQ DQ DLUSRUW DQG
XVHGE\IHZHUSDVVHQJHUV
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*LYHQ D WLPH KRUL]RQ DQ HVWLPDWLRQ RI WKH SRWHQWLDO GHPDQG IRU WKH micro-feeder WUDQVSRUW
VHUYLFHRYHUWKHWLPHKRUL]RQDQGDQKRPRJHQHRXVIOHHWRIVHULDO+(DLUFUDIWWKHRSWLPL]DWLRQ
SUREOHP DGGUHVVHG FRQVLVWV LQ ILQGLQJ D VXEVHW RI VHFRQGDU\ DLUSRUWV DQG DLUILHOGV WR EH
DFWLYDWHGDQGIRUHDFKDLUFUDIWDURXWHDOWHUQDWLQJDQDFWLYDWHGVHFRQGDU\DLUSRUWDLUILHOGWRD
KXE RUYLFHYHUVD 7KHSULPDU\REMHFWLYHLVWKHPD[LPL]DWLRQRIWKHWRWDOGHPDQGVDWLVILHG
ZKLOH WKH VHFRQGDU\ REMHFWLYH LV WKH PLQLPL]DWLRQ RI WKH WRWDO DFWLYDWHG DLUSRUWV 7KLV QHZ
RSWLPL]DWLRQ SUREOHP LV FDOOHG WKH Hybrid-Electric Micro-Feeder Location and Routing
Problem (HE-MFLRP) $Q H[DPSOH RI D IHDVLEOH VROXWLRQ RI WKH +(0)/53 ZLWK RQH
DLUFUDIWLVVKRZQLQ)LJ







)LJ([DPSOHRIDQDLUFUDIWURXWLQJIRUWKH+(0)/53LQ1RUWKHUQ,WDO\

7KHIROORZLQJDVVXPSWLRQVDUHPDGHFRQFHUQLQJWKHEDWWHU\FRQVXPSWLRQDQGUHFKDUJHLQWKH
+(0)/53
7KH HOHFWULF FRQVXPSWLRQ WDNHV SODFH RQO\ LQ PD[LPXP SRZHU FRQGLWLRQ IRU WKH
DLUFUDIW LH LQ WKH WD[L WDNHRII DQG LQLWLDO FOLPELQJ SKDVHV $V D FRQVHTXHQFH WKH
EDWWHU\FRQVXPSWLRQLVFRQVWDQWLQDQ\WUDYHO LQSDUWLFXODULWGRHVQRWGHSHQGRQWKH
WUDYHOOHQJWK >@
7KHDLUFUDIWFDQRQO\UHFKDUJHLQKXEVDQGVHFRQGDU\DLUSRUWV,QGHHGWKHUHFKDUJHLV
QRWDOORZHGLQDLUILHOGVGXHWRWKHKLJKFRVWVIDFHGWRLQVWDOOUHFKDUJLQJV\VWHPV
7KH DLUFUDIW FKDUJLQJ SURFHGXUH LV OLQHDU LQ WLPH HJ LI WKH WLPH QHFHVVDU\ WR IXOO\
UHFKDUJHDQH[KDXVWHGEDWWHU\LVKRXUVWKHDLUFUDIWLVUHFKDUJHGRILQRQHKRXU 
2QO\ IXOO UHFKDUJH DUH DOORZHG LH RQFH WKH DLUFUDIW VWDUWV WR UHFKDUJH LW FDQ WUDYHO
DJDLQRQO\ZKHQLWLVIXOO\FKDUJHG


0$7+(0$7,&$/352*5$00,1*)2508/$7,21

7KH +(0)/53 LV IRUPXODWHG YLD 0,/3 7LPH LV GLVFUHWL]HG LQ WLPH VORWV RI ZLGWK 
0RUHRYHUWKH0,/3UHFHLYHDVLQSXWWKHLQGH[VHWVDQGWKHSDUDPHWHUVGHILQHGLQVXEVHFWLRQV
DQGUHVSHFWLYHO\DQGLWLVEDVHGRQWKHGHFLVLRQYDULDEOHVGHILQHGLQ
4.1 Set definition
VHWRIDOOWKHKXEV
VHWRIDOOFOXVWHUVVHFRQGDU\DLUSRUWVDQGDLUILHOGV
 VHW RI DOO WKH FOXVWHUV DQG VHFRQGDU\ DLUSRUWV LQ ZKLFK LW LV SRVVLEOH WR
UHFKDUJH
VHWRIDOOWLPHVORWVIRUWKHJLYHQWLPHKRUL]RQ
VHWRIDOOWKHDLUFUDIWLQWKHIOHHW
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 VHW RI DOO WKH SDLUV EHWZHHQ FOXVWHUV VHFRQGDU\ DLUSRUWV DLUILHOGV DQG KXEV
UHVSHFWLQJPLVVLRQFRQVWUDLQWV LHWUDYHOOHGGLVWDQFHPXVWEHZLWKLQDJLYHQUDQJH 
 VHW RI DOO WKH SDLUV EHWZHHQ KXEV DQG FOXVWHUV VHFRQGDU\ DLUSRUWV DLUILHOGV
UHVSHFWLQJPLVVLRQFRQVWUDLQWV LHWUDYHOOHGGLVWDQFHPXVWEHZLWKLQDJLYHQUDQJH 
4.2 Parameter definition
IOHHWVL]H
WRWDOVHDWVRIWKHDLUFUDIW
PLQLPXPWUDYHOOHGGLVWDQFHLQHYHU\DLUFUDIWWUDYHO
PD[LPXPWUDYHOOHGGLVWDQFHLQHYHU\DLUFUDIWWUDYHO
 ILUVWWLPHVORWRI 
 ODVWWLPHVORWRI 
 WLPHVORWYDOXH HJKRXU 
WLPHQHFHVVDU\IRUWKHFKHFNLQLQWKHDLUSRUW
WLPHQHFHVVDU\IRUWKHWDNHRIIRIWKHDLUFUDIW
WLPHQHHGHGWRSUHSDUHWKHDLUFUDIWIRUDUHWXUQWULS
WLPHQHHGHGWROHDYHWKHDLUSRUW
 WUDYHOOHGWLPHIURPDLUSRUW WRDLUSRUW ZLWK

 RYHUDOO WLPH IRU
WUDYHOOLQJIURPDLUSRUW WRDLUSRUW ZLWK

WUDYHOOHGGLVWDQFHIURPDLUSRUW WRDLUSRUW ZLWK

KRXUO\ DLUFUDIWPRYHPHQWV WDNHRIIVDQGODQGLQJV RQWKHWUDFNVRIVHFRQGDU\
DLUSRUW ZLWK

KRXUO\DLUFUDIWPRYHPHQWV WDNHRIIVDQGODQGLQJV RQWKHWUDFNVRIKXE

WLPHQHHGHGWRFRPSOHWHO\FKDUJHWKHDLUFUDIWEDWWHU\
GLVFKDUJLQJUDWHRIDLUFUDIWEDWWHULHV
SRWHQWLDO QXPEHU RI SHRSOH WUDYHOOLQJ IURP DLUSRUW   WR DLUSRUW  LQ WKH WLPH
VORW ZLWK

4.3 Variable definition
QXPEHU RI SHRSOH WUDYHOOLQJ IURP DLUSRUW   WR DLUSRUW  LQ WKH WLPH VORW 

%RROHDQYDULDEOHHTXDOWRLIWKHDLUFUDIW LQWKHWLPHVORW VWDUWVWRWUDYHO
IURPDLUSRUW WRDLUSRUW RWKHUZLVH

%RROHDQYDULDEOHHTXDOWRLIWKHVHFRQGDU\DLUSRUWRUDLUILHOG LVDFWLYDWHGLQ
WKHPRGHORWKHUZLVH
YDULDEOHUHSUHVHQWLQJWKHIUDFWLRQRIEDWWHU\FKDUJHOHYHORIDLUFUDIW DW
WKHHQGRIWKHWLPHVORW  HJVWDQGVIRUFKDUJHOHYHO 
%RROHDQYDULDEOHHTXDOWRLIWKHDLUFUDIW VWDUWVWRUHFKDUJHLQWKHDLUSRUW LQ
WKHWLPHVORW 
RWKHUZLVH
%RROHDQ YDULDEOH HTXDO WR  LI WKH DLUFUDIW  LV MXVW VWDQGLQJ RQ JURXQG DW WKH
DLUSRUW LQWKHWLPHVORW ZLWKRXWUHFKDUJLQJRUWUDYHOOLQJDQ\URXWH
RWKHUZLVH
7KH REMHFWLYH IXQFWLRQ LV GHILQHG LQ   DQG LW LV FRPSRVHG RI WZR WHUPV 7KH ILUVW WHUP
PD[LPL]HV WKH WRWDO GHPDQG VDWLVILHG ZKLOH WKH VHFRQG WHUP PLQLPL]HV WKH WRWDO QXPEHU RI
DFWLYDWHGDLUSRUWV
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0RUHRYHUWKH0,/3LV VXEMHFWHGWR VHYHUDO FRQVWUDLQWVWR HQVXUHWKDWWKH GHFLVLRQYDULDEOHV
FDQ DFKLHYH RQO\ YDOXHV FRPSDWLEOH ZLWK UHDO VLWXDWLRQV )RU LQVWDQFH VRPH FRQVWUDLQWV
LPSRVHWKDWRQO\LQFDVHRIDFWLYDWLRQRIDVHFRQGDU\DLUSRUWRUDLUILHOG LWLVSRVVLEOHWRKDYH
DLUFUDIW WUDYHOOLQJ IURP DQG WR  2WKHU FRQVWUDLQWV LPSRVH WKDW LI WKH DLUFUDIW  VWDUWV WR
UHFKDUJHLQWKHWLPHVORW LQDKXERUVHFRQGDU\DLUSRUWWKHQLWFDQQRWWUDYHODQ\URXWHIRUDOO
WKHQH[WWLPHVORWVQHFHVVDU\WRFRPSOHWHWKHIXOOFKDUJH,QDVLPLODUZD\RWKHUFRQVWUDLQWV
DUHPRGHOOHGIRUDWRWDORIVHWVRIOLQHDUFRQVWUDLQWV


,167$1&(6*(1(5$7,21

:LWK WKH DLP RI IHHGLQJ WKH 0,/3 RI WKH +(0)/53 PRGHO ZLWK UHDOLVWLF LQSXW GDWD
FKRRVLQJDSDUWLFXODUJHRJUDSKLFDODUHDDOLVWRIFDQGLGDWHDLUSRUWVDQGDLUILHOGVLVFRQVLGHUHG
)RUERWKDLUILHOGVDQGDLUSRUWVWKHVHOHFWLRQFULWHULRQLVEDVHGRQWKHPLQLPXPUXQZD\OHQJWK
QHHGHGE\WKHDLUFUDIWWR WDNHRII7KHDLUSRUWV DUHFODVVLILHGLQKXEVDQGVHFRQGDU\DLUSRUWV
DFFRUGLQJWRWKHLULPSRUWDQFH0RUHRYHULQRUGHUWRDYRLGDQH[FHVVLYHGLVSHUVLRQRIGHPDQG
VHFRQGDU\ DLUSRUWV DQG DLUILHOGV DUH JURXSHG LQWR FOXVWHUV ,Q IDFW WKH SRVVLELOLW\ RI KDYLQJ
YHU\FORVHDLUSRUWVFRXOGOHDGWRDQH[FHVVLYHGLVWULEXWLRQRISHRSOHLQGLIIHUHQWDLUSRUWVYHU\
FORVH RQH WR WKH RWKHU 7KH FOXVWHULQJ SURFHGXUH LV LQVSLUHG WR WKH k-means clustering
DOJRULWKPZLWKWKHPDLQGLIIHUHQFHWKDWWKHQXPEHURIFOXVWHUVLVQRWIL[HG a priori
7KH SRWHQWLDO GHPDQG RI XVHUV WKDW ZDQW WR WUDYHO IURP D JLYHQ KXE WR D JLYHQ FOXVWHU RI
VHFRQGDU\ DLUSRUWVDLUILHOGV RU YLFH YHUVD  LV FRPSXWHG WKURXJK D VWDJH PRGHO LQVSLUHG WR
WKHFODVVLFDOVWDJHPRGHOXVHGLQWKHWUDQVSRUWILHOGWRHVWLPDWHWUDIILFDVVLJQPHQW>@
,QWKHILUVWVWDJHWKHSRWHQWLDOQXPEHURISHRSOHZKRFRXOGWDNHDQDGYDQWDJHLQWUDYHOOLQJD
JLYHQ KXEFOXVWHU URXWH LV HVWLPDWHG FRQVLGHULQJ WKH WLPH UHGXFWLRQ DGYDQWDJH SURYLGHG E\
micro-feeder WUDQVSRUW VHUYLFH ZLWK UHVSHFW WR WUDGLWLRQDO WUDQVSRUW VHUYLFHV /HW Pi WKH WRWDO
QXPEHURISHRSOHWKDWFDQWDNHDGYDQWDJHWRUHDFKKXE iYLDDmicro-feederVHUYLFH.
,QWKHVHFRQGVWDJHWKHLQIRUPDWLRQFRPLQJIURPWKHILUVWSKDVHDUHPDWFKHGZLWKKRXUO\DLU
WUDIILFGDWDUHODWHGWRWKHFRQVLGHUHGKXEV7KHDLPLVWRHVWLPDWHWKHKRXUO\QXPEHURIWUDYHOV
WKDWDUHJHQHUDWHGDQGDWWUDFWHGKRXUSHUKRXULQDJHQHULFGD\E\DOOWKHKXEVFRQVLGHUHGLQ
WKHmicro-feederVHUYLFH7KHVHWZRSDUDPHWHUVDUHLQGLFDWHGUHVSHFWLYHO\E\ DQG DQG
FDQEHFRPSXWHGDVIROORZV




ZKHUHN UHSUHVHQWV WKH ZKROHSRSXODWLRQ RIWKHDUHD FRQVLGHUHG ZKLOHDepDQG ArrDUHWKH
WRWDO QXPEHU RI WUDYHOOHUV WKDW GHSDUW DQG DUULYH IURPWR KXE i LQ WKH FRQVLGHUHG KRXU
UHVSHFWLYHO\
$GLIIHUHQWDSSURDFKLVQHFHVVDU\WRSUHGLFWWKHWRWDOQXPEHURIRULJLQDWHGDQGDWWUDFWHGWULSV
RIFOXVWHUVRIVHFRQGDU\DLUSRUWVDLUILHOGVFDOOHG DQG UHVSHFWLYHO\,QGHHGLQWKLVFDVH
DLUWUDIILFGDWDDUHQRWDYDLODEOHVLQFHWKHmicro-feederVHUYLFHLVQRW\HWVXSSOLHG7KHUHIRUH
IRU HYHU\ FOXVWHU RI VHFRQGDU\ DLUSRUWDLUILHOG  WKH VRFDOOHG Route Function
 LV
LQWURGXFHG 7KLV IXQFWLRQ UHSUHVHQWV D FRQYH[ FRPELQDWLRQ RI GHPRJUDSK\ DQG *URVV
'RPHVWLF3URGXFW *'3 LQIRUPDWLRQUHODWHGWRWKHFDWFKPHQWDUHDRIHYHU\URXWHEHWZHHQD
FOXVWHUiDQGDKXEj,QSDUWLFXODUWKHRoute FunctionLVGHILQHGDV
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ZKHUH

LVDZHLJKSDUDPHWHUZKLFKUDQJHVIURPWR
 UHSUHVHQWV WKH GHPRJUDSK\ RI WKH FDWFKPHQW DUHD RI WKH URXWH FRQQHFWLQJ WKH
FOXVWHURIVHFRQGDU\DLUSRUWDLUILHOG WRKXE  DQGYLFHYHUVD 
LVWKHDYHUDJH*URVV'RPHVWLF3URGXFWRISHRSOHUHODWHGWR


&RQVLGHULQJ HDFK KXE  VHSDUDWHO\ WKH Route Function LV QRUPDOL]HG LQWURGXFLQJ WKH
SDUDPHWHU
LQWKHIROORZLQJZD\



7KHQWKHKRXUO\JHQHUDWHGDQGDWWUDFWHGWULSVIRUHYHU\FOXVWHURIVHFRQGDU\DLUSRUWVDLUILHOGV
FDQEHFRPSXWHGDVIROORZV




7KLV ZD\ LW LV SRVVLEOH WR SDVV IURP DQ DJJUHJDWHG GDWXP IRU WKH DLUSRUWV
GLVDJJUHJDWHGGDWXP KRXUO\WULSV WKDQNVWRWKHVHHTXDWLRQV


DQG

 WR D


:KHUH  LV WKH HVWLPDWHG QXPEHU RI SHRSOH WUDYHOOLQJ IURP KXE  WR FOXVWHU RI VHFRQGDU\
DLUSRUWDLUILHOG ZKLOH LVYLFHYHUVD


180(5,&$/5(68/76

7KH0,/3GHVFULEHGLQ6HFWLRQKDVEHHQLPSOHPHQWHGLQ$03/ODQJXDJHDQGVROYHGZLWK
&3/(;RQD*+],QWHO&RUH03&ZLWK*%5$0
&KRRVLQJ1RUWKHUQ,WDO\DVUHIHUHQFHDUHDDLUFUDIWZLWKVHDWVDQGD0RQGD\RIDJHQHULF
ZHHN RI -XO\  WKH LQSXW GDWD SURGXFHG IRU WKH SRWHQWLDO GHPDQG DUH XVHG WR IHHG WKH
0,/3'XHWRWKHKLJKQXPEHURIYDULDEOHVFKDUDFWHUL]LQJWKH0,/3WKHVFHQDULRVDUHFKRVHQ
FRQVLGHULQJ D WUDGHRII EHWZHHQ WKH OHQJWK RI WKH WLPH KRUL]RQ DQG WKH IOHHW VL]H 7KH PRVW
VLJQLILFDQWUHVXOWVSURYLGHGE\WKH0,/3DUHVKRZQLQ)LJ)LJDQG)LJ
)LJ  VKRZV WKDW WKH VDWLVILHG GHPDQG EHFRPHV VDWXUDWHG ZKHQ WKH IOHHW VL]HLV LQFUHDVHG
EH\RQGDFHUWDLQWKUHVKROG7KLVKDSSHQVEHFDXVHWKHKRXUO\DLUFUDIWPRYHPHQWVRQWKHWUDFNV
RIKXEVDQGVHFRQGDU\DLUSRUWVDQGDLUILHOGV DQG UHVSHFWLYHO\DUHOLPLWLQJWKHDLUSRUW
FDSDFLW\LQWHUPVRIKRXUO\WDNHRIIVDQGODQGLQJV0RUHRYHUWKHFXUYHIRU
UHSUHVHQWV
WKH XSSHU ERXQG IRU WKH VDWLVILHG GHPDQG EHFDXVH WKH 5RXWH )XQFWLRQ
 IRU

SURGXFHV URXWHV ZLWK D KLJK QXPEHU RI SDVVHQJHUV DQG RWKHUV ZLWK D ORZ RQH ,QVWHDG IRU
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LW SURGXFHV DTXLWHXQLIRUP GLVWULEXWLRQRISHRSOHRQDOOWKHURXWHV7KHUHIRUHVLQFH
WKH0,/3IRUWKH+(0)/53PD[LPL]HVWKHVDWLVILHGGHPDQGIRUDQ\WLPHVORW DQGIOHHW
VL]HȝLWWHQGVWRWUDYHOWKHURXWHVWKDWDUHDEOHWRJUDQWWKHKLJKHVWQXPEHURISDVVHQJHUV6R
WKHUHVXOWLQJVDWLVILHGGHPDQGLVDOZD\VKLJKHUWKDQWKHFDVHRI
IRUDQ\YDOXHRIWKH
IOHHW VL]H :KHQ D VPDOO IOHHW VL]H LV FRQVLGHUHG WKH JDS EHWZHHQ WKH WZR FXUYHV WHQGV WR
UHGXFHEHFDXVHDVPDOOIOHHWOLPLWVWKHSRVVLELOLW\WRWUDQVSRUWDKLJKQXPEHURISDVVHQJHUVLQ
FDVHRI
WKXVUHGXFLQJWKHJDSZLWKWKHFXUYHIRU







)LJ6DWLVILHGGHPDQGEHKDYLRXUGHSHQGLQJRQ)LJ0,/3JDSWUHQGGHSHQGLQJRQ

WKHIOHHWVL]HIRUGLIIHUHQWYDOXHVRIĮWKHIOHHWVL]HIRU




)LJ$FWLYDWHGURXWHVDLUFUDIWWLPHVORWDP

)LJ  UHSUHVHQWV WKH 0,/3 JDSV ZLWK WKH EHVW ERXQG UHSRUWHG E\ &3/(; ZKLFK LQ PRVW
FDVHVDUHGLIIHUHQWIURP]HUR)L[LQJWKHWLPHKRUL]RQIRUDYHU\VPDOOIOHHWVL]HWKHQXPEHU
RIYDULDEOHVLVVPDOODQGWKXV&3/(;LVDEOHWRREWDLQWKHRSWLPDOVROXWLRQZLWKLQWKHJLYHQ
&38WLPHOLPLW)RUYHU\KLJKIOHHWVL]H LH
WKH0,/3JDSREWDLQHGE\&3/(;LV
DOVR VPDOO EHFDXVH WKH 0,/3 KDV D YHU\ KLJK QXPEHU RI DLUFUDIW DW LWV GLVSRVDO VR WKH
RSWLPL]DWLRQLVHDVLHUHYHQLIWKHQXPEHURIYDULDEOHVLVKLJK,QWKHPLGGOHRIWKHVHWZRFDVHV
WKHUH LV D UDQJH RI IOHHW VL]H LQ ZKLFK WKH RSWLPL]DWLRQ UHTXLUHV WR &3/(; D FRPSXWDWLRQDO
WLPHPXFKKLJKHUWKDQWKH&38WLPHOLPLWVLQFHWKHQXPEHURIELQDU\YDULDEOHVLV KLJKDQG
WKHDYDLODEOHUHVRXUFHV DLUFUDIW DUHVFDUFH
)LQDOO\ )LJ  VKRZV D IHDVLEOH VROXWLRQ IRU WKH +(0)/53 LQ WHUPV RI DFWLYDWHG URXWHV
DQGDLUSRUWVIRUDIOHHWRIDLUFUDIWLQWKHWLPHVORWDP
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&21&/8',1*5(0$5.6

7KH ILUVW LQWHUHVWLQJ RXWFRPH RI RXU ZRUN LV WKDW LQFUHDVLQJ WKH IOHHW VL]H DW GLVSRVDO WKH
VDWLVILHGGHPDQGLQFUHDVHVXQWLOLWUHDFKHVDVDWXUDWLRQYDOXH7KHUHDVRQIRUWKLVEHKDYLRULV
UHODWHG WR WKH PD[LPXP DOORZDEOH KRXUO\ DLUFUDIW PRYHPHQWV DW WKH DLUSRUWV ,QGHHG WKH\
OLPLW WKH QXPEHU RI DLUFUDIW DEOH WR WDNHRII DQG ODQG LQ HYHU\ WLPH VORW FRQVLGHUHG WKXV
UHGXFLQJWKHFDSDELOLW\WRVDWLVI\DKLJKHUGHPDQG$QRWKHUVLJQLILFDQWRXWFRPHLVWKDWIL[LQJ
DFHUWDLQ&38WLPHOLPLWWKH0,/3LVDEOHWRJUDQWWKHRSWLPDOVROXWLRQRQO\IRUYHU\VPDOO
IOHHW RUYHU\KLJKRQHV $SRVVLEOHH[SODQDWLRQRIWKLV EHKDYLRXULV WKDWIRUYHU\VPDOOIOHHW
VL]H WKH QXPEHU RI YDULDEOHV LV ORZ DQG LW DOORZV WR REWDLQ WKH RSWLPDO VROXWLRQ ZLWKLQ WKH
JLYHQ &38 WLPH OLPLW ZKLOH IRU YHU\ KLJK IOHHW VL]H WKH 0,/3 JDS REWDLQHG E\ &3/(; LV
DOVR VPDOO EHFDXVH WKH 0,/3 KDV DW LWV GLVSRVDO D YHU\ KLJK QXPEHU RI DLUFUDIW VR WKH
RSWLPL]DWLRQSUREOHPLVHDVLHUHYHQLIWKHQXPEHURIYDULDEOHVLVKLJK,QWKHPLGGOHRIWKHVH
WZR FDVHV WKHUH LV D UDQJH RI IOHHW LQ ZKLFK WKHRSWLPL]DWLRQ UHTXLUHV D FRPSXWDWLRQDO WLPH
PXFKKLJKHUWKDQWKH&38WLPHOLPLW
,Q FRQFOXVLRQ WKH WUHQGV RI WKH VDWLVILHG GHPDQG DQG DFWLYDWHG DLUSRUWV DV D IXQFWLRQ RI WKH
IOHHWVL]HDUHVXJJHVWLQJDWUDGHRIILQRUGHUWRWDNHDSRVVLEOHGHFLVLRQ,QIDFWLQFUHDVLQJWKH
IOHHWVL]HWKHVDWLVILHGGHPDQGLVLQFUHDVLQJXQWLOLWUHDFKHVWKHVDWXUDWLRQYDOXH$WWKHVDPH
WLPHWKHQXPEHURIDFWLYDWHGDLUSRUWVLVLQFUHDVLQJDVZHOO


$&.12:/('*(0(176

:HWKDQN³$HURSRUWLGL5RPD´IRUSURYLGLQJWKHGDWDFRQFHUQLQJWKHGHSDUWXUHVDQGDUULYDOV
LQWKH1RUWKHUQ,WDO\KXEVXVHGLQRXUH[SHULPHQWDOFDPSDLJQ
5()(5(1&(6
>@ 5 ,EUDKLP / 7UDLQHOOL ( 3HOOL]]RQL ³0DUNHW DQG &RVW $QDO\VLV IRU +\EULG(OHFWULF
$LUFUDIW´0DVWHUWKHVLV3ROLWHFQLFRGL0LODQR  
>@ &6 3DSDFRVWDV 3' 3UHYHGRXURV ³7UDQVSRUWDWLRQ (QJLQHHULQJ DQG 3ODQQLQJ´ UG
HGLWLRQ3UHQWLFH+DOO8SSHU6DGGOH5LYHU1HZ-HUVH\  
>@ & ( ' 5LEROGL ) *XDOGRQL / 7UDLQHOOL 3UHOLPLQDU\ :HLJKW 6L]LQJ RI /LJKW 3XUH
(OHFWULF DQG +\EULG(OHFWULF $LUFUDIW Transportation Research Procedia  ±
 
>@ 1 5RVVL ³&RQFHSWXDO GHVLJQ RI K\EULGHOHFWULF DLUFUDIW´ 0DVWHU WKHVLV 3ROLWHFQLFR GL
0LODQR  
>@ /7UDLQHOOL 15RVVL)6DOXFFL & ('5LEROGL $5RODQGR3UHOLPLQDU\6L]LQJ DQG
(QHUJ\ 0DQDJHPHQW RI 6HULDO +\EULG(OHFWULF $LUSODQHV ;;9 &RQJUHVVR 1D]LRQDOH
$,'$$  
>@ 2 :RUOH\ ' .ODEMDQ 2SWLPL]DWLRQ RI EDWWHU\ FKDUJLQJ DQG SXUFKDVLQJ DW HOHFWULF
YHKLFOH EDWWHU\ VZDS VWDWLRQV. ,((( 9HKLFOH 3RZHU DQG 3URSXOVLRQ &RQIHUHQFH 933& 
SS  
>@ < =KHQJ = < 'RQJ < ;X . 0HQJ - + =KDR - 4LX Electric Vehicle Battery
Charging/Swap Stations in Distribution Systems: comparison Study and Optimal
Planning,(((7UDQVDFWLRQVRQSRZHUV\VWHPV9ROSS  
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ABSTRACT

7KHLQFUHDVLQJQXPEHURIVSDFHDFWLYLWLHVKDVOHGWRWKHJURZWKRIWKHSRSXODWLRQRIUHVLGHQW
VSDFH REMHFWV LH VDWHOOLWHV DQG VSDFH GHEULV 7KH DYDLODELOLW\ RI D FRPSOHWH FDWDORJXH RI
RUELWLQJREMHFWVLVWKHUHIRUHH[WUHPHO\XVHIXOIRUWKHFROOLVLRQSUREDELOLW\HYDOXDWLRQRISUHVHQW
DQGIXWXUHPLVVLRQV7KHH[LVWLQJFDWDORJXHVDUHHVVHQWLDOO\EDVHGRQJURXQGUDGDUVRURSWLFDO
PHDVXUHPHQWV 7KH PDLQ OLPLWDWLRQ RI WKLV DSSURDFK LV UHODWHG WR WKH GLVWDQFH EHWZHHQ WKH
REVHUYHU DQG WKH RUELWLQJ REMHFW 6XFK OLPLWDWLRQ FDQ EH VROYHG E\ XVLQJ VSDFHEDVHG
PHDVXUHPHQWV :LWKLQ WKHIUDPHZRUNRI WKLVDSSOLFDWLRQ WKHSDSHUSURSRVHVWKHXVHRI VWDU
VHQVRUVDVRUELWLQJREVHUYHUVSURILWLQJIURPWKHLUGLVVHPLQDWHGRSWLFDOVHQVRUV,QIDFWWKHVWDU
VHQVRUV DUH W\SLFDOO\ PRXQWHG RQERDUG RI VDWHOOLWHV IRU WKH DWWLWXGH GHWHUPLQDWLRQ 7KH
SURSRVHG DSSURDFK SURYLGHV WKH RSSRUWXQLW\ RI XVLQJ WKHP IRU REMHFWV¶ GHWHFWLRQ WKXV
PLQLPL]LQJWKHLPSDFWLQWHUPVRIFRVWDQGV\VWHPDUFKLWHFWXUHZLWKUHVSHFWWRGHGLFDWHGVSDFH
REMHFWREVHUYHUPLVVLRQV8VXDOO\VWDUVHQVRUVGLVFDUGLQIRUPDWLRQRIREVHUYHGPRYLQJREMHFWV
DJDLQVWWKHIL[HGVWDUVORVLQJPDQ\GDWDWKDWFRXOGEHYHU\XVHIXOIRUWKH6SDFH6LWXDWLRQDO
$ZDUHQHVV$QRUELWLQJREVHUYHURIVSDFHFUDIWDQGVSDFHGHEULVSURYLGHVWKHRSSRUWXQLW\RI
FRQWLQXRXVRSHUDWLRQVZLWKWKHGHWHFWLRQRIFORVHREMHFWVZLWKLQDUDQJHRIDIHZWKRXVDQGVRI
NLORPHWUHV $ VWDU VHQVRU LQ VXQV\QFKURQRXV RUELW FDQ REVHUYH KXQGUHGV RU WKRXVDQGV RI
REMHFWVHVSHFLDOO\LQWKHUHJLRQVRYHUWKHSROHV
7KLVZRUNSUHVHQWVDSUHOLPLQDU\VWXG\RIWKH,WDOLDQ6SDFH$JHQF\SURMHFW6327 6WDUVHQVRU
LPDJHRQERDUG3URFHVVLQJIRU2UELWLQJREMHFWVGH7HFWLRQ 7KHSDSHUIRFXVHVRQWKHDQDO\VLV
LQXVLQJVWDUVHQVRUVLQ/(2WRGHWHFWVSDFHGHEULV$PLVVLRQZLWK0XOWL+HDG6WDU6HQVRUV
FRXOGKDYHDVWDUVHQVRUQRWXVHGIRUWKHDWWLWXGHGHWHUPLQDWLRQ7KHLGHDLVWRH[SORLWWKLVVWDU
VHQVRU WR GHWHFW PRYLQJ REMHFWV ZKLFK DSSHDU DV VWUHDNV LQ WKH DFTXLUHG LPDJH 7KH PDLQ
IDFWRUVZKLFKDIIHFWWKHYLVLELOLW\KDYHEHHQFRQVLGHUHGWKHVHQVRUFKDUDFWHULVWLFV VHQVLWLYLW\
ILHOGRIYLHZH[SRVXUHWLPHDQGERUHVLJKWGLUHFWLRQ WKHRSWLFDOSURSHUWLHVRIWKHREVHUYHG
REMHFWVWKHHQYLURQPHQWLQIOXHQFHDQGWKHUHODWLYHYHORFLW\EHWZHHQWDUJHWDQGREVHUYHU7KH
SDSHUVKRZVWKHUHVXOWVE\VHOHFWLQJXSWRVDWHOOLWHVLQ/(2DVVLPXOWDQHRXVREVHUYHUV

Keywords: 6WDUVHQVRU2UELWLQJREMHFWV¶GHWHFWLRQ6SDFH6LWXDWLRQDO$ZDUHQHVV
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INTRODUCTION

,QVSDFHDSSOLFDWLRQVWKHLQIRUPDWLRQDERXWWKHORFDWLRQRIWKHUHVLGHQWVSDFHREMHFWV 562V 
VXFK DV VDWHOOLWHV VSDFH MXQN DQG RWKHU RUELWDO REMHFWV LV FULWLFDO >@ >@ >@ ,W LV XVHG WR
SHULRGLFDOO\REVHUYHDQGH[DFWO\WUDFNWKHVSDFHREMHFWV>@>@6LQFHWKHORFDWLRQDQGWUDMHFWRU\
RI WKH VSDFH REMHFWV VSHFLILFDOO\ VDWHOOLWHV  FKDQJH WKH\ KDYH WR EH REVHUYHG UHSHDWHGO\ LQ
GLIIHUHQW LQWHUYDOV RI WLPH >@>@>@ 6SDFH GHEULV GHILQHG DV WKH UHPDLQV RI VSDFHFUDIW DQG
URFNHWVSRVHDJURZLQJWKUHDWWR/(20(2DQG*(2VSDFHLQIUDVWUXFWXUHDQGRSHUDWLRQVGXH
WRWKHODUJHXQFHUWDLQW\RIWKHLUSRSXODWLRQWUDMHFWRULHVPDVVVL]HHWF$Q\FROOLVLRQHYHQWZLWK
DVHYHUDOPLOOLPHWHUVL]HG REMHFW WUDYHOLQJDW RUELWDOYHORFLW\PD\ FDXVHLUUHYHUVLEOHGDPDJH
DQGIXUWKHUDYDODQFKHPXOWLSOLFDWLRQRIGHEULV7KHNQRZQQXPEHURIVSDFHGHEULVKDVLQFUHDVHG
VXEVWDQWLDOO\RYHUWKHODVWGHFDGHVDQGLWLVH[SHFWHGWRJURZIXUWKHUDWDQHDUO\H[SRQHQWLDOUDWH
GXH WR LQFUHDVHG KXPDQ DFWLYLWLHV LQ VSDFH LQ WKH VW FHQWXU\ 7KH WUDFNLQJ RI VSDFH GHEULV
ZRXOGDOORZWRUHGXFHWKHSRVVLELOLWLHVRIKDYLQJSRWHQWLDOKD]DUGRXVFROOLVLRQV
7KHDYDLODELOLW\RIDFRPSOHWHFDWDORJXHRIRUELWLQJREMHFWVLVWKHUHIRUHH[WUHPHO\XVHIXOIRU
WKH UHOLDELOLW\ DQG VDIHW\ HYDOXDWLRQ RI SUHVHQW DQG IXWXUH PLVVLRQV 7KH H[LVWLQJ FDWDORJXHV
HVVHQWLDOO\GHULYHVIURPJURXQGEDVHGREVHUYDWLRQV RSWLFDODQGRUUDGDU 
2SWLFDO REVHUYDWLRQV KDYH WZR PD\RU OLPLWDWLRQV WKHLU SHULRG HVSHFLDOO\ LQ /(2  DQG WKH
UHTXLUHPHQWRIFOHDUGDUNVNLHV,QIDFWVSDFHREMHFWVFDQEHGHWHFWHGE\DWHOHVFRSHZKHQWKH\
DUHVXQOLWZKLOHWKHVN\EDFNJURXQGLVGDUN2SWLFDOWHOHVFRSHVDUHXVHGIRUPRUHGLVWDQWRUELWDO
UHJLRQVVXFKDVWKHJHRVWDWLRQDU\ULQJ>@>@
5DGDUREVHUYDWLRQVDUHSULPDULO\XVHGIRUWKHFKDUDFWHUL]DWLRQRIWKHVSDFHGHEULVSRSXODWLRQLQ
/(2EHWZHHQDQGNP>@DVWKLVLVWKHPRVWSUDFWLFDOZD\RIVWXG\LQJWKHVSDFH
GHEULVHQYLURQPHQWDVIDUDVREVHUYDEOHREMHFWVDUHODUJHUWKDQFP>@&RPSDUHGZLWKWKH
RSWLFDO PHDVXUHPHQWV UDGDUV FDQ JUDQW D KRXU D GD\ REVHUYDWLRQ LQGHSHQGHQW IURP
PHWHRURORJLFDOFRQGLWLRQVDQGZLWKYHU\KLJKVHQVLWLYLW\+RZHYHUDERYHVHYHUDOWKRXVDQGNP
RIDOWLWXGHWKHUHTXLUHGUDGDUSRZHULVWRRKLJKWRDOORZWKHPRQLWRULQJRIVPDOOVSDFHGHEULV
7KHUHIRUHRSWLFDOVHQVRUVDUHXVHGLQWKHVHVFHQDULRV
0DQ\RUJDQL]DWLRQVVXFKDV'HIHQVH5 '&DQDGD&KLQD¶V6KDQJKDL2EVHUYDWRU\DQG86$)
GHYHORSHGWKHLUJURXQGEDVHGVWDWLRQVXVLQJWHOHVFRSHVWRREVHUYHDQGWUDFNVDWHOOLWHV>@>@
>@>@
1RZDGD\VWKHRUELWVRIDOOWKHXQFODVVLILHGVSDFHFUDIWDQGVSDFHGHEULVDUHFROOHFWHGE\$)63&
DQG125$'LQWKH7/(FDWDORJXHDQGDUHXSGDWHGWKDQNVWRWKHREVHUYDWLRQVSHUIRUPHGE\D
QHWZRUNRIVHQVRUVERWKUDGDUVDQGRSWLFDOFDOOHG6SDFH6XUYHLOODQFH1HWZRUN 661 661
SURFHVVHVGDWDFRPLQJIURPDERXWREVHUYDWLRQVHDFKGD\
'HEULVVPDOOHUWKDQPPFDQQRWEHGHWHFWHGE\DQ\JURXQGEDVHGREVHUYDWLRQVHYHQWKRXJK
VXFK WLQ\ GHEULV PD\ OHDG WR WKH HQG RI D VSDFHFUDIW¶V PLVVLRQ 7KHUHIRUH VSDFHEDVHG
REVHUYDWLRQVVKRXOGEHFRQGXFWHGWRXQGHUVWDQGWKHHQYLURQPHQWRIVXEPLOOLPHWHUVL]HGHEULV
IRUDOOWKHRUELWV
6SDFHEDVHGREVHUYDWLRQVDUHSHUIRUPHGRQERDUGVSDFHSODWIRUPVLQRUELWWKXVREMHFWVFDQEH
GHWHFWHGPRUHWKDQRQFHDGD\DQGIURPGLIIHUHQWDQGRURSWLPDOSRLQWVRIYLHZGHWHUPLQHG
IURP WKH SKDVH DQJOH )XUWKHUPRUH WKHUH DUH QR UHVWULFWLRQV E\ ZHDWKHU DWPRVSKHUH DQG
GD\QLJKWF\FOHPHDQLQJDKLJKRSHUDWLRQDOUREXVWQHVV
,QWKLVIUDPHZRUN(6$LVGHYHORSLQJDSURMHFWFDOOHG³2SWLFDO,Q6LWX0RQLWRU´>@ZKRVH
DLPLVWRGHWHFWVSDFHGHEULVE\PHDQVRIDGHGLFDWHGRSWLFDOWHOHVFRSHPRXQWHGRQERDUGD
VSDFHFUDIW ZKLFKLVLQDVXQV\QFKURQRXVRUELWQHDUWKHWHUPLQDWRUSODQH 
7KLVSDSHUGHVFULEHVDQHZDSSURDFKWRVSDFHEDVHGGHWHFWLRQRIUHVLGHQWVSDFHREMHFWVXVLQJ
VWDUVHQVRU 6327 8QOLNHWKH(6$SURMHFW6327DLPVWRGHWHFWRUELWLQJREMHFWVE\XVLQJVWDU
VHQVRUVXVXDOO\UHTXLUHGIRUDFFXUDWHDWWLWXGHGHWHUPLQDWLRQSXUSRVHV
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6327ZLOOH[SORLWGDWDIURPWKHRSWLFDOVHQVRUVDOUHDG\PRXQWHGRQERDUGWKHVSDFHFUDIWLQ
RUGHUWRPLQLPL]HDQ\LPSDFWRQWKHPDLQSXUSRVHVRIWKHPLVVLRQ7KLVZLOOOHDGWRDEHWWHU
NQRZOHGJHRIFDWDORJXHGREMHFWVDQGWKHGHWHFWLRQRIQHZREMHFWV
7KHSDSHULVRUJDQL]HGDVIROORZV
,Q6HFVRPHEULHIQRWLRQVUHODWHGWR6327DUFKLWHFWXUHDUHGHVFULEHG
,Q6HFWKHPDWKHPDWLFDOPRGHOUHTXLUHGWRSHUIRUPWKHVLPXODWLRQLVH[SODLQHG
,Q6HFWKHDGRSWHGVLPXODWLRQHQYLURQPHQWLVUHSRUWHG
,Q6HFVLPXODWLRQVUHVXOWVDUHVKRZQDQGLQ6HFFRQFOXVLRQVDQGILQDOUHPDUNVDUHUHSRUWHG
2

SPOT ARCHITECTURE

7KHGHWHFWLRQRIRUELWLQJREMHFWVXVHVWKHDFTXLVLWLRQRIRSWLFDOPHDVXUHPHQWVREWDLQHGE\WKH
VWDUVHQVRU,QDVWDELOL]HGVDWHOOLWHLHZLWKDIL[HGDWWLWXGHVWDUVDSSHDUDVJURXSVRISL[HOV
ZLWKDIL[HGSRVLWLRQLQVXFFHVVLYHLPDJHV H[FHSWIRUPRYHPHQWGXHWRQRLVH 2QWKHRWKHU
KDQG DQ RUELWLQJ REMHFW WKDW IDOOV ZLWKLQ WKH VHQVRU V ILHOG RI YLHZ )29  DSSHDUV DV DQ
H[WHQGHGVRXUFHVSUHDGRYHURQHRUPRUHSL[HOV ZLWKVZLSLQJHIIHFW GHSHQGLQJRQLWVVL]HDQG
YHORFLW\ LQWHUPVRIGLUHFWLRQDQGVSDFHWUDYHOOHG ZLWKUHVSHFWWRWKDWRIWKHVHQVRU
6327 LV VHW XS LQ LWV QRPLQDO PRGH WR RSHUDWH E\ UHFHLYLQJ LQIRUPDWLRQ IURP WKH VDWHOOLWH V
DWWLWXGH QDYLJDWLRQ DQG JXLGDQFH V\VWHP LI WKH DWWLWXGH FRQGLWLRQV RQ DQJXODU YHORFLW\ IXOILO
VRPHWKUHVKROGOLPLWV,QIDFWWKHULVNLVWRQRWEHDEOHWRGLVWLQJXLVKWKHRUELWLQJREMHFWDQGWKH
IL[HGVWDU,QWKLVFRQILJXUDWLRQGXULQJWKHLPDJHDQDO\VLVSURFHVV6327FDQUHFRJQL]HWKHVWDUV
DQGH[FOXGHWKHPE\DSSO\LQJILOWHULQJEDVHGRQWHFKQLTXHVYHU\VLPLODUWRWKRVHXVHGGXULQJ
XVXDOVWDUWUDFNLQJRSHUDWLRQV
6327SURSRVHVWRSURFHVVWKHIORZRIGDWDHQWHULQJWKHV\VWHPE\XVLQJRQHRUPRUHDOJRULWKPV
FDSDEOHRIGHWHFWLQJPRYLQJREMHFWV
6327GHDOVZLWKWZRGLIIHUHQWVRIWZDUHPRGXOHV21%2$5'6327PRGXOHIRURQERDUG
GDWDSURFHVVLQJDQG*5281'6327PRGXOHIRUJURXQGEDVHGGDWDSURFHVVLQJ
2.1

On-board SPOT

7KHLQIRUPDWLRQUHTXLUHGE\WKHRQERDUGSURFHVVLQJRI6327LVWKHFRRUGLQDWHVRIWKHDERYH
WKUHVKROGSL[HOVDQGWKHLUHQHUJ\VXSSOLHGDVDGDWDVWUHDPIURPWKHVWDUVHQVRU7KHLQSXWWR
WKHV\VWHPLVJXDUDQWHHGUHJDUGOHVVRIWKHW\SHRIWHFKQRORJ\XVHGIRUWKHGHWHFWRU &&'RU
&026  RU IRU WKH DFTXLVLWLRQ PHWKRG UROOLQJ VKXWWHU RU JOREDO VKXWWHU  )RU LQVWDQFH WKH
GHWHFWRU LQIRUPDWLRQ RI &026 VHQVRUV LV DFTXLUHG OLQH E\ OLQH E\ WKH RQERDUG GDWD
PDQDJHPHQW V\VWHP )RU HDFK URZ FRQVHFXWLYH SL[HOV ZLWK VXIILFLHQWO\ KLJK VLJQDOV DUH
FROOHFWHGLQVHJPHQWV7KLVSUHSURFHVVLQJFDOOHGVHJPHQWDWLRQLVEDVHGRQWKHFRPSDULVRQRI
WKHVLJQDORIHDFKLQGLYLGXDOSL[HOZLWKWKHDYHUDJHVLJQDORILWVORFDOQHLJKERUKRRG7KHUHIRUH
RQO\VHJPHQWLQIRUPDWLRQLVFRQVLGHUHGIRUIXUWKHUDQDO\VLVUHODWHGWRWKHGHWHFWLRQRIERGLHV
DQGGHEULVLQRUELW6HJPHQWDWLRQSUHSURFHVVLQJGDWDLVFROOHFWHGZLWKDQ5/(DOJRULWKPWR
PLQLPL]HWKHDPRXQWRIPHPRU\UHTXLUHG
7KH PDMRU FULWLFDO LVVXH RI RQERDUG SURFHVVLQJ OLHV LQ WKH UHFRJQLWLRQ RI UHFXUULQJ VWUHDNV
EHORQJLQJWRWKHVDPHVWDUDQGFRQVHTXHQWO\LQWKHUHFRJQLWLRQRIJURXSVRISL[HOVEHORQJLQJWR
WKHVDPHRUELWLQJREMHFWDVNQRZQIURPWKHXVHRIVWDUWUDFNHUVDVVWHOODUJ\URVFRSHV>@>@
,QRUGHUWRGRWKLVWKHIROORZLQJSURFHGXUHGLYLGHGLQWRWKUHHVWHSV ZLWKWKHJHQHUDWLRQRIWKH
VDPHQXPEHURISURGXFWV LVDSSOLHGRQERDUG
• &OXVWHULQJWKLVRSHUDWLRQLVSHUIRUPHGRQDVLQJOHLPDJH7KHVHJPHQWVEHORQJLQJWRWKH
VDPH REMHFW DUH XQLILHG LQ D FOXVWHU JURXS RI SL[HOV  WKDW FDQ EH XVHG WR H[WUDSRODWH
LQIRUPDWLRQRQWKHPRYLQJREMHFW
• )XVLRQWKLVRSHUDWLRQLVQHFHVVDU\WRUHFRJQL]HWKHSHUVLVWHQFHRIDQREMHFWLQVXFFHVVLYH
LPDJHV7KHIXVLRQRSHUDWLRQLVDSSOLHGWRWZRFRQVHFXWLYHLPDJHVDQGDOORZVWKHVRIWZDUH
WRXQGHUVWDQGWKHGLUHFWLRQRIWKHPRYLQJREMHFWZLWKLQWKHVHQVRUDUHD
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'HWHFWLRQPRYLQJREMHFWVDUHUHSUHVHQWHGE\VWUHDNVLQWKHLPDJH7KHSURFHVVLQJLGHQWLILHV
WKHFRRUGLQDWHVDQGWKHDFTXLVLWLRQHSRFKRIWKH([WUHPDO3RLQWV (3V RIHDFKVHULHV
Ground SPOT

7KLVEORFNPDQDJHVDQGSURFHVVHVWKHGDWDVHQWWRWKHJURXQGVWDWLRQWKHLQSXWLVWKHRXWSXW
GDWDIURP21%2$5'6327ZKLFKLVSURFHVVHGDQGFROOHFWHGLQDGDWDEDVH7KHGDWDEDVH
ZLOO DOORZ H[SHUW XVHUV WR IXUWKHU SURFHVV GDWD IRU 6SDFH 6XUYHLOODQFH DQG 7UDFNLQJ 667 
SXUSRVHVVXFKDVRUELWGHWHUPLQDWLRQDQGGLPHQVLRQVHVWLPDWLRQRIWKHGHWHFWHGREMHFWV
3

MATHEMATICAL MODEL

$GHWDLOHGYLVLELOLW\VWXG\KDVEHHQSHUIRUPHGWRYDOLGDWHSHUIRUPDQFHVDQGSRWHQWLDOLWLHVRI
6327$OOWKHIROORZLQJPDWKHPDWLFDOUHODWLRQVKLSVKDYHEHHQWDNHQIURP>@>@>@>@,Q
SDUWLFXODUWKHYLVLELOLW\FULWHULDRIDWDUJHWKDYHEHHQLGHQWLILHGLQUHODWLRQWRLWVPDJQLWXGHLWV
SRVLWLRQZLWKUHVSHFWWRWKHREVHUYHUDQGWKHRSWLFDOFKDUDFWHULVWLFVRIWKHWDUJHWDQGWKHVHQVRU
3.1

Magnitude evaluation

$VDWHOOLWHFDQGUDVWLFDOO\FKDQJHLWVPDJQLWXGHYDOXHSDVVLQJIURPDFRQGLWLRQRIYLVLELOLW\WR
RQH RI QRQYLVLELOLW\ RQO\ GXH WR DWWLWXGH PDQHXYHUV RU GXH WR FKDQJHV LQ NLQHPDWLF RUELWDO
 WKHRQHFDWDORJXHVLQWKH
FRQGLWLRQV7KHUHODWLRQVKLSEHWZHHQWKHVWDQGDUGPDJQLWXGHV
125$'GDWDEDVH DQGWKHYLVXDOPDJQLWXGH FDQEHREWDLQHGWKURXJKWKHUHODWLRQ






ZKHUH LVWKHGLVWDQFHEHWZHHQREVHUYHUDQGWDUJHWDQG LVWKHLOOXPLQDWHGIUDFWLRQRIWKH
VDWHOOLWH LWV YDOXH FDQ UDQJH IURP  WR   ,Q SDUWLFXODU
 LI WKH WDUJHW LV FRPSOHWHO\
LOOXPLQDWHG
LIWKHWDUJHWLVQRWYLVLEOH
)RUWKRVHREMHFWVIRUZKLFK
LVXQNQRZQEXWWKHGLPHQVLRQLVNQRZQ FDQEHHVWLPDWHG
E\XVLQJWKHWUDQVYHUVDOVHFWLRQDUHD LQWHQGHGWREHWKHPLQLPXPH[SRVHGDUHD 






ZKHUH LVWKHWUDQVYHUVDOVHFWLRQDUHD LVWKHUHIOHFWLRQFRHIILFLHQW KDVEHHQVHWFRQVWDQW
DQGHTXDOWRDFFRUGLQJWRWKHOLWHUDWXUH  LVWKHSKDVHDQJOH WKHDQJOHEHWZHHQ6XQ
WDUJHWREVHUYHU DQG
LVDIXQFWLRQZKLFKGHSHQGVRQWKHVKDSHDQGDWWLWXGHRIWKHREVHUYHG
REMHFW
 6SKHULFDOREMHFWV
&RQVLGHULQJVSKHULFDOREMHFWVZLWKGLIIXVLYHRSWLFDOSURSHUWLHVWKHH[SOLFLWH[SUHVVLRQIRU
LV






6XSSRVLQJWKDWWKHPD[LPXPLQVWUXPHQWDOPDJQLWXGHYLVLEOHIURPWKHVWDUVHQVRULVHTXDOWR
7DEOHVKRZVZKLFKNLQGRIREMHFWVLVSRVVLEOHWRGHWHFWDWDJLYHQUHODWLYHGLVWDQFHDQG
SKDVHDQJOH
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'LDPHWHU FP  $UHD FP 

î

î

î

î

î

î

î

î

&XUWL6FKLDWWDUHOOD6SLOOHUHWDO
5HODWLYHGLVWDQFHV NP 


0.3394
0.2203
3.394
2.203
16.970
11.016
33.940
22.032
169.70
110.16
339.40
220.32
1697.0
1101.6
3394.0
2203.2


0.3905
3.905
19.525
39.050
195.25
390.50
1952.5
3905.0


0.0858
0.8582
4.291
8.582
42.91
85.82
429.1
858.2

7DEOH'HWHFWDEOHVSKHULFDOREMHFWVZLWKPDJQLWXGH

 3ODWHV
&RQVLGHULQJSODWHREMHFWVWKHH[SOLFLWIRUPXODIRU LV





ZKHUHWKHDQJOH DQG DUHGHILQHGLQ)LJXUH0RUHRYHUWKHDQJOHV
UHODWHGE\WKHIROORZLQJHTXDWLRQ





DQG DUH


ZKHUHDOOWKHUHTXLUHGDQJOHVDUHGHILQHGLQ)LJXUH)URP(T  LI
GHJRU

GHJWKHQ
DVZHOODVIRUWKHVDPHYDOXHVRI 0RUHRYHUWKHEHKDYLRURI LVV\PPHWULF
ZKHWKHURQFHIL[HGRQHDQJOHWKHRWKHUDQJOHLVLQ>@GHJRULQ>@GHJ$FFRUGLQJO\
WKHUHTXLUHGGLVWDQFHWRVHHSODWHREMHFWVZLWKDYLVXDOPDJQLWXGHXSWRDQGGLIIHUHQWVL]HLV
UHSRUWHGLQ7DEOHZKLOHERWK DQG DUHLQ @GHJ

6XQ



2EVHUYHU

3ODQHRIWKHSODWH








)LJXUH'HILQLWLRQDQGUHODWLRQVKLSEHWZHHQ



 DQG IRUWKHDQDO\VLVRISODWHREMHFWV

5HODWLYHGLVWDQFHV NP 

$UHD FP 


















0.0937
0.1891
0.2249
0.4686
0.9455
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0.1891
0.3816
0.4538
0.9455
1.9080







0.2249
0.4538
0.5397
1.1244
2.2690
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î
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1.1244
0.9371
1.8910
2.2488
4.6856
9.4552
11.2441
9.3711
18.9103
22.4883
46.8556
94.5516
112.4415
93.7112
189.1033
224.8829
0.4686×103
0.9455×103
1.1244×103
0.4686×103
0.9455×103
1.1244×103

2.2690
1.8910
3.8160
4.5380
9.4552
19.0799
22.6900
18.9103
38.1598
45.3799
94.5516
190.7991
226.8997
189.1033
381.5983
453.7994
0.9455×103
1.9080×103
2.2690×103
1.8910×103
3.8160×103
4.5380×103

7DEOH'HWHFWDEOHSODWHREMHFWVZLWKPDJQLWXGHDQG
























2.6983
2.2488
4.5380
5.3966
11.2441
22.6900
26.9831
22.4883
45.3799
53.9661
112.4415
226.8997
269.8307
224.8829
453.7994
539.6615
1.1244×103
2.2690×103
2.6983×103
2.2488×103
4.5380×103
5.3966×103


1RWHWKDWWKHSODWHPRGHOJLYHVUHVXOWVYHU\VLPLODUWRWKHVSKHUHRQHLHWKHUHTXLUHGGLVWDQFHV
IRUYLVLELOLW\DUHFRPSDUDEOHIRUWKHWZRPRGHOV7KXVZLWKRXWORVVRIJHQHUDOLW\WKHPRGHORI
WKHVSKHUHZLOOEHDGRSWHGIRUWKHVLPXODWLRQ
3.2

Dynamic condition analysis

562VFDQPRYHLQWKHIRFDOSODQHGXHWR
 QRQQHJOLJLEOHDQJXODUYHORFLWLHVRIWKHREVHUYHURU
 QRQQHJOLJLEOHUHODWLYHYHORFLWLHVEHWZHHQREVHUYHUDQGWDUJHW
,QWKHVHFDVHVWKH562VLJQDOLVVSUHDGRYHUPRUHSL[HOVZLWKUHVSHFWWRWKHVWDWLRQDU\FDVH
&RQVHTXHQWO\WKHQXPEHURISKRWRHOHFWURQVDVVRFLDWHGWRDVLQJOHSL[HORIDVWUHDNLQG\QDPLF
FRQGLWLRQV LV VPDOOHU WKDQ WKH QXPEHU RI SKRWRHOHFWURQV DVVRFLDWHG WR D SL[HO RI D VSRW LQ
VWDWLRQDU\FDVH
:KHQ WKH QXPEHU RI SKRWRHOHFWURQV LV WRR VPDOO WKH VWDU VLJQDO FDQ EH WRR ORZ WR SDVV WKH
SUHSURFHVVLQJ RSHUDWLRQ ,QGHHG UHJDUGOHVV RI WKH W\SH RI SUHSURFHVVLQJ D WKUHVKROG PXVW
DOZD\V EH LQWURGXFHG WR GLVWLQJXLVK PHDQLQJIXO SL[HO IURP EDFNJURXQG QRLVH +HQFH ZLWK
LQFUHDVLQJYHORFLWLHVWKHQXPEHURIGHWHFWHGREMHFWV VWDUVRU562V XVXDOO\ GHFUHDVHV7KLV
SUREOHPKDVEHHQDOUHDG\LQYHVWLJDWHGLQGLIIHUHQWZRUNVHJ.>@>@
7KHUHODWLYHYHORFLW\ RIDQREMHFWPRYLQJLQDIUDPHIL[HGZLWKWKHREVHUYHULVHYDOXDWHGDVD
IXQFWLRQRILWVSRVLWLRQ LQWZRVXFFHVVLYHWLPHLQVWDQWVLH
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ZLOOEHUHJDUGHGDVWKHLQLWLDODQGILQDOWLPHIRUWKHH[SRVXUHRIWKH
$VIROORZV DQG
JHQHULFVWDUVHQVRUIUDPH+HQFHWKHH[SRVXUHWLPHRIWKHVWDUVHQVRULVGHILQHGDV




















)LJXUH2EMHFWPRYLQJLQWKHILHOGRIYLHZRIWKHVWDUVHQVRU

:KHQWKHREMHFWLVZLWKLQWKH)29RIWKHVWDUVHQVRURIWKHREVHUYHUVWKHREMHFWLVVHHQDVD
PRYLQJSRLQWLQWKHIRFDOSODQHLI
KDVDQRQ]HURRUWKRJRQDOFRPSRQHQWZLWKUHVSHFWWR
EHWKHFRPSRQHQWRI RUWKRJRQDOWR
 VHH)LJXUH $FFRUGLQJO\OHW
ZLWK
PDJQLWXGH



1RWHWKDWZKHQ
LVHTXDOWR]HURWKHREMHFWDSSHDUVDVDVWDWLRQDU\VSRWLQWKHLPDJHDQG
LWLVDXWRPDWLFDOO\ILOWHUHGE\WKHGHWHFWLRQVRIWZDUH:LWKUHIHUHQFHWR)LJXUHWKHUHODWLYH
E\PHDQRIWKH
GLVSODFHPHQWLVUHODWHGWRWKHGLVSODFHPHQWGHWHFWHGLQWRWKHIRFDOSODQH
IROORZLQJUHODWLRQ




ZKHUH






DQG  LV DQ XQNQRZQ SDUDPHWHU W\SLFDOO\ VPDOO  ,W LV QRWHZRUWK\ WKDW WKH WHUP
 LV
LQWURGXFHGWRFRQVLGHUWKHDQJXODUGLVSODFHPHQWEHWZHHQWKHUHDOUHODWLYHYHORFLW\DQGWKHRQH
GHWHFWHGLQWRWKHIRFDOSODQH VHH)LJXUH 7KHGLVSODFHPHQWLQWKHIRFDOSODQHLVJLYHQDV
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)LJXUH'HWDLORI)LJXUH

$JRRGIHDVLEOHDSSUR[LPDWLRQRIWKHSUHYLRXVIRUPXODLVJLYHQE\LPSRVLQJ
ZKLFKLV
WUXHZKHQWKHGLVSODFHPHQWRIWKHREMHFWLVVPDOOFRPSDUHGWRWKHGLPHQVLRQRIWKHGHWHFWRU
WKLVLVWUXHZKHQWKHVDPSOLQJIUHTXHQF\LVKLJKHQRXJKDQGWKHUHODWLYHYHORFLW\LVVPDOO ,Q
WKLVFDVHWKHGLVSODFHPHQWLQWKHIRFDOSODQHLVJLYHQDV



)LQDOO\ZKHQ


FDQEHIXUWKHUVLPSOLILHGDV

WKHQWKHHVWLPDWLRQRI





%\GLYLGLQJ(T  IRUWKHH[SRVXUHWLPHWKHUHODWLRQFRQFHUQLQJWKHUHODWLYHYHORFLW\DQGWKH
LPDJHSODQHYHORFLW\LV



7KLV IRUPXODFDQEHXVHGZLWK JRRGUHVXOWVZLWK)29XS WR GHJDQGVORZREMHFWV :LWK
UHIHUHQFHWR)LJXUHWKHDUFOHQJWK RIDPRYLQJREMHFWLQWKHIRFDOSODQHFDQEHUHDVRQDEO\
DSSUR[LPDWHGGLYLGLQJ(T  E\
&RQVHTXHQWO\ LVH[SUHVVHGDV
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ZKHUHWKHFRVLQHFDQEHUHDVRQDEO\LJQRUHGZKHQWKH)29LVOHVVWKDQRUHTXDOWRGHJ,Q
WKLVVHFWLRQZHFRQVLGHUDPRGHOZKLFKLVYHU\FORVHWRWKHRQHSUHVHQWHGLQ>@DVZHOODV
DOUHDG\GRQHLQ>@7KHDUFOHQJWK FDQEHDOWHUQDWLYHO\H[SUHVVHGE\UHIHUULQJWRWKHYHORFLW\
RI WKH REMHFW PRYLQJ LQ WKH IRFDO SODQH
 H[SUHVVHG LQ SL[HOVHFRQGV ,Q WKLV FDVH  LV
H[SUHVVHGDV





ZKHUHWKHODVWH[SUHVVLRQLV WKHDSSUR[LPDWHGHYDOXDWLRQ 7KHTXDQWLW\
UHSUHVHQWV WKH
GLPHQVLRQRIWKHSL[HO,QVWDWLRQDU\FRQGLWLRQDQREMHFWZLWKPDJQLWXGH]HURLVDVVRFLDWHGWR
D VLJQDO IOX[ LQWHQVLW\ GHQRWHG DV  PHDVXUHG LQ HV DQG UHSUHVHQWLQJ WKH QXPEHU RI
SKRWRHOHFWURQVHPLWWHGE\DVWDURIPDJQLWXGHGXULQJDQH[SRVXUHRIRQHVHFRQG&RQVLGHULQJ
DVTXDUHGHWHFWRUZLWK
VLGHDQGWKHLQVWDQWDQHRXVILHOGRIYLHZ
DV



WKHQXPEHURIFRYHUHGSL[HOVLQG\QDPLFFRQGLWLRQVLVJLYHQE\






,Q (T  
 LV D FRQVWDQW SDUDPHWHU UHODWHG WR WKH SRLQW VSUHDG IXQFWLRQ 36)  RI WKH
GHWHFWRU7KH36)GHVFULEHVWKHUHVSRQVHRIWKHGHWHFWRUWRWKHVWDUVLJQDOLHWKHVSUHDGRIWKH
VWDUVLJQDORYHUVHYHUDOSL[HO
)LQDOO\WKHQXPEHURISKRWRHOHFWURQVDVVRFLDWHGWRPDJQLWXGH]HURVWDULQG\QDPLFFRQGLWLRQV
LVJLYHQE\



DQGFRQVLGHULQJ(T  





7KHWKUHVKROGFRQGLWLRQIRUDVWDUWREHGHWHFWHGLVWKDWLWVVLJQDO
XVLQJWKH3RJVRQ VIRUPXOD


LVHTXDOWR


DQGJLYHQWKDW

WKHUHIHUHQFHWKUHVKROGPDJQLWXGHFDQEHHYDOXDWHGDV
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)LJXUH0DJQLWXGHWKUHVKROGRIPRYLQJREMHFWV

7KHUHVXOWVRIWKLVWKHRUHWLFDOPRGHODUHVXPPDUL]HGLQ)LJXUH*LYHQWKHREMHFWYHORFLW\LQ
WKHIRFDOSODQHLQSL[HOVWKHUHGFXUYHUHSUHVHQWVWKHPD[LPXPGHWHFWDEOHPDJQLWXGH
&RPELQLQJWKHUHVXOWVUHSRUWHGLQ)LJXUHZLWKWKHDQDO\VLVVKRZQLQ7DEOHDQG7DEOHRQH
FDQREWDLQWKHUHODWLRQVKLSVEHWZHHQGLPHQVLRQRIWKHREMHFWGLVWDQFHIURPWKHREVHUYHUDQG
UHODWLYHYHORFLW\DQGFRQVHTXHQWO\VWXG\WKHGHWHFWDELOLW\
4

SIMULATION ENVIRONMENT

7KHWHVWVDUHSHUIRUPHGXVLQJVDWHOOLWHV7/(VGDWDDQGDQLPSOHPHQWHGRUELWDOSURSDJDWRUEDVHG
RQWKH6*3PRGHOGHVFULEHGLQ>@7KH6LPSOLILHG*HQHUDO3HUWXUEDWLRQV 6*3 SURSDJDWRU
LVXVHGZLWKWZROLQHPHDQHOHPHQW 7/( VHWV,WFRQVLGHUVVHFXODUDQGSHULRGLFYDULDWLRQVGXH
WR(DUWKREODWHQHVVVRODUDQGOXQDUJUDYLWDWLRQDOHIIHFWVJUDYLWDWLRQDOUHVRQDQFHHIIHFWVDQG
RUELWDOGHFD\XVLQJDGUDJPRGHO
4.1

Magnitude estimation

7KHHYDOXDWLRQRIPDJQLWXGHIRUHDFKVDWHOOLWHLVUHTXLUHGWRFDUU\RXWWKHVLPXODWLRQV6RPH
QRQRIILFLDOFDWDORJVKDYHEHHQXVHGZKLFKDUHWKHUHVXOWRIQXPHURXVREVHUYDWLRQFDPSDLJQV
FDUULHG RXW RYHU WKH \HDUV )URP WKHVH FDWDORJV LQIRUPDWLRQ DERXW WKH VWDQGDUG PDJQLWXGH
WKHWKUHHPDLQGLPHQVLRQV
DQGWKH5DGDU&URVV6HFWLRQ
ZHUHREWDLQHG
IRUVRPHRIWKHVDWHOOLWHVFRQWDLQHGLQWKH125$'FDWDORJ
7KH PRGHOV GHVFULEHG LQ 6HFWLRQ  KDYH EHHQ DGRSWHG WR SHUIRUP WKH VLPXODWLRQ :KHQ
LV
VWDQGDUGPDJQLWXGHLQIRUPDWLRQLVSURYLGHG(T  LVDGRSWHG6WDQGDUGPDJQLWXGH
DYDLODEOH IRU RQO\ WKH  RI WKH VDWHOOLWHV LQ WKH 125$' FDWDORJ ZKLFK FRQWDLQV DERXW
IURPRWKHUDYDLODEOHGDWDPDNLQJLQ
7/(V 7KHUHIRUHLWZDVQHFHVVDU\WRREWDLQ
VRPHFDVHVFRQVHUYDWLYHDVVXPSWLRQV
)RUWKRVHREMHFWVZLWKNQRZQGLPHQVLRQDQGXQNQRZQ
 FDQEHHVWLPDWHGE\XVLQJ(T
 XVLQJWKHWUDQVYHUVDOVHFWLRQDUHD LQWHQGHGWREHWKHPLQLPXPH[SRVHGDUHD &RQVLGHULQJ

1046

6327



&XUWL6FKLDWWDUHOOD6SLOOHUHWDO

FRQVHUYDWLYH FRQGLWLRQV WKH WUDQVYHUVDOVHFWLRQ DUHD WDNHQ IURP FDWDORJXHG LQIRUPDWLRQ LV
LGHQWLILHG ZLWK WKH PLQLPXP H[SRVHG DUHD )RU WKH VSKHUH WKH VHFWLRQ SDVVLQJ WKURXJK WKH
FHQWHUKDVEHHQXVHG,QVWHDGIRUWKHF\OLQGHUWKHPLQRUDUHDEHWZHHQWKHFLUFOHDUHDDQGWKH
UHFWDQJXODU DUHD RI WKH ODWHUDO VHFWLRQ KDV EHHQ FRQVLGHUHG $QG ILQDOO\ LQ WKH FDVH RI D
SDUDOOHOHSLSHGWKHVPDOOHUDUHDEHWZHHQWKHVHFWLRQVLQWKHWKUHHPDLQGLUHFWLRQVKDVEHHQXVHG
,QWKHZRUVWFDVHLHZKHQDVSHFLILFLWHPLQWKH125$'FDWDORJGRHVQRWKDYHDQ\DYDLODEOH
LQIRUPDWLRQIRUWKHHVWLPDWLRQRILWVPDJQLWXGHLWVGLPHQVLRQLVDVVLJQHGDQGPDJQLWXGHLV
HYDOXDWHGXVLQJWKHUHODWLRQVKLSRI(T  7KHGLPHQVLRQVDUHDVVLJQHGXVLQJDFRQVHUYDWLYH
DSSURDFKLHFRQVLGHULQJVXFKDQREMHFWDVDVSKHUHZLWKGLDPHWHURIFPDVUHSRUWHGLQ>@
4.2

Reference systems overview

6WDUWLQJIURPWKLVVHFWLRQWKHUHIHUHQFHIUDPHZLOOEHUHSRUWHGZKHQQHHGHGZLWKDVXEVFULSWHG
DSSURSULDWHV\PEROZKLOHWKHUHIHUHQFHWRWKHERG\ REVHUYHUWDUJHW(DUWKRU0RRQ ZLOOEH
UHSRUWHGLQVLGHVXSHUVFULSWHGEUDFNHWV7RXQGHUVWDQGWKHIROORZLQJDQDO\VLVDQGUHVXOWVDEULHI
RYHUYLHZRIWKHDGRSWHGUHIHUHQFHIUDPHLVJLYHQ7ZRGLIIHUHQWUHIHUHQFHIUDPHVDUHDGRSWHG
•

•

ZLWKRULJLQLQWKHFHQWHU
(DUWK&HQWHUHG,QHUWLDO (&, UHIHUHQFHIUDPH
RIPDVVRIWKH(DUWKWKLUGD[LVRULHQWHGDV(DUWK¶VURWDWLRQDOD[LVDQGILUVWDQGVHFRQG
D[HVLQ(DUWK¶VHTXDWRULDOSODQHWRFRPSOHWHDULJKWKDQG&DUWHVLDQFRRUGLQDWHV\VWHP
-FRQYHQWLRQLVDGRSWHGIRUILUVWD[LV 7KHSRVLWLRQVRIREVHUYHUDQGWDUJHWLQWKLV
UHIHUHQFHIUDPHDUH
DQG
UHVSHFWLYHO\
/RFDO9HUWLFDO/RFDO+RUL]RQWDO /9/+ UHIHUHQFHIUDPH
FHQWHUHG
LQWKHREVHUYHUSRVLWLRQZKHUH SRLQWVIURPWKHFHQWHURIWKH(DUWKWRWKHRULJLQRI 
 LV SHUSHQGLFXODU WR WKH RUELWDO SODQH DQG  FRPSOHWHV D ULJKWKDQG &DUWHVLDQ
FRRUGLQDWHV\VWHP7KHUHODWLYHGLVWDQFHEHWZHHQWKHREVHUYHUVDWHOOLWHDQGWKHWDUJHWLV
HYDOXDWHGDV







7KH(&,DQG/9/+UHIHUHQFHIUDPHVDUHVKRZQLQ)LJXUH D 





































 D  E 
)LJXUH,QHUWLDODQG/RFDOUHIHUHQFHIUDPHV D DQG6WHUHRJUDSKLFGHWHFWLRQER[ E 
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Visibility requirements

,QWKLVVHFWLRQDQDQDO\VLVRIWKHUHTXLUHPHQWVIRUWKHRSWLFDOGHWHFWLRQRIRUELWLQJERGLHVDQG
GHEULVLVSUHVHQWHG,QRUGHUWRGHWHFWRUELWLQJREMHFWVZLWKD6WDU7UDFNHUVRPHJHRPHWULFDO
SK\VLFDO DQG NLQHPDWLF FRQGLWLRQV PXVW EH VDWLVILHG ,Q WKH IROORZLQJ SDUDJUDSKV LGHQWLILHG
YLVLELOLW\FULWHULDDUHUHSRUWHG
 'HILQLWLRQRIWKH6WHUHRJUDSKLF'HWHFWLRQ%R[
$SUHOLPLQDU\GHWHFWLRQFRQGLWLRQLVUHODWHGWRWKHUHODWLYHGLVWDQFHEHWZHHQREVHUYHUDQGWDUJHW
:LWKUHIHUHQFHWR)LJXUH E WKHK\SRWKHVLVLVWKDWWKHRSWLFDOVHQVRUFDQRQO\VHHREMHFWVZLWKLQ
DGHILQHGGHWHFWLRQER[7KLVFRQGLWLRQLVH[SUHVVHGDV



&RQVHTXHQWO\HYHU\VDWHOOLWHRXWVLGHWKLVER[FDQQRWEHVHHQIURPWKHRSWLFDOVHQVRU QXPHULFDO
UHVXOWVZLOOFRQILUPWKLVK\SRWKHVLV )RUWKLVVWXG\LWKDVEHHQFRQVLGHUHG
NP
FRQVLVWHQWZLWKWKHDQDO\WLFDOYLVLELOLW\DQDO\VLVUHSRUWHGLQ6HFWLRQ 
 (DUWK6KDGRZ
$PDMRULVVXHIRURSWLFDOPHDVXUHPHQWVLQ/(2LVWKHVKDGRZGXHWRWKH(DUWKH[FOXVLRQFRQH
VHH )LJXUH D $FFRUGLQJO\DFRQVLVWHQWHVWLPDWLRQRIGHWHFWHGVDWHOOLWHVPXVWFRQVLGHU
RQO\VDWHOOLWHVDQGRUGHEULVWKDWDUHLOOXPLQDWHGE\VXQOLJKW

















 D  E 




)LJXUH(DUWKVKDGRZ D DQGSKDVHDQJOHIURPWKH6XQ E 



 3KDVHDQJOHIURPWKH6XQ
:LWKUHIHUHQFHWR


)LJXUH E OHW EHWKHSKDVHDQJOHGHILQHGDV




$QLPSRUWDQWFRQGLWLRQIRUWKHRSWLFDOGHWHFWLRQRIWKHWDUJHWLVUHODWHGWRWKHOLJKWQLQJFRQGLWLRQ
RIWKHWDUJHW7KHOLJKWQLQJLVPDLQO\UHODWHGWRWKHSKDVHDQJOHDQGLQRUGHUWRGHWHFWDJHQHULF
WDUJHWWKHFRQGLWLRQ
GHJPXVWEHVDWLVILHG:KHQ
GHJWKHREVHUYHUZLOORQO\
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VHHWKHXQOLWSDUWRIWKHWDUJHWEHFDXVHRIWKHUHODWLYHDWWLWXGHDQGSRVLWLRQORVLQJWKHYLVLELOLW\
FRQGLWLRQ2QWKHFRQWUDU\ZKHQWKHSKDVHDQJOHLVQXOOWKHREVHUYHUZLOOEHEHWZHHQWKH6XQ
DQGWKHWDUJHW7KLVLVWKHEHVWREVHUYDWLRQFRQGLWLRQDVWKHPD[LPXPLOOXPLQDWHGVXUIDFHLV
H[SRVHG,QIXUWKHUGHWDLOVWKHH[SUHVVLRQXVHGIRU LQ(T  LVHYDOXDWHGDV



,Q WKLV ZD\
ZKHQ

 ZKHQ



 ZKHQ

 UDG   GHJ DQG



UDG GHJ

 (DUWK6XQDQG0RRQ([FOXVLRQ&RQH
%ULJKWREMHFWVZLWKLQWKH)29RIWKHVWDUWUDFNHUSUHYHQWWKHRSWLFDOVHQVRUWRGHWHFWVDWHOOLWHV
+HQFH VDWHOOLWHV ZKLFK DUH ZLWKLQ WKH H[FOXVLRQ FRQH RI (DUWK 6XQ RU 0RRQ FDQQRW EH
FRQVLGHUHG,QIDFWYHU\EULJKWERGLHVVXFKDV6XQ0RRQDQG(DUWKOHDGWRWKHVDWXUDWLRQRI
WKH$36GHWHFWRUVRWKDWQRXVHIXOLQIRUPDWLRQLVDYDLODEOH7KHH[FOXVLRQDQJOHLVHYDOXDWHGDV
WKH VXPPDWLRQ RI WKH JHRPHWULF FRQWULEXWLRQ LGHQWLILHG E\  DQG WKH RSWLFDO RQH )RU WKH
(DUWKWKHRSWLFDOFRQWULEXWLRQLVPDLQO\GXHWRWKHDOEHGRDQGDQDQJOH
GHJKDVEHHQ
FRQVLGHUHG$VUHSRUWHGLQ)LJXUH D WKHJHRPHWULFFRQWULEXWLRQPD\EHREWDLQHGDV



ZKHUH LVWKH(DUWK¶VUDGLXV
:KHQFRQVLGHULQJWKH0RRQWKHH[FOXVLRQFRQHLVPDLQO\GXHWRWKHRSWLFDOFRQWULEXWLRQ VHW
WRGHJ 7KHJHRPHWULFDOFRQWULEXWLRQLVTXLWHOLWWOHEHFDXVHRIWKHJUHDWGLVWDQFHEHWZHHQ
PRRQ DQGREVHUYHU7KH6XQH[FOXVLRQDQJOHVKRXOG EHFRQVLGHUHGDV IRUWKH(DUWKDQGWKH
0RRQ+RZHYHUWKHFRQGLWLRQUHSRUWHGLQ6HFLVDOUHDG\FRQVHUYDWLYHDERXWWKHH[FOXVLRQ
RIWKH6XQLQVLGHWKH)29$FFRUGLQJO\WKHUHLVQRQHHGWRFRQVLGHUWKH6XQH[FOXVLRQDQJOH
ZKHQWKHSKDVHDQJOHFRQGLWLRQLVYHULILHG


Ȝ

Ȝ













 D  E 
)LJXUH(DUWKH[FOXVLRQFRQH D DQGVWDUWUDFNHUILHOGRIYLHZGHILQLWLRQ E 
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 6WDUWUDFNHU)LHOGRI9LHZ
7RFRPSOHWHWKHYLVLELOLW\DQDO\VLVRQO\WKHVDWHOOLWHVIDOOLQJZLWKLQWKH6WDU7UDFNHU)29DUH
FRQVLGHUHG:LWKUHIHUHQFHWR )LJXUH E WKHVHOHFWLRQLV SHUIRUPHGFRPSXWLQJWKHDQJOH 
EHWZHHQWKHWDUJHW¶VSRVLWLRQ DQGVWDUWUDFNHU¶VERUHVLJKW 7KHVDWHOOLWHVZKLFKDUHVHSDUDWHG
E\DQDQJOHJUHDWHUWKDQ)29VHPLDSHUWXUH DUHGLVFDUGHG7KHDQJOH LVFRPSXWHGDV



 0DJQLWXGH'HWHFWLRQ7KUHVKROG
6DWHOOLWHVZKLFKPDJQLWXGHLVJUHDWHUWKDQWKHGHWHFWLRQWKUHVKROGFDQQRWEHLGHQWLILHG,QWKLV
ZRUNWKHPD[LPXPGHWHFWDEOHPDJQLWXGHLVDVVXPHGWREHDVLWLVDW\SLFDOYDOXHIRUPRGHUQ
VWDUWUDFNHU1RWHWKDWWKHGHWHFWLRQWKUHVKROGLVDFKDUDFWHULVWLFRIWKHVHQVRUDQGLWUHIHUVWR
LQVWUXPHQWDOPDJQLWXGH:LWKRXWORVVRIJHQHUDOLW\LQWKLVZRUNWKHLQVWUXPHQWDOPDJQLWXGHLV
DVVXPHGWREHHTXDOWRYLVXDOPDJQLWXGHWRDYRLGWKHFDOLEUDWLRQLVVXH
 6WDUWUDFNHUGHWHFWLRQWKUHVKROGLQG\QDPLFFRQGLWLRQ
$VUHSRUWHGLQ6HFWLRQWKHPD[LPXPGHWHFWDEOHPDJQLWXGHGHSHQGV RQREMHFW¶VUHODWLYH
YHORFLW\ZLWKLQWKHVWDUWUDFNHU)297KLVUHODWLYHYHORFLW\GHSHQGVRQERUHVLJKWGLUHFWLRQ7KH
RUELWLQJREMHFWZLOOEHYLVLEOHLIWKHPDJQLWXGHUHTXLUHPHQWLVVDWLVILHGLHLVOHVVRUHTXDOWR
WKHWKUHVKROGHYDOXDWHGLQ(T  
4.4

Mission scenarios

7KHREVHUYHUVDUHVLPXODWHGXVLQJWKH7/(VGDWDRI/(2VDWHOOLWHV
• &RVPR6N\PHGV &6.&6.&6.&6. 
• 6HQWLQHOV 6$6$6$6%6% 
• $ORV $/ 
• ,QWHUQDWLRQDOVSDFHVWDWLRQ ,66 
• $JLOH $*, 


)LJXUH'LVWULEXWLRQRI125$'FDWDORJHGREMHFWV
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)LJXUHVKRZVWKHGLVWULEXWLRQRIVSDFHREMHFWVDFFRUGLQJWRWKHVHPLPDMRUD[LV1RWHWKDW

WKHSHDNRIWKHFXUYHLVIRUORZDOWLWXGH7KLVPHDQVWKDWPRVWRIWKHVSDFHGHEULVDUHLQ/(2
)RUWKLVUHDVRQDOOWKHREVHUYHUVKDYHEHHQVHOHFWHGZLWKLQ/(2VDWHOOLWHV
7DEOHVXPPDUL]HVWKHPDLQRUELW¶VFKDUDFWHULVWLFVIRUHDFKREVHUYHUVDWHOOLWH

Observer
&6.
&6.
&6.
&6.
6$
6$
6$
6%
6%
$/
,66
$*,

[deg]













[deg]
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Boresight LVLH
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>@
>@
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>@
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7DEOH6HOHFWHGREVHUYHUV¶RUELWVFKDUDFWHULVWLFVDQGVHQVRU¶VERUHVLJKWGLUHFWLRQ

5

RESULTS

7KHVLPXODWLRQZDVSHUIRUPHGDFFRUGLQJWRDSHULRGRIPRQWKZLWKDVDPSOLQJWLPHRI
VHFRQGV )RU HDFK REVHUYHU WKH VHQVRU¶V )29 GLPHQVLRQ DQG ERUHVLJKW GLUHFWLRQ PXVW EH
VSHFLILHG$GHJUHHV)29VWDUVHQVRULVFRQVLGHUHGIRUHYHU\VDWHOOLWH
7KH DGRSWHG VHQVRU¶V ERUHVLJKW GLUHFWLRQ LV GLIIHUHQW GHSHQGLQJ RQ WKH REVHUYHU VDWHOOLWH
&RQVLGHULQJWKH/RFDO9HUWLFDO/RFDO+RUL]RQWDOIUDPH /9/+ WKHDGRSWHGERUHVLJKWVDUH
• $ORQJ;D[LVIRU&RVPR6N\PHGV
• $ORQJ<D[LVIRU6HQWLQHOV
• $ORQJ=D[LVIRU$ORV,66DQG$JLOH
2EVHUYHGREMHFWVDUHGHILQHGDVWKHREMHFWVIDOOLQJZLWKLQWKH)29RIWKHVHQVRUDQGVDWLVI\LQJ
WKHYLVLELOLW\UHTXLUHPHQWVLQ6HFIRUWZRFRQVHFXWLYHWLPHLQVWDQWV






)LJXUH'LVWULEXWLRQRIHODSVHGWLPHZLWKLQWKHREVHUYHUV¶)29VE\WKHREVHUYHGREMHFWV
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)LJXUHUHSRUWVWKHHODSVHGWLPHRIWKHREVHUYHGREMHFWVZLWKLQREVHUYHUV¶)29V$VFDQEH
QRWLFHGPRUHWKDQWKHRIWKHREMHFWVVWDQGVLQWKH)29OHVVWKDQVHFRQGV
)LJXUHVKRZVWKHGLVWULEXWLRQRIWKHPDLQFKDUDFWHULVWLFVRIREVHUYHGREMHFWV
)LJXUH D UHSRUWVWKHGLVWULEXWLRQRIWKHUDQJHGLVWDQFHEHWZHHQWKHREVHUYHUDQGWKHWDUJHWV
$VFDQEHVHHQWKHPD[LPXPQXPEHURIREVHUYHGREMHFWVLVJLYHQDURXQGDUDQJHRINP
5HVXOWVVKRZWKDWWKHQXPEHURIRFFXUUHQFHVWHQGWRLQFUHDVHZLWKWKHUDQJHXSWRWKLVYDOXH
2Q WKH FRQWUDU\ ZKHQ WKH UDQJH LQFUHDVHV WKH PDJQLWXGH RI WKH WDUJHWV LQFUHDVHV DV ZHOO
UHDFKLQJYDOXHVEH\RQGWKHGHWHFWDELOLW\OLPLWRIWKHVWDUVHQVRU,QGHHGPRVWRIWKHGHWHFWHG
REMHFWKDYHPDJQLWXGHVFORVHWRDVUHSRUWHGLQ)LJXUH E ZKHUHWKHGLVWULEXWLRQRIWKH
HVWLPDWHGPDJQLWXGHIRUWKHREVHUYHGREMHFWVLVVKRZQ


D











E



)LJXUH2EVHUYHGREMHFWVPDLQFKDUDFWHULVWLFV D 'LVWULEXWLRQRIUDQJHGLVWDQFHREVHUYHUWDUJHWV
E 'LVWULEXWLRQRIHVWLPDWHGPDJQLWXGHVRIWKHREVHUYHGREMHFWV

)LJXUH  UHSRUWV WKH GLVWULEXWLRQ RI WKH HVWLPDWHG UHODWLYH UDWH IRU WKH REMHFWV REVHUYHG E\
6HQWLQHO$6LPLODUUHVXOWVDUHREWDLQHGDOVRIRUWKHRWKHUREVHUYHUV1RWLFHWKDWPRVWREVHUYHG
REMHFWVVKRZOHVVWKDQGHJVUHODWLYHUDWHV




)LJXUH'LVWULEXWLRQRIHVWLPDWHGUHODWLYHUDWHIRUREMHFWVREVHUYHGE\6HQWLQHO$

1052

6327



&XUWL6FKLDWWDUHOOD6SLOOHUHWDO

7KLV UHVXOW LV FRQVLVWHQW ZLWK WKH GHFUHDVLQJ RI VWDU WUDFNHU GHWHFWLRQ WKUHVKROG LQ G\QDPLF
FRQGLWLRQ2EMHFWVZLWKKLJKUHODWLYHUDWHPXVWKDYHDYHU\ORZPDJQLWXGHWREHREVHUYHGLH
WKH\PXVWEHYHU\FORVHWRWKHREVHUYHURUWKH\PXVWKDYHDVLJQLILFDQWVHFWLRQDUHD
)LJXUHUHSRUWVWKHQXPEHURIREVHUYHGREMHFWVE\DVLQJOHREVHUYHU &RVPR6N\PHG LQD
PRQWK)LJXUH D VKRZVWKHQXPEHURIREVHUYHGREMHFWVSHUGD\1RWHWKDWWKHVDPHREMHFWV
FDQEHVHHQPXOWLSOHWLPHV,QWKLVFDVHWKHREMHFWLVFRQVLGHUHGPXOWLSOHWLPHV$VVKRZQLQ
WKHJUDSKVWKHDYHUDJHQXPEHURIGHWHFWHGREMHFWVSHUGD\LVDERXW7KHJUHHQEDUV
VWDQGIRUQHZREVHUYHGREMHFWVZLWKUHIHUHQFHWRWKHREVHUYHGRQHVLQWKHSUHYLRXVGD\V)LJXUH
 E  VKRZV WKH FXPXODWLYH QXPEHU RI REVHUYHG REMHFWV LQ D PRQWK 7KH WRWDO QXPEHU RI
REMHFWV6LPLODUUHVXOWVDUHREWDLQHG
REVHUYHGREMHFWVE\DVLQJOHREVHUYHULVLQWKHRUGHURI
ZLWKWKHRWKHUREVHUYHUV

Observer CSK2

Observer CSK2

D











E



)LJXUH2EVHUYHGREMHFWVE\&RVPR6N\PHG D 2EVHUYHGREMHFWVSHUGD\ E &XPXODWLYH
QXPEHURIREVHUYHGREMHFWV

)LJXUHUHSRUWVWKHFXPXODWLYHQXPEHURIREVHUYHGREMHFWVE\VLPXOWDQHRXVREVHUYHUV

• )LJXUH D VKRZVWKHQXPEHURIREVHUYHGREMHFWVE\&RVPR6N\PHGDQGLQDPRQWK

7KHWRWDOQXPEHURIREVHUYHGREMHFWVE\WKHVHREVHUYHUVLQDPRQWKLVLQWKHRUGHURI
REMHFWVDVIRUDVLQJOHREVHUYHU7KLVPHDQVWKDW&RVPR6N\PHGDQGEDVLFDOO\REVHUYH
WKHVDPHREMHFWV

• )LJXUH E VKRZVWKHQXPEHURIREVHUYHGREMHFWVE\WKHIRXU&RVPR6N\PHGVLQDPRQWK
7KHWRWDOQXPEHURIREVHUYHGREMHFWVLQFUHDVHVZLWKUHIHUHQFHWRREVHUYHUVDQGWKHVDPH
QXPEHURIREMHFWVREVHUYHGE\RQO\&6.DQG&6.LVREWDLQHGLQDERXWGD\V

• )LJXUH F VKRZVWKHQXPEHURIREVHUYHGREMHFWVE\WKHIRXU&RVPR6N\PHGVDQGWKH
ILYH6HQWLQHOVLQDPRQWK7KHWRWDOQXPEHURIREVHUYHGREMHFWVLQFUHDVHVRIRQHRUGHURI
PDJQLWXGH OHDGLQJ WR
 REVHUYHG REMHFWV LQ D PRQWK 7KH UHDVRQ H[SODLQLQJ WKLV
LQFUHDVLQJ LV WKH DGGLWLRQ RI 6HQWLQHOV REVHUYHUV WKDW FDQ VHH GLIIHUHQW REMHFWV ZUW WKH
REVHUYHGE\&RVPR6N\PHG6DWHOOLWH

• )LJXUH G VKRZVWKHQXPEHURIREVHUYHGREMHFWVE\DOOWKHVHOHFWHGVDWHOOLWHVLQD
PRQWK7KHWRWDOQXPEHURIREVHUYHGREMHFWVLQFUHDVHVEXWQRWVLJQLILFDQWO\
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D











E

F











 G 



)LJXUH1XPEHURIREVHUYHGREMHFWVE\VLPXOWDQHRXVREVHUYHUV D 2EVHUYHUV&6.&6. E 
2EVHUYHUV&RVPR6N\PHGV F 2EVHUYHUV&RVPR6N\PHGVDQG6HQWLQHOV G 2EVHUYHUV


)LJXUHVKRZVWKHWRWDOQXPEHURIREVHUYDWLRQVLQRQHPRQWKE\HYHU\REVHUYHU EOXHEDUV 
1RWHWKDWDQREMHFWREVHUYHGPXOWLSOHWLPHVLVFRQVLGHUHGDVDVLQJOHREVHUYDWLRQ



CSK1 CSK2 CSK3 CSK4

S1A S2A S3A
Observer

S1B

S2B

AL2

ISS

AGI

)LJXUH7RWDOQXPEHURIREVHUYDWLRQVIRUHDFKREVHUYHULQRQHPRQWK
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6HQWLQHO$DQG6HQWLQHO%DUHWKHREVHUYHUVZLWKWKHPD[LPXPQXPEHURIWRWDOREVHUYDWLRQV
ZKLOH,66LVWKHRQHZLWKWKHPLQLPXPQXPEHU7KLVGHSHQGVE\WKHDGRSWHGERUHVLJKWGLUHFWLRQ
DQGVDWHOOLWH¶VRUELW DOWLWXGHDQGLQFOLQDWLRQ <HOORZEDUVVWDQGIRULQGHSHQGHQWREVHUYDWLRQV
LHWKHQXPEHURIGLIIHUHQWREVHUYHGREMHFWVZUWWKHREVHUYHGRQHVE\WKHSUHYLRXVREVHUYHUV
2EYLRXVO\IRUWKHILUVWREVHUYHU&RVPR6N\PHGDOOWKHREVHUYDWLRQVDUHLQGHSHQGHQWVLQFH
QRRWKHUREVHUYHUVFDQEHXVHGWRFRPSDUHWKHP
)LJXUHKHOSVWRHYDOXDWHWKHWRWDOQXPEHURIGLIIHUHQWREMHFWVVHHQLQRQHPRQWK$VFDQEH
VHHQDERXWGLIIHUHQWREMHFWVFDQEHVLPXOWDQHRXVO\GHWHFWHGE\REVHUYHUV



CSK1 CSK2 CSK3 CSK4 S1A

S2A
S3A
Observer

S1B

S2B

AL2

ISS

AGI

)LJXUH,QGHSHQGHQWFXPXODWLYHREVHUYDWLRQVE\DOOLQRQHPRQWK

6



CONCLUDING REMARKS

7KH SDSHU DQDO\]HV WKH RSSRUWXQLW\ RI XVLQJ VWDU VHQVRUV WR SHUIRUP RSHUDWLRQV RI VSDFH
VXUYHLOODQFHDQGWUDFNLQJ&RQVLGHULQJREVHUYHUVLQ/(2HDFKVLQJOHREVHUYHUFDQGHWHFWDERXW
GLIIHUHQWREMHFWVLQRQHPRQWK:LWKLQWKLVWLPHLQWHUYDOREMHFWVFDQEHREVHUYHGPXOWLSOH
WLPHV UHDFKLQJ D WRWDO QXPEHU RI REVHUYHG REMHFWV RI DERXW WHQ WKRXVDQG FRQVLGHULQJ
UHSHWLWLRQV,WLVQRWHZRUWK\WKDWWKLVIHDWXUHFDQEHDGYDQWDJHRXVIRUGHWHFWLRQDQGWUDFNLQJ
0RVW RI WKH REVHUYHG REMHFWV DUH GHWHFWHG IRU WLPH LQWHUYDOV ORZHU WKDQ  VHFRQGV ZLWK
PDJQLWXGHVFORVHUWRWKHVHQVRU¶VGHWHFWDELOLW\OLPLWZKLFKKDVEHHQVHWWR
,QWKLVSDSHUWKHRSSRUWXQLW\WRDGRSWXSWRVLPXOWDQHRXVREVHUYHUVKDVEHHQLQYHVWLJDWHG
VKRZLQJ WKDW ZKLOH LQFUHDVLQJ WKH QXPEHU RI REVHUYHUV WKH QXPEHU RI GHWHFWHG REMHFWV
LQFUHDVHVDVZHOO+RZHYHULWLVVKRZQWKDWFROORFDWHGREMHFWVGRQRWLPSURYHVLJQLILFDQWO\WKH
SHUIRUPDQFHV RI 6327 8VLQJ WZHOYH REVHUYHUV DERXW WZR WKRXVDQG GLIIHUHQW REMHFWV DUH
GHWHFWHGDKXQGUHGWKRXVDQGLIUHSHWLWLRQVDUHFRQVLGHUHG
,QFRQFOXVLRQWKHVLPXODWLRQDQDO\VLVKDVSURYHQWKHSRWHQWLDOLWLHVRI6327)XWXUHLQRUELW
GHPRQVWUDWLRQVZLOOEHFDUULHGRXWWRFRQILUPWKHH[SHFWHGRXWFRPHVRIWKLVUHVHDUFK
REFERENCES
>@ '0HKUKRO] / /HXVKDFNH'HWHFWLQJWUDFNLQJ DQGLPDJLQJ VSDFHGHEULV (6$%XOOHWLQ
,661 109SS  
>@ 5/HLWFK,+HPSKLO6DSSKLUH$6PDOO6DWHOOLWH6\VWHPIRUWKH6XUYHLOODQFHRI6SDFHLQ
³3URFHHGLQJRIWK$QQXDO$,$$868&RQIHUHQFH´/RJDQ8786$  
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>@ -&/LRX'6KRRWV2UELWDO'HEULV4XDUWHUO\1HZV1$6$2UELWDO'HEULV3URJUDP2IILFH
11  
>@ / 0 6LPPV HW DO 2SWLFDO 3D\ORDG IRU WKH 67$5( 0LVVLRQ LQ ³3URFHHGLQJ RI 63,(
6HQVRUVDQG6\VWHPVIRU6SDFH$SSOLFDWLRQV,9´8044SS  
>@ - .LP HW DO 9LVLELOLW\ $QDO\VLV RI 'RPHVWLF 6DWHOOLWHV RQ 3URSRVHG *URXQG 6LWHV IRU
2SWLFDO6XUYHLOODQFH-RXUQDORI$VWURQRP\DQG6SDFH6FLHQFHV28(4)SS  
>@ $ 5 9LQFHQW HW DO $QDO\VLV RI 6WHOODU 5DGLDQFH &RQWDPLQDWLRQ LQ 2EVHUYHG 6DWHOOLWH
6SHFWUD LQ ³3URFHHGLQJ RI 63,( *URXQGEDVHG DQG $LUERUQH ,QVWUXPHQWDWLRQ IRU
$VWURQRP\,9´8446SS  
>@ 76FKLOGNQHFKW2SWLFDOVXUYH\VIRUVSDFHGHEULV7KH$VWURQRP\DQG$VWURSK\VLFV5HYLHZ
14SS  
>@ 0$(DUO7KH6SDFH6XUYHLOODQFH5HVHDUFKDQG$QDO\VLV/DERUDWRU\-RXUQDORIWKH5R\DO
$VWURQRPLFDO6RFLHW\RI&DQDGD94SS  
>@ 7 6FKLOGNQHFKW 5 0XVFL 0 3ORQHU 6 3UHLVLJ - GH /HRQ &UX] + .UDJ 2SWLFDO
REVHUYDWLRQRIVSDFHGHEULVLQWKHJHRVWDWLRQDU\ULQJLQ³3URFHHGLQJRIWKH7KLUG(XURSHDQ
&RQIHUHQFHRQ6SDFH'HEULV´'DUPVWDGW*HUPDQ\  
>@ * 7RPPHL $ 0LODQL $ 5RVVL 2UELW GHWHUPLQDWLRQ RI VSDFH GHEULV DGPLVVLEOH
UHJLRQV&HOHVWLDO0HFKDQLFVDQG'\QDPLFDO$VWURQRP\97SS  
>@ '0HKUKRO]5DGDUREVHUYDWLRQVLQORZHDUWKRUELW$GYDQFHVLQ6SDFH5HVHDUFK19
SS  
>@ 7 6DWR 7 :DND\DPD 7 7DQDND .L ,NHGD , .LPXUD 6KDSH RI VSDFH GHEULV DV
HVWLPDWHGIURP UDGDUFURVV VHFWLRQYDULDWLRQV -RXUQDORI VSDFHFUDIWDQGURFNHWV31SS
  
>@ -8W]PDQQD/)HUUHLUDE16WUDVVHUF*9LYHVG'3UREVWH1/LqYUHI2SWLFDO,Q
6LWX0RQLWRU$%UHDGERDUG6\VWHPWR(QDEOH6SDFH%DVHG2SWLFDO2EVHUYDWLRQRI6SDFH
'HEULV LQ ³3URFHHGLQJ WK ,QWHUQDWLRQDO $VWURQDXWLFDO &RQJUHVV ,$& ´ %UHPHQ
*HUPDQ\  
>@ )&XUWL'6SLOOHU/$QVDORQH6%HFXFFL'3URFRSLR)%ROGULQL3)LGDQ]DWL*
6HFKL+LJKDQJXODUUDWHGHWHUPLQDWLRQDOJRULWKPEDVHGRQVWDUVHQVLQJLQ³3URFHHGLQJVRI
$GYDQFHVLQWKH$VWURQDXWLFDO6FLHQFHV*XLGDQFH1DYLJDWLRQDQG&RQWURO $$6 ´9DLO
&RORUDGR86$  
>@ ) &XUWL ' 6SLOOHU / $QVDORQH 6 %HFXFFL ' 3URFRSLR ) %ROGULQL 3 )LGDQ]DWL
'HWHUPLQLQJKLJKUDWHDQJXODUYHORFLW\IURPVWDUWUDFNHUPHDVXUHPHQWVLQ³3URFHHGLQJVRI
WKHWK,QWHUQDWLRQDO$VWURQDXWLFDO&RQJUHVV-HUXVDOHP,VUDHO  
>@ * $ 0F&XH - * :LOOLDPV - 0 0RUIRUG 2SWLFDO &KDUDFWHULVWLFV RI $UWLILFLDO
6DWHOOLWHVLQ3ODQHW6SDFH6FL19SS  
>@ 5+*LHVH$WWLWXGHGHWHUPLQDWLRQIURPVSHFXODUDQGGLIIXVHUHIOHFWLRQE\F\OLQGULFDO
DUWLILFLDOVDWHOOLWHV6$26SHFLDO5HSRUW1R127  
>@ : ( .UDJ 9LVLEOH PDJQLWXGH RI W\SLFDO VDWHOOLWHV LQ V\QFKURQRXV RUELWV 7HFKQLFDO
5HSRUW0DVVDFKXVHWWV,QVWLWXWHRI7HFKQRORJ\/H[LQJWRQ/LQFROQ/DERUDWRU\  
>@ 0 +HMGXN 6SHFXODU DQG GLIIXVH FRPSRQHQWV LQ VSKHULFDO VDWHOOLWH SKRWRPHWULF
PRGHOLQJ LQ ³3URFHHGLQJV RI WKH $GYDQFHG 0DXL 2SWLFDO DQG 6SDFH 6XUYHLOODQFH
7HFKQRORJLHV&RQIHUHQFH´S(

1056

6327



&XUWL6FKLDWWDUHOOD6SLOOHUHWDO

>@ &&/LHEH.*URPRYDQG'00HOOHU7RZDUGDVWHOODUJ\URVFRSHIRUVSDFHFUDIW
DWWLWXGHGHWHUPLQDWLRQ-RXUQDORI*XLGDQFH&RQWURODQG'\QDPLFV 27SS  
>@ 7']DPEDDQG-(QULJKW*URXQGWHVWLQJVWUDWHJLHVIRUYHULI\LQJWKHVOHZUDWHWROHUDQFH
RIVWDUWUDFNHUV6HQVRUV14SS  
>@ ' $ 9DOODGR : 0F&ODLQ ³)XQGDPHQWDOV RI $VWURG\QDPLFV DQG $SSOLFDWLRQV´
0LFURFRVP3UHVV  
>@ )&XUWL'6SLOOHU96FKLDWWDUHOOD52UVL5HFRJQLWLRQRI2UELWLQJ2EMHFWVWKURXJK
2SWLFDO0HDVXUHPHQWVRI/LJKWUHIOHFWLQJWDUJHWVE\XVLQJ6WDUVHQVRUVLQ³3URFHHGLQJVW
,$$&RQIHUHQFHRQ6SDFH6LWXDWLRQDO$ZDUHQHVV´2UODQGR)ORULGD86$  
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ABSTRACT
A new, general methodology for the sizing of fuel cell-based hybrid-electric aircraft powertrain
is illustrated. The method is based on an accurate physical model of the fuel cell module,
integrated within a procedure that, given aircraft and mission parameters, estimates the
corresponding sizing and performance. The method is validated vs. a real flying prototype, the
Hy4. This can be used in the design of conversions of existing aircraft to battery and fuel-cell
powertrains, as well as in the preliminary sizing of new propeller-driven air vehicles of
arbitrary weight category. The results of the powertrain sizing for the conversion of two existing
aircraft in the General Aviation category are presented, in connection to realistic values of the
performance of electric motor, fuel cell, battery, and storage technologies involved.
Keywords: IXHOFHOODLUFUDIW]HURHPLVVLRQIOLJKWHOHFWULFDLUSODQH
1

INTRODUCTION

,QWKHFXUUHQWTXHVWIRUYLDEOHWHFKQRORJLHVZLWKWKHSRWHQWLDORIUHGXFLQJWKHORFDODQGJOREDO
HQYLURQPHQWDOLPSDFWRIDYLDWLRQWKHHOHFWULILFDWLRQRIWKHSRZHUWUDLQSOD\VDPDMRUUROH$
VSHFLDOW\SHRIHOHFWULFDLUFUDIWLVWKDWHPSOR\LQJK\GURJHQ)XHO&HOOV )& ZLWKWKHSRVVLEOH
DGGLWLRQRIEDWWHULHVDVDVRXUFHRIPRWLYHSRZHUIRUVXVWDLQLQJIOLJKW6XFKDQDLUFUDIWJUDQWV
]HURFKHPLFDOHPLVVLRQVLQDOOSKDVHVRIIOLJKWDQH[FHSWLRQDOIHDWXUHWKDWPD\VLJQLILFDQWO\
FRQWULEXWHWRHQYLURQPHQWDOVXVWDLQDELOLW\LIDSSOLFDWLRQWRVHJPHQWVRIWKHIXWXUHFRPPHUFLDO
DYLDWLRQSURYHVIHDVLEOH
,QRUGHUWRFRQVLGHUVXFKDQDSSOLFDWLRQLWLVPDQGDWRU\WRDQDO\VHWKHSRWHQWLDORIWKLV
WHFKQRORJ\ LQ WKH IUDPHZRUN RI DLUFUDIW FRQFHSWXDO GHVLJQ WR LGHQWLI\ VWUHQJWKV DQG
ZHDNQHVVHV HVWLPDWH DGYDQWDJHV DQG DQWLFLSDWH SRVVLEOH GUDZEDFNV DQG OLPLWDWLRQV 7KLV
FOHDUO\QHHGVDGHTXDWHO\PRGHOOLQJRIWKHQRYHO SRZHUWUDLQDQG FRQFXUUHQWO\WKHDELOLW\WR
LQWHJUDWHLWZLWKLQDJHQHUDODLUFUDIWGHVLJQSURFHVVVWDUWLQJZLWKWKHSUHOLPLQDU\VL]LQJORRS
DQGWKHSHUIRUPDQFHHYDOXDWLRQ
$ QDWXUDO SUHSDUDWRU\ VWHS WRZDUGV WKH JRDO RI GHVLJQLQJ DQ DLUFUDIW IURP VFUDWFK
DFFRUGLQJWRJLYHQPLVVLRQUHTXLUHPHQWVDQGRWKHUDSSOLFDEOHVSHFLILFDWLRQVLVUHSUHVHQWHGE\
GHVLJQLQJWKHUHWURILWRIDQH[LVWLQJDLUFUDIWZLWKWKHQHZSRZHUWUDLQ7KLVEDVLFDOO\LQYROYHV
NHHSLQJWKHDLUIUDPHVWUXFWXUHXQFKDQJHGDQGFRSLQJZLWKWKHQHHGRIUHVWUDLQLQJWKHPD[LPXP
WDNHRIIPDVV 0720 DWWKHRULJLQDOGHVLJQYDOXH
3UHYLRXVZRUNVUHODWHGWRWKHIHZSURWRW\SDOH[DPSOHVWKDWKDYHDOUHDG\IORZQODFNDQ
DSSURDFKLQJHQHUDOWHUPVWRWKHWRSLFDVWKH\W\SLFDOO\IRFXVRQWKHGHVLJQDQGLQWHJUDWLRQRI
DVLQJOHSURGXFW7KHILUVW)&PDQQHGDLUFUDIWILUVWIORZQLQZDVD+.6XSHUGLPRQD
PRWRUJOLGHU IURP 'LDPRQG UHWURILWWHG ZLWK D ³K\EULG´ JDVHRXV + IXHO FHOO V\VWHP i.e. D
V\VWHPZKHUHEDWWHULHVDUHDOVRSUHVHQWWRERRVWKLJKSRZHUSKDVHVVXFKDVWDNHRIIDQGFOLPE
>@2WKHUVLJQLILFDQWH[DPSOHVDUHWKH$QWDUHV'/5+SURMHFW>@DQRWKHUKHDYLO\UHWURILWWHG
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PRWRUJOLGHU WKDW IOHZ RQ IXHO FHOOV DORQH VWDUWLQJ LQ  DQG WKH 5DSLG )& >@ DQ
XOWUDOLJKWVHDWHUDLUFUDIWHPSRZHUHGE\JDVHRXV+DQGEDWWHULHVILUVWIORZQLQ,QWKH
SUHYLRXVO\FLWHGZRUNVZKLFKDUHOLPLWHGWRYHU\OLJKWDQGKLJKOLIWWRGUDJUDWLRDLUFUDIWZLWK
QRVLJQLILFDQWSD\ORDGVHYHUDOGHWDLOVDUHGLVFORVHGEXWQRJHQHUDOPHWKRGIRUWKHVL]LQJRIWKH
SRZHUWUDLQLVSURYLGHG
7KHUHIRUH WKH SUHVHQW ZRUN DLPV DW FRQWULEXWLQJ WR WKH GHYHORSPHQW RI VL]LQJ DQG
SHUIRUPDQFH DQDO\VLV SURFHGXUHV DSSOLFDEOH WR DLUFUDIW RI DUELWUDU\ FDWHJRU\ GHSDUWLQJ WKH
PRWRUJOLGHUDQGXOWUDOLJKWVHJPHQWVLQRUGHUWRDOORZWKHVWXG\RIKLJKHUZHLJKWYHKLFOHVWKDW
PD\HQDEOHDLUWUDQVSRUWDWLRQLQWKHIXWXUH
,QSDUWLFXODUWKLVZRUNFRQFHUQVDFWLYLWLHVIUDPHGLQWKH0$+(3$SURMHFW 0RGXODU
$SSURDFK WR +\EULG(OHFWULF 3URSXOVLRQ $UFKLWHFWXUH  D +RUL]RQ  (8IXQGHG DFWLYLW\
GHYHORSLQJQHZPRUHVXVWDLQDEOHSRZHUWUDLQDUFKLWHFWXUHVIRUDYLDWLRQ>@7ZRK\EULGHOHFWULF
+( DLUFUDIWDUHFXUUHQWO\XQGHUGHYHORSPHQWZLWKLQWKLVSURMHFWWKH3LSLVWUHO3DQWKHUD+\EULG
DQGWKH3LSLVWUHO'/5+\7KHIRUPHULVD+(YHUVLRQRIWKH3DQWKHUDVHDWHUZLWKDVHULDO
SRZHUWUDLQ FRPSRVHG E\ DQ ,QWHUQDO &RPEXVWLRQ (QJLQH ,&(  FRXSOHG ZLWK DQ HOHFWULF
JHQHUDWRUDQ(OHFWULF0RWRU (0 GULYLQJWKHSURSHOOHUDQGD%DWWHU\3DFN %3 7KHODWWHULV
WKHHYROXWLRQRIWKH1$6$*UHHQ)OLJKW&KDOOHQJHZLQQHUWKHGXDOIXVHODJH3LSLVWUHO7DXUXV
* IHDWXULQJ D SURSXOVLRQ DUFKLWHFWXUH FRPELQLQJ D %3 DQG )& UXQQLQJ RQ JDVHRXV +
HPSRZHULQJD(0WKDWGULYHVWKHVLQJOHSURSHOOHUSODFHGLQWKHLQQHUZLQJ7KH+\PDGHLWV
PDLGHQIOLJKWLQDQGLVFXUUHQWO\EHLQJXSJUDGHGWRIO\RQWKHQHZ0$+(3$SRZHUWUDLQ
LQ>@
2

FUEL CELL SYSTEM MODELLING

$PRQJWKHSRVVLEOHVROXWLRQVWRWKHQHHGWRH[WHQGWKHOLPLWHGUDQJHDQGHQGXUDQFHRIDSXUH
HOHFWULF DLUFUDIW HPSRZHUHG E\ EDWWHULHV RQO\ WKH RSWLRQ RI LQWHJUDWLQJ DQ RQERDUG SRZHU
JHQHUDWLRQWKURXJKD+SURFHVVLQJ)&SRZHUPRGXOH )&30 LVH[WUHPHO\DSSHDOLQJIRULWV
]HURFKHPLFDOHPLVVLRQDELOLW\LQIOLJKW,QGHHGDILOOHG+WDQNDOWKRXJKUHODWLYHO\EXON\DQG
KHDY\KDVDKLJKHUHQHUJ\GHQVLW\ZLWKUHVSHFWWRFXUUHQW/LLRQEDWWHULHV>@1HYHUWKHOHVV
WKHSUHVHQFHRID%3LVMXVWLILHGE\VHYHUDOUHDVRQVLQFOXGLQJWKHIDFWWKDWLWLVPRUHFRQYHQLHQW
GXULQJKLJKSRZHUIOLJKWSKDVHVDQGGXULQJIDVWWUDQVLHQWSKDVHVEHFDXVHRILWVIDVWHUUHDFWLRQ
WR FKDQJLQJ SRZHU ORDGLQJ 7KHUHIRUH ZH FRQVLGHU D ³K\EULG´ %3)&EDVHG SRZHUWUDLQ
FRQILJXUDWLRQDVVKRZQLQ)LJXUH,WVKRXOGEHQRWHGWKDWD)&LVQRWDQHQHUJ\VWRUDJHV\VWHP
EXWLWLVDQHQHUJ\FRQYHUVLRQV\VWHP(QHUJ\LVVWRUHGLQDQH[WHUQDOWDQNZKLFKFRQWDLQVWKH
IXHOLHK\GURJHQ7KLVLVGLIIHUHQWIURPEDWWHULHVZKHUHWKHV\VWHPEHKDYHVDVHQHUJ\VWRUDJH
V\VWHPDQGHQHUJ\FRQYHUVLRQV\VWHPDWWKHVDPHWLPH
7KHFRQVLGHUHG)&W\SHLVWKH3URWRQ([FKDQJH0HPEUDQH 3(0 ZKLFKLVWKHPRVW
VXLWHG IRU WUDQVSRUW DSSOLFDWLRQ +\GURJHQ LV DVVXPHG WR EH VWRUHG LQ JDVHRXV IRUP LQ KLJK
SUHVVXUHWDQNVZKLOHWKHDLUIORZQHFHVVDU\WRWKHUHGR[UHDFWLRQPD\EHFRPSUHVVHGXVLQJD
FRPSUHVVRUZKLFKDFWVDVDQDX[LOLDU\V\VWHPRUQRW
7KH SURSRVHG PRGHO
OLQJRIWKH)&V\VWHPLVEDVHG
RQ LWV LQQHU SK\VLFV DQG
VSHFLILFDOO\RQWKHSRODUL]DWLRQ
FXUYH WKDW UHODWHV FXUUHQW
GHQVLW\ LQSXW WR WKH YROWDJH
RXWSXW >@ 7KH )&30 LV
FRPSRVHG
E\
VHYHUDO
HOHPHQWDU\ FHOOV FRQQHFWHG LQ
 RUGHU WR DFKLHYH WKH UHTXLUHG

SRZHU WKURXJK WKH SURGXFW RI
)LJXUH3RZHUWUDLQVFKHPH
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RXWSXWFXUUHQWDQGYROWDJH7KHVHWZRSDUDPHWHUVFDQEHYDULHGE\FRQQHFWLQJWKHWRWDOQXPEHU
RIFHOOVLQGLIIHUHQWZD\V6SHFLILFDOO\E\FRQQHFWLQJFHOOVLQVHULHVWKHWRWDOYROWDJHLVWKHVXP
RIWKHYROWDJHRIHDFKFHOODQGDQHZVXEV\VWHPFDOOHGVWDFNLVREWDLQHG&RQQHFWLQJPXOWLSOH
VWDFNVLQSDUDOOHOWKHWRWDOFXUUHQWLVWKHVXPRIWKHFXUUHQWIORZLQJLQHDFKVWDFN
3

POWERTRAIN SIZING AND PERFORMANCE

7KHPRGHOWKH%3)&EDVHGSRZHUWUDLQLQWURGXFHGDERYHFDQEHLQWHJUDWHGZLWKLQDJHQHUDO
DLUFUDIW SHUIRUPDQFH DQDO\VLV IUDPHZRUN LQ RUGHU WR GHULYH IOLJKW SHUIRUPDQFH HVWLPDWLRQV
UHODWHGWRDJLYHQSRZHUWUDLQVL]LQJDVZHOODVSRZHUWUDLQVL]LQJGDWDZKHQSHUIRUPDQFHDUH
VHW,QGHHGWKHLQKHUHQWPRGXODUFKDUDFWHURIWKH)&30PRGHOGLVFXVVHGDERYHLVSHUIHFWO\
VXLWHG WR D JHQHUDO DSSURDFK WR SRZHUWUDLQ VL]LQJ EDVHG RQ PLVVLRQ DQG RWKHU DLUFUDIW
UHTXLUHPHQWV ,Q WKLV ZD\ WKH GHYHORSPHQW RI D SUHOLPLQDU\ VL]LQJ PHWKRGRORJ\ ILW IRU WKH
FRQFHSWXDO GHVLJQ RI K\GURJHQEDVHG DLUFUDIW FDQ EH DFKLHYHG 0RGXODULW\ PHDQV WKDW HDFK
SURFHGXUHDQGFRPSRQHQWFRQVLGHUHGDUHVFDODEOHVRWKDWLQSULQFLSOHDLUFUDIWEHORQJLQJWR
DQ\ZHLJKWFDWHJRU\PD\EHFRQVLGHUHG
7KLV PHWKRGRORJ\ KDV
EHHQLPSOHPHQWHGLQDVRIWZDUH
WRRO FDOOHG )O\FHOO ZLWKLQ D
0DWODE HQYLURQPHQW )O\FHOO
DOORZV FRQVLGHULQJ DQ DUELWUDU\
IL[HGZLQJ DLUFUDIW GHVFULEHG
WKURXJK LWV PDLQ GHVLJQ
SDUDPHWHUV DQG D VSHFLILHG
PLVVLRQ 7KH GHVLJQ SDUDPHWHUV
LQFOXGH SD\ORDG ZLQJ VXUIDFH
DQG DVSHFW UDWLR DHURG\QDPLF
SRODU DLUIUDPH PDVV 7KH
UHIHUHQFHPLVVLRQLVFRPSRVHGRI
YDULRXV SKDVHV VXFK DV WDNHRII
FOLPEWRFUXLVLQJDOWLWXGHFUXLVH
)LJXUH)O\FHOO3HUIRUPDQFHEORFNGLDJUDP
GHVFHQW ORLWHU DSSURDFK DQG
ODQGLQJ HDFK GHVFULEHG WKURXJK
DGHTXDWHSUHVFULSWLRQVIRUDLUVSHHGUDWHRIFOLPERUGHVFHQWDOWLWXGH,QDGGLWLRQD%3)&
EDVHGSRZHUWUDLQPRGHOLVLQFOXGHGGHVFULEHGE\EDWWHU\SURSHUWLHV W\SHPDVVVSHFLILFSRZHU
VSHFLILF HQHUJ\  )&30 SURSHUWLHV W\SH PDVV )& DUHD RSHUDWLQJ FRQGLWLRQV ± SUHVVXUH
WHPSHUDWXUH GHQVLW\ ± VSHFLILF SRZHU RXWSXW  DQG + WDQN SURSHUWLHV PDVV RSHUDWLQJ
SUHVVXUH 
7KHFRGHKDVEHHQGHYHORSHGLQWZRYHUVLRQVDFFRUGLQJWRWZRGLIIHUHQWDSSURDFKHV
)O\FHOO3HUIRUPDQFHLVDSHUIRUPDQFHHYDOXDWLRQFRGH+HUHWKHVWRUHGK\GURJHQDQG
WKHEDWWHU\FDSDFLW\DUHLQSXWV,QRXWSXWWKHFRPSOHWHSRZHUWUDLQVL]LQJ RXWSXWSRZHU
QXPEHURI)&DQGVWDFNVEDWWHU\VL]HSRZHUWUDLQPDVVHV DQGWKHUDQJHDQGHQGXUDQFH
SHUIRUPDQFHDUHSURYLGHGIRUDJLYHQDLUFUDIWDQGDJLYHQPLVVLRQ
)O\FHOO6L]LQJLVDSXUHVL]LQJFRGH+HUHWKH WDUJHWUDQJHLVDQLQSXW,QRXWSXWWKH
FRPSOHWHSRZHUWUDLQVL]LQJ RXWSXWSRZHUQXPEHURIIXHOFHOOVDQGVWDFNVEDWWHU\VL]H
SRZHUWUDLQPDVVHV DVZHOODVWKHHQHUJ\VWRUDJHV\VWHPVL]LQJ K\GURJHQWREHVWRUHG
WDQNPDVVDQGEDWWHU\FDSDFLW\ DUHSURYLGHGIRUDJLYHQDLUFUDIWDQGDJLYHQPLVVLRQ
%RWKWKHSHUIRUPDQFHFRGHDQGWKHVL]LQJFRGHDUHEDVHGRQVL[PDLQIXQFWLRQVLQWHUUHODWHG
XVLQJERWKGLUHFWDQGLWHUDWLYHFRPSXWDWLRQVFRQFHUQLQJWKHIOLJKWPLVVLRQDQGWKHVL]LQJDQG
XVDJHRIWKHSRZHUWUDLQ)LJXUHVKRZVWKHIXQFWLRQDOGLDJUDPRIWKH3HUIRUPDQFHYHUVLRQ
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NUMERICAL STUDIES

4.1

Validation

Trainelli et al.

,Q RUGHU WR YDOLGDWH WKH SURSRVHG
PHWKRGRORJ\DVWXG\GHYRWHGWRWKHDOUHDG\
IO\LQJ K\GURJHQGULYHQ DLUFUDIW LQYROYHG LQ
WKH 0$+(3$ SURMHFW WKH 3LSLVWUHO'/5

+\ ZDV FDUULHG RXW 7KH JHQHUDO

DUUDQJHPHQWRIWKH+\SRZHUWUDLQLVVKRZQ
)LJXUH+\SRZHUWUDLQOD\RXW
LQ )LJXUH  ZLWK + WDQNV DQG EDWWHULHV
SRVLWLRQHGLQWKHIXVHODJHVZKLOHWKH)&30LVSODFHGULJKWEHKLQGWKH(0LQWKHFHQWUDOQDFHOOH
7KHFRQVLGHUHGIOLJKWPLVVLRQSURILOHLVDVLPSOLILHGRQHFRPSRVHGE\ILYHSKDVHVWDNH
RIIFOLPEDWFRQVWDQW(TXLYDOHQW$LU6SHHG 7$6 FUXLVHDWFRQVWDQW($6GHVFHQWDWFRQVWDQW
($6DQGODQGLQJ7KHHQHUJ\PDQDJHPHQWGXULQJWKHPLVVLRQFDOOVIRUWKHH[SORLWDWLRQRIWKH
%3DWPD[LPXPSRZHURXWSXWLQWDNHRIIDQGFOLPEXSWRIXOOGLVFKDUJH7KH)&V\VWHPLV
VL]HGIRUFUXLVLQJSRZHUUHTXLUHPHQWSOXVDVDIHW\PDUJLQ7KH+WDQNLVVL]HGLQRUGHU
WRSURYLGHWKHHQHUJ\UHTXLUHGIRUWKHWRWDOPLVVLRQVDYHIRUWKHHQHUJ\GHOLYHUHGE\WKH%3XS
WRIXOOGLVFKDUJH7KHYDOXHXVHGIRUWKH+VWRUDJHHIILFLHQF\ZKLFKUHIHUVWRWKHUDWLREHWZHHQ
WKHPDVVRIK\GURJHQVWRUHGDQGWKHWDQNPDVVLV7KLVLVUHODWLYHWRWKHFXUUHQWVWDWHRI
WKHDUWRI&RPSRVLWH2YHUZUDSSHG3UHVVXUH9HVVHO &239 7KHPRVWXVHG+VWRUDJHPHWKRG
IRUWUDQVSRUWDSSOLFDWLRQLVFRPSUHVVLRQDQGWKHLPSURYHPHQWRIWKDWUDWLRLVFUXFLDOLQDYLDWLRQ
LQZKLFKWKHVXEV\VWHPVPDVVHVDUHUHOHYDQWGHVLJQSDUDPHWHUV
7KHYDOLGDWLRQRIWKHFRGHLQERWKYHUVLRQV
UHWXUQVYHU\JRRGUHVXOWVZLWKUHVSHFWWRWKHUHDO
(OHFWULFPRWRUVPDVV
í
DLUFUDIWGDWDDVVHHQLQ7DEOHZKLFKGHWDLOVWKH
)&V\VWHPPDVV
í
HUURUVLQWKHPDVVEUHDNGRZQIRUWKHFDVHRIVL]LQJ
+\GURJHQPDVV

7DQNPDVV

IRU  NP UDQJH 7KH DFKLHYHPHQW RI VXFK D
%3PDVV

KLJK SHUIRUPDQFH LV FOHDUO\ UHODWHG WR WKH TXDVL
$LUFUDIW0720

JOLGHU DHURG\QDPLFV RI WKLV VSHFLDO YHKLFOH 7KH

YDOXHVFRQVLGHUHGIRUEDWWHU\VSHFLILFSRZHUDQG
7DEOH+\PDVVEUHDNGRZQYDOLGDWLRQ
HQHUJ\DUH:NJDQG:āKNJZKLOH)&
VSHFLILFSRZHULV:NJZKLFKUHSUHVHQWIDLUO\
FRQVHUYDWLYHYDOXHVZLWKUHVSHFWWRFXWWLQJHGJHWHFKQRORJ\6WUXFWXUDODQGSD\ORDGPDVVHVDUH
NQRZQ LQSXW GDWD 0RVW RI WKH PDVV FRPSRQHQWV DSSHDU YHU\ ZHOO FDSWXUHG ZLWK KLJKHU
DSSUR[LPDWLRQLQWKHYDOXHRIK\GURJHQUHODWHGTXDQWLWLHV,WLVUHPDUNHGWKDWWKHWRWDO+PDVV
VWRUHGRQERDUGDPRXQWVWROHVVWKDQRIWKH0720
4.2

Applications to powertrain conversions

7KH GHVFULEHG SRZHUWUDLQ VL]LQJ DSSURDFK KDV EHHQ DSSOLHG WR D SUHOLPLQDU\ VWXG\ RI WKH
SRZHUWUDLQFRQYHUVLRQRIH[LVWLQJDLUFUDIW7KLVPHDQVWKDWWKHRULJLQDOFRQYHQWLRQDO,&(EDVHG
LV DVVXPHG WR EH VXEVWLWXWHG E\ D QRYHO %3)&EDVHG SRZHUWUDLQ ZKLOH WKH DLUIUDPH LV
XQFKDQJHG7KLVDSSURDFKZDVH[WHQGHGWRVHYHUDOH[LVWLQJSURSHOOHUGULYHQDLUSODQHVDFURVVD
ZLGHUDQJHRIFDWHJRULHV+HUHDIWHUZHVKDOOSUHVHQW VRPHUHVXOWVREWDLQHGIRUWZRVSHFLILF
PRGHOVLQWKH*HQHUDO$YLDWLRQ *$ VHJPHQWDVHDWHUDQGDQVHDWHU
7KHLQWHUHVWLQWKHIRUPHULVPRWLYDWHGE\WKHJHQHUDOSHUFHSWLRQWKDWWKHWUDQVLWLRQWR
PRUH HQYLURQPHQWDOO\IULHQGO\ DLUFUDIW VKDOO VWDUW IURP WKH ORZHQG RI WKH ZHLJKW DQG
FRPSOH[LW\  SURGXFW UDQJH 6PDOOHU DLUSODQHV VKDOO DFKLHYH IXWXUH FHUWLILFDWLRQ UHTXLUHPHQWV
DQGUHDFKWKHPDUNHWPRUHHDVLO\DQGTXLFNO\WKDQODUJHURQHV$OVRWKHGHVLJQRIDK\GURJHQ
GULYHQVHDWHUPD\EHFRQWUDVWHGZLWKWKRVHXVLQJRWKHUSURSXOVLYHDUFKLWHFWXUHVVXFKDVWKH
3DQWKHUD+\EULGDOVRXQGHUDGYDQFHGGHYHORSPHQWZLWKLQWKH0$+(3$SURMHFW
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7KHFDVHRIWKHVHDWHULVRILQWHUHVWDVZHOODVWKLVW\SHRIDLUFUDIWPD\IXOILOWKHUROH
RID³PLFURIHHGHU´i.e.DVPDOOOLQHULQWHQGHGWRRSHUDWHIURPDGLIIXVHQHWZRUNRIVPDOODLUSRUWV
DQGHYHQDLUVWULSVLQRUGHUWRIHHGSDVVHQJHUVWRDQGIURUHJXODUO\VFKHGXOHGIOLJKWVDW PDMRU
DLUSRUWV7KLVFRQFHSWUHFHQWO\H[SORUHGLQ>@LVRISULPDU\FRQFHUQLQWKHUHVHDUFKFDUULHGRXW
LQ WKH0$+(3$SURMHFW DVDSRVVLEOHNH\FRPSRQHQW LQ WKHIXWXUHGHYHORSPHQWRIDPRUH
FRQQHFWHG WUDQVSRUWDWLRQ QHWZRUN (XURSH¶V YLVLRQ IRU IXWXUH DYLDWLRQ DV SUHVHQWHG LQ WKH
)OLJKWSDWKGRFXPHQW>@FDOOVIRUDQDLUWUDQVSRUWDWLRQV\VWHPFDSDEOHRIPRYLQJSHRSOH
IURPDQ\(XURSHDQORFDWLRQWRDQ\RWKHULQOHVVWKDQIRXUKRXUVGRRUWRGRRU7RGRWKDWD
QRYHOFODVVRIVKRUWKDXODLUOLQHUVLVFUXFLDOWRFRQQHFWVPDOOHUFLWLHVDQGRSHQFRXQWU\WHUULWRULHV
WRPDMRUDLUSRUWVFDSDEOHWRSURYLGHDVLJQLILFDQWUHGXFWLRQLQWRWDOSROOXWLRQDWWKHVDPHWLPH
7KH)O\FHOO3HUIRUPDQFHWRRO ZDVDSSOLHGWR WKHVWXG\RIWKHSRVVLEOHUHWURILWZLWK D
%3)&EDVHGSRZHUWUDLQZLWKEDWWHU\VSHFLILFSRZHUDQGHQHUJ\YDOXHVRI:NJDQG
:āKNJDQG)&VSHFLILFSRZHURI:NJ$IOLJKWSURILOHVLPLODUWRWKDWDGRSWHGIRUWKH
+\ZDVDGRSWHGXVLQJDLUVSHHGUDWHRIFOLPEDQGDOWLWXGHYDOXHVFRQVLVWHQWZLWKWKHH[LVWLQJ
DLUFUDIWSXEOLVKHGGDWDSOXVWKHSURYLVLRQRIDPLQORLWHUSKDVHEHIRUHILQDODSSURDFKDQG
ODQGLQJ7KLVLVUHTXLUHGE\FXUUHQWO\HQIRUFHG*$UHJXODWLRQVDQGLVFRQVLGHUHGKHUHLQRUGHU
WRGHULYHUHDOLVWLFLQIRUPDWLRQDERXWWKHDFWXDOPDUNHWFDSDELOLWLHVRIFRQYHUWHGDLUSODQHV
7KH FULWHULRQ IRU WKH VL]LQJ RI WKH )&30 DQG %3 LV EDVHG RQ WKH IROORZLQJ
FRQVLGHUDWLRQV D WKH)&V\VWHPLVILUVWVL]HGWRSURYLGHFUXLVHSRZHU E WKH%3LVVL]HGWR
SURYLGHWKHSRZHUERRVWGHILQHGKHUHDVWKHH[WUDFRQWULEXWLRQQHHGHGWRIXOILOPD[LPXPSRZHU
FRQGLWLRQVi.e.WDNHRIIDQGFOLPE F WKH%3PDVVLVLQFUHDVHGWRSURYLGHWKHERRVWHQHUJ\
QHHGHGWRFRPSOHWHWDNHRIIDQGFOLPELQFDVHWKHVL]LQJWRSRZHUGRHVQRWDOORZWKDW G DIWHU
FOLPELVFRPSOHWHGWKHSRVLWLYHUHVLGXDO%3HQHUJ\LQWKHVL]LQJWRSRZHUFDVHLVXVHGXSWR
IXOOGLVFKDUJHDWDJLYHQUDWLQJKHUHFKRVHQDVWKHUDWLREHWZHHQWKH%3SRZHUYDOXHDQGWKH
VXPRI)&DQG%3SRZHUYDOXHV,QIOLJKWEDWWHU\UHFKDUJHLVQRWFRQVLGHUHG
7KHDQDO\VLVZDVFDUULHGRXWE\H[SORULQJDZLGHGHVLJQVSDFHIRUWKHPDVVHVRI%3DQG
)&30ZKLFKDGGHGWRWKHDLUIUDPHPDVVOHGWRDVLJQLILFDQWYDULDWLRQLQ0720$VSRZHU
UHTXLUHGIRUIOLJKWVWURQJO\GHSHQGVRQWKHJURVVPDVVRIWKHYHKLFOHWKLVFOHDUO\KDVDVWURQJ
LPSDFWRQSHUIRUPDQFH*LYHQWKHVLJQLILFDQWLQFUHDVHLQSRZHUWUDLQPDVVZKHQVZLWFKLQJIURP
DQ,&(EDVHGWRD%3)&EDVHGRQHDWHTXDOSRZHURXWSXW i.e.VKDIWSRZHUWUDQVIHUUHGWRWKH
SURSHOOHU DVLJQLILFDQWGURSLQSHUIRUPDQFHLVWREHH[SHFWHG
,QRUGHUWRDSSUHFLDWHWKHJOREDOSHUIRUPDQFHFDSDELOLW\RIWKHUHWURILWWHGDLUFUDIWUHVXOWV
DUH VKRZQ LQ WHUPV RI SD\ORDGUDQJH GLDJUDPV SDUDPHWHUL]HG E\ 0720 &OHDUO\ DV WKH
RULJLQDO DLUIUDPH PDVV LV NHSW FRQVWDQW GXULQJ FRPSXWDWLRQV RQO\ WKH SD\ORDGUDQJH SDLUV
FRUUHVSRQGLQJWR0720YDOXHVFORVHWRWKHRULJLQDOYDOXHIRUWKHH[LVWLQJDLUFUDIWUHSUHVHQW
IHDVLEOHGHVLJQSRLQWVIRUDSRVVLEOHUHWURILW3RLQWVFKDUDFWHUL]HGE\KLJKHU0720YDOXHVDUH
XQIHDVLEOHVLQFHWKHKLJKHUDOOXSPDVVZRXOGQHFHVVDULO\LPSRVHDUHVL]LQJRIWKHDLUIUDPHLQ
RUGHUWRZLWKVWDQGWKHFRUUHVSRQGLQJDLUORDGV
4.3

Cessna 172 Skyhawk

7KHVHDW&HVVQDLVWKHPRVWIDPRXVWUDLQHUDLUSODQHLQWKHZRUOGDQGWKHPRVWSURGXFHG
DLUFUDIWHYHUDVZHOO>@)RUWKLVUHDVRQLWZDVFKRVHQWRUHSUHVHQWWKHOLJKW*$FODVVLQWKH
SUHVHQWVWXG\3XEOLVKHGVSHFLILFDWLRQVFRQVLGHUHGKHUHLQFOXGHD0720VOLJKWO\RYHU
NJDVWUXFWXUDOPDVVRINJDFUXLVLQJVSHHGRI.($6DQGDUDQJHRINPZLWKD
SD\ORDG RI  NJ SLORW LQFOXGHG  ,QVWDOOHG SRZHU DPRXQWV WR  N: SURYLGHG E\ D
/\FRPLQJ,2/$UHFLSURFDWLQJHQJLQH
7KH SD\ORDGUDQJH GLDJUDP GHSLFWHG LQ )LJXUH  FOHDUO\ VKRZV WKH H[SHFWHG GURS LQ
SHUIRUPDQFHZKHQWKHFXUYHFRUUHVSRQGLQJWRWKHRULJLQDO0720LVFRQVLGHUHG UHGOLQH 7KLV
FXUYHMRLQVDSRLQWZLWKRIWKHRULJLQDOSD\ORDGDWDUDQJHXSWRWKHVXPRIWKHGLVWDQFH
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FRYHUHGLQFOLPEDQGGHVFHQWWRDSRLQWIRUZKLFKWKHRIWKHRULJLQDOUDQJHLVUHDFKHGDW
QXOO SD\ORDG 7KH RULJLQDO SHUIRUPDQFH FRPELQDWLRQ UHG FLUFOH  OLHV IDU DZD\ IURP ZKDW LV
DFKLHYDEOHZLWKDSXUHUHWURILWi.e.ZLWKRXWUHGHVLJQLQJWKHDLUIUDPH

)LJXUH  VKRZV WKH WLPH KLVWRULHV RI WKH EDWWHU\ VWDWH RI FKDUJH 62& EOXH OLQH 
SHUFHQWDJHRISRZHUUHTXLUHGGHOLYHUHGE\WKH%3 UHGOLQH DQG+WDQNOHYHO \HOORZOLQH IRU
WKHVL]LQJPLVVLRQFRUUHVSRQGLQJWRDQLQWHUPHGLDWHSRLQWLQWKHUHGOLQHRI)LJXUHWKHRQH
FRUUHVSRQGLQJWRDSD\ORDGRINJDQGDUDQJHRINP7KHDOWLWXGHSURILOHLVVKRZQDV
ZHOO)RUWKLVFDVHWKHSRZHUWUDLQLVVL]HGDVVHHQLQ7DEOHDQGWKHUHVXOWLQJPDVVEUHDNGRZQ
LVVHHQLQ7DEOH
)&V\VWHP
2XWSXWSRZHU
N:
1RRIFHOOVLQVHULHVSHUVWDFN

1RRIVWDFNVLQSDUDOOHO

7RWDOQRRIFHOOV

%3
2XWSXWSRZHU
N:
&DSDFLW\
$K

7DEOH&SRZHUWUDLQVL]LQJ

4.4

6WUXFWXUDOPDVV
NJ
(OHFWULFPRWRUVPDVV
NJ
)&V\VWHPPDVV
NJ
+PDVV
NJ
+WDQNPDVV
NJ
%3PDVV
NJ
3D\ORDGPDVV
NJ
$LUFUDIW0720
NJ

7DEOH&PDVVEUHDNGRZQ

Tecnam P2012 Traveller

7KH7HFQDP3LVDQSDVVHQJHUV FUHZLQFOXGHG KLJKZLQJGRXEOHHQJLQHDLUFUDIWWKDW
PDGHLWVPDLGHQIOLJKWLQ7KLVLVDPRGHUQDQGSHUIRUPLQJDLUFUDIWWKDWZHOOUHSUHVHQWWKH
FODVV IXOILOOLQJ WKH UROH RI D PLFURIHHGHU >@ 3XEOLVKHG VSHFLILFDWLRQV LQFOXGH D 0720 RI
NJDVWUXFWXUDOPDVVRINJDFUXLVLQJVSHHGRI.($6DQGDUDQJHRI
NPZLWKDSD\ORDGRINJ SLORWLQFOXGHG ,QVWDOOHGSRZHUDPRXQWVWRN:SURYLGHGE\
WZR/\FRPLQJ7(2&$UHFLSURFDWLQJHQJLQHV
7KH SD\ORDGUDQJH GLDJUDP GHSLFWHG LQ )LJXUH  FOHDUO\ VKRZV WKH H[SHFWHG GURS LQ
SHUIRUPDQFHZKHQWKHFXUYHFRUUHVSRQGLQJWRWKHRULJLQDO0720LVFRQVLGHUHG UHGOLQH 7KLV
FXUYHMRLQVDSRLQWZLWKRIWKHRULJLQDOSD\ORDGDWDUDQJHXSWRWKHVXPRIWKHGLVWDQFH
FRYHUHGLQFOLPEDQGGHVFHQWWRDSRLQWIRUZKLFKWKHRIWKHRULJLQDOUDQJHLVUHDFKHGDW
QXOOSD\ORDG,QWKLVFDVHWKHRULJLQDOSHUIRUPDQFHFRPELQDWLRQ UHGFLUFOH OLHVHYHQIDUWKHU
DZD\IURPZKDWLVDFKLHYDEOHZLWKD%3)&FRQYHUVLRQ
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)LJXUHVKRZVWKHWLPHKLVWRULHVRIWKHEDWWHU\62& EOXHOLQH SHUFHQWDJHRISRZHU
UHTXLUHGGHOLYHUHGE\WKH%3 UHGOLQH DQG+WDQNOHYHO \HOORZOLQH IRUWKHVL]LQJPLVVLRQ
FRUUHVSRQGLQJWRDQLQWHUPHGLDWHSRLQWLQWKHUHGOLQHRI)LJXUHWKHRQHFRUUHVSRQGLQJWRD
SD\ORDGRINJDQGDUDQJHRINPWRJHWKHUZLWKWKHDOWLWXGHSURILOH)RUWKLVFDVHWKH
SRZHUWUDLQLVVL]HGDVVHHQLQ7DEOHDQGWKHUHVXOWLQJPDVVEUHDNGRZQLVVKRZQLQ7DEOH
)&V\VWHP
2XWSXWSRZHU
N:
1RRIFHOOVLQVHULHVSHUVWDFN

1RRIVWDFNVLQSDUDOOHO

7RWDOQRRIFHOOV

%3
2XWSXWSRZHU
N:
&DSDFLW\
$K

7DEOH3SRZHUWUDLQVL]LQJ

4.5

6WUXFWXUDOPDVV
NJ
(OHFWULFPRWRUVPDVV
NJ
)&V\VWHPPDVV
NJ
+PDVV
NJ
+WDQNPDVV
NJ
%3PDVV
NJ
3D\ORDGPDVV
NJ
$LUFUDIW0720
NJ

7DEOH3PDVVEUHDNGRZQ

Discussion

,Q WKH FDVHV SUHVHQWHG WKH FRQYHUVLRQ WR D %3)&EDVHG SRZHUWUDLQ DOZD\V LPSOLHV D
VLJQLILFDQWORVVLQPLVVLRQSHUIRUPDQFHOHDGLQJWRWKHQHHGWRUHGXFHERWKSD\ORDGDQGUDQJH
7KLVRFFXUVIRUYLUWXDOO\DQ\+(FRQYHUVLRQRIH[LVWLQJDLUFUDIWHYHQLQWKHFDVHRI,&(K\EULG
HOHFWULFSRZHUWUDLQV>@GXHWRWKHRYHUZKHOPLQJVXSHULRULW\RIFRQYHQWLRQDOK\GURFDUERQ
IXHOZKHQFRPSDUHGWRRWKHUSRZHUJHQHUDWLRQPHDQVLQWHUPVRIVSHFLILFHQHUJ\
,QWKHFDVHRIWKH&HVVQDEDVHGRQWKHREWDLQHGUHVXOWVWKHFRQYHUWHGDLUFUDIWPD\
FRQWLQXHWR IXOILOWKHWUDLQHUUROHDV DFUHZRIWZRDQGDOLPLWHGUDQJHDUHDGHTXDWH IRUWKH
W\SLFDOPLVVLRQ7KHUHVXOWLQJ%3LVRSWLPDOO\VL]HGDFFRUGLQJWRHQHUJ\VRWKDWDWWDNHRIILW
SURYLGHVRIWKHUHTXLUHGSRZHUZKLFKUHGXFHVWRLQFOLPEDVWKHFOLPEDQGFUXLVLQJ
SRZHUIRUWKLVDLUSODQHDUHYHU\FORVH)XOOGLVFKDUJHLVUHDFKHGDWWKHWRSRIFOLPE
)RUWKH7HFQDP3WKHGHJUDGDWLRQLQPLVVLRQSHUIRUPDQFHLVFRPSDUDWLYHO\PRUH
VHYHUHDVDVLQJOHSLORWPLFURIHHGHUPLVVLRQLVDFKLHYDEOHZLWKDIDLUO\OLPLWHGSD\ORDGRIWKUHH
SDVVHQJHUVRQO\7KHRSWLPDO%3VL]LQJSRLQWLVZLGHO\GLIIHUHQWEHLQJUHODWHGWRSRZHULQVWHDG
RIHQHUJ\GXHWRWKHODUJHUHGXFWLRQIURPFOLPELQJWRFUXLVLQJSRZHU,QIDFWWKH%3SURYLGHV
ILUVWRYHURIWKHWDNHRIISRZHUWKDQDPXFKORZHUYDOXH±DURXQG±GXULQJFOLPE
2QFHDWFUXLVLQJDOWLWXGHWKH%3LVFDOOHGWRFRQWULEXWHWRSRZHUUHTXLUHGIRUIOLJKWIRUDVKDUH
RYHUXVLQJWKHUHVLGXDOHQHUJ\XSWRIXOOGLVFKDUJHDIWHUOHVVWKDQDWKLUGRIWKHFUXLVHOHJ
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CONCLUSION

7KLVZRUNFRQWULEXWHVWRWKH(8IXQGHG+0$+(3$SURMHFWHQFRPSDVVLQJVFDODELOLW\
VWXGLHVLQDLUFUDIWGHVLJQDQGDQDO\VLVRIIXWXUHVFHQDULRVIRU*$DQGUHJLRQDODLUWUDQVSRUWDWLRQ
E\H[SORLWLQJK\EULGHOHFWULFDLUFUDIWEDVHGRQERWKWKHUPDODQGIXHOFHOOV\VWHPV$SK\VLFV
EDVHG PHWKRGRORJ\ IRU VL]LQJ D K\GURJHQEDVHG SRZHUWUDLQ KDV EHHQ SUHVHQWHG DQG
SUHOLPLQDULO\YDOLGDWHG7RWKHEHVWRIWKHDXWKRUV¶NQRZOHGJHWKLVVHHPVWKHILUVWDWWHPSWHYHU
PDGHWRGHULYHDJHQHUDOVFDODEOHIRUPXODWLRQDSSOLFDEOHWRDLUFUDIWRIDUELWUDU\FDWHJRU\$V
WKHYDOLGDWLRQUHVXOWVDUHDFFXUDWHLQWKHIUDPHRIDFRQFHSWXDOGHVLJQIUDPHZRUNWKHGHYHORSHG
IRUPXODWLRQDSSHDUVDSSOLFDEOHWRIXWXUHGHVLJQH[HUFLVHVERWKIRUUHIXUELVKLQJOHJDF\DLUFUDIW
E\VXEVWLWXWLQJWKHLUQDWLYHSURSXOVLRQV\VWHPZLWKD]HURHPLVVLRQRQHDQGIRUWKHGHVLJQRI
QHZDLUYHKLFOHVIRUDPRUHVXVWDLQDEOHDYLDWLRQ$SUHOLPLQDU\VWXG\UHJDUGLQJWKHSRZHUWUDLQ
VL]LQJIRUWZRH[LVWLQJ*HQHUDO$YLDWLRQW\SHVVKRZVWKDWDWWKHFXUUHQWOHYHORIWHFKQRORJ\
SHUIRUPDQFHGHJUDGDWLRQGXHWRWKHKLJKZHLJKWWROOLPSRVHGE\WKH%3)&EDVHGSRZHUWUDLQ
LVVLJQLILFDQW([SHFWHGLPSURYHPHQWVLQIXHOFHOODQGEDWWHU\WHFKQRORJLHVPD\SURYHKLJKO\
EHQHILFLDOOHDGLQJWRPLVVLRQSHUIRUPDQFHDPHOLRUDWLRQLQWHUPVRIUDQJHDQGSD\ORDG
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$%675$&7
7KHEXUQLQJEHKDYLRXURIDYRUWH[IORZSDQFDNH 9)3 K\EULGURFNHWHQJLQHLVH[SHULPHQWDOO\
LQYHVWLJDWHG 7KH DQDO\VLV LQFOXGHV FROGIORZ YLVXDOL]DWLRQV RI WKH LQWHUQDO IORZILHOG DQG
FRPEXVWLRQ WHVWV 7KH PDLQ REVHUYDEOHV RI LQWHUHVW RI WKH EXUQLQJ UXQV DUH WKH VROLG IXHO
UHJUHVVLRQ UDWH UI  DQG WKH FKDUDFWHULVWLF YHORFLW\ FRPEXVWLRQ HIILFLHQF\
 8QGHU WKH
LQYHVWLJDWHG FRQGLWLRQV WKH FRPEXVWLRQ RI K\GUR[\OWHUPLQDWHG SRO\EXWDGLHQH +73%  DQG
JDVHRXV2\LHOGV LQWKHUDQJHZLWKOLPLWHGYDULDWLRQVIRUWKHPRUHLQWHQVHYRUWH[
IORZFRQGLWLRQV

.H\ZRUGVYRUWH[IORZSDQFDNHK\EULGSURSXOVLRQFRPEXVWLRQHIILFLHQF\UHJUHVVLRQUDWH


,1752'8&7,21

+\EULGURFNHWHQJLQHV +5(V DUHWKHUPRFKHPLFDOSURSXOVLRQV\VWHPVIHDWXULQJR[LGL]HUDQG
IXHOLQGLIIHUHQWVWDWHVRIPDWWHU7KLVFRQILJXUDWLRQRIIHUVDWWUDFWLYHIHDWXUHVDVKLJKWKHRUHWLFDO
VSHFLILFLPSXOVH ,V RSHUDWLQJIOH[LELOLW\ LHPXOWLSOHLJQLWLRQVWKUXVWWKURWWOLQJ DQGKLJK
VDIHW\OHYHOV LQWXUQ\LHOGLQJUHFXUULQJFRVWUHGXFWLRQWKDQNVWRWKHHDV\PDQXIDFWXULQJDQG
WUDQVSRUWDWLRQRIWKHPRWRU >@7KHLPSOHPHQWDWLRQ RI+5(VKDVEHHQVRIDUKDPSHUHGE\
WKHLULQWULQVLFDOO\ORZUHJUHVVLRQUDWH UI DQGSRRUFRPEXVWLRQHIILFLHQF\
7KLVSDSHUGLVFXVVHVDQLQQRYDWLYHPRWRUFRQILJXUDWLRQWKHYRUWH[IORZSDQFDNH 9)3 >@>@
,QWKLVQRQFRQYHQWLRQDOPRWRUJHRPHWU\DWDQJHQWLDOR[LGL]HULQMHFWRULVVDQGZLFKHGEHWZHHQ
WZRIXHOGLVNV2QHRIWKHGLVNVIHDWXUHVDFHQWUDOSRUWFRQQHFWLQJWKHFRPEXVWLRQFKDPEHUWR
WKHJDVG\QDPLFQR]]OH:LWKWKLVLPSOHPHQWDWLRQODUJHVXUIDFHDUHDVFDQEHDFKLHYHGZLWKD
VLPSOH GHVLJQ DQG ZLWK D FRPEXVWLRQ FKDPEHU OHQJWKWRGLDPHWHU UDWLR /'    7KH
WDQJHQWLDOLQMHFWLRQRIWKHR[LGL]HULQGXFHVDYRUWH[IORZILHOGEHWZHHQWZRVROLGIXHOGLVNV
+HQFH WKH PL[LQJ EHWZHHQ IXHO DQG R[LGL]HU LV HQKDQFHG OHDGLQJ WR SRVVLEOH FRPEXVWLRQ
HIILFLHQF\ HQKDQFHPHQWV 7KH 9)3 FRQVLGHUHG LQ WKH VWXG\ ZDV GHVLJQHG LPSOHPHQWHG DQG
WHVWHGDWWKH6SDFH3URSXOVLRQ/DERUDWRU\ 63/DE RI3ROLWHFQLFRGL0LODQR>@


/,7(5$785(6859(<

,QDQ+5(WKHVROLGIXHOS\URO\VLVSURGXFWVUHDFWZLWKWKHDWRPL]HGJDVHRXVR[LGL]HUIORZLQD
WXUEXOHQWERXQGDU\OD\HU7KLVGLIIXVLRQOLPLWHGSKHQRPHQRQZDVWKHREMHFWRILQWHQVHVWXGLHV
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5HJUHVVLRQ5DWHDQG&RPEXVWLRQ(IILFLHQF\LQD9)3+5(

3DUDYDQHWDO

GXULQJ WKH V WKDW ZHUH UHFHQWO\ H[WHQGHG >@>@ 7KH WXUEXOHQW ERXQGDU\ OD\HU
FRPEXVWLRQRISRO\PHULFIXHOVLQVWDQGDUGIORZFRQILJXUDWLRQVZDVLQYHVWLJDWHGE\0DU[PDQ
DQGFRZRUNHUV>@,QWKHVHDQDO\VHVFRQYHFWLYHKHDWWUDQVIHUZDVFRQVLGHUHGDVWKHPDLQ
LQSXWGULYLQJWKHVROLGIXHOYDSRUL]DWLRQ7KHUHIRUHWKHWRWDOPDVVIOX[ * ZDVLGHQWLILHGDVWKH
PDLQ FRQWUROOLQJ SDUDPHWHU IRU WKH VROLG IXHO UHJUHVVLRQ UI a * [  7KH FRQYHFWLYH KHDW
WUDQVIHUSURFHVVLVKLQGHUHGE\WKHPDVVEORZLQJHIIHFWIURPWKHFRQGHQVHGSKDVH7KXVWKH
HIIHFWLYHKHDWWUDQVIHUFRHIILFLHQWLVUHGXFHGGXULQJEXUQLQJ>@7KLVFDXVHVWKHLQWULQVLFUI
OLPLWDWLRQ FKDUDFWHUL]LQJ WKH +5( FRPEXVWLRQ SURFHVV 7KH WXUEXOHQW ERXQGDU\ OD\HU
FRPEXVWLRQPRGHOEDVHGRQWKHVROLGIXHOJDVLILFDWLRQKDVEHHQUHFHQWO\H[WHQGHGIRUOLTXHI\LQJ
IXHO IRUPXODWLRQV JUDQWLQJ HQKDQFHG UI >@ :KLOH VKRZLQJ DWWUDFWLYH SHUIRUPDQFH IRU WKH
GHVLJQRIKLJKWKUXVWV\VWHPVWKHIXHOVSURGXFLQJHQWUDLQPHQW LHFU\RJHQLFK\EULGVVROLG
SDUDIILQ ZD[HV  H[KLELW SRRU PHFKDQLFDO SURSHUWLHV RU FRPSOH[ LPSOHPHQWDWLRQ  KLQGHULQJ
WKHLUSRVVLEOHDSSOLFDWLRQVLQDIIRUGDEOHRSHUDWLQJV\VWHPV7KHUIHQKDQFHPHQW FUXFLDOIRUWKH
DSSOLFDWLRQRI+5(WRKLJKWKUXVWPLVVLRQV LVFXUUHQWO\SXUVXHGE\GLIIHUHQWDSSURDFKHVDV
VROLGIXHOORDGLQJZLWKHQHUJHWLFDGGLWLYHV>@DQGH[RWLFR[LGL]HULQMHFWLRQWHFKQLTXHV>
@
1RQFRQYHQWLRQDOLQMHFWLRQWHFKQLTXHVDQGH[RWLFJUDLQFRQILJXUDWLRQVPD\\LHOGDXJPHQWHG
SHUIRUPDQFHLQWHUPVRIVROLGIXHOUIDQGFRPEXVWLRQHIILFLHQF\E\LQFUHDVLQJIORZWXUEXOHQFH
7KHWZRDSSURDFKHVPD\EHMRLQHG>@,QH[RWLFLQMHFWLRQWHFKQLTXHVDSSOLHGWRFRQYHQWLRQDO
PRWRUFRQILJXUDWLRQV F\OLQGULFDOJUDLQVZLWKOHQJWKWRGLDPHWHUUDWLR/'! WKHR[LGL]HU
LQOHWFRQILJXUDWLRQSURPRWHVDYRUWH[IORZZKRVHHIIHFWVDUHKHDWWUDQVIHUHQKDQFHPHQW WKDQNV
WRWKHDXJPHQWHGSDUDOOHO DQGWDQJHQWLDOYHORFLW\FRPSRQHQWV LPSURYHGSURSHOODQWPL[WXUH
PL[LQJ DQG UHVLGHQFH WLPH 7KLV WHFKQLTXH HQDEOHV UI HQKDQFHPHQW RYHU VWDQGDUG R[LGL]HU
LQMHFWLRQXSWR>@2QWKHRWKHUKDQGIRUV\VWHPVRIUHODWLYHO\ODUJHVL]H LHJUDLQ
OHQJWK WKLVWHFKQLTXHLPSOLHVVRPHLQWULQVLFOLPLWDWLRQGXHWRWKHWDQJHQWLDOYHORFLW\FRPSRQHQW
ORVV LQGXFHG E\ YLVFRXV GXPSLQJ DQG PDVV EORZLQJ >@ 7KLV HIIHFW FDQ EH OHVVHQHG E\
KHOLFDOWDSHUHG IXHO JUDLQ FRQILJXUDWLRQV >@ DQG E\ WKH LPSOHPHQWDWLRQ RI PXOWLSOH
LQMHFWRUVDORQJWKHIXHOJUDLQ>@([RWLFYRUWH[IORZ+5(FRQILJXUDWLRQVZHUHSURSRVHGE\
*LEERQHWDO>@.QXWKHWDO>@DQG5LFHHWDO>@7KH9)3PRWRUFRQILJXUDWLRQGHVFULEHG
LQ >@ \LHOGV D FRPSDFW +5( LPSOHPHQWDWLRQ ODUJH IXHO JDVLILFDWLRQ VXUIDFH DUHD FDQ EH
DFKLHYHGE\LQFUHDVLQJWKHFRPEXVWLRQFKDPEHUGLDPHWHUDQGQRWWKHHQJLQHOHQJWK 7KHVH
FRQILJXUDWLRQVIHDWXUHLQFUHDVHGUIZLWKUHVSHFWWRWKHFRQYHQWLRQDOLPSOHPHQWDWLRQVEXUQLQJ
XQGHUVLPLODU*>@'HWDLOHGQXPHULFDODQDO\VHVRQWKHLQWHUQDOIORZILHOGRIYRUWH[
IORZ+5(DUHGLVFXVVHGE\0DMGDODQLLQ>@DQGLQ5HIV


7+(9257(;)/2:3$1&$.(&21),*85$7,21

7KH 63/DE 9)3 69)3  LV VKRZQ LQ )LJXUH  GHWDLOV RQ WKH LPSOHPHQWHG HQJLQH DUH
UHSRUWHG LQ 5HI  7ZR RSSRVLWH IXHO GLVNV DUH IDFHG WR WKH LQMHFWRU ULQJ DQG OLPLW WKH
FRPEXVWLRQFKDPEHUYROXPH,QMHFWLRQLVSHUIRUPHGE\IRXUWDQJHQWLDO DQGHTXDOO\VSDFHG 
LQOHWVSODFHGRQWKHODWHUDOVXUIDFHRIWKHFRPEXVWLRQFKDPEHU%RWKWKHIXHOGLVNVH[KLELWD
GRQXWOLNH VKDSH ZLWK FHQWUDO SRUW SHUIRUDWLRQV 2QH RI WKHVH SRUWV HQDEOHV WKH IORZ RI
FRPEXVWLRQSURGXFWVWRZDUGWKHQR]]OHZKLOHWKHRWKHULVXVHGWRLQMHFWWKH1SXUJHIRUWKH
FRPEXVWLRQLQWHUUXSWLRQ7KHV\VWHPLVLJQLWHGE\DS\URWHFKQLFSULPHUFKDUJH7KHFRPEXVWLRQ
FKDPEHUSUHVVXUH SF LVPHDVXUHGE\DSLH]RUHVLVWLYHSUHVVXUHWUDQVGXFHUZKLOHWKHR[LGL]HU
PDVVIORZUDWH
LVPRQLWRUHGE\DGLJLWDOIORZPHWHU7KHWZRIXHOGLVNVRIWKH69)3DUH
LGHQWLILHGDVQR]]OHVLGHJUDLQ WRSRIWKH)LJXUHE DQGQLWURJHQVLGHJUDLQ ERWWRPRIWKH
)LJXUH E  7KH FRPEXVWLRQ FKDPEHU KHLJKW +FF  RI WKH PRWRU LV GHILQHG DV WKH VHSDUDWLRQ
EHWZHHQWKHWZRIXHOGLVNV
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D
E
)LJXUH2YHUYLHZRIWKH63/DE9)3FRQILJXUDWLRQ D H[WHUQDODQG E FURVVVHFWLRQYLHZV
IODQJHVDQGIXHOJUDLQKROGHUV EOXH LQMHFWLRQULQJ \HOORZ VROLGIXHOJUDLQ YLROHW ZDWHU
FRROHGQR]]OH UHG DQGVHQVRUV JUHHQ 



7KH63/DE9)3,QWHUQDO)ORZILHOG

7KHLQWHUQDOIORZILHOGRIWKH69)3LVLQYHVWLJDWHGE\FROGIORZH[SHULPHQWVSHUIRUPHGRQD
SXUSRVHO\ LPSOHPHQWHG WUDQVSDUHQW 69)3 PRFNXS 7KH KLJKVSHHG YLVXDOL]DWLRQV DUH
SHUIRUPHGDWISVZLWKDLUDVDFDUULHUDQGSURSDQGLROVPRNHDVWUDFHU7KHWHVWVDUH
 LQ WKH UDQJH  WR  JV  JV GDWD DUH KHUH
SHUIRUPHG ZLWK SF RI  03D DQG
UHSRUWHGIRUEUHYLW\ 7KHFRPEXVWLRQFKDPEHUSUHVVXUHOLPLWDWLRQLVGXHWRWKHWKLFNQHVVRIWKH
WUDQVSDUHQW69)3IODQJHVWKDWDUHUHDOL]HGLQ3OH[LJODVZKLOHWKH
UDQJHLVVHOHFWHGWRJUDQW
JRRGIORZLQVHPLQDWLRQE\WKHWUDFHU

9LVXDOL]DWLRQ WHVWV DUH SHUIRUPHG UHFRUGLQJ WKH LQWHUQDO IORZILHOG YLHZ E\ WKH WUDQVSDUHQW 
QLWURJHQVLGHIODQJH'LIIHUHQWFRPEXVWLRQFKDPEHUKHLJKWV UHSUHVHQWLQJGLIIHUHQWVHSDUDWLRQV
EHWZHHQWKHIXHOGLVNV DUHFRQVLGHUHGLQWKHDQDO\VLV7KHDLPLVDQLQVLJKWRIWKH69)3YRUWH[
IORZGLIIHUHQFHVLQGXFHGE\WKHLQWHUQDOFRQILJXUDWLRQRIWKHPRWRU

,PDJHVHTXHQFHVFDSWXUHGDW+FF PP LJQLWLRQRIWKH69)3 DQGDW+FF PP IXHO
JUDLQVEXUQRXW DUHVKRZQLQ)LJXUH)RUDJLYHQR[LGL]HUPDVVIORZUDWHWKH+FF LQFUHDVH
UHGXFHVWKHXQLIRUPLW\RIWKHYRUWH[\LHOGLQJD'VWUXFWXUHGXHWRWKHUHGXFHGR[LGL]HUIORZ
YHORFLW\ 7KH UHGXFHG LQWHQVLW\ RI WKH YRUWH[ IORZ GXH WR WKH FRPEXVWLRQ FKDPEHU KHLJKW
LQFUHDVHFRXOGLPSO\DUHGXFWLRQLQWKHPRWRUHIILFLHQF\GXHWRWKHOHVVLQWHQVHPL[LQJRIWKH
UHDFWLQJSURSHOODQW


&20%867,21%(+$9,25

7KH69)3EXUQLQJEHKDYLRXULVLQYHVWLJDWHGFRQVLGHULQJK\GUR[\OWHUPLQDWHGSRO\EXWDGLHQH
+73%  DV IXHO DQG JDVHRXV 2 *2;  DV R[LGL]HU 'HWDLOV RQ WKH VROLG IXHO IRUPXODWLRQ
FRPSRVLWLRQDQGFXULQJOHYHODUHUHSRUWHGHOVHZKHUH>@


5HJUHVVLRQ5DWHDQG&RPEXVWLRQ(IILFLHQF\'DWD5HGXFWLRQ

7KH EXUQLQJ EHKDYLRXU RI WKH 69)3 LV LQYHVWLJDWHG IRFXVLQJ RQ WZR PDLQ REVHUYDEOHV RI
LQWHUHVWWKHVROLGIXHOUHJUHVVLRQUDWHDQGWKHFRPEXVWLRQHIILFLHQF\EDVHGRQWKHFKDUDFWHULVWLF
YHORFLW\
7KHVROLGIXHO UHJUHVVLRQUDWHLV HYDOXDWHGE\WKLFNQHVV RYHU WLPH 727 DQG
WLPHUHVROYHGWHFKQLTXHV7KH727PHWKRGLVLPSOHPHQWHGLQWZRYDULDQWVERWKEDVHGRQWKH
FRPEXVWLRQFKDPEHUSUHVVXUHKLVWRU\LQWLPH7KHGLUHFWPHDVXUHPHQWRIWKHVROLGIXHOJUDLQ
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WKLFNQHVV LV WKHVLPSOHVWDQGZLGHVW XVHGWHFKQLTXHIRUWKHIXHO FRQVXPSWLRQGHWHUPLQDWLRQ
7KHVHFRQG727PHWKRGLVDPDVVEDODQFHEDVHGWHFKQLTXH


D W V

E W V



G W V



H W V







F W V
 I W V
)LJXUH,QWHUQDOIORZILHOGYLVXDOL]DWLRQRIWKH69)3 1VLGHIODQJH
 JV  DF 
   PP LJQLWLRQ FRQGLWLRQ  GI 
   PP EXUQRXW FRQGLWLRQ  (QJLQH LQWHUQDO
GLDPHWHULVPP

7KHXVHRIWKHPDVVEDVHG727UHTXLUHVWKHGHILQLWLRQRIWKHVROLGIXHOJUDLQEXUQLQJDUHD $E 
DQGRIWKHVROLGIXHOGHQVLW\ I )URPWKHVHGDWDWKHIXHOPDVVFKDQJHGXHWRFRPEXVWLRQ PI 
DV
DQGWKHEXUQLQJWLPH WE \LHOGWRWKHVSDFHDQGWLPHDYHUDJHGUI








7KHEXUQLQJWLPHLVGHILQHGWKDQNVWRWKHSUHVVXUHKLVWRU\LQWLPH)LJXUHVKRZVW\SLFDOSF W 
KLVWRU\ GXULQJ D 69)3 FRPEXVWLRQ WHVW 7KH EXUQLQJ WLPH LV DVVXPHG WR VWDUW ZKHQ WKH
LQVWDQWDQHRXVSF W UHDFKHVWKHRIWKHPD[LPXPYDOXHFKDUDFWHUL]LQJWKHEXUQLQJSKDVH
DQG H[WHQGV WLOO *2; LVVWRSSHG WR OHWWKH QLWURJHQ SXUJH LQ 7KH VSDFH DQG WLPHDYHUDJHG
R[LGL]HUPDVVIOX[
DQGWRWDOPDVVIOX[
DUHHYDOXDWHGFRQVLGHULQJWKHRSHUDWLQJ
 WKH IXHO PDVV UHJUHVVLRQ UDWH
 DQG WKH VSDFH DQG WLPH
FRQGLWLRQV
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DQGUDGLXV 5FF 7KH
LVGHILQHGPHDVXULQJ
DYHUDJHGFRPEXVWLRQFKDPEHUKHLJKW
WKHFRPEXVWLRQFKDPEHUKHLJKWEHIRUHDQGDIWHUWKHILULQJWHVWDQGDYHUDJLQJWKHWZRYDOXHV



tb

)LJXUH7\SLFDOSF W KLVWRU\RID69)3FRPEXVWLRQUXQ




,QGHSHQGHQWO\IURPWKHWHFKQLTXHLPSOHPHQWHGIRUWKHUIGHWHUPLQDWLRQWKH69)3FRPEXVWLRQ
HIILFLHQF\
RIWKHSHUIRUPHGFRPEXVWLRQWHVWVLVHYDOXDWHGFRQVLGHULQJWKHDFWXDODQGWKH
WKHRUHWLFDOFKDUDFWHULVWLFYHORFLW\ F YDOXHV7KHIRUPHULVHYDOXDWHGE\WKHDYHUDJHFKDPEHU
SUHVVXUHRIWKHUXQ








DQGE\WKHWLPHDYHUDJHGRYHUDOOPDVVIORZUDWH
7KHWKHRUHWLFDOF LVGHWHUPLQHGEDVHG
RQ WKH H[SHULPHQWDO R[LGL]HUWRIXHO UDWLR 2)  DQG  E\ WKH 1$6$ &($ FRGH >@
6KLIWLQJHTXLOLEULXPFRQGLWLRQVDUHFRQVLGHUHGIRUWKHHYDOXDWLRQRIWKHSDUDPHWHUVRILQWHUHVW

,QWKH69)3WKHVDPHFRXSOHRIGLVNVLVEXUQWPXOWLSOHWLPHVWKXVHQDEOLQJWKHH[SORUDWLRQRI
WKHHQJLQHRSHUDWLQJHQYHORSH


([SHULPHQWDO5HVXOWV

([SHULPHQWDO UHVXOWV DUH KHUHE\ SUHVHQWHG DQG GLVFXVVHG 7KH FRPSDULVRQ EHWZHHQ WKH WZR
LPSOHPHQWHG 727 WHFKQLTXHV JUDLQ WKLFNQHVV DQG PDVVEDODQFH  LV LQWURGXFHG ILUVW 7KHVH
FRPEXVWLRQUXQVDUHSHUIRUPHGXQGHUVSHFLDORSHUDWLQJFRQGLWLRQV
 JVLQLWLDO+FFa
PP 7KHQDGHWDLOHGDQDO\VLVRIWKHEXUQLQJEHKDYLRXURIWKH69)3LVJLYHQFRQVLGHULQJJV
JVZLWKLQLWLDO+FFaPP


([SHULPHQWDO UHVXOWV FRQWUDVWLQJ 727 UHVXOWV REWDLQHG E\ JUDLQ WKLFNQHVV DQG PDVV EDODQFH
PHDVXUHPHQWVDUHUHSRUWHGLQWKH7DEOH7KHWHVW+LVGLYLGHGLQWRWZRUXQV +5DQG
+5UHVSHFWLYHO\ ,QWKHILUVWUXQWKHLQLWLDOFRPEXVWLRQFKDPEHUKHLJKW
LV
 PP ,Q WKH WZR UXQV WKH
UHVXOWLQJ IURP WKH GLUHFW PHDVXUHPHQW RI WKH IXHO JUDLQ
WKLFNQHVVLVPPDQGPPUHVSHFWLYHO\7KHVHGDWDDUHFRQVLVWHQWZLWKWKH
YDOXHVFDOFXODWHGIURPUI7+DQG WEDV
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7KH727GDWDUHGXFHGE\WKHJUDLQWKLFNQHVVPHDVXUHPHQWVKRZDJRRGDJUHHPHQWZLWKWKH
FDOFXODWHGIURPWKHEDOOLVWLFGDWD
GDWDEDVHGRQWKHPDVVEDODQFH 0% PHWKRGVRGRWKH
UHWULHYHGIURPWKHVDPHWHFKQLTXH7KHVHFRQVLGHUDWLRQVKROGIRUWKHVHFRQGWHVW+WKDWLV
GLYLGHGLQWRWKUHHUXQV VHH7DEOH 7KH69)3IHDWXUHWKHUPDOSURWHFWLRQVLQWKHSRUWVRIWKH
IXHOJUDLQ7KLVLVGRQHWRSUHYHQWDQRQXQLIRUPJUDLQFRQVXPSWLRQZKLOHSURWHFWLQJWKHPHWDO
FDVHRIWKHPRWRU DQGWKHFRPEXVWLRQFKDPEHUQR]]OHFRXSOLQJ 7KHJRRGDJUHHPHQWEHWZHHQ
WKHVROLGIXHOJUDLQWKLFNQHVVGDWDDQGWKHPDVVEDODQFHGHULYHGSDUDPHWHUVWHVWLILHVWKHDEVHQFH
RIPDUNHGHIIHFWVRQWKHUI0%DQG*WRW0%RIWKHWKHUPDOSURWHFWLRQFRQVXPSWLRQ,QOLJKWRIWKLV
RQO\0%GDWDZLOOEHFRQVLGHUHGLQWKHIROORZLQJDQDO\VHV7KHWHVWVUHSRUWHGLQ7DEOHDQG
7DEOHVKRZDGHFUHDVLQJUI *WRW WUHQG7KHSRZHUODZDSSUR[LPDWLRQRIWKH
DVDIXQFWLRQ
\LHOGV
RI





7KHKLJKH[SRQHQWRIWKHWRWDOPDVVIOX[LVSUREDEO\UHODWHGWRWKHOLPLWHGQXPEHURISRLQWV
DYDLODEOHDQGWRWKHUHVWULFWHG*WRWUDQJH VHH7DEOH 
8QGHUWKHLQYHVWLJDWHGFRQGLWLRQVWKH RIWKH69)3LVLQWKHUDQJH VHH7DEOH 
7KHVHUHODWLYHO\ORZYDOXHVDUHSUREDEO\UHODWHGWRWKHUHGXFHG
DQGWRWKHUHODWLYHO\KLJK
LQWXUQLPSO\LQJUHGXFHG*WRWDQGWKXVDOLPLWHGYRUWH[LQWHQVLW\2QWKHRWKHUKDQGLW
VKRXOG EH QRWHG WKDW WKH V\VWHP GRHV QRW IHDWXUH DQ\ SRVWFRPEXVWLRQ FKDPEHU WKXV WKH
DFKLHYHGF HIILFLHQF\LVGXHWRWKHR[LGL]HUYRUWH[LQMHFWLRQDORQH$QRYHUYLHZRIWKHEXUQLQJ
WHVWVSHUIRUPHGRQWKH69)3LVUHSRUWHGLQWKH7DEOH&ROOHFWHGGDWDVKRZDGHFUHDVLQJWUHQG
DQGGHFUHDVLQJ
 DQG
$SRZHUODZLQWHUSRODWLRQRI
RIWKHUIIRULQFUHDVLQJ
\LHOGV





7DEOH727UHVXOWVIURPGLUHFWIXHOJUDLQPHDVXUHPHQW *WRWWKUIWK DQGPDVVEDODQFH
*WRW0%UI0% 7HVWVSHUIRUPHGLQ*2;ZLWK
 JV
7HVW



tb




LG
03D
V
NJP V
NJP V
PPV
PPV
+5 





+5 





+5 





+5 





+5 






7DEOHUHOHYDQWGDWDIURP0%EDOOLVWLFVIRUWHVWV+DQG+
 JV 
7HVWLG
03D

tbV

+5




+5




+5




+5




+5





,QWKH(TWKH
H[SRQHQWWDNHVDUHODWLYHO\KLJKYDOXHSRVVLEO\GXHWRWKHGLIIHUHQW
LQWHQVLW\ RI WKH YRUWH[ IORZ DW WKH WZR LQYHVWLJDWHG PDVV IORZ UDWHV 7KH FRPEXVWLRQ RI WKH
69)3LVGULYHQE\WKHFRQYHFWLYHKHDWWUDQVIHUZLWKVRPHSRVVLEOHFRQWULEXWLRQIURPUDGLDWLRQ
GXHWRWKHIRUPDWLRQRIVRRWVHH2)YDOXHVLQ7DEOH 7KHYRUWH[IORZHQDEOHVHIIHFWLYH
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PL[LQJRIWKHSURSHOODQWPL[WXUHDVWHVWLILHGE\WKH YDOXHVUHSRUWHGLQWKH7DEOH7KH
FRPEXVWLRQ HIILFLHQF\ VKRZV D GHFUHDVLQJ WUHQG IRU LQFUHDVLQJ FRPEXVWLRQ FKDPEHU KHLJKW
7KLVLVPDLQO\UHODWHGWRWKHORVVRILQWHQVLW\RIWKHYRUWH[IORZ>@5HJUHVVLRQUDWHGLIIHUHQFHV
QRWHGEHWZHHQGDWDUHSRUWHGLQ7DEOHDQGH[SHULPHQWDOUHVXOWVLQWKH7DEOHUHTXLUHVIXUWKHU
LQYHVWLJDWLRQVWRFODULI\WKHQDWXUHRIWKHGLIIHUHQFH

,QWKH 7DEOHWKHSDUDPHWHU ĭLV LQWURGXFHG 7KLV LV DQRQGLPHQVLRQDO UDWLRSURYLGLQJDQ
LQGLFDWLRQRIWKHV\PPHWU\RIWKHFRPEXVWLRQFKDPEHU,QSDUWLFXODUĭLVGHILQHGDVWKHUDWLR
RIWKHGLVWDQFHVIURPWKHV\PPHWU\SODQHRIWKHFRPEXVWLRQFKDPEHURIWKHVXUIDFHVRIWKH1
VLGHDQGRIWKHQR]]OHVLGHIXHOJUDLQV7KLVV\PPHWU\LQGH[VKRZVDGHFUHDVLQJWUHQGGXULQJ
WKHEXUQLQJVRIDVHULHV VHH7DEOH 7KLVLVGXHWRWKHGLIIHUHQWEXUQLQJUDWHDFKLHYHGE\WKH
WZRIXHOGLVNVZLWKWKHQR]]OHVLGHJUDLQH[KLELWLQJKLJKHUUIWKDQWKH1VLGHFRXQWHUSDUW7KLV
EHKDYLRXULVUHODWHGWRWKHLQWHUQDOIORZILHOGRIWKH69)3>@7KHGLIIHUHQWUHJUHVVLRQUDWHVRI
WKHWZRIXHOGLVNVRIWKH69)3DUHVKRZQLQWKH7DEOH2QDYHUDJHWKHUISHUFHQWGLIIHUHQFH
EHWZHHQWKHUIRIWKHWZRIXHOJUDLQVLVWKHRIWKHRYHUDOOUI0%FKDUDFWHUL]LQJWKHWHVWV

7DEOH5HOHYDQWEDOOLVWLFGDWDIRU69)3EXUQLQJLQ*2;ZLWKJV
JV GDWD
UHGXFWLRQE\0% )RUDOOWKHWHVWVWKHLQLWLDOUXQLVSHUIRUPHGVWDUWLQJIURP+FFLQL 
PP
7HVWLG

,


tb
PPV
V
03D
g/s

NJP
V
+5




 

+5




 

+5




 

+5




 

+5




 

+5




 

+5




 



7DEOH5HJUHVVLRQUDWHRIQR]]OHDQG1VLGHJUDLQVIRU69)3EXUQLQJLQ*2;ZLWKJV
JV GDWDUHGXFWLRQE\0% )RUDOOWKHWHVWVWKHLQLWLDOUXQLVSHUIRUPHGVWDUWLQJIURP
+FFLQL PP
7HVWLG
PPV
PPV

PPV
+5



+5



+5



+5



+5



+5



+5






&21&/86,216$1')8785('(9(/230(176

7KLVSDSHUGLVFXVVHVWKHRQJRLQJ63/DEDFWLYLWLHVRQWKHLQYHVWLJDWLRQRIDODEVFDOH+5(ZLWK
D9)3FRQILJXUDWLRQ VHH)LJXUH 7KLVPRWRUSURPLVHVKLJKF FRPEXVWLRQHIILFLHQFLHVWKDQNV
WRWKHYRUWH[FRPEXVWLRQ7KLVWRJHWKHUZLWKWKHDWWUDFWLYHIHDWXUHVRIWKH9)3FRQILJXUDWLRQ
FRPSDFWQHVVHDV\LPSOHPHQWDWLRQRQGLIIHUHQWSODWIRUPV FRXOG\LHOGDQHIIHFWLYHXVHRI+5(

1072

5HJUHVVLRQ5DWHDQG&RPEXVWLRQ(IILFLHQF\LQD9)3+5(

3DUDYDQHWDO

IRULQVSDFHDSSOLFDWLRQV7KHLQWHUQDOIORZILHOGRIWKHPRWRUZDVLQYHVWLJDWHGE\KLJKVSHHG
YLVXDOL]DWLRQV VHH)LJXUHDQG)LJXUH DQG&)'DQDO\VHV>@7KHEXUQLQJEHKDYLRXURI
JVLQWXUQ\LHOGLQJ
WKH69)3ZDVLQYHVWLJDWHGEXUQLQJ+73%*2;ZLWKJV


NJ P V 
NJ P V 'HVSLWHWKHUHODWLYHO\ORZPDVVIOX[FRQGLWLRQVWKH69)3
H[KLELWHG D FRQYHFWLRQGULYHQ FRPEXVWLRQ VHH (T   7KH WZR IXHO GLVNV VKRZ GLIIHUHQW
UHJUHVVLRQUDWHVZLWKDIDVWHUQR]]OHVLGHJUDLQ7KH RIWKHPRWRULVLQWKHUDQJHWR
DQGLVUHODWHGWRWKHLQWHQVLW\RIWKHYRUWH[IORZWKRXJKXQGHUWKHLQYHVWLJDWHGFRQGLWLRQV
DSRVVLEOHHIIHFWRIWKHFRPEXVWLRQFKDPEHUV\PPHWU\LVQRWHGIRUORZ
FRQGLWLRQV

7KH DFKLHYHG UHVXOWV VKRZ SURPLVLQJ SHUVSHFWLYHV LQ WKH LPSOHPHQWDWLRQ RI D K\EULG
SURSXOVLRQEDVHG SODWIRUP HQDEOLQJ HIILFLHQW DQG DIIRUGDEOH SHUIRUPDQFH DQG RSHUDWLQJ
IOH[LELOLW\ )XWXUH GHYHORSPHQWV RI WKH ZRUN ZLOO IRFXV RQ WKH H[SDQVLRQ HYDOXDWLRQ RI WKH
 IRU GLIIHUHQW OHYHOV RI WKH FRPEXVWLRQ FKDPEHU V\PPHWU\ SDUDPHWHU ĭ DQG RQ WKH
PHDVXUHPHQWRIWKH69)3WKUXVWDQGUHODWHGSDUDPHWHUV DVWKHVSHFLILFLPSXOVH 
5()(5(1&(6
>@ 0- &KLDYHULQL 5HYLHZ RI 6ROLG )XHO 5HJUHVVLRQ 5DWH %HKDYLRU LQ &ODVVLFDO DQG 1RQ
FODVVLFDO +\EULG 5RFNHW 0RWRUV LQ ³)XQGDPHQWDOV RI +\EULG 5RFNHW &RPEXVWLRQ DQG
3URSXOVLRQ´3URJUHVVLQ$VWURQDXWLFVDQG$HURQDXWLFV$,$$:DVKLQJWRQ'&SS±
  
>@ '0 *LEERQ *6 +DDJ ,QYHVWLJDWLRQ RI DQ $OWHUQDWLYH *HRPHWU\ +\EULG 5RFNHW IRU
6PDOO6SDFHFUDIW2UELW7UDQVIHU'7,&7HFKQLFDO5HSRUW$'1R  
>@ &3DUDYDQ-*ORZDFNL6&DUORWWL)0DJJL/*DOIHWWL9RUWH[&RPEXVWLRQLQD/DE
6FDOH+\EULG5RFNHW0RWRU$,$$3DSHU1R  
>@ *$0DU[PDQ0*LOEHUW7XUEXOHQW%RXQGDU\/D\HU&RPEXVWLRQLQWKH+\EULG5RFNHW
LQ³WK,QWHUQDWLRQDO6\PSRVLXPRQ&RPEXVWLRQ´$FDGHPLF3UHVV ,QF1HZ<RUNSS
  
>@ *$ 0DU[PDQ %RXQGDU\ /D\HU &RPEXVWLRQ LQ 3URSXOVLRQ LQ ³3URFHHGLQJV RI WKH WK
6\PSRVLXP ,QWHUQDWLRQDO  RQ &RPEXVWLRQ´ 7KH &RPEXVWLRQ ,QVWLWXWH 3LWWVEXUJK
3HQQV\OYDQLDSS  
>@ *$ 0DU[PDQ &( :RROGULGJH 5HVHDUFK RQ WKH &RPEXVWLRQ 0HFKDQLVP RI +\EULG
5RFNHWVLQ³$GYDQFHVLQ7DFWLFDO5RFNHW3URSXOVLRQ´$*$5'&RQIHUHQFH3URFHHGLQJV
1RSS  
>@ 0$ .DUDEH\RJOX ' $OWPDQ %- &DQWZHOO &RPEXVWLRQ RI /LTXHI\LQJ +\EULG
3URSHOODQWV3DUW*HQHUDO7KHRU\-RXUQDORI3URSXOVLRQDQG3RZHU9RO1RSS
  
>@ 0$.DUDEH\RJOX%-&DQWZHOO&RPEXVWLRQRI/LTXHI\LQJ+\EULG3URSHOODQWV3DUW
6WDELOLW\RI/LTXLG)LOPV-RXUQDORI3URSXOVLRQDQG3RZHU9RO1RSS
 
>@ *$ 5LVKD %- (YDQV ( %R\HU .. .XR 0HWDOV (QHUJHWLF $GGLWLYHV DQG 6SHFLDO
%LQGHUV 8VHG LQ 6ROLG )XHOV IRU +\EULG 5RFNHWV LQ ³)XQGDPHQWDOV RI +\EULG 5RFNHW
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Abstract
Asteroid mining is one of the most promising private space ventures of the near future. Near-Earth
Asteroids (NEA), i.e. those with a perihelion at less than 1.3 AU from the Sun, are among the best
candidates for such venture. In preparation of mining expeditions, prospector missions will be carried
out well in advance so to assess the accessibility, possible critical issues and potential for revenues
of target asteroids. We study the problem of the feasibility of a single spacecraft prospector mission
capable of visiting as many asteroids as possible in one shot, focusing on Apollo-class asteroids only.
We assume a chemically propelled spacecraft with realistic specific impulse and propellant mass ratio,
so to allow for a credible mission design with a reasonable, cost-eﬀective total duration. The domain
of trajectories considered is restricted to those lying in the plane of the ecliptic only; therefore, the
search for a maximum number of encounters is restricted to those occuoccurringring where the asteroid
orbit cross the ecliptic. We adopt a deterministic building blocks approach, dividing the optimization
problem in two parts: a local optimization for possible target determination; and a global optimization
for the choice of the overall trajectory. In this paper we present the algorithm and the main results
and discuss the extension of our method to non-planar, out-of-the-ecliptic encounters.

Keywords: asteroid mining, asteroid prospector, asteroid flyby

I

Introduction

Near-Earth Asteroids (NEA) are defined as those asteroids with a perihelion distance of less than 1.3 AU .
In recent years the interest in such objects has considerably increased, both for scientific and industrial
purposes [2]: a better knowledge of the smaller bodies is essential to extend our understanding of the
birth and evolution of the solar system; and the possibility to open up a wholly new market based on
the exploitation of asteroid mineral resources is bringing around the birth of a new area of private space
industry. Among NEA, those with orbits crossing the Earth’s orbit and a semi-major axis larger than
Earth’s are identified as members of the Apollo group. Such asteroids are quite interesting targets for
mining ventures, as their relative proximity to the Earth makes them, in principle, easier to access. In
order to prepare properly for successful commercial exploitation of the awaiting riches, it is very likely
that future space miners will want to carry out a number of exploratory missions, so to gather important
information on the composition, size, shape, spin rate, etc. of the target bodies.
Our study is aimed at assessing the requirements, the constraints and the feasibility of a prospecting
mission capable to visit the largest possible number of Apollo asteroids with a single spacecraft. A visit is
defined as a fly-by at a distance suﬃciently close so to allow for observation. The task is not trivial, due
to the great number of the Apollo asteroids (Fig.1), so to require the formulation of a dedicated method
for the resolution of the optimization problem about the selection of targets. In our study, we explicitly
assume that our prospector spacecraft is propelled by chemical rockets, contrary to several recent works in
the literature, where a similar asteroid tour problem is studied for low-thrust propelled spacecraft, either
electrical ([5], [7]), or solar-sailing ([10]). Moreover, this type of optimization problem is often solved
by heuristic genetic algorithms ([6]) that allow to evaluate a set of initial solutions, and, introducing
"disorder" elements, are able to create new solutions following an evolutionary path. The computational
cost for very complex problems is therefore reduced; however, the method does not guarantee that an
acceptable solution will be found. In this paper, a deterministic building blocks approach ([7]) is adopted,
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Figure 1: Generic positions of Apollo asteroids in the heliocentric-ecliptic reference frame.

dividing the optimization problem in two parts: a local optimization for possible target determination;
a global optimization for the choice of the overall trajectory. Data of the Apollo asteroids (and Earth)
are retrieved from [8] and [9], respectively, and are relative to an heliocentric-ecliptic reference frame
in the epoch J2000. The asteroid database is updated daily with data about new bodies discovered, so
that the algorithm might produce very diﬀerent results at diﬀerent times in the future. The algorithm is
R
.
implemented in MATLAB⃝

II

Assumptions

We start from the set of orbital parameters {a, e, i, Ω, ω} and the epoch of osculation tref with the relative
asteroid position expressed by the mean anomaly Mref , retrieved from [8]. Firstly, we assume that the
asteroids trajectories are not aﬀected by perturbations from other bodies (keplerian orbits), so that the
asteroid orbital parameters stay constant during the mission. It can be seen from the distribution of
these values among the asteroids (Fig.2) that most of the asteroids have slightly inclined orbits; we
therefore assume that the visiting spacecraft trajectory lies on the ecliptic plane, in order to simplify the
problem and to minimize the inclination change maneuvers needed and the propellant required. With
these assumptions, the problem is reduced to finding a step-by-step defined trajectory that starts from the
Earth and intercepts the asteroids at their transition points on the plane of the ecliptic. Every element
of the overall trajectory followed by the spacecraft between two asteroids will be a keplerian arc with
the necessary properties. Moreover, in the heliocentric phase, all the maneuvers are assumed impulsive
without considering mass changes of the spacecraft and neglecting the details of what happens during the
flyby phase. The main idea is to use a building blocks approach ([7]), in which the design of a complex
trajectory is the result of an optimal assembly of solutions to a number of smaller problems, as will be
explained later in detail.

III

Preliminary phase

The first building block concerns the use of asteroids data (time, tref , and position, Mref ) in order to
determine the transition positions on the ecliptic plane. It can be easily seen that the condition of
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Figure 2: Distribution of orbital parameters among Apollo asteroids, after data from [8].
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(1)

(2)

Figure 3: Asteroid transition positions rtr (left) and rtr (right) on the ecliptic plane.

transition is expressed in terms of true anomaly νtr by considering the transformation from the perifocal
to the heliocentric-ecliptic reference frame:
⎧
⎪
⎨x = r(ν) [(cos Ω cos ω − sin Ω sin ω cos i) cos ν + (− cos Ω sin ω − sin Ω cos ω cos i) sin ν]
y = r(ν) [(sin Ω cos ω + cos Ω sin ω cos i) cos ν + (− sin Ω sin ω + cos Ω cos ω cos i) sin ν] ;
⎪
⎩
z = r(ν) [sin ω sin i cos ν + cos ω sin i sin ν]
with:

and imposing:

(
'
a 1 − e2
;
r(ν) =
1 + e cos ν

z = 0 ⇒ sin ω cos νtr +cos ω sin νtr = 0 ⇒ tan νtr = − tan ω ⇒

*
)
(1)
(2)
(1)
(2)
νtr , νtr ∈ [0, 2π] with νtr < νtr

Two values
) of true* anomaly
) result *from this equation, each of them related to the position and velocity
(1) (2)
(1)
(2)
vectors, rtr , rtr and vtr , vtr , found by solving an initial value problem, the Direct Kepler’s Prob-

lem (DKP). It can be seen that the most of asteroids pass through the ecliptic plane at a distance from
the Sun of about 1 AU , in a region that we name high-density transition zone (Fig.3).
Four quantities are available to the user to choose as input parameters:
• Mission lifetime: [t0 , tend ];
• Mission area: [dmin , dmax ];
• Maximum consumption per maneuver: ∆vmax ;
• Maximum mission consumption: ∆vtot .

In this part of the analysis only the first two parameters are used, while the others will be useful later.
Mission lifetime is critical for knowing the order and the date relative to transitions (in this phase only
the first and the second ones are considered). For this purpose, the initial position of asteroids is found in
terms of true anomaly ν0 = ν (t0 ) by solving another initial value problem, the Reverse Kepler’s Problem
(RKP). Hence, a new DKP is resolved with respect to the initial time t0 to determine the transition
dates. Three cases must be considered (the roman number expresses temporal order and n is the asteroid
mean motion):
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a)
if 0 < ν0 <

(1)
νtr

+

⇒

b)
⇒

+

if νtr < ν0 < 2π ⇒

+

if

(1)
νtr

< ν0 <

(2)
νtr

c)
(2)

(1)

rItr = rtr
(2)
rII
tr = rtr

(2)

rItr = rtr
(1)
rII
tr = rtr

(1)
rItr = rtr
(2)
rII
tr = rtr

⎧
)
*
(1)
⎨tItr = t0 + Mtr
− M0 /n
)
*
⇒
(2)
⎩tII
=
t
+
M
−
M
/n
0
0
tr
tr

;

⎧
*
)
(2)
⎨tItr = t0 + Mtr
− M0 /n
)
*
⇒
(1)
⎩tII
tr = t0 + Mtr + 2π − M0 /n

⎧
*
)
(1)
⎨tItr = t0 + Mtr
+ 2π − M0 /n
*
)
⇒
(2)
⎩tII
tr = t0 + Mtr + 2π − M0 /n

;

.

Finally, with the purpose of reducing the computational cost, the asteroids that transit too far in time
and in space from now on will not be considered. Therefore, the potentially observable asteroids
are defined as the asteroids that transit at least once in the chosen area during the mission. They must
satisfy the following conditions:
+
t0 < tItr < tend or t0 < tII
tr < tend
(1)
dmin < |rItr | < dmax or dmin < |rII
tr | < dmax
These conditions give the set of N asteroids that will be treated during the next phase.
Summing up the preliminary phase, we have:
{ak , ek , ik , Ωk , ωk } and tref,k , Mref,k for k = 1 : Ntot from [8];
{a⊕ , e⊕ , i⊕ , Ω⊕ , ω⊕ } and tref,⊕ , Mref,⊕ from [9];
*
)
(1)
(2)
tan νtr,k = − tan ωk ⇒ νtr,k , νtr,k for k = 1 : Ntot ;
*
)
(1)
(2)
(1)
(2)
DKP ⇒ rtr,k , rtr,k , vtr,k , vtr,k for k = 1 : Ntot ;

RKP ⇒ (r0,k , v0,k ) for k = 1 : Ntot ;
RKP ⇒ (r0,⊕ , v0,⊕ ) ;
'
(
I
II
I
II
DKP ⇒ tItr,k , tII
tr,k , rtr,k , rtr,k , vtr,k , vtr,k for k = 1 : Ntot ;

(1) ⇒ N asteroids.

IV

Research phase

This is the central core of the algorithm, in which the possible targets, depending on the spacecraft
position, are determined. The input variables are relative to the current state of spacecraft: (t, r, v). At
each generic iteration, a new calculation of the next transition data is needed. Hence, we must adopt a
general method as follows, that comprises various cases:
a)

b)

⎧
next
I
⎪
⎨ttr = ttr
if t < tItr ⇒ rnext
= rItr
tr
⎪
⎩ next
vtr = vItr

;

⎧
⎧
I+2λ+1
next
⎪
= tII
⎪
tr + λT
⎨ttr = ttr
⎪
⎪
⎪
I+2λ+1
II
next
II
⎪
+
λT
⇒
if
t
<
t
r
=
r
=
r
⎪
tr
tr
tr
tr
⎪
⎪
⎪
,
⎩ next
I+2λ+1
⎨
II
I
v
=
v
=
v
t
−
t
tr
tr
tr
⎧ tr
if t > tItr ⇒ λ = floor
⇒
I+2(λ+1)
⎪
T
⎪tnext
= ttr
= tItr + (λ + 1) T
⎪
tr
⎨
⎪
⎪
I+2(λ+1)
⎪
⎪
if t > tII
rnext
= rtr
= rItr
tr + λT ⇒
⎪
tr
⎪
⎪
⎩
⎩ next
I+2(λ+1)
vtr = vtr
= vItr
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where T is the asteroid period and λ is the number of periods elapsed since the first transition.
Now we introduce an observation area in which to analyse the best trajectories linking spacecraft and
asteroid transition position. We choose a semi-circular area in front of the spacecraft and centred on it
with radius:
.
/
− r| ;
(3)
δ = c1 min |rnext
tr

where c1 is an arbitrary scale factor. With the right choice of c1 we can obtain a value of δ that ensures
to consider a good number of asteroids around the spacecraft (Fig.4). In our case we have reasonably
adopted a scale factor of one order of magnitude: c1 = 10.

Figure 4: Asteroids in the observation area (initial step). The mission area is defined as: [1 AU, 1.5 AU ].

From now on, there is the need of criteria forming a funnel structure (similar to local minimizers in
[1]) to select the best targets. Firstly, we consider only the asteroids that have at the same time the next
transition inside the mission and the observation areas:
+
− r|< δ
|rnext
tr
;
dmin < |rnext
tr |< dmax
Then, with the purpose to have orbits that stay as close as possible to the high-density transition zone,
it is appropriate to choose only elliptical transfer orbits:
(
'
− t > tp
∆t = tnext
tr

where ∆t is the transfer time and tp is the transfer time for parabolic orbit. At the same time we want
to minimize the transfer time between two consecutive flybys by choosing the arc trajectory as short as
possible. From Lambert’s theory, there are four diﬀerent elliptical trajectories that link two positions
with a given transfer time. We choose arcs with:
(
'
− t < tm
0 < ∆ν < π and ∆t = tnext
tr
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where ∆ν is the swept true anomaly and tm is the time of minimum energy ellipse. In this way we have
only selected the shortest arcs. Fig. 5 shows the diﬀerences between the chosen and the rejected orbits:
as it can be seen, the trajectories depicted in magenta would imply abrupt changes of direction later.
At this point, for all the remaining asteroids we have to solve a boundary value problem, the Lambert’s
Problem (LP), to get the transfer orbit parameters. Since the problem is ill-conditioned, it is better to
make use of the universal variable formulation to achieve robustness. Hence, if we consider two positions
in space, r and rnext
tr , linked by a trajectory with swept true anomaly ∆ν and time ∆t, the solution z of
LP is obtained by the equation:
0,
-3
√
B
√
µ⊙ ∆t =
S(z) + A B;
C(z)
with:
1
r rnext sin ∆ν
(zS(z) − 1)
next
;
; B = r + rtr
+A 1
A = √ tr
1 − cos ∆ν
C(z)
∞
∞
j
j
2
2
(−z)
(−z)
C(z) =
; S(z) =
(2j + 2)!
(2j + 3)!
j=0
j=0
Then, the eccentricity and the semi-major axis of transfer orbits are obtained through:
0
next
y
(1 − cos ∆ν) r rtr
; etr = 1 −
atr =
zC(z)
y atr
'
(
fin
In order to compute the initial and final velocity vectors vin
of the arc, we use the expressions of
tr , vtr
the Lagrangian coeﬃcients (LC):
F =1−

next
(1 − cos ∆ν)
rtr
;
atr (1 − e2tr )

Ġ = 1 −

r (1 − cos ∆ν)
;
atr (1 − e2tr )

r rnext sin ∆ν
;
G = 1 tr
µ⊙ atr (1 − e2tr )
Ḟ =

F Ġ − 1
;
G

obtaining:

(
1 ' next
in
rtr − Fr
and vfin
tr = Ḟr + Ġvtr
G
Finally, we consider only the arc trajectories that are compatible with the spacecraft propellant consumption requirements:
∆v = |vin
tr − v| < ∆vmax
vin
tr =

In many cases, it may happen that no suitable target is found inside the observation area. In such
cases, the algorithm will restart the selection using an increased observation area of radius:
δnew = c2 δ

up to δmax = 2dmax ;

(4)

where c2 is an arbitrary magnification factor (in our case c2 = 2), while the imposed δ maximum value
corresponds to the limit case in which the observation radius is as wide as the maximum mission distance
from the Sun.
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Figure 5: Short elliptical arcs (green) and not favourable orbits (magenta).
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Summing up, the funnel structure of the preliminary phase is:
Input variables: (t, r, v) ;
(
'
next
next
for k = 1 : N ;
(2) ⇒ tnext
tr,k , rtr,k , vtr,k
(3) ⇒ δ;

|rnext
tr,k − r| < δ for k = 1 : N ⇒ N1 asteroids;

dmin < |rnext
tr,k | < dmax for k = 1 : N1 ⇒ N2 asteroids;

tnext
tr,k − t > tp,k for k = 1 : N2 ⇒ N3 asteroids;

0 < ∆νk < π and tnext
tr,k − t < tm,k for k = 1 : N3 ⇒ N4 asteroids;

LP ⇒ (etr,k , atr,k ) for k = 1 : N4 ;
(
'
fin
LC ⇒ vin
tr,k , vtr,k for k = 1 : N4 ;

|vin
tr,k − v| < ∆vmax for k = 1 : N4 ⇒ Nfin asteroids;

if Nfin = 0 ⇒ (4) ⇒ restart;
(
'
next
next
in
fin
Output variables: tnext
tr,k , rtr,k , vtr,k , etr,k , atr,k , vtr,k , vtr,k for k = 1 : Nfin .
At the end of the research phase, we need to choose one of the Nfin asteroids, the funnel bottom,
following criteria that we will discuss in the next section. Let k = l be the index of the selected target;
in the next iteration we will have as input variables:
(
'
next
next
(t, r, v) = tnext
tr,l , rtr,l , vtr,l

V

Implementation strategy

Two possible paths are considered for the final selection of target. Firstly, we can choose at every
iteration the orbit with minimum consumption. This strategy provides a low computational cost and
a local optimization (but not a global one for the mission), so it can be used when quick results are
wanted. In the latter strategy the research iteration is used with the purpose to determine all the
possible trajectories combinations (breadth first search [7]), and then to find the best spacecraft orbits
at the expense of a higher computational cost. In this way, we will obtain a tree-structure result
(Fig.6), from which we select the combination of orbits that predicts the largest number of flybys and
total minimum consumption, within the limits of mission lifetime (brunch and prune approach, [5]). In
both cases, the procedure will stop working when it arrives at a time t > tend (time over) or when the
total propellant consumption exceeds the expected one ∆vtot (propellant over).
In the present version of the algorithm, the tree search strategy is used. Because of its high computational cost, we need to reduce the number of instructions when it is possible. For this reason, during
the research phase it is preferable to work on temporary sets of data and, at the end, collect only the
useful results in bank carriers arrays. Hence, the funnel selection is done by eliminating the components
of a temporary vector Itemp , whose generic component is the asteroid list index in [8]. The remaining
components are collected in a related bank carrier and will act as identifiers of the target. In particular,
the main bank carriers are:
• Nbank : array whose i-th component is the number of possible targets found at the i-th iteration.
• Ibank : array whose i-th component is the list index of the i-th asteroid found since the beginning
of the procedure. As already mentioned, its components play the role of identifiers of target.
• tbank : array whose i-th component is the time of transition of the i-th target found since the
beginning of the procedure.
• rbank : array whose i-th component is the position vector of the i-th target found since the beginning
of the procedure.
(
'
fin
• vin
bank , vbank : arrays whose i-th component is respectively the initial and final velocity vector of
the i-th maneuver found since the beginning of the procedure. These data are essential for the
evaluation of consumption and the final selection of path.
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Figure 6: Tree-structure diagram with Nbank = [2, 1, 2, 2, 0, 11, 1, 14]. The order of exploration of nodes is shown
in red.

• (ebank , abank ): arrays whose i-th component is respectively the eccentricity and the semi-major
axis of the i-th transfer orbit found since the beginning of the procedure.
• ∆ν bank : array whose i-th component is the swept true anomaly during the i-th transfer orbit found
since the beginning of the procedure.
All the aforementioned bank carriers are essential for the reconstruction of trajectory. In particular, at
the end of the procedure, the array Nbank is fundamental for the codification of the tree-structured results
into a matrix J. If we assume Nbank = [N1 , N2 , . . . , NH ], it can be noted that
L=

H
2

Nk

k

corresponds to the overall nodes number of the tree-structure, and, therefore, to the main size of the
other bank carriers.
In order to explain the coding process, let’s introduce a parameter M , that represents the number of
already converted nodes. The procedure starts with a matrix
'
(
J0 = 1 2 . . . N1

and a value of M0 = N1 . From now on, we continue iteratively. Let’s assume a generic form of the matrix
at the i-th iteration:
⎛
⎞
J11
J12
. . . J1,end
⎜ J21
J22
. . . J2,end ⎟
⎜
⎟
Ji = ⎜ .
⎟
..
..
..
⎝ ..
⎠
.
.
.
Jend,1

Jend,2

...

Jend,end

with a given value of Mi < L.
Every column (for j = 1 : end) is replaced, starting from the left, by the following submatrix:
a) if N(Jend,j +1) ̸= 0 and Jend,j =
̸ 0
⎛
J1j
⎜
..
⎜
.
⎜
⎝ Jend,j
M +S+1

J1j
..
.
Jend,j
M +S+2
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..
.
...
...

J1j
..
.
Jend,j
M + S + N(Jend,j +1)

⎞
⎟
⎟
⎟
⎠
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with
S=

j−1
2

N(Jend,k +1)

k=0

b) if N(Jend,j +1) = 0 or Jend,j = 0

⎞
J1j
⎜ .. ⎟
⎜ . ⎟
⎟
⎜
⎝Jend,j ⎠
0
⎛

After a complete iteration, we have a new row into the matrix and a new value of M given by:
Mi+1 = max Ji,j
(i,j)

For example, in relation to Fig.6 we have a 4-by-27
⎛
1
1 ... 1
⎜ 3 3 ... 3
J =⎜
⎝ 6 7 ... 7
19 20 . . . 33

matrix:
2 2 ...
4 5 ...
0 8 ...
0 0 ...

⎞
2
5⎟
⎟
18⎠
0

The null terms in the matrix mean that the research phase did not produce any useful trajectory. Finally,
the columns with zero terms are deleted, so we can get the best trajectories in terms of number of asteroids,
and we choose the column with the corresponding minimum ∆v that represent the best overall trajectory.

VI

Main results

The algorithm was tested with the following input values:
• mission lifetime: [t0 , tend ] = [t0 , t0 + 5 years];
• mission area: [dmin , dmax ] = [1, 1.5] AU ;
• maximum consumption per maneuver: ∆vmax = 0.5 km/s;
• maximum mission consumption: ∆vtot = 5.5 km/s.
Several test cases have been tried with t0 ranging from 1st of January 2020 to 1st of January 2030 with a
six months step. The best results have been obtained with a launch window in January 2024 (see Tab.1),
showing that is possible to consecutively reach 21 asteroids with a consumption of 5.3 km/s. The final
spacecraft trajectory is plotted in Fig. 7 (green). As we expected, the trajectory lies in the high-density
area of asteroids. Considering the possibility of launching two spacecrafts, the second best trajectory in
terms of total consumption with the same date of launch was determined. Both trajectories intercept the
same number of asteroids with a total consumption almost equal. Therefore, we are led to believe that
further trajectories with similar characteristics can be obtained, making it possible to consider prospecting missions consisting of multiple spacecraft.
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Figure 7: Spacecraft trajectories. The first trajectory is related to the first spacecraft, the latter to the second
one. The blue cross represents the starting position and the red circles the target asteroids.
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Table 1: Two possible set of targets. Both cases present 21 asteroids, with a total consumption ∆vtot ≈ 5.3 km/s.

FIRST SPACECRAFT
Asteroid full name
(2016 LJ10)
(2017 MF3)
(2010 VB99)
164207 (2004 GU9)
(2016 NO56)
(2017 FP101)
(2006 AS3)
(2015 EG7)
(2016 WJ1)
163132 (2002 CU11)
(2013 XS23)
168318 (1989 DA)
(2004 LB1)
(2009 DM45)
(2009 WC)
(2014 BP43)
(2015 FL)
(2004 JV20)
(2005 MA)
(2012 EP10)
433953 (1997 XR2)

VII

Flyby date [DM Y ]
th

8 June 2024
27th June 2024
30th November 2024
21st May 2025
28th July 2025
th
5 November 2025
14th February 2026
26th April 2026
25th July 2026
12th October 2026
21st January 2027
3rd May 2027
18th August 2027
5th November 2027
23rd January 2028
9th April 2028
20th June 2028
6th August 2028
10th September 2028
11th December 2028
14th March 2029

SECOND SPACECRAFT
Asteroid full name

Flyby date [DM Y ]

(2011 LZ2)
(2015 SH)
(2015 XX169)
(2014 DE23)
(2016 LR51)
(2017 BW30)
(2010 SE)
(2013 XS23)
484506 (2008 ER7)
(2017 KC36)
(2013 QF11)
(2014 GE35)
418849 (2008 WM64)
(2012 EP10)
(2004 GD)
(2013 NS13)
(2012 UB174)
(2015 BH514)
(2009 UU1)
(2015 XZ168)
(2012 RR16)

6th June 2024
20 September 2024
12th December 2024
2nd March 2025
10th June 2025
9th August 2025
23rd September 2025
18th December 2025
26th February 2026
6th June 2026
th
11 September 2026
26th November 2026
16th January 2027
3rd April 2027
12th May 2027
18th August 2027
29th November 2027
14th March 2028
13th June 2028
12th August 2028
27th November 2029
th

Conclusions

The algorithm has shown very good performance and a moderate computational cost, allowing for its
use in the context of an asteroid mining pre-Phase-A study carried out internally at the University of
Pisa. In addition to identifying the mission profile, the results provided have been quite helpful for the
preliminary design of various spacecraft subsystems. For example, evaluation of the relative velocity
between spacecraft and asteroid was used to help establish the requirements for the ADCS during the
prospecting phase.
The algorithm is based on several assumptions and its results are at a medium level of accuracy.
Further and more advanced versions of the code, e.g. including perturbation models, can be developed
to increase the accuracy. Also, the procedure can be applied to similar problems after some adaptations,
e.g. to the analysis of a diﬀerent pool of celestial bodies or, in general, to space missions in Earth orbit
involving multiple targets (such as mission dedicated to the removal of space debris removal ([4]). As
examples of such other target groups, we may cite two noteworthy databases:
1. the Near-Earth Object Human Space Flight Accessible Target Study (NHATS), introduced by [3],
containing the possible NEA targets for a future manned mission; and
2. the Asteroid Lightcurve Database (LCDB) presented by [11], containing sets of data generated
from observational informations with the purpose to determine less known quantities to characterise the
asteroids.
These two databases could be integrated (like in [10]) to obtain a set of suitable targets for future
manned missions, and then used in the algorithm to design a precursor unmanned prospecting mission.
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ABSTRACT
This paper studies the dynamic responses of the engine-pylon-wing ensemble when FBO event
occurs using a multibody model. This model has relatively few degrees of freedom, but can
reproduce, in simplified forms, the main physical mechanisms involved. The general-purpose
Multibody Dynamics software (MBDyn) used in this study permits both the implementation
of various non-linear mechanisms, such as the gearbox or hinges with rotational limits, and
the integration of reduced models extracted from detailed FEM. Even if limited information
is available in case of early design phase, this model can be useful to extract a preliminary
evaluation of the loads’ magnitude and frequency content. Sensitivity analysis is also possible
due to the parametric nature of the model. The effects of the various model parameters variation
on the global dynamics is investigated.
Keywords: Multibody, Turbofan Engine, Fan Blade Out, Dynamic Model
1

INTRODUCTION

The history of turbofan engines’ design shows a clear tendency to increase the Bypass Ratio
(BPR): the Thrust Specific Fuel Consumption (TSFC) reduces as the BPR increases. To achieve
BPR even up to 17 and significantly reduce the fuel consumption, it is necessary to increase the
fan diameter. This, in turn, brings some important design issues: the larger the fan is, the greater
aerodynamic and structural loads are. Heavier rotating masses are also critical because of the
gyroscopic loads. To manage the fan rotational speed and control the blade tip tangential speed,
a planetary gearbox is also needed to connect the fan with the turbine.
The evaluation of the effects of these innovations on aircraft safety is required. This work
focuses on the possibility to build simplified models suitable to account for the interactions
between engine internal dynamics with engine mount systems and pylon dynamic properties
since an early stage of the design; the Fan Blade Out (FBO) event was used as challenging test
case.
2

FAN BLADE OUT

The FBO is a major hazard in modern jet-powered commercial and military aviation engines.
The failed rotating components are released at very high kinetic energy and the fragments can
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perforate the containment system and damage fuel tanks, hydraulic lines, auxiliary power units
and other aircraft systems. These effects are even more serious if large fans are considered: the
longer and heavier the blades are, the higher are their kinetic energy when they detach from the
hub and the unbalance loads acting on the shaft due to the unbalance.
The FBO dynamics can be divided into two main phases, each one has specific regulation requirements [1]:
• Blade fracture and transient: the fracture of a fan blade is basically instantaneous and
causes a sudden unbalance that acts as a lateral force on the shaft. Its value is basically
equal to the centrifugal force generated by the blade opposite to the lost one. The released
blade moves outwards and can impact the following ones as well as the case. Some engine
components are designed to fail during this phase in order to redistribute the loads (‘fusil
mechanism’), typically the fan shaft bearing. The loss of fan mass changes the rotor
centre of gravity, causing a radial movement and an impact of the fan against the case
containment. The friction and the aerodynamic loads generate a decelerating torque on
the fan shaft, that starts to slowdown. The regulation states that during this phase the
engine must be capable to contain all the debris due to the blade fragmentation or case
rubbing, must not catch fire and the engine mounting system has to withstand the transient
loads without failure.
• Windmilling condition: the engine, after a decrease of the angular velocity, starts to rotate
at a constant speed, with the airflow-generated moment equilibrating the friction torque.
In this phase the engine is loaded by a harmonic force coming from the unbalance, and
can be subjected to friction loads. The aircraft must be capable to operate with a failed
windmilling engine under the Extended Operations (ETOPS) condition for several minutes.
3

FAN BLADE OUT SIMULATION

The regulation requirements on FBO are not tested on full-scale aircrafts since only the engine
standalone is tested, but it must be demonstrated through numerical simulation. Detailed Finite Element Models (FEM) are built simulating the entire event dynamics. These models, with
millions of elements, take into account contacts, gyroscopic effects and fracture mechanics. Explicit time integration is required, with significant computational costs. Many papers deal with
the full FEM FBO simulation. For example [2] presents a detailed turbofan model, and focuses
on the contact modelling. The computational cost can be reduced by performing an explicit
time integration for the transient load analysis and an implicit simulation of the windmilling
phase, see e.g. [3]. In more recent years attempts have been made [4] to simplify the engine
models for the load evaluation, sacrificing detail to increase the computational speed. These FE
analyses are possible, however, only at the final design phases: it is clear that any change of
the engine configuration would involve a significant pre-processing and computational effort.
For this reason simpler models are useful to give an estimate of the loads during the aircraft
early design and perform sensitivity analysis. Many analytical models, at various detail level,
have been developed to explore other approaches to the problem. In [5, 6] an overhung fanshaft model that takes into account blade flexibility and fan-case contact is presented. The same
author generalized the model to include material viscosity, multiple blade contact and blade pretwist [7]. A beam engine model is developed in [8]. The connection between the various shaft
and case components are made using lumped spring elements. This approach is used also in [9],
demonstrating that for a rough estimation of the loads this approach can be sufficient. A more
sophisticated beam model is used in [10], where the contact mechanics is analysed as well. A
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similar model is used in [11], where the effects of the contact parameters are studied. The peculiar characteristics of the problem suggest also the possibility to approach it using a multibody
model. A multibody model can manage the non-linearities of finite rotations, hence the gyroscopic loads, as well as non-linearities in lumped joints, while maintaining a low computational
cost. A multibody turbofan engine model has been developed and presented in [12, 13, 14]. The
different engine components are condensed from FE models using normal modes and then used
to build the multibody model.
This work tries to build a multibody model of the entire engine structure, comprehensive of the
pylon and the wing flexibility. The software of choice is MBDyn [15]. The aim is to build up
a simplified model that can give an estimation of the loads transmitted to the wing structure
during a FBO. The model is built in a parametric way, so it is suitable to evaluate the effects
of different parameters on the global dynamics. It also allows to roughly estimate the effect
of some design features, such as the introduction of a mechanical fusil, thus speeding up the
design iteration process.
4

MODEL DESCRIPTION

The turbofan engine model can be divided into three main parts: the engine, the EMS and the
pylon-wing model.

4.1

Engine

The turbofan engine considered in this study has three shafts, each modeled using finite volume
three node beams elements. The High-Pressure Shaft is connected at its ends through two translational linear springs to the engine case. The high-power compressor and turbine are modeled
as lumped rigid bodies with suitable inertia properties. The low power shaft is connected to
the engine structure and supports the low power compressor and turbine stages. At the front
end, this spool is also connected to the fan shaft through a planetary gearbox that transmits the
torque and reduces the angular velocity. Linear springs connect the transmission block to the
engine case. Another elastic connection is present on the shaft, closer to the fan. The rigid body
representing the fan is placed at the shaft extremity. Its inertia properties are calculated accounting for the contribution of each blade and for the central hub. The engine body is composed of
several nodes, rigidly connected to each other and to the shafts through the aforementioned
springs. Several bodies, attached to these nodes, do reproduce the engine body inertia properties. The springs that connect the shaft to the engine are representative of the entire flexibility
that is present between the shafts and the EMS rods connections. Even if these springs can have
different stiffnesses in the three different directions, this is nonetheless a really simplified elastic
model, that was chosen only because more detailed information is missing. It has however been
deemed to be an acceptable approximation since the interest is focused on the load transmission
chain. Figure 1 presents a schematic view of the connection between these elements.

4.2

Engine Mounting System

The engine is connected to the pylon by seven beams hinged at both extremities, cfr. Figure 2.
Two vertical beams support the front part of the engine and connect the engine case to the
pylon. Two thrust links are connected to the engine front part on one end, while on the other
they are linked to a balance bar which, in turn, is connected to the pylon. The rear engine part is
sustained by to two vertical beams, while a third horizontal beam hold holds the engine torque.
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Figure 1: Body and joints scheme of the shafts and engine case.
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Beam Elements
Modal Elements
Rigid Elements
Modal Elements Nodes

Figure 2: EMS, pylon and engine representation.

4.3 Pylon-Wing Ensemble
The pylon and the wing are introduced into the Multibody environment by means of a reduction technique. The mass and stiffness matrices of the pylon reduced model where explicitly
available and are used to build a generalized 14 node super-element. An FE beam model of
a Boeing 747-100 like wing [16] is instead reduced using 20 normal modes. The full engine
representation can be seen in Figure 2.

4.4 Contact Model
During a FBO event one of the main load sources is the contact between the fan blade tips
an the inner case. Many studies show how a simplified contact can capture the main contact
mechanism, see e.g. [7, 11]. The fan is modeled as a rigid disk and all the contact compliance
is related to the case. A spring is activated when the displacement of the fan center with respect
to the case center line exceeds a certain value that is representative of the fan-case clearance.
This generates a radial force FR pointing to the center that tends to restore the fan position.
A Coulomb friction model is used, hence a tangential force FT proportional to the radial one
and opposite to the fan rotational speed is generated. The contact forces scheme is sketched in
Figure 3.
The other forces that act on the fan and contribute to the slowdown, such as the aerodynamic
drag, are represented by a constant couple, as suggested in [17]. The value of this torque is
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Fan Disk
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FR
FT

Fan Disk

Engine Case

Figure 3: Contact Forces between fan and engine case.
determined by imposing that the angular velocity of the shaft should drop to the 15% of the
initial one at windmill.
5

SENSITIVITY ANALYSIS

Few data can be found in literature about this kind of simulation, and often the parameters of
those models are not reported. For this reason, quantitative comparisons are hardly significant
since are based on different starting conditions. In this work FBO phenomena are qualitatively
analyzed, to verify that the modeling choices of the multibody model can capture some characteristics of the dynamics that are already reported in literature. Neither experimental data about
FBO events nor comparison with complete FE models were available to the authors. For this
reason it is basically impossible to try any correlation. Is has however been deemed interesting
to characterize the model response sensitivity to few critical parameters.

5.1

Shaft Connection Spring Stiffness

One of the more difficult parameters to estimate in our model is the stiffness of the shaft connection springs. This data is really sensitive and owned by the engine manufacturers. For this
reason a set of simulation in which the stiffness of these connection varies form the 50% to the
200% of the nominal chosen value has been performed. The variation of the reaction force on
the springs was monitored, in particular the peak value of the reaction resultant perpendicular
to the shaft axis. In Figure 4 these parameters are compared. It is possible to notice not only
that the reaction forces increase as the stiffness does, but also that the distribution between the
different connection points changes. More compliant connections are able to reduce the overall
force peak in the first and most stressed joint. The mechanical fusil design on the first connection is also tested. Figure4 shows how the reaction forces can be regulated setting the maximum
load that the joint can suffer.
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Figure 4: Reaction forces on the shaft connections. FL = Connection Failure Load
(a): Reference case; (b): Doubled stiffness.

5.2 Contact Stiffness Parameter
Parametric studies on the effect of the contact stiffness on the fan dynamic considering contact
models similar to the one used in this work are presented both in [10] and [11]. The fan orbit
with respect to the fan case in several simulations at different stiffnesses is shown in Figure 5.
The increased stiffness not only reduces the displacement, but also changes the overall envelope
shape. As reported in [10], at lower stiffnesses values the fan suffers of intermittent rub, bouncing on the case. As the stiffness increases, the rub becomes continuous and the orbit circular.
In our simulation after some tenths of second there is no more contact due to the flan slowdown
and the consequent lower unbalance forces.

5.3 Deceleration
During the fan deceleration it is possible that the frequency of the unbalance force passes across
a shaft critical speed or excites the natural frequency of any engine part. This phaenomenon is
dangerous since the ensuing dynamic amplification can lead to instability and ultimately damage the engine and wing structure, with catastrophic consequences, see e.g. [10]. In Figure 6 the
displacement of the fan center with respect to the fan case is compared for three different simulations. The difference between the three cases is the value of the slowdown couple, hence the
deceleration time. The displacement in all three cases decreases during time since the unbalance
forces are proportional to the progressively smaller angular velocity. It is also evident that when
the shaft passes across a certain frequency, the unbalance excites frequencies that are close to a
resonance, so that the displacement is again amplified. The engine design should ensure that the
natural frequencies of the system are properly separated from the windmill rotation frequency.
This can often be achieved by implementing a fusing design on the first bearing that fails under
a certain load and changes the bending stiffness of the shaft.
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Figure 5: Fan centre orbit considering different contact stiffnesses. (a): Comparison between
all the simulations; (b) Bouncing behaviour; (c) Intermediate case; (d) Continuous sliding.

5.4 Global engine movement
The multibody model presented in this work is the only one in authors knowledge that comprehends the pylon and wing flexibility in the FBO dynamics. Figure 7 reports the vertical
displacement, measured with respect to the wing root, of the fan tip, pylon and wing nodes.
Two different contributions can be identified after the first transient. The first one is a low frequency high amplitude motion that comes from the excitation of the wing’s first bending mode.
This mode is excited at the beginning of the FBO, since the sudden blade detachment has an
impact-like effect, and its amplitude decreases in time due to the proportional damping model
introduced into the lumped joints. The second one is an higher frequency oscillation at the same
frequency of the unbalance forcing load. This remains constant since the load continues during
the windmill.
6

CONCLUDING REMARKS

A multibody model suitable for simulating FBO events taking into account the interactions
between engine internal dynamics with mount system and pylon is presented. The model can
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Figure 6: Fan centre displacement normal to the shaft axis with respect to the case, at different
slowdown rate.

 

 



















Figure 7: Vertical displacement of few engine notable points.
represent some of the main mechanisms involved in the event such as contact dynamics and the
amplification of vibration due to dynamic coupling phenomena. The pylon and wing models
qualitative influence on the overall dynamics is of the system is studied. The overall dynamics
is driven by a transient excitation of the first wing bending mode and from a harmonic forcing
term. It is shown how this kind of model can give useful information about the transient and the
windmill, and if properly tuned, can be employed during the early design phase of an engine
system.
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ABSTRACT
The worldwide incentive to reconsider commercial high-speed transport urges Europe to
quantitatively assess the potential of civil high-speed aviation with respect to technical,
environmental and economic viability, in combination with human factors, social acceptance,
implementation and operational aspects. Only a dedicated multi-disciplinary integrated
aircraft design approach can realize this goal, by considering airframe architectures
embedding the propulsion systems as well as meticulously integrating crucial subsystems.
In this context, this paper aims at providing guidelines to be used during the conceptual
design phase for the identification of feasible design spaces for hypersonic aircraftIn
particular, the design space of the STRATOFLY MR3 vehicle is presented, as a preliminary
result of the Horizon 2020 STRATOFLY project currently on-going and dealingwith the
design of a 300-passengers class vehicle able to cover long haul antipodal routes at Mach 8.
Keywords: Hypersonic civil transportation, TRL6, Conceptual Design, Design space,
Aircraft Design and Configuration.
1

INTRODUCTION

Currently, a worldwide growing attention on hypersonic transportation is visible in both
aeronautical and aerospace domains. Instead, the idea of covering long haul routes in some
hours (one order of magnitude shorter with respect to the current civil transportation)
fascinates the aviation sector, with promising business cases. In parallel, the research
activities in the field of hypersonic transportation system are also pushed by the aerospace
sector because the development of key enabling technologies for the hypersonic flight may be
considered a preparatory step towards the development of future reusable access to space
vehicles.
Moreover, following a bottom-up approach, the development of a new generation of highspeed air-breathing propulsive concepts can be noticed as well. This technology-pushed
approach results in the development of very innovative vehicle configurations, which might
be considered as “flying engines” because of the prominent role of the propulsion plants and
of their huge air intakes and nozzles to be integrated.
This worldwide incentive to consider commercial high-speed transport, isparticularly urging
Europe to quantitatively assess the potential of civil high-speed aviation with respect to
technical, environmental and economic viability in combination with human factors, social
acceptance, implementation and operational aspects.
As eluded in previous studies, with special reference to those carried out in the European
framework, some innovative high-speed aircraft configurations have now the potential to
assure an economically viable high-speed aircraft fleet.Investigations carried out in a
succession of EC-supported research projects have permitted maturing a number of
configurations leading to the airframe-integrated propulsion concept: ATLLAS I/II [1],
LAPCAT I/II [2], HIKARI, HEXAFLY [3], HEXAFLY Int.. They make use of unexploited
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flight routes in the stratosphere, offering a solution to the presently congested flight paths
while ensuring a minimum environmental impact in terms of emitted noise and green-house
gasses, particularly during stratospheric cruise. Only a dedicated multi-disciplinary integrated
design approach could realize this, by considering airframe architectures embedding the
propulsion systems as well as meticulously integrating crucial subsystems. In this context,
starting from an in-depth investigation of the current status of the activities, the STRATOFLY
project has been funded by the European Commission, under the framework of Horizon 2020
plan, with the aim of assessing the potential of this type of high-speed transport vehicle to
reach TRL6 by 2035, with respect to key technological, societal and economical aspects.
Main issues are related to thermal and structural integrity, low-emissions combined
propulsion cycles, subsystems design and integration, including smart energy management,
environmental aspects impacting climate change, noise emissions and social acceptance, and
economic viability accounting for safety and human factors.
This paper aims at depicting a feasible design space for hypersonic aircraft, highlighting the
most impacting design variables and their links with performance. In particular, the design
space of H2020 STRATOFLY project is presented, as a case study representative of a 300passengers class vehicle for long haul routes.
Thus, after an introductory Section II presenting the main goals of H2020 STRATOFLY
project, Section III describes the external vehicle layout and it provides some preliminary data
related to the aerothermodynamic and propulsive characterization. In order to benefit from the
European heritage, LAPCAT MR2.4 vehicle configuration was selected as starting point for
the STRATOFLY MR3 vehicle configuration. In particular, the external vehicle shape and the
propulsive subsystem including all inlet and outlet ducts are the same as developed in
LAPCAT MR2.4, considering that these elements were the result of a series of in-depth
investigations and multidisciplinary optimizations and they are fully characterized by a very
detailed AeroPropulsive Database. Then, starting from this reference, clean configuration,
new empennages and control surfaces have been designed and integrated. Section IV of this
paper focuses on the internal vehicle layout, pointing out the main steps towards the
integration of all on-board subsystems. Special attention is devoted to the definition of the
passenger compartment concept, the propellant subsystem and the design and integration of
the landing gear.
Section IV specifically deals with the propellant subsystem architecture definition and sizing,
considering the adoption of integral bubble tanks to host cryogenic fuels such as liquid
hydrogen. This solution allows to maximize the volume available for fuel, minimizing the
structural weight with respect to traditional tanks architecture. It is clear that the bigger is the
amount of fuel that can be stored, the longer are the routes that can be flown. However, it is
extremely important to guarantee enough room for the integration of the remaining on-board
subsystems. Assumptions have been made to evaluate the volume breakdown in this
preliminary design phase. For this purpose, semi-empirical models are presented and
validated thanks to the results of the in-parallel on-going CAD modelling activities.
Moreover, the semi-empirical models have also been enriched by the presence of parameters
that accounts for the level of innovation of the selected solution. This is necessary to predict
the performance of vehicles having a Time-To-Market in the far future. Consequently,
Section IV shows also the design space, highlighting the impact of some design variables
(such as, for example, the tank volumetric efficiency or the LH2 storage strategy) onto the
maximum achievable range. In this context, the solution adopted for the STRATOFLY MR3
configuration is presented along with the assumptions related to the level of innovation
assumed. Eventually, the main results are discussed in Section V, together with the suggestion
of the next steps of the H2020 STRATOFLY project.
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H2020 STRATOFLY PROJECT

Considering the European context that is currently urging the aeronautical and aerospace
sectors to enhance the maturity level of key enabling technologies in the field of high-speed
transportation, the STRATOFLY project has been funded by the European Commission,
under the framework of Horizon 2020 plan. STRATOFLY project aims at assessing the
potential of this type of high-speed transportation to reach TRL6 by 2035, with respect to key
technological, societal and economical aspects. Main issues are related to thermal and
structural integrity, low-emissions combined propulsion cycles, subsystems design and
integration, including smart energy management, environmental aspects impacting climate
change, noise emissions and social acceptance, and economic viability accounting for safety
and human factors.Thus, one of the main objectives of the STRATOFLY project is to evolve
and improve the starting reference configuration, i.e. LAPCAT MR2.4 moving to
STRATOFLY MR3 (see Fig. 1a). This new configuration is currently under-development and
it is resulting from refinements of the vehicle external layout as well as from improvements at
subsystem level (Fig. 1b). It is worth noticing that in the past European projects, main
attention has been devoted to the generation of vehicle layout targeting the optimization of
aerothermodynamics and propulsive issues. Conversely, apart from some studies specifically
tackling the propulsive subsystem or the Thermal and Energy Management subsystem [4],
very few analyses were focusing on on-board subsystems. It is mainly for this reason, the
H2020 STRATOFLY project is actually committed to the design, sizing and integration of all
the main subsystems to be installed on-board.

Figure 1: STRATOFLY MR3 vehicle configuration (a): rendering of the external layout; (b) Internal
layout arrangement
Parameter
Length
Wingspan
Wing surface
Aspect ratio
MTOW
OEW
N° of passengers
Fuel Capacity
Cruise Mach
Service Ceiling
Range

Value
94
41
1365
~1
400000
200000
300
180000
8
35000
18800

Unit of Measure
𝑚𝑚
𝑚𝑚
𝑚𝑚
𝑚𝑚

Table 1: STRATOFLY MR3 data
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Reference trajectory

From the Mission Concept point of view, STRATOFLY MR3 shall be able to transport 300
passengers along antipodal routes, combining propulsive modes to reach Mach 8 during
cruise. Starting from the reference trajectory (Brussels-Sydney route) drafted during LAPCAT
II project), a multi-objective optimization is currently undergoing,including the following
criteria: aero-thermo-propulsive efficiency, environmental impact (pollutant footprint, noise
emissions, sonic boom impact, etc…), safety and air traffic management.
After all the necessary pre-departure procedures, the vehicle shall be able to perform taxi-out
operations and to take-off. In order to diminish the impact of the introduction of these new
vehicles onto the existing airports infrastructures, take-off and landing distances of
STRATOFLY have been assumed in-line with those of the A380. After take-off and a first
low-speed climb, exploiting the ATR engines, STRATOFLY MR3 vehicle might perform a
subsonic cruise leg to ensure that the transonic condition is not reached over-land (sonic boom
footprint optimization). This is related to the geographical location of the selected city-pairs to
be connected. Then, the acceleration phases up to Mach 4.5 can be carried out exploiting the
ATR engines in their ramjet mode. Moreover, the DMR engine can be used to bring the
aircraft up to Mach 8 reaching 30-35 km of altitude. Then, once the proper kilometric range
has been covered, the DMR engine can be switched off and the vehicle starts its own descent
towards the final destination. Differently from the case of LAPCAT MR2.4 vehicle,
STRATOFLY MR3 will perform powered approach and lading phases re-igniting one of the
ATR engines on board.
3

STRATOFLY MR3 VEHICLE EXTERNAL CONFIGURATION

Considering the high-level of confidence of the outcomes of the previous research activities
focusing on aero-thermo-propulsive integration, the STRATOFLY MR3 vehicle maintains the
same outer shape resulting from the LAPCAT II project. A waverider configuration was
defined to maximize the lift–to-drag ratio (L/D) during cruise, guaranteeing a maximum L/D
of more than 6. This outer shape envelope contains an internal volume of approximately
10000 m3 and it is characterized by a reference surface area of about 2500 m2, with a vehicle
length of 94 m and wing span of 41 m. This external shape shall be able to host a passenger
compartment able to accommodate 300 passengers,as well as a highly integrated air-breathing
propulsive subsystem able to accelerate the vehicle up to Mach 8, the amount of liquid
hydrogen requested to cover antipodal routes and all the other subsystems.
Looking at the external vehicle layout (Fig. 3), the main improvements with respect to
LAPCAT MR2.4 are related to the new empennages design and sizing as well to the
definition of proper radius of curvature to be used as rounding for the various leading edges.
Indeed, an increment in leading edge radius (moving from a pure wedge shape to a rounded
contour) is necessary for manufacturing process as well as for the integration of subsystems
and thermal Protection technologies such as the heat pipes. Conversely, the introduction of a
rounding on the lips of the air-intake (lower, lateral and cowl) might have a detrimental effect
on the propulsive characteristics. Thus, as a first attempt, the semi-empirical model presented
in [5] has been used obtaining a suggested radius of 11.3 mm. Currently, detailed CFD
simulations are being performed to evaluate and compare the impact of a specific radius on
the overall propulsive performance.The review of the empennages and flight control surfaces
design has been completed on the basis of modern aerospace integrated design procedures and
of guidelines specifically developed for hypersonic vehicles [6]. This activity paved the way
towards the update of the AEroDataBase (AEDB) as well as the definition and size of control
surfaces and its Flight Control Subsystem. In the STRATOFLY MR3 configuration, the
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canard has not been included a priori whilst its presence will be re-considered after a proper
stability analysis. The current vehicle external configuration is reported in Fig. 2.

Figure 2: STRATOFLY MR3 air intake leading edge design and analysis

Ultimately, the waverider theory was considered as enabling methodology to properly sketch
and refine the external vehicle layout.The waverider concept appeared for the first time just
after the II World War, in a work of professor TerenceNonweiler of the Queen's University of
Belfast [7]. Since this first idea, all developed methodologies were based on inverse
approaches consisting in the development of the vehicle shape as function of the flow field in
which it will be flown. This approach is called “inverse” because it operates in contrast to
traditional aircraft design procedures, where the flow field and its characteristics are estimated
on the basis of the designed shape.

Figure 3: STRATOFLY MR3 Vehicle configuration
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STRATOFLY MR3 VEHICLE INTERNAL LAYOUT

Even though aero-thermal-propulsive and airframe integration is crucial and drives the
external configuration, the mission concept feasibility is also strictly related to the possibility
of integrating all the sufficient equipment within this well-defined shape. Indeed, the mission
concept feasibility imposes a minimum required volume to host the payload, the propellant
and all other subsystems to support it. In particular, for the STRATOFLY MR3 vehicle, the
external shape shall be able to host a passenger compartment conceived to accommodate 300
passengers,as well as a highly integrated air-breathing propulsive subsystem designedto
accelerate the vehicle up to Mach 8, the amount of liquid hydrogen requested to cover
antipodal routes and all the other subsystems (Fig. 4).
Thus, the STARTOFLY MR3internal vehicle configuration has been entirely reconsidered,
starting from the revised external vehicle layout (defining an internal volume of 9956 m3) and
maintaining the same geometry of the propulsive system (taking up to 3327 m3, i.e. more than
30% of the internal volume). Then, following a rational process, a cabin compartment of
about 1200 m3 has been designed and size to host 300 passengers with a proper level of
comfort. Details of the internal cabin layout are reported in Figure 5. Then, inthe remaining
5429m3 the propellant tanks can be fit, simply remembering that a percentage about 30-32%
of that remaining volume shall be accounted for the integration of all the remaining
subsystems. Thus, a baseline vehicle configuration can be represented in terms of volumes,
through the pie-chart in Figure 6.

Figure 4: STRATOFLY MR3 vehicle internal layout overview
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ABSTRACT
The current wor deals with the development of contact modelling capabilities in the framewor
of the arrera nified ormulation (
), which is a generalised framewor for the
development of advanced structural theories. The current modelling approach uses D
elements with agrange polynomials being used to enhance the cross-section inematic field,
leading to a layer-wise model and involving purely displacement degrees of freedom. Such a
modelling approach results in D-li e accuracy of the solution, at a significantly reduced
computational effort compared to standard D
EA. The current wor considers normal,
frictionless contact with a node-to-node discretisation, and the penalty approach is used to
enforce the contact constraints. The resulting nonlinear analysis is implicitly solved using the
Newton-Raphson method. The use of layer-wise modelling in
results in a high-fidelity
solution which is capable of accurately evaluating the interlaminar stress fields, as well as
accounting for transverse stretching. The development is extended to the case of dynamic
contact, which uses a combination of node-to-node discretisation and agrange ultiplier
constraints to model contact. Initial assessments consider elastic impact between two bodies
and demonstrate the capability of
models in accurately modelling contact impact.
Keywords: High-order modelling, CUF, contact modelling, impact
1

INTRODUCTION

Mechanical systems frequently involve physical contact among their various components, for
instance the meshing of gear teeth. Contact can also occur in processes such as sheet metal
forming, and in material characterisation tests such as indentation and three-point bending.
Contact mechanics thus plays an important role in structural analysis, and by extension, in
computational mechanics, where it still remains a challenging issue 1 .
The earliest analytical formulation for contact was developed by Hertz, who applied the theory
of elasticity to model contact between two elastic spheres 2 . Analytical solutions to contact
problems are limited
and hence, over the past few decades, research has been focused on
numerical approaches to contact modelling. Contact modelling techniques can be classified
based on the discretisation used for the contact surface. The earliest solutions to contact analysis
were based on node-to-node algorithms, where the contact constraints were enforced at a nodal
level 4 . Such methods however have limited applications due to requirements of mesh
compatibility at the contacting surface. The issue of compatibility requirements was alleviated
by the development of node-to-surface contact algorithms, where a slave node is prevented
from penetrating a master surface 5-8 . The limitation of such methods is that they do not place
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constraints on master nodes penetrating the slave surface. This can be overcome by the use of
two-pass methods i.e. running the node-to-surface algorithm twice and switching the master
and slave definitions, but often leads to an over-constrained system. Recent efforts have been
focused on the development of surface-to-surface contact algorithms, where the contact
constraint is enforced in a wea or integral form over the contact surfaces 9-12 .
The present wor deals with the development of contact modelling capabilities in the Carrera
Unified Formulation (CUF) 1 . CUF is a generalised framewor to develop advanced 1D and
2D structural theories. Expansion functions are used to enhance the inematic field across the
cross-section and through the thic ness for 1D and 2D models, respectively, which results in
D-li e quality of results without incurring a corresponding computational expense 14 . The
current wor deals with cases involving normal, frictionless contact, and a node-to-node contact
algorithm has been implemented with the penalty method of contact enforcement, to solve the
contact problem.
The paper is structured in the following manner. The CUF framewor and an overview of
contact mechanics and its implementation in CUF have been presented in Section 2. The
numerical assessments and results are discussed in Section , followed by the conclusions in
Section 4.
2

METHODOLOGY

2.1

Carrera Unified Formulation

Figure 1: eam element aligned in the CUF coordinate system

Consider a 1D element, shown in Figure 1, which is aligned in the CUF coordinate system. The
generalized displacement field can be written as
𝑢(𝑥, 𝑦, 𝑧) = 𝐹𝜏 (𝑥, 𝑧)𝑢𝜏 (𝑦), 𝜏 = 1,2, … , 𝑀

(1)

where F (x, z) is an expansion function described across the beam cross-section, u is the
generalized displacement vector, and M is the number of terms in F (x, z). The expansion
function and the number of terms M can be arbitrarily chosen and is a user input. The present
wor exploits the Component- ise (C ) approach, where 2D Lagrange polynomials are used
to enrich the cross-sectional inematic field of 1D finite element. Such a formulation results in
a layer-wise modelling of the structure and consists of only displacement degrees of freedom.
The displacement field is obtained in the following manner
𝑛

(2)

𝑢𝑥 = ∑ 𝐹𝑖 (𝑥, 𝑧)𝑢𝑥i (𝑦)
𝑖=1
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where x denotes the displacement component of a node, and i is the node number. More
information on the use of Lagrange polynomials as expansion functions can be found in 15 .
Finite Element Formulation
The stress and strain fields are given by
𝛔 = {σxx σyy σzz σ𝑥𝑦 σ𝑥𝑧 σyz }

( )

𝛆 = {εxx εyy εzz εxy εxz εyz }

(4)

The linear strain-displacement relation is given by
𝛆 = 𝐃𝐮

(5)

where D is the linear differentiation operator. The constitutive relation is given by
𝛔 = 𝑪𝛆

(6)

where C is the material stiffness matrix. Using 1D elements along the beam length, with shape
functions Ni (y), the D displacement field is written as
𝐮(x, y, z) = Fτ (x, z)Ni (y)𝐮τi

( )

From the principle of virtual displacements,
δWint = δWext

(8)

where
int is the virtual variation of the internal wor and
ext is that of the external wor
due to the applied forces. The virtual variation of the former is given by
δWint = ∫ ∫ δ𝛆T 𝛔 dΩdl
l

(9)

Ω

where l represents the beam length and is the beam cross-section. The fundamental nucleus,
which is a x matrix, can now be formulated based on Equations 5-8 and is given below
𝐤 ijτs = ∫ ∫ 𝐃T (Ni (y)Fτ (x, z))𝑪𝐃(Ni (y)Fτ (x, z))dΩdl
l

(10)

Ω

Looping through the four indices i, , τ, s results in the element stiffness matrix, which is then
assembled to obtain the global stiffness matrix of the structure. A comprehensive overview of
the fundamental nucleus and its role in CUF can be found in 1 .
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Contact modelling in CUF

Figure 2: Two discrete bodies coming into contact under an applied deformation

Consider two discrete bodies, Ω1 and Ω2, as shown in Figure 2. The points X1 and X2 on the
boundaries of the respective bodies come into contact due to an applied deformation ϕ. The
current position of the points is given by
𝐱 𝐢 = 𝐗 𝐢 + 𝐮𝐢 , i = 1,2

(11)

where ui is the displacement of the point Xi. At the moment of contact, the two distinct points
X1 and X2 become coincident in the deformed configuration i.e. x1 x2. Such a case of contact
can be modelled using geometric constraints such as the non-penetration condition. This
requires a gap function, defined below as
g N = (𝐮𝟐 − 𝐮𝟏 ) ⋅ 𝐧𝟏 + g init ≥ 0

(12)

where n1 is the normal to the body Ω1, and ginit is the initial gap between the bodies, given as
𝑔init = (𝐗 𝟐 − 𝐗 𝟏 ) ⋅ 𝐧𝟏
The variational form of the contact

(1 )

P is given by
δ𝐿𝑖𝑛𝑡 ≥ δ𝐿𝑒𝑥𝑡 + δ𝐿𝐶

(14)

where δ𝐿𝐶 is the variational wor due to contact. Considering the penalty approach for the
enforcement of the contact constraint, the wor due to contact be written as
𝐿𝐶 =

1
∫ ϵ 𝑔2 𝑑𝐴
2 ∂Ω𝐶 𝑁 𝑁

(15)

with its virtual variation given by
δ𝐿𝐶 = ∫

ϵ𝑁 𝑔𝑁 δ𝑔𝑁 𝑑𝐴

(16)

∂Ω𝐶

where ϵ𝑁 is the penalty parameter. In the case of node-to-node contact, the constraints are
enforced at a nodal level. Using the penalty approach, the global equilibrium equation becomes
̅
[𝑲 + 𝑲𝒑 ]𝑼 = 𝑭



(1 )
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where Kp is the global contact penalty stiffness matrix, and is obtained by assembling the
penalty stiffness ki for a given node pair i, defined below as
𝒑

(18)

𝒌𝒊 = ϵ𝑁 𝒏𝑻𝒊 𝒏𝒊

where ni is the normal between the node pair i. Similarly, the contact force between the node
pair i is given by
𝑭𝒄𝑖 = 𝜖𝑁 𝑔𝑁 𝒏

(19)

The righthand side of Equation 1 can now be written as
̅ = 𝑭𝑪 + 𝑭𝑒𝑥𝑡
𝑭
3

NUMERICAL RESULTS

3.1

3-point bending of a laminated beam

(20)

The current numerical assessment considers a laminated composite beam sub ected to a -point
bending test. The test setup has been schematically shown in Figure . The laminated beam is
composed of 8 layers, with a stac ing sequence of 0 90 2s. The material system used is IM 8552, whose properties have been listed in Table 1. A prescribed displacement uz -1.0 mm
has been applied on the central roller.

Figure : Schematic representation of the laminated beam under -pt bending

E11
Gpa

E22
Gpa

165.0

9.0

E
Gpa

ν12

ν1

ν2

G12
Gpa

G1
Gpa

G2
Gpa

9.0

0. 4

0. 4

0.5

5.6

5.6

2.8

Table 1: Material properties of the IM 8552 system

The above structure has been analysed using the CUF-L modelling approach, and reference
numerical solutions have been developed using A A US- D. Modelling information related
to the two approaches has been reported in Table 2. The results have been reported in the
following: Figure 4(a) shows the vertical deflection uz along the line oining 5.0, 0.0,4.0 and
5.0, 250.0, 4.0 , i.e. the longitudinal axis of the top surface of the beam. The axial stress σyy
along the same line has been plotted in Figure 4(b). The axial strain εyy and axial stress σyy,
through the thic ness of the laminate at the midspan, have been plotted in Figures 5(a) and 5(b),
respectively. The axial strain εyy and axial stress σyy distribution through the cross-section, at
the beam midspan, have been shown in Figure 6 and Figure , respectively.
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Beam Discretisation

Total DOF

Analysis Time [s]

2 ,200 C D8R,
elements per layer

99, 66

1 1

20 4 – 2 L9
4,2 6
26
Table 2: Mesh information for the various numerical models of the laminated beam

Figure 4: (a) ertical displacement uz, and (b) axial stress σyy along the axis of the beam

Figure 5: Axial stress σyy through the thic ness of the beam at its midspan

Figure 6: Distribution of the transverse strain εzz through the cross-section at y

150

Figure : Distribution of the transverse shear stress σyz through the cross-section at y



150

ontact modelling of composite structures

Nagaraj et al.

The following comments are made
1. The current approach is capable of modelling an arbitrary number of structural entities,
and accounts for contact interactions among them.
2. The layer-wise modelling approach results in accurate stress fields through the thic ness
and can account for transverse stretching.
. The CUF – L model requires over 11x fewer degrees of freedom and about 4x less
computational time than the D-FE model, for comparable quality of results.
3.2

Impact between two elastic rods

Figure 8: Schematic representation of impact between two elastic rods

The current numerical example constitutes an initial assessment of the capability of CUF in
modelling dynamic contact and impact. Two elastic rods are considered, as shown in Figure 8,
and one rod impacts the other under a prescribed initial velocity v0 -0.1 unit s . oth rods
have the following material characteristics: oung s modulus E 100.0, and Poisson s ratio ν
0. 0. The CUF analysis is performed in an explicit dynamics solver based on the central
difference scheme, using CUF theories for the structural modelling. Reference numerical
solutions have been developed using A A US - D Explicit. A time period T
0, 1.0 has
been considered for the analysis, with a time step Δt 5.0e-4. Numerical damping has not been
considered in the current analysis. The axial displacement uy at the centre of the contact zone,
as a function of time, has been plotted in Figure 9. The results of the initial assessment
demonstrate the capability of CUF in modelling problems involving dynamic contact and
impact.

Figure 9: Axial displacement at the centre of the contact zone
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CONCLUSION

The focus of the current wor is on the development of contact modelling within the CUF
framewor . Node-to-node contact discretisation with the penalty approach to contact
enforcement was considered, and the resulting nonlinear problem was implicitly solved using
the Newton-Raphson method. The structural modelling was done using 1D CUF models with
Lagrange polynomials being used to enrich the cross-sectional inematics, resulting in a highfidelity layer-wise model. Numerical assessments were performed to demonstrate the contact
capabilities in CUF, and the results suggest that
1. The CUF solutions are in very good agreement with reference D-FEA, thus verifying
the capability of the current framewor in modelling contact.
2. The CUF-L approach leads to accurate interlaminar stress fields, as well as transverse
stretching, with about an order of magnitude reduction in the computational size and
over a 4-fold improvement in the computational time, when compared to D-FEA.
. Initial assessments on dynamic contact and impact demonstrate the capability of the
CUF theories in accurately modelling such phenomena.
Future wor s include the further development of the explicit framewor based on CUF, and its
application to impact analysis of composite structures.
5
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ABSTRACT
The current work is based on the implementation of the CODAM2 intralaminar damage model
in CUF-Explicit, an explicit nonlinear dynamics solver based on the Carrera Unified
Formulation (CUF). The CODAM2 model is based on the concept of continuum damage
mechanics, and stress-based failure criteria are used to determine the onset of damage. The
damage progression makes use of the crack-band theory to scale the fracture energies, thus
ensuring mesh objectivity. The structural modelling is performed using high-order 2D theories
based on CUF. 2D elements are used to model the structural geometry, and 1D expansions
based on Lagrange polynomials are used to define the thickness, resulting in a layer-wise
modelling approach. Numerical assessments are performed considering single elements and
tensile coupons. The results are in good agreement with reference numerical solutions and
experimental data, thus verifying the current implementation.
Keywords: High-order modelling, CUF, C DAM2, explicit damage modelling
1

INTRODUCTION

Carbon fibre reinforced polymers (CFRP) are a class of advanced materials that are increasingly
becoming very popular in the aerospace industry. However, the analysis of such composite
structures is difficult since they exhibit multiple complex damage mechanisms and failure
modes. This is more evident in numerical analysis, where a high-fidelity model is often required
to capture the failure modes necessary to accurately describe both the local and global behaviour
of the structure. These issues ma e the numerical analysis of composite structures, especially
on the scale used in industry, a computationally intensive tas .
Modelling the material behaviour constitutes a very important aspect of the numerical analysis
of composites structures. arious approaches to capture the nonlinear material response have
been investigated in recent years. The discrete modelling approach involves techniques such as
the Cohesive one Method (C M), where cohesive interface formulations are used to model
intralaminar damage such as matrix crac s, and interlaminar damage such as delamination 1. However, such an approach typically involves significantly high computational costs. An
alternative approach, with reduced computational demands, is Continuum Damage Mechanics
(CDM). In this technique, the crac s are smeared into the continuum and represented using
damage parameters, which account for the softening response in the damaged state. The
relatively straightforward implementation and reduced computational costs ma es it a widely-
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used approach 4-6 . A popular method for numerical damage analysis is the use of CDM-based
models for intralaminar damage, and a C M-based approach to model interlaminar damage i.e.
delamination. This combines the efficiency of CDM models in representing the effective
response of the damaged material while including the effects of delamination, which are critical
in scenarios involving transverse loading such as impact of composite structures -10 .
The current wor involves the implementation of the C DAM2 damage model 11 within the
framewor of the Carrera Unified Formulation (CUF) 12 . C DAM2 is a CDM-based
intralaminar damage model, where stress-based failure criteria are used to determine damage
initiation, and the damage progression is determined based on the crac -band approach. The
mesoscopic form of the C DAM2 damage model 1 has been used in the present wor , such
that the damage initiation and progression are determined at the ply level. CUF is a generalised
framewor used to develop advanced structural theories for 1D and 2D models. Expansion
functions are used to enrich the inematics of the cross-section in the case of 1D models, and
the thic ness in the case of 2D models, which results in D-li e accuracy of the solution without
the corresponding computational costs 14 . The ob ective of the current wor is the explicit
damage analysis of composite structures, where the C DAM2 damage model is used to
describe the material behaviour and the structural modelling is performed using CUF.
The paper is structured in the following manner. Section 2 describes the CUF framewor and
the C DAM2 damage model in detail. The numerical assessments and results are discussed in
Section , and finally the conclusions are given in Section 4.
2

METHODOLOGY

2.1

Carrera Unified Formulation

Figure 1: Schematic representation of 2D modelling in CUF

Consider a 2D element aligned in the CUF coordinate system, as shown in Figure 1. The
generalized displacement field can be expressed as
𝑢(𝑥, 𝑦, 𝑧) = 𝐹𝜏 (𝑧)𝑢𝜏 (𝑥, 𝑦), 𝜏 = 1,2, … , 𝑀

(1)

where F (z) is an expansion function described through the thic ness, u is the generalized
displacement vector, and M is the number of terms in F (z). The expansion function and the
number of terms M can be arbitrarily chosen and is a user input. The current wor uses the
Component- ise (C ) approach, where 1D Lagrange polynomials are used to enhance the
through-thic ness inematic field of the 2D finite elements. Such a formulation results in purely
displacement degrees of freedom at each node. The displacement field is obtained in the
following manner
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𝑛

(2)

𝑢𝑥 = ∑ 𝐹𝑖 (𝑧)𝑢𝑥i (𝑥, 𝑦)
𝑖=1

where x denotes the displacement component of a node, and i is the node number. Further details
on the use of Lagrange-based polynomials as a class of expansion functions may be found in
15 .
Finite Element Formulation
The stress and strain fields are given by
𝛔 = {σxx σyy σzz σ𝑥𝑦 σ𝑥𝑧 σyz }

( )

𝛆 = {εxx εyy εzz εxy εxz εyz }

(4)

The linear strain-displacement relation is given by
𝛆 = 𝐃𝐮

(5)

where D is the linear differentiation operator. The constitutive relation is given by
𝛔 = 𝐂 sec 𝛆

(6)

where Csec is the secant stiffness matrix obtained from the C DAM2 material model. Using 2D
elements with the shape functions Ni (x, y) to model the in-plane geometry of the structure, the
D displacement field is written as
𝐮(x, y, z) = Fτ (z)Ni (x, y)𝐮τi

( )

The dynamic equilibrium equation is solved explicitly using the central difference scheme,
whose formulation can be found, for instance, in 16 .
2.2

CODAM2 intralaminar damage model

The mesoscopic form of the C DAM2 damage model considers damage initiation and
propagation at the ply level. Fibre damage initiation is determined using the following stressbased initiation function
σ11
(8)
𝐹1 =
𝑋𝑇
where 𝜎11 is the longitudinal stress and T is the fibre tensile strength. Similarly, matrix damage
initiation is determined using the following relation
𝐹2 = (

σ22 2
τ12 2
) +( )
𝑌𝑇
𝑆𝐿

(9)

where 𝜎22 and 𝜏12 are the transverse tensile and shear stresses, respectively. The transverse
tensile and shear strengths are denoted by T and SL, respectively. The equivalent strain 𝜀𝛼𝑒𝑞 in
the principal directions are calculated as
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(10)

𝑒 )2
𝜀1𝑒𝑞 = |𝜀11 |, 𝜀2𝑒𝑞 = √(𝛾12
+ (𝜀22 )2
𝑒
where 𝛾12
is the elastic shear strain. The damage saturation strain is given by
𝑓

ε1𝑠

(11)

𝑓

2𝑔
2𝑔
= 1 , ε2𝑠 = 2
𝑋𝑇
𝑇

𝑓

where 𝑔𝛼 is the fracture energy density of the constituent material α, and T is the equivalent
transverse stress 𝜎2𝑒𝑞 evaluated at F2 1 as shown below
σ𝑒𝑞
2 =

𝑒
τ12 γ12
+ σ22 ε22
𝑒 )2
+ (ε22 )2
√(γ12

(12)

|𝐹2 =1

Finally, the damage variables are calculated as
ωα = (

𝑖
ε𝑒𝑞
εα𝑠
α − εα
)
(
) , α = 1,2
εα𝑠 − ε𝑖α
ε𝑒𝑞
α

(1 )

where ε𝑖α is the failure initiation strain i.e. ε𝑒𝑞
α |𝐹𝛼 =1 . The damage variables ωα are used to
calculate the secant stiffness matrix, which is used in Eq. (6) to calculate the stresses in the
damaged state.
3

NUMERICAL RESULTS

3.1

Single-element tests

The initial numerical assessment consists of single-element tests, which are a convenient
method to verify the implementation of the damage model. The analysis consists of a single
square element of edge-length 1.0 mm, with a nominal ply thic ness of 0.125 mm. The material
system considered is IM 8552, whose material properties have been listed in Table 1. The
various load cases are discussed as follows:
E11
Gpa

E22
Gpa

E
Gpa

ν12

ν1

ν2

G12
Gpa

G1
Gpa

G2
Gpa

165.0

9.0

9.0

0. 4

0. 4

0.5

5.6

5.6

2.8

T

MPa

2560.0

T

MPa

ST MPa

.0

90.0

G1f

m2

120.0

Table 1: Material properties of the IM 8552 system
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Figure 2: A schematic representation of the single-element tests. (a) tensile load along the fibre, and
(b) tensile load transverse to the fibre.

3.1.1 Longitudinal tension
The current assessment consists of a single-element test loaded along the fibre direction, as
shown in Figure 2a. In such a case, failure is expected to initiate when the stress reaches a value
equal to the fibre strength, which is an input parameter, with a subsequent reduction in the loadbearing capacity. The stress-strain curve of the structure is shown in Figure a, which shows
that the pea stress in the single-element corresponds to the fibre strength.
3.1.2 Transverse tension
In this case, the tensile load is applied transverse to the fibre direction, as shown in Figure 2b.
Under this configuration, the load is carried by the matrix, and failure initiation occurs when
the stress reaches the matrix strength. This can be observed in the stress-strain curve plotted in
Figure b, where the pea stress corresponds to the matrix strength i.e. an input material
property.

Figure : Stress-strain response of the single-element test. (a) longitudinal tension, and (b) transverse
tension.

3.1.3 Single-element laminate in tension
The last single-element assessment considers a quasi-isotropic laminate with a stac ing
sequence of 90 45 0 -45 2s, loaded in tension as shown in Figure 4a. In the CUF analysis, each
ply has been modelled using a first-order expansion through the thic ness, while the in-plane
geometry is modelled using a single L4 element. The stress-strain response obtained as a result
of the CUF analysis has been plotted in Figure 4b, along with reference numerical solutions
obtained from 1 .
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Figure 4: (a) Schematic representation of the quasi-isotropic single-element laminate sub ected to a
tensile load, and (b) Stress-strain response of the laminate

Some observations can be made
1. The single-element test results verify the current implementation in the CUF framewor ,
as seen in Figure .
2. The results obtained from the CUF analysis are in good agreement with those of
reference numerical solutions 1 , as seen in Figure 4.
3.2

Centre-notched specimen in tension

Figure 5: A schematic representation of the centre-notched tensile specimen (dimensions in mm)

The next numerical assessment is that of a coupon-level specimen under tensile loading. A
centre-notched specimen has been considered, as shown schematically in Figure 5. The laminate
stac ing sequence is 45 90 -45 0 4s, and the material system is IM 8552, whose properties
have been listed in Table 1. ne end of the coupon is clamped, while a displacement u y
.0
mm has been prescribed on the opposite end. The structure is based on the scale-8 centrenotched specimen investigated in 1 .
The structure is modelled in CUF using 1 2 L9 elements within the plane of the coupon, with
a first-order expansion modelling the thic ness of each ply, resulting in a layer-wise model. The
results of the CUF analysis has been plotted in the form of the axial stress-strain curve, shown
in Figure 6. The figure also shows the curve obtained from reference numerical simulations
1 , as well as experimental test results from 1 . The following observations are made
1. The global response predicted by the CUF analysis is in good qualitative agreement with
that of the reference numerical results.
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2. The pea strength predicted by the CUF analysis matches that given by the reference
numerical solution, as well those obtained from experiments.
. The current approach offers flexibility in terms of structural modelling. The tensile
loading of the notched specimen does not require a detailed evaluation of the out-ofplane terms, and therefore a first-order expansion can be used to model each ply. Higherorder expansions can be used when a detailed evaluation of interlaminar stresses are
required, such as in the case of delamination.

Figure 6: Stress-strain plot of the scale-8 centre-notched specimen in tension

4

CONCLUSION

The current wor involved the implementation of the C DAM2 damage model within an
explicit dynamics framewor based on CUF. High-order theories based on CUF were used to
model the geometry of the composite structure, and 1D expansions based on Lagrange
polynomials were used to describe the thic ness, leading to a layer-wise modelling approach.
Numerical assessments such as single-element tests and coupon-level tests on centre-notched
tensile specimens were performed. The results indicate that
1. The solutions provided by the CUF analysis are in good agreement with reference
solutions, thus verifying the current implementation.
2. The higher-order models available in CUF leads to a high-fidelity and computationally
efficient model.
. In the current approach, differing levels of refinement can be considered for the in- and
out-of- plane geometries, which maintains the fidelity of the model as per the
requirement of the analysis.
Future wor s include the development of delamination capabilities, and the use of the current
framewor in the impact analysis of composite structures.
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ABSTRACT (Times New Roman 12 pt, bold, single line spacing, left-aligned text)
This paper addresses the main challenges and goals of the H2020 STRATOFLY Project,
funded by the European Commission, under the framework of Horizon 2020 plan, with the
goal of assessing the potential of hypersonic civil transportationdemonstrating the possibility
of reaching TRL6 by 2035, with respect to key technological, societal and economical
aspects. Starting from an overview of the past and currently on-going European-funded
projects in the field of high-speed transportation, main lessons learned and the envisaged
steps forward are listed. In this context, special attention is devoted to the description of the
way in which the main technological and operational challenges are tackled. Hypersonic
vehicles make use of unexploited flight routes in the stratosphere, offering a solution to the
presently congested flight paths while ensuring a minimum environmental impact in terms of
emitted noise and greenhouse gasses, particularly during stratospheric cruise. Only a
dedicated multi-disciplinary integrated aircraft design approach could realize this, by
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considering airframe architectures embedding the propulsion systems as well as meticulously
integrating crucial subsystems.
Keywords: Hypersonic civil transportation, TRL6, Conceptual Design, Technological and
Operational Challenges.
1

INTRODUCTION

Currently, a worldwide growing attention on hypersonic transportation is visible in both
aeronautical and aerospace domains. Instead, the idea of covering long haul routes in some
hours (one order of magnitude shorter with respect to the current civil transportation)
fascinates the aviation sector, with promising business cases. In parallel, the research
activities in the field of hypersonic transportation system are also pushed by the aerospace
sector because the development of key enabling technologies for the hypersonic flight may be
a preparatory step towards the development of future high speed transportation systems.
Moreover, following a bottom-up approach, the development of a new generation of highspeed air-breathing propulsive concepts can be noticed as well. This technology-pushed
approach results in the development of very innovative vehicle configurations, which might
be considered as “flying engines” because of the prominent role of the propulsion plants and
of their huge air intakes and nozzles to be integrated.
This worldwide incentive to consider commercial high-speed transport, isparticularly urging
Europe to quantitatively assess the potential of civil high-speed aviation with respect to
technical, environmental and economic viability in combination with human factors, social
acceptance, implementation and operational aspects.
As eluded in previous studies, with special reference to those carried out in the European
framework, some innovative high-speed aircraft configurations have now the potential to
assure an economically viable high-speed aircraft fleet.Investigations carried out in a
succession of EC-supported research projects have permitted maturing a number of
configurations leading to the airframe-integrated propulsion concept: ATLLAS I/II [1],
LAPCAT I/II [2], HIKARI, HEXAFLY [3], HEXAFLY Int.. They make use of unexploited
flight routes in the stratosphere, offering a solution to the presently congested flight paths
while ensuring a minimum environmental impact in terms of emitted noise and green-house
gasses, particularly during stratospheric cruise. Only a dedicated multi-disciplinary integrated
design approach could realize this, by considering airframe architectures embedding the
propulsion systems as well as meticulously integrating crucial subsystems. In this context,
starting from an in-depth investigation of the current status of the activities, the STRATOFLY
project has been funded by the European Commission, under the framework of Horizon 2020
plan, with the aim of assessing the potential of this type of high-speed transport vehicle to
reach TRL6 by 2035, with respect to key technological, societal and economical aspects.
Main issues are related to thermal and structural integrity, low-emissions combined
propulsion cycles, subsystems design and integration, including smart energy management,
environmental aspects impacting climate change, noise emissions and social acceptance, and
economic viability accounting for safety and human factors.
In this context, this paper aims at describing the main technical and operational challenges
related to hypersonic flight. Making benefit of the on-going activities and projects in the
framework of the H2020 STRATOFLY project, examples of the way in which each
challenges has been tackled within the project are provided. In particular, technical and
operational solutions envisaged to be implemented on-board the STRATOFLY MR3 vehicle
are presented as a case study, all along the paper. It is mainly for this reason that after this
introduction, Section II provides an overview of the H2020 STRATOFLY project, describing
the current STRATOFLY MR3 vehicle configuration as well as depicting the main
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characteristic of its mission concept. In this context, the Brussels-Sydney antipodal route is
considered as reference. Then, Section III tackles the main technical and operational
challenges faced by future hypersonic transportation at system level while Section IV is
mainly devoted to depict those challenges affecting the System of System level. In both
Section III and IV, examples taken from STRATOFLY project are presented for the sake of
clarity. Eventually, open issues are presented and main conclusions are drawn.
2

H2020 STRATOFLY PROJECT

Considering the European context that is currently urging the aeronautical and aerospace
sectors to enhance the maturity level of key enabling technologies in the field of high-speed
transportation, the STRATOFLY project has been funded by the European Commission,
under the framework of Horizon 2020 plan. STRATOFLY project aims at assessing the
potential of this type of high-speed transportation to reach TRL6 by 2035, with respect to key
technological, societal and economical aspects. Main issues are related to thermal and
structural integrity, low-emissions combined propulsion cycles, subsystems design and
integration, including smart energy management, environmental aspects impacting climate
change, noise emissions and social acceptance, and economic viability accounting for safety
and human factors.
Thus, one of the main objectives of the STRATOFLY project is to evolve and improve the
starting reference configuration, i.e. LAPCAT MR2.4 moving to STRATOFLY MR3 (see
Fig. 1a). This new configuration is currently under-development and it is resulting from
refinements of the vehicle external layout as well as from improvements at subsystem level
(Fig. 1b). It is worth noticing that in the past European projects, main attention has been
devoted to the generation of vehicle layout targeting the optimization of aerothermodynamics
and propulsive issues. Conversely, apart from some studies specifically tackling the
propulsive subsystem or the Thermal and Energy Management subsystem [4], very few
analyses were focusing on on-board subsystems. It is mainly for this reason, the H2020
STRATOFLY project is actually committed to the design, sizing and integration of all the
main subsystems to be installed on-board.

Figure 1: STRATOFLY MR3 vehicle configuration (a): rendering of the external layout; (b) Internal
layout arrangement
Parameter
Length
Wingspan
Wing surface
Aspect ratio
MTOW
OEW
N° of passengers
Fuel Capacity

Value Unit of Measure
94
!
41
!
1365
!!
~1
400000
!"
200000
!"
300
180000
!"
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Cruise Mach
Service Ceiling
Range
ATR enginesthrust@sealevel (total)
ATR enginethrust@ TOC subsonic (total)
DMR enginethrust@ TOC supersonic
DMR enginethrust@ hypersoniccruiselevel

8
35000
18800
7000
15000
11000
500

!
!"
!"
!"
!"
!"

Table 1: STRATOFLY MR3 data

Passengers
Payload
Wing
Tail
Fuselage
Engines
Landing Gear
On-board subsystems total
Flight control system
Hydrualic system
Electrical system
Fuel system
Air conditioning system
Avionic system
Engine system
Furnishing system

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

33000
50650,44
5856,32
3513,79
57583,71
1400
15300,83
63115,94
5737,81
0
11475,63
5737,81
15300,83
1912,6
3825,21
19126,04

OEW
Fuel weight

kg
kg

146770,6
152100,7

Payload
(passeggeri+imbarcato+sganciabile) kg

83650,44

MTOW

382521,7

kg

Figure 2: STRATOFLY MR3 vehicle mass breakdown

The overall vehicle geometrical characteristics and performance are reported in Table 1, while
Fig. 2 proposes a first mass breakdown of the vehicle.
2.1

Reference trajectory

From the Mission Concept point of view, STRATOFLY MR3 shall be able to transport 300
passengers along antipodal routes, combining propulsive modes to reach Mach 8 during
cruise. Starting from the reference trajectory (Brussels-Sydney route) drafted during LAPCAT
II project), a multi-objective optimization is currently undergoing,including the following
criteria: aero-thermo-propulsive efficiency, environmental impact (pollutant footprint, noise
emissions, sonic boom impact, etc…), safety and air traffic management.
Fig. 2 summarized the main phases which a typical STRATOFLY MR3 nominal mission
shall consists of. After all the necessary pre-departure procedures, the vehicle shall be able to
perform taxi-out operations and to take-off. In order to diminish the impact of the introduction
of these new vehicles onto the existing airports infrastructures, take-off and landing distances
of STRATOFLY have been assumed in-line with those of the A380. After take-off and a first
low-speed climb, exploiting the ATR engines, STRATOFLY MR3 vehicle might perform a
subsonic cruise leg to ensure that the transonic condition is not reached over-land (sonic boom
footprint optimization). This is related to the geographical location of the selected city-pairs to
be connected. Then, the acceleration phases up to Mach 4.5 can be carried out exploiting the
ATR engines in their ramjet mode. Then, the DMR engine can be used to bring the aircraft up
to Mach 8 reaching 30-35 km of altitude. Then, once the proper kilometric range has been
covered, the DMR engine can be switched off and the vehicle starts its own descent towards
the final destination. Differently from the case of LAPCAT MR2.4 vehicle, STRATOFLY
MR3 will perform powered approach and lading phases re-igniting one of the ATR engines
on board.
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Figure 2: STRATOFLY MR3 design reference mission

3

INTEGRATED DESIGN METHODOLOGY

In order to cope with both technical and operational design spaces, providing sufficiently
reliable results since the conceptual and preliminary design, a specific multidisciplinary
methodology has been set up (Fig. 3). Differently from the classical conceptual and
preliminary design approaches, the presence of subsystems is considered since the very
beginning of the project, allowing more realistic estimations and avoiding painful iterations
with noticeable design changes at advance design stages.
System of Systems
Level

Conceptual Design
Spaceport
• Training
• Runway/pad
• Maintenance
facilities
• ….

Stakeholders

Regulatory
Framework

Mission Statement
Mission Objectives

Trade-Offs

Baseline Selection

System Level

High level
Mission and
Input data
System
Requirements

Transportation
system
People
MCC

Etc…

Mission, logistic and
operational
requirements
Detailed Budgets

Mission Simulation

Noise and emission analyses

RAMS and
Costs
analyses

Noise and emission estimation

Detailed Mission
Simulation

RAMS and Costs estimation

Subsystems
conceptual
Subsystem
Requirements Definition

Prop subsys

Comm Sys

Trade-off
refinements
Mass, Volume and Power Budgets

Sketch

Subsystem Level

Preliminary Design

Subsystems
preliminaryD
efinition

Estimation
refinements

FCS

Aero-thermodynamic Model

RCS

Struct&Mech

TMS

ECLSS

……

Estimation
refinements

Mechanical
Model
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….

Structural Model

Phase B

Phase 0-A
PDR

Figure 3: Conceptual and Preliminary Design Methodology
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4

TECHNOLOGICAL CHALLENGES OF THE H2020 STRATOFLY PROJECT

4.1

Airframe-propulsion integration

STRATOFLY MR3 configuration is a perfect example of a modern highly integrated vehicle.
Looking at vehicle from a global perspective, first of all it is clear that it has been derived
flowing a technology-push approach. Indeed, the vehicle is actually a flying engine, where the
vehicle length (94 m) coincides with the integrated propulsive ducts’ extension. Therefore, the
first technological challenge to be faced, since the very first design stages, is how to achieve
an optimal airframe and propulsion integration. This is the only way to avoid the generation
of unfeasible design options characterized by enormous air intake areas. Thanks to detailed
studies in aerodynamic behavior of high-speed flows as well as the advancements in highspeed propulsion, optimal airframe-propulsion integration can target. This is an outstanding
result, allowing to widen the design space of high-speed vehicles to areas of the design space
that would have been not achievable otherwise. A typical example is the possibility of aiming
at increasing the range without diminishing the maximum speed in cruise. Indeed, an optimal
airframe-propulsion integration, the aerodynamic performance of the overall vehicle can be
enhanced. This is an important benefit especially for Cruise and Acceleration Vehicle(CAV)
that requires high Lift-over-Drag ratio, to maximize range. To achieve this goal, the waverider
theory can also be followed to derive the external shape of the vehicle.
To achieve this goal, special attention shall be devoted to the design and integration of inlet
air intake and nozzle. Air intake and nozzle of the propulsive subsystem can be stretched all
along the vehicle and can be positioned at the top or at the bottom. In addition to that, the
optimization of the air intake geometry shall also consider the possibility for the engine to
gather pre-compressed air from the air intake and then directed towards the Environmental
Control System. In this case, apart from the immediate advantages in terms of electric energy
requested to compress the air to be used into the ECS (probably a sub-freezing architecture for
the Air-Pack), the impacts of the bleed from the engine air intake onto the propulsion system
performance shall be assessed carefully.
4.2

Thermal issues

Another issue that is strictly coupled with the one explain before is related to the aerothermodynamic domain. In particular, considering CAV vehicles, leading edge radius poses
serious thermal, propulsive and manufacturing problems at the same time. Indeed, CAV
vehicles require small leading edge’s radius to avoid the bow shock. Typical values are in the
range of tenth of millimeters [5]. However, the smaller is the radius the higher are the thermal
loads and the more critical is the manufacturing process and the integration of passive/active.
These two conflicting requests forced engineers to look for innovative and highly integrated
Thermal Protection System. A typical example is the development of heat-pipes that are
integral solutions for the nose part as well as for the leading edges of the vehicle. In the past,
similar solutions were tested for the NASP project and even for the Space Shuttle. In
particular, considering the very wide range of temperature that some parts of the vehicle have
to face, only heat pipes exploiting solid metals as working fluid can be considered and this
imposes many other technical challenges, such as the increase in mass and volume, the
toxicity of the fluids, the energy request for the phase start-up phase, the identification of
proper materials for the wick and for the structural parts of the pipes to be compatible with the
selected fluid. Then, depending on the Thermal Protection Strategy to be adopted, proper
materials can be selected for the different areas of the vehicle.
Therefore, the final objective is to find out the right balance among aerodynamic, thermal and
propulsive issues.
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However, it is worth noticing that, even though the aero-thermal-propulsive and airframe
integration is crucial and drives the external vehicle configuration, the mission concept and in
particular the optimization of the trajectory can be considered as another important lever for
the integration of all these disciplines.
4.3

Propellant issues

The selection of a proper propellant is a key technological issue for high-speed vehicles with a
noticeable impact on to the vehicle design. Indeed, the selection of a certain propellant, in
view of its mass and volumetric densities strongly affects the vehicle configuration. However,
on the other side, the propellant has a strong impact on the vehicle performance and of course
on the mission concept feasibility. Indeed, each propellant is characterized by a proper
internal energy that couples together maximum link and the request amount of fuel. In
addition to that other important factors shall be considered during the selection of a proper
propellant, such as the impact on the propulsive efficiency and the related pollutant emissions.
For the STRATOFLY MR3 vehicle, liquid hydrogen has been selected as fuel mainly for its
high energy content (the internal energy is more than 3 times higher with respect to
hydrocarbon-based fuels currently used in aviation). The high energy content per unit mass
acts as an enabling factor for covering antipodal routes at high-speed. In addition to that, the
exploitation of liquid hydrogen is extremely beneficial in terms of environmental impact
considering that carbon oxides and carbon dioxides emissions will be avoided. Conversely,
the main drawback related to the use of LH2 as propellant is mainly due to its low volumetric
efficiency. However, in order to solve this problem, many research activities are currently ongoing, targeting noticeable improvement. Other research activities are currently on-going
aiming at developing new lightweight materials compatible with liquid hydrogen, not
suffering from embrittlement, as well as new techniques to keep the liquid hydrogen
cryogenic for longer periods without a dramatic impact onto the vehicle power budget. In
addition to that, looking at the entire propellant subsystem, it is worth noticing that for this
type of vehicles, it accomplishes many functions: it feeds the engine, it hosts the propellant
and it provides cooling capabilities (heat sink for the heat pipes integrated as passive thermal
control system in the leading edges, insulating structure between the external skin and the
cabin, the propellant LH2 is exploited as coolant fluid in heat exchangers both as liquid and as
boil off gases). To guarantee the accomplishment of these capabilities the propellant
subsystem shall be properly designed and sized. STRATOFLY MR3 vehicle has an overall
available volume of about 10000 m3. Tanks occupy about 2700 m3 of volume. Considering
enhanced tank efficiency and enhanced liquid hydrogen density, the aforementioned volume
for the tanks guarantees the accomplishment of antipodal routes (about 19000 km of range).
5

OPERATIONAL CHALLENGES OF THE H2020 STRATOFLY PROJECT

Main operational challenges to be tackled during the design of high-speed transportation
systems are mainly related to the following areas: the environmental impact both in terms of
noise and pollutant emissions, the reliability and safety level of the vehicle and the sonic
boom
In the previous Section, some operational challenges, specifically related to the exploitation of
liquid propellant has been already highlighted.
Other operational challenges are related to the definition of the trajectory, such as the
selection of a proper flight altitude, considering that the flight speed and altitude are strictly
related. Indeed, the higher is the speed the higher is the flight altitude
As a rule of thumb, efficient combustion in air-breathing scramjet engines requires a dynamic
pressure of about& 48 kPa. Thus, flight at higher altitudes (lower air density) requires an
increasingly higher Mach number to maintain the necessary dynamic pressure. In addition to
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that, it has to be noticed that the vehicle shall be inside the Mach Cone. Therefore,the aim is
to design vehicles able to fly at higher altitude when the speed is increasing, to still fit within
the Mach cone. Higher altitudes are also beneficial from the emission point of view because
of the faster chemical processes of the molecules at those heights.
From the operational standpoint, the mitigation of sonic boom footprintis also affecting the
trajectory definition both in terms of altitude. Indeed, according to the current regulations, the
footprint of supersonic and hypersonic trajectory shall not lay on populated areas. Therefore,
the transonic regime might be initiated only when a proper altitude and distance from the
departure side has been reached. In order to cope with the sonic boom problem, city-pairs
shall be properly selected, considering their proximity with respect to seas and oceans as well
as the population density of the neighborhoods.
Last but not least, human factors and passengers comfort pose crucial requirements onto the
trajectory, especially as far as the climb phase is concerned. Assuming that non-trained
passengers will fly on this new generation of commercial aircraft, the maximum acceleration
shall not exceed current civil aviation standards. To guarantee proper passenger comfort,
noise in cabin shall be kept as well under the limits imposed by current civil regulations.
Thus, reduction of the noise due to the friction of the high-speed fluxes within the propulsive
ducts shall be tackled as well as the contribution due to the extremely noisyturbomachinery.
6

CONCLUSIONS

This paper addresses the main challenges and goals of the H2020 STRATOFLY Project,
funded by the European Commission, under the framework of Horizon 2020 plan, with the
goal of assessing the potential of hypersonic civil transportation demonstrating the possibility
of reaching TRL6 by 2035, with respect to key technological, societal and economical
aspects. The paper highlights the main research activities currently undergoing, presenting
some of the already achieved objectives.
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ABSTRACT
An extensive Wind Tunnel test campaign devoted to the characterization of the aerodynamic
and aeroacoustic behaviour of the new Space Launcher VEGA-C has been carried out in the
trisonic wind tunnel available at the National Institute for Aerospace Research (INCAS) in
Bucharest. The present paper summarizes the main results of the aeroacoustic investigation
with a specific focus on the buffeting analysis. Numerical simulations have been also performed
to predict the boundary layer evolution along the launcher and to provide the overall external
aerodynamic behaviour Data processing provides temporal statistics of the wall pressure
signals as well as spectral quantities that give clear indications about the absence of buffeting.
Keywords: buffeting, acoustic load, wall pressure, wind tunnel tests
1

INTRODUCTION

In 2014 ESA announced the beginning of the design process of a new European small-size
launcher derived from the former EGA and named EGA-C. The first stage of the design has
been completed and the present paper reports part of the ind Tunnel Testing ( TT) activity.
The experimental programme was aimed at the aerodynamic and aeroacoustic characterization
of a 1: 0 scaled model of the new launcher and the measurement campaigns have been carried
out in the trisonic wind tunnel available at INCAS, the National Institute for Aerospace
Research of Romania. The flow conditions analysed spanned from low subsonic (M 0.5) to
high supersonic (M 2. ) Mach numbers but the present paper is focalized on the analysis of
the transonic conditions (from M 0.8 to M 1.2) that are of interest for the investigation of the
buffeting phenomenon. It is in fact nown that during the ascent in the atmosphere, thus at
relatively low M, local flow separations and shoc -turbulent boundary layer (T L) interactions
create large pressure fluctuations that may induce structural vibrations potentially dangerous
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for the payload and for other components of the launcher. In view of the relevant implications
related to design and safety, several studies have been carried out in the past to investigate this
phenomenon (see e.g. 1 - 5 ). The literature studies clarified the physical mechanisms
underlying the occurrence of the flow instabilities, the so-called buffet , which may couple
with structural modes and cause vibrations, the structural instability being called buffeting
(see also 6 ). The pre-design of a launcher usually follows the general recommendation of the
NASA handboo for a buffet-free con guration
and ta e advantages of high performing
numerical simulations to verify the aerodynamic behaviour. However, extensive experimental
campaign are still needed both to validate and complement the CFD solutions and to investigate
unsteady uid dynamic phenomena, such as ow separations, transonic shoc formation, and
unsteady force generation, that cannot be reproduced correctly numerically.
The recent paper by Panda and co-wor ers 8 provides an extensive description of the
statistical indicators that have to be computed to investigate the buffeting phenomenon. They
include in the non-dimensional pressure fluctuations 𝐶𝑝 𝑟𝑚𝑠 =

𝜎𝑝
𝑞

, where 𝜎𝑝 is the pressure

standard deviation and q is the dynamic pressure, and the Power Spectral Density (PSD) (or
auto-spectrum) 𝑆𝑝𝑝 (𝜔) that can be obtained from the Fourier transform of the auto-correlation
function Rpp (refer to 9 , for a detailed definition of these quantities). y definition, the integral
of the auto-spectrum coincides with the signal variance, the dimension of the spectrum being
Pa2 Hz. Note also that 𝜔 denotes the angular frequency, defined as 𝜔 = 2𝜋𝑓 being 𝑓 the
frequency in Hz.
In addition to highlight the possible occurrence of instabilities, the pressure distribution over
the external surface of the launcher is needed to predict the vibro-acoustic response of the
surface panels. Again, this issue is relevant at transonic flow conditions since the pressure load
is maximum during the atmospheric phase of the ascent.
2

EXPERIMENTAL SET-UP

The T tests have been carried out with the scope of covering as much as possible the flow
behaviour encountered by the EGA-C launcher during the dense atmosphere tra ectory.
Measurements have been carried out in the 1.2 m x 1.2 m Trisonic ind Tunnel available at
INCAS, a blow-down type tunnel with a speed range from low subsonic (M 0.1) to a maximum
supersonic Mach number of .5. Two test sections are available, a solid wall for the subsonic
and supersonic test conditions and an interchangeable perforated wall test section for transonic
conditions. The transonic test section, selected for the present analysis, is characterized by 60
inclined holes and by variable porosity between 0. 5 to 9.1 . A complete description of the
test facility is reported in 10 .
The 1: 0 EGA-C scaled model is equipped with 24 ulite transducers, type C -06225PSID, flush mounted at the wall and positioned according to the scheme reported in Figure
1. The transducers will be referred to in the following as Kxx where xx spans from 1 to 24
according to the numbering reported in Figure 1.
In addition the model is equipped with 5 pressure taps connected to two Scaninvalve
C22 2px pressure transducers with full scale range of - 25 psi and - 50 psi
respectively and accuracy of 0.02 of F.S. and a six component internal balance mounted
inside the model as close as possible to the force application centre. Two accelerometer sensors
are mounted on the nose and on the base respectively to monitor the model vibration and an
internal inclinometer is installed on the ogive in order to ta e into account the model
deformations. A motorised rear sting supports the model and allows the angle of attac variation
in the range between -10 to 10 for the present investigation.
The signals from the ulite sensors have been recorded by the INCAS NI-P I acquisition
system and all the acoustic transducers have been calibrated using a Druc DPI-515 calibrator.
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Noise floor data were ta en on the instrumentation used in the tests and fluctuating pressure
data were acquired with a sampling frequency fs for 4 seconds. A band pass filter was set to
select in the frequency range of interest. Additional transducers are installed at the wall of the
T, their signals being of relevant importance for the acoustic qualification of the T and the
bac -ground noise identification and decontamination. They have been flush mounted at the
wall of the ind Tunnel in order not to be influenced by the flow hydrodynamic pressure.
These additional transducers were installed in the following positions: on the surface of the Flap
installed in the test section (the system supporting the strut where the model is mounted) at the
wall of the porous test section at the solid wall of the test section at the inlet of the test section
(the so-called Front position). Those transducers are denoted as 1 , 160, 16 , 16
respectively and were present also during the ind Tunnel acoustic qualification. In this case,
an additional transducer has been installed within the test section centerline on a streamlined
sting in order to measure also in-flow pressure fluctuations.
The test matrix adopted for the aeroacoustic measurements consisted of 55 runs that were
performed to cover 11 Mach numbers, spanning from 0.5 to 2. 5, and five AoA from -10 up
to 10 . The Reynolds number, based on the launcher first stage diameter, was maintained
constant and equal to 8.0x106, approximately a factor 4 lower than the Reynolds number of
the full scale launcher.

Figure 1: A s etch indicating the location of the pressure transducers and the numbering adopted for
their identification

3

BOUNDARY LAYER EVALUATION THROUGH DEDICATED CFD

The characterization of the aeroacoustics environment around the EGA C launcher at flight
conditions can be obtained by tuning the semi-empirical models representing the wall pressure
spectra at model scale. The models require the characterization of the boundary layer integral
properties, specifically the displacement thic ness, denoted as . Since not all the required
information are directly available from measurements on the model, a simplified CFD support
is needed.
The proposed CFD model for the L characterization considers a number of simplified
hypotheses that are listed below:
1. the geometry of the EGA launcher is considered axisymmetric
2. the fluid dynamics is in all cases axisymmetric
. the compressible boundary layer is solved along a stream line using the external
boundary conditions given either by experimental measurements (pressure coefficients)
and or, for some conditions, by numerical simulated results of external flow
4. the wall of the launcher is considered adiabatic and its temperature is equal to the total
temperature,
5. the flow is considered steady.
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The CFD code is based on the solution of the boundary layer equations, a simpler set of
equations obtained by means of a suitable order-of-magnitude reduction of the Navier-Sto es
equations. In the following, the main concepts are breifly wor ed out.
The compressible boundary layer equations here considered can be indifferently applied to a
wide spectrum of flow conditions, including both the subsonic and supersonic regime. The
governing boundary layer equations for steady, compressible, axisymmetric flows 11 are
reported in the following
Continuity:
𝜕(𝑟𝜌𝑢) 𝜕(𝑟𝜌𝑣)
+
=0
𝜕𝑥
𝜕𝑦
Momentum:
𝜕𝑢
𝜕𝑢
𝑑𝑝 1 𝜕
𝜕𝑢
𝜌𝑢
+ 𝜌𝑣
=−
+
[𝑟 (𝜇
− 𝜌𝑢′ 𝑣 ′ )]
𝜕𝑥
𝜕𝑦
𝑑𝑥 𝑟 𝜕𝑦
𝜕𝑦
Energy (Total Enthalpy):
𝜕𝐻
𝜕𝐻 1 𝜕
𝜇 𝜕𝐻
1
𝜕𝑢
𝜌𝑢
+ 𝜌𝑣
=
[𝑟 (
+ 𝜇 (1 − ) 𝑢
− 𝜌𝑣′𝐻′)]
𝜕𝑥
𝜕𝑦 𝑟 𝜕𝑦
𝑃𝑟 𝜕𝑦
𝑃𝑟 𝜕𝑦
The coordinate system and the basic notation are shown in Fig. 2. The origin of the cylindrical
coordinate system is located at the top of the ogive and z is the axis launcher. The coordinate x
denotes the distance along the surface measured from the stagnation point or from the leading
edge and the coordinate y is normal to the surface.

Figure 2. Cylindrical and wall coordinate systems for the boundary layer computation.

ithin the boundary layer, the velocity components in the x and y directions are denoted u and
v, respectively. The symbol H is used to denote the total enthalpy. The radial distance 𝑟(𝑥, 𝑦)
is related to the body radius 𝑟0 (𝑥) by the equation
𝑟(𝑥, 𝑦) = 𝑟0 (𝑥) + 𝑦 cos(∅(𝑥))
where
𝑑𝑟0
∅ = tan−1( )
𝑑𝑥
Defining
𝑦 cos(∅)
𝑡=
𝑟0
we can write
𝑟 = 𝑟0 (1 + 𝑡)
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where t represents the deviation of 𝑟(𝑥, 𝑦) from 𝑟0 (𝑥) and is called the transverse curvature
term. hen the body radius is quite large relative to the boundary layer thic ness, as for the
applications reported in the present report, the effect of the transverse curvature is very small
and can be neglected. In this case, it is possible to introduce a transformation, nown as Mangler
transformation, that reduces the boundary layer equations exactly in two-dimensional form. To
solve the system of the boundary layer equations a closure assumption must be introduced to
model the effect of the turbulent transport terms 𝜌𝑢′ 𝑣 ′ and 𝜌𝑣′𝐻′. To that purpose, we use the
oussinesq s eddy-diffusivity concept and we write
𝜕𝑢
𝜕𝑦
𝜀𝑡 𝜕𝐻
𝜌𝑣′𝐻′ = 𝜌
𝑃𝑟𝑡 𝜕𝑦
𝜌𝑢′ 𝑣 ′ = 𝜌𝜀𝑡

where 𝜀𝑡 is the eddy viscosity and where the turbulent Prandtl number 𝑃𝑟𝑡 is assumed to be a
constant equal to 0.9 throughout the boundary layer.
To obtain the solution of the axisymmetric coupled turbulent mass, momentum and energy
equations for external flows we first apply a transformation obtained by combining the Mangler
and the compressible version of the Fal ner-S an transformation 11 . The first one allows to
put the boundary layer equations into an almost two-dimensional form (exactly 2D if the
transverse curvature is neglected), whereas the latter removes the large variation in boundary
layer thic ness along the surface and ta es into account the effect of compressibility. To solve
the boundary layer equations we assume the Cebeci-Smith turbulence model 12 , and we
remind to the literature for the details (e.g. 11 ).
The numerical solution of the coupled mass, momentum and energy equations for the
axisymmetric turbulent boundary layer is obtained by means of the ox method, developed by
eller 1 for the solution of parabolic partial differential equations and applied to the
boundary layer equations by eller Cebeci ( 14 and 15 ) and Cebeci
eller ( 16 and
1 ). An accurate description of the method can be found in 11 .
Examples of results achieved at model and full-scale are presented in Figures for M 0.8,
where the distribution of the displacement thic ness along the launcher surface is shown for
three different values of the AoA.

x (m)

x (m)

Figure : Distribution of the compressible displacement thic ness at M 0.8 along the EGA-C
launcher (left) and the model (right).
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WALL PRESSURE STATISTICS

Local flow separations and shoc -boundary layer interactions generate large pressure
fluctuations that may occur mainly in the transonic and low-subsonic regimes. Unsteady
aerodynamic pressure can excite the vehicle dynamic modes of vibrations since they are the
forcing function of the vibro-acoustic response and may induce buffeting.
all pressure
measurements are usually carried out to characterize this phenomenon. According to literature
approaches, the indicators analyzed to predict the buffet occurrence are the wall pressure
coefficient r.m.s. and the pressure spectra computed along the surface of the scaled model
installed inside the ind Tunnel test section.
ne of the main problems encountered in aeroacoustic measurements carried out in transonic
wind tunnel is the presence of relevant spurious fluctuations induced by the bac ground noise
that, in facilities that are not acoustically treated, might be relevant. The INCAS ind Tunnel
( T) have been carefully qualified from the acoustic viewpoint so that the effect of the
bac ground noise on the model wall pressure measurements can be clearly identified.
Specifically, tonal effects induced by the compressors and by the porous surface of the transonic
test section have been found to be relevant and partially affect the model surface pressure (see
e.g. 8 ).
Figure 5 reports examples of the evolution of a modified 𝐶𝑝 𝑟𝑚𝑠 along the launcher for different
AoA. The amplitudes of the actual 𝐶𝑝 𝑟𝑚𝑠 are divided with respect to a mean value calculated
over the whole set of Mach and AoA considered. The results are in line with literature (e.g.
Panda 2018) and the positions where possible critical situations may occur are clearly visible
where the maxima are located. Similar results are obtained in the other transonic cases, results
are not reported for the sa e of brevity. The presence of pea s in the 𝐶𝑝 𝑟𝑚𝑠 ∗ distribution is due
to local flow separations that might be induced by wall surface pressure gradients and shoc
waves. Indeed, the pressure transducers where the pea s are located correspond to positions
where the wall inclination change significantly. This happens for example at the end of the
ogive (transducer 4), at the end of the fairing (transducer 14), on the oat-tail (transducers 1516-1 -18). n the other hand, no effects are observed in correspondence of the second cone
(transducers 22-2 -24).

Figure 5: Cprms evolution along the launcher model for M 0.8 and different AoA. The pressure
r.m.s. is obtained by integrating the pressure spectra decontaminated by the bac -ground tonal noise.

The overall investigation of the Cprms clarifies where possible critical situations are present.
In those positions a detailed analysis of the pressure spectra has to be carried out in order to
clarify whether tonal effects, i.e. the possible causes of buffeting, are present. An explanatory
example is reported in Figure 6, where a set of spectra corresponding to the location of the
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Cprms maxima at different AoA, are reported for M 0.9. The spectra exhibit a relevant energy
bump at low frequencies, however, except for those induced by the bac -ground noise
(evidenced by the arrows), no physical tones are observed.

Figure 6: Examples of Pressure spectra computed where the Cprms

5

reaches its maximum (M 0.9),

CONCLUDING REMARKS

An extensive experimental investigation has been carried out on a 1: 0 scaled model of the new
EGA-C launcher installed within the trisonic ind Tunnel of INCAS. The scope of the
experimental tests was the characterization of the aeroacoustic behaviour through the
measurement of the wall pressure fluctuations at the launcher surface. The experimental tests
have covered a wide range of flow conditions, including transonic Mach numbers, and have
been targeted mainly to analyse and predict the occurrence of buffeting.
Dedicated numerical simulations have been carried out to compute the boundary layer thic ness
at the model- and full-scale, this parameter being relevant for the full-scale extrapolation of the
spectral quantities. The buffeting analysis has been carried out by examining relevant statistical
indicators, namely the normalized pressure signals standard deviation and the Fourier autospectra. The analysis in the Fourier domain confirms that the pressure signals do not exhibit
discrete tones at low frequencies that can be ascribed to the buffet instability and thus the
occurrence of structural buffeting is not expected. The full-scale extrapolation of the measured
spectra (not reported therein) has confirmed that pressure fluctuations are not expected to excite
the main structural modes of the actual launcher.
6
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ABSTRACT
In the aerospace sector, aluminium alloys are largely adopted for primary and secondary
structures and Additive Manufacturing (AM) processes are receiving more and more attention
to produce metal parts with complex geometry, lighter and with additional functional
properties. In this view, the influence of different manufacturing parameters on microstructures
and mechanical properties of AlSi7Mg0.6 aluminium alloy realised by Selective Laser Melting
(SLM) is investigated in this research adopting different experimental techniques. Results
highlight the effects of position on the build platform and thermal-treatments on fracture and
fatigue responses of the manufactured samples.
Keywords: additive manufacturing, post-processing, Al-alloy, mechanical properties
1

INTRODUCTION

The application of additively manufactured metal components in the aerospace sector is
attractive due to a number of potential benefits. Engineers have the possibility to obtain
optimized and lightweight structures than s to the design freedom granted by additive
manufacturing (AM) technology. However, there are a number of challenges to be solved
before AM can be fully utilized for critical structural component. ne of the ma or issues
concerns the understanding of the lin between fabrication process, post-processing and
resulting mechanical properties 1,2 . Important requirements for the application of these
materials produced by AM are strength, structural durability and corrosion resistance
comparable or even superior to materials produced by conventional technologies. In this view,
post-processing, such as thermal-treatment, Hot Isostatic Pressing (HIP), surface finishing play
crucial role to reach these requirements
–5 . However, compared to conventional
technologies, such as casting, AM processes can give materials with completely different
microstructure and the application of standard heat treatments, generally used for aluminium
alloy in the aerospace field, may results in unexpected mechanical response. Dedicated post
processing parameters have to be applied and further research is needed to understand how heat
treatments change the microstructures and mechanical properties of additively manufactured
aluminium alloys.
The present research investigates the influence of heat treatments on microstructures and
mechanical properties (static and fatigue) of AlSi Mg0.6 aluminium alloy samples realised by
Selective Laser Melting (SLM). Samples are fabricated at different locations on the building



Fracture and fatigue behaviour of AlSi7Mg0.6

Grande, Cacace, Demir, Sala

platform in order to evaluate the effect of this processing parameter on their mechanical
properties.
During SLM production process, the metal undergoes to extremely rapid super-heating and
under-cooling, generating ultrafine microstructure (-Al matrix super saturated with Si and Mg)
and high residual stresses inside the as-built material, thus, it is fundamental to perform a stress
relieving treatment in order to release the thermal stresses generated during SLM process. Such
treatment results in a reduction of static tensile strength, with an increasing of ductility, as
compared to the as-built condition. Similar results have been recently reported in other
researches 6, . Furthermore, considering fatigue response, it emerges that the performance of
the SLM manufactured material is slightly lower than the one exhibited by the cast alloy 8 .
The obtained results indicate that post-processing procedures established for standard
technologies are not suitable to increment mechanical properties of the selected alloy produced
by SLM technique but they have some positive effect such as the homogenization of the
properties of the produced components.
2

EXPERIMENTAL PROCEDURES

2.1

Material and manufacturing

A Renishaw AM250 SLM was employed for producing the test specimens. The machine is
equipped with a 200 fibre laser wor ing in pulsed mode by power modulation, producing a
spot diameter of 5 m at the focal point. Prior to processing, vacuum is applied (oxygen level
lower than 1000 ppm), and the wor ing chamber is filled with Argon. No preheating was
applied to the platform. The powder used is alloy AlSi Mg0.6 (A 5 ) produced via Gas
Atomization (LP Ltd, United ingdom). The powder Particle Size Distribution follows a
lognormal distribution with a mean particle size of 41 m.
The process parameters selected were optimized in a previous experimentation employing an
iso-fluence strategy 9 . The chosen parameters are reported in Table 1. All specimens were
built in the vertical direction (specimen axis perpendicular with respect to the build platform
plane). The experiments aimed to address the influence of stress relieving on the tensile
properties and the position of the build platform on static and fatigue properties.
A total number of 55 samples were produced: 40 samples for fatigue evaluation and 15 samples
for tensile characterization. Tensile specimens were divided into two batches: 5 samples were
tested as-built, 10 samples were stress-relieved before testing. Stress relieving was applied at
00 C for 2 h. Two different position were investigated: internal and external, as showed in
Figure 1. External positions were closer to the gas flow inlet and outlet, which could potentially
perturbate the powder bed. Two fatigue curves were generated with 20 specimens for each
position on the build platform.
Table 1. Process parameters chosen for the processing of AlSi7Mg0.6 specimens.

Parameter
Power, P
Exposure time, t
Hatch distance, dh
Point distance, dp
Layer thic ness, z
Energy density, E

Value
200
1 1 s
1 9 m
80 m
25 m
94 mm
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Figure 1. Definition of the internal and external regions on the build platform and reference directions
(N,S,E,W).

2.2

Density and surface roughness measurements

Surface roughness was measured using a tactile roughness measurement instrument
(Perthometer S6P). The acquisition length was 1.2 mm with a 0.8 mm cut-off length. Average
roughness (Ra) was the measured output. This measurement was repeated 4 times for each
specimen by rotating the sample of approximately 90 degrees along its axis ta ing
measurements along the four reference directions (N, S, E, ) as defined in Figure 1.
Specimens were measured in as-built and sandblasted conditions. Sandblasting was performed
manually on all the samples. The duration of the sandblasting was experimentally evaluated to
obtain a final average surface roughness lower than 10 m on all the measured sides. The final
procedure involved a sandblasting duration of 200 s per sample.
Density measurement were carried out using Archimede s method. An electronic scale with a
it for density measurement (Sartorius D 01) was employed. Part density was evaluated as:
𝑊 ∙𝜌

𝜌 = 𝑊 𝑎−𝑊𝑊
𝑎

(1)

𝑤

where a is the weight of the sample in water, w is the density of water and w is the weight
of the sample in water. Density measurement was replicated three times for each sample, and
eventually the mean of the three measures was used.
2.3

Mechanical measurements

Elastic modulus, yield strength, tensile strength, elongation, reduction of area and potential
anisotropy of the mechanical properties were obtained from static tensile tests. Experiments
were performed according to ASTM E8 standard. A number of five specimens were chosen to
be tested for each condition, allowing to identify the variability of the properties. The statistical
analysis will give average values for representation of the specimens and will provide
information about the uniformity of the material and the repeatability of the test.
Axial force controlled fatigue tests were carried out to obtain the fatigue strength of the
materials selected in this study. Fatigue tests were performed according to ASTM E466
standard. The experiments were limited to the testing of axial unnotched specimens sub ected
to constant amplitude, periodic forcing function in air at room temperature. The geometry of
the specimens was the same adopted for tensile tests and indicated in the ASTM E466. The
number of the specimens was reduced from the one indicated in the standard in order to
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minimize the testing time. The fatigue test will be performed at R 0.1 using a 20 Hz sinusoidal
wave form under load control to a maximum of 10 cycles. The selected testing frequency was
in the range indicated by ASTM E466 for which fatigue results are generally unaffected for
most metallic engineering materials. R 0.1 corresponds to a tension-tension cycle in which the
minimum stress is equal to 0.1 times the maximum stress. y eeping the stress ratio R to a
lower value, the mean stress remains low and therefore high stress amplitudes can be sustained
by the material. The results were plotted on stress vs. cycles-to-failure (S-N) curves. Data
analysis was performed according to ASTM E468. Fatigue tests were subdivided in low cycle
fatigue range (i.e.104 to 106 cycles) and high cycle fatigue range ( 106 cycles). Run-out was
fixed to 10 cycles. The Staircase method was adopted to evaluate the fatigue limit.
For both tensile and fatigue specimens, the fracture surfaces were analysed using scanning
electron microscopy (SEM) and the fractography results were correlated with the resulting
mechanical properties.
3

RESULTS AND DISCUSSION

3.1

Density and surface roughness of SLM produced specimens

Considering the reference density of AlSi Mg0.6 (2.68 g cm ) all samples produced have a
relative density higher than 98.8 . The mean density of samples produced in the internal
position is 2.656 0.001 g cm , while for external position is 2.65 0.00 g cm . It can be
concluded that the differences are not significant from a practical point of view.
Manual sandblasting was performed for all samples for 200 s after this process, all Ra values
were lower than 10 m, as required for fatigue testing. Figure 2 shows the results of the average
surface roughness as a function of post-processing and position on the specimen. It can be seen
that the sandblasting procedure effectively reduces the average surface roughness to
approximately 6 m and provides a more homogenous surface quality across the specimens.

Figure 2. Average roughness of the specimens in as built conditions and after sandblasting as a
function of position.

3.2

Tensile static properties

From the data obtained during tensile tests, graphs that illustrate the engineering stress-strain
curves have been built. A comparison of stress-strain curves for specimens in different
conditions is displayed in Figure . It can be observed that stress relieved treatment leads to an
increase in ductility and decrease in strength.
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Figure 3: Stress-strain curves for the tested samples: effect of thermal treatment on static tensile
properties

Ta ing the average value with standard deviation of the measured mechanical properties for
each condition (as-built and stress relieved) and position on the building plate (internal and
external), it is possible to obtain the data shown in Table 2. Loo ing at this table it is possible
to observe that the oung modulus (E) values are comparable for all specimen families, as
expected. n the other hand, a significant reduction in strength (yield and ultimate) is detected
for stress-relieved samples. An increase in strain at brea from as-built to stress relieved
condition is also measured. Regarding the position on the building plate, no significant
difference in mechanical properties can be reported.
Table 2: Average mechanical properties measured for different samples in tensile mode.

E
[GPa]

Yield stress
[MPa]

Ultimate
stress [MPa]

Strain at
break [%]

Position

Conditioning

Internal

As-built

64.1

1.6

222.

2.0

41 .

1.5

10.8

0.5

Internal

Stress relief

65.0

1.2

16 .

.4

254.2

1.6

15.1

1.

External

Stress relief

6 .8

1.2

169.1

.1

254.4

2.4

14.8

0.

Studying the fracture surfaces, characteristic cup and cone fracture can be observed, indicating
the ductile behaviour of the aluminium alloy. In the centre of the most stressed section, some
small holes appear (micro-voids), as shown in Figure 4(a). ith continuing stress, micro-voids
grow and coalesce forming a cavity, which propagates towards the external surface until the
final fast fracture. Furthermore, SEM micrographs of the tested as-built samples reveal that the
fracture surface is characterized by an extremely fine roughness, consisting of microscopic
voids and dimples, which is expected to be formed by the yielding material during the load
application. These characteristics indicate the ductile rupture failure mechanism of the material
and confirm the fine microstructure formed during the SLM process. The fracture surfaces of
the stress-relieved samples appear less brittle and with less cleavage planes than those of the
as-built ones. This is coherent with the tensile curves, where the changes in fracture surfaces
correspond to the change in ductility. Characteristic cup and cone fracture is more evident and
nec ing is clearly observed for stress-relieved specimens, as depicted in Figure 4(b).
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(a)

(b)

Figure 4: Example of a SEM micrograph of the fracture surface, as-built sample (a) and detail of
necking for a stress-relived sample during tensile testing.

3.3

Tensile fatigue properties

Results of the fatigue tests are presented in Figure 5. The fatigue response for stress-relieved
samples located in different position of the building plate does not show significant difference
in all regions of the
hler diagram. The fatigue endurance calculated with the Staircase
method are 12 MPa and 1 MPa for specimens built in the internal and external regions of
the build plate, respectively. An initial analysis points out that the position of the sample on the
build plate does not strictly affect defect type or quantity and hence the fatigue properties. This
limited difference is more li ely to be due to the statically nature of the fatigue behaviour.
Further analyses, adopting a higher number of fatigue samples, are undergoing for a more clear
understanding of this issue.
200

Internal
Stress [MPa]

180

External

160
140
120
100
1.E+04

1.E+05

1.E+06

1.E+07

Cycles, N

Figure 5: Fatigue response of internal and external samples, arrows indicate run-out samples.

4

CONCLUSIONS

AM techniques are quic ly developing in the recent years, as they can provide advantages
especially in terms of time between design and production, scrap and weight reduction. Among
these techniques, SLM is characterized by the highest industrial maturity, especially concerning
Al alloys such as the one tested in this research.
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Mechanical testing of the produced SLM samples showed important points concerning the
overall production cycle including the stress relieving treatment. The reduction in mechanical
response from as-built condition suggests that a dedicated heat treatment must be developed to
maintain high mechanical performances. Furthermore, the fatigue resistance is lower compared
to the conventionally produced cast alloy, due to the high surface roughness (even after
sandblasting post-processing) and the presence of internal defects. These results confirm that
SLM is a promising technique, but it still has some disadvantages when compared to more
traditional techniques. In particular, improvements in static and fatigue properties are required
being critical aspects for primary aerospace structures.
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trajectories. The paper thus analyses various modifications of the classical exponential
sinusoid, for describing the effect of (almost) constant acceleration profiles, for low-thrust
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trajectories during orbit transfer manoeuvres, or increasingly negative acceleration terms
during
orbit decay. In both cases, the availability of a semi-analytical formulation depending
1. INTRODUCTION
on a small number of relevant parameters allows one to rapidly scan the parameter space for
The use of small-size remotely operated rotorcraft is becoming increasingly popular in many civil apinvestigating the considered problems and derive relevant information (e.g. fuel consumption
plications, which include, among many others, precision farming and environmental monitoring. These
or decay time).

two scenarios share the need for scanning possibly wide areas with some sensor. Careful planning of
the trajectory can provide a more efficient use of vehicles in monitoring tasks, especially when electriKeywords: low thrust propulsion; orbit decay; shape function; exponential sinusoid.
cally driven multirotor platforms are considered as sensor platforms, because the limited capacity of the
battery pack usually results into severe constraints on their maximum endurance and range performance.
The SAGACE project (Sistema Avanzato di MonitoraGgio AmbiEntale in Italian, which translates
into Advanced System for Environmental Monitoring’) is a research program funded by the Apulia
Regional Government, which is aimed at developing innovative low-cost tools for efficient and reliable
environmental monitoring. The system proposed combines various sensors for monitoring air and water.
Among many others, a set of airborne sensors is being developed by the Department of Mathematics and
Physics at the University of Salento and by a small University spin-off company, ISALIT s.r.l., based in
Alessandria, Italy. The sensors will be installed on board of multirotor platforms developed by another
Italian company, which is a partner in the project, namely IDS S.p.A.
One of the objectives of the project is to provide mission planning tools for maximizing the effectiveness in the use of electric multirotor platforms in the framework of environmental monitoring. In
this respect, a set of numerically efficient tools for quasi-real time mission and/or path planning will be
analyzed. The objective is to identify which strategy allows for an efficient monitoring campaign, providing (possibly optimal) coverage performance and indications on the number of vehicles required for
completing the monitoring mission within a prescribed time over the considered area.
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Electrically powered aircraft are often built on the basis of practical experience of the manufacturer,
rather than a consistent set of design tools based on a combination of performance evaluation and statistical data for existing vehicles, a common practice for aircraft preliminary sizing techniques. Similarly,
the operational use of electrical remotely operated aircraft is often based on some reasonable practical
experience of pilots and operators, rather than a careful mission planning based on vehicle performance
limits and environmental conditions. Some recent papers revisited range and endurance performance for
electrically powered fixed- as well as rotary-wing aerial vehicles [1, 2]. Hinging on these results, design
guidelines for both classes of vehicles were recently derived [3, 4], based on an accurate battery discharge model, propeller performance, aerodynamic properties of the vehicle, thus providing some design
tools for filling the first gap between flight mechanics theory and design practice.
The present paper aims at filling the second gap, providing a set of mission planning tools, where
vehicle performance limitations provide constraints to feasible trajectories, whereas an optimal mission
strategy is derived, in the sense of maximizing some relevant performance index for the considered type
of mission (e.g. time spent in flight for the measure or size of the area monitored during the available
flight time).
When a set of waypoints needs to be reached or a given area is required to be scanned, a trajectory
that allows for fulfilling the mission objectives needs to be envisaged. The path planning algorithm is
based on a technique derived from the robotic literature [5], recently applied to the definition of a risk
analysis procedure for use of remotely operated flying vehicles over populated areas [6]. The trajectory is
divided into motion primitives, that is, segments or arcs that the vehicle can fly at steady state. Unsteady
manoeuvres in transitioning from one primitive to the following one are neglected. Feasibility of each
trajectory element is assessed, provided aerodynamic, structural or propulsion performance limits are not
violated. Three kinematic variables (namely velocity, rate of climb and rate of turn) fully describe the
steady state. Trajectory element length or flight time increment completes the set of parameters required
for describing it.
In the next Section, three different mission scenarios will be introduced, together with a description of
the trajectory discretization procedure. Section 3 revises the equations for estimating electric multirotor
performance limits, including range and endurance on the basis of a reliable battery discharge model. In
Section 4 mission planning techniques will be provided for the mission scenarios described in Section 2.
A section of concluding remarks ends the paper.
2. MISSION PLANNING
2.1 Mission types in environmental monitoring
Three different mission scenarios will be considered, all relevant for environmental monitoring operations. Given an area to be monitored, the sensor may be required to
1. sample the area at one or more prescribed spots for long time intervals;
2. sample the area at a given number of spots with short term measures or photos;
3. scan the whole area.
In mission type #1 (Fig. 1.a) the sensor installed on the multirotor requires to hover at a given point,
in order to perform the required measure. This is a typical scenario for collecting particulate required
for particulate concentration estimates [7], where a pump drives air on filters which, in turn, collect
particulate of a prescribed size that will be analyzed once the filter is taken back to the laboratory. The
measure is more accurate, if the pump works for longer time intervals. As a consequence, time spent
at the prescribed particulate collection point is a possible mission performance index to be maximized
(Fig. 1.b). Mission type #2 (Fig. 1.c) requires that the multirotor flies over a set of waypoints. This is
a typical sampling scenario, where at each waypoint a short operation is required (e.g. a snapshot or
a quick scan of some sort of target). In such a case, optimal coverage is obtained when the minimum
length flight path is determined, which completes the tour of the required waypoints, within maximum
range vehicle performance, as depicted, in Fig. 1.d. If the total length of the trajectory is longer than
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Figure 1. Sketches of three possible mission scenarios.
the maximum available vehicle range, an optimal path visits the maximum number of waypoints among
those required for the mission. Finally, mission type #3 requires to scan the operational area (Fig. 1.e and
f), as it happens when instruments such as a ground penetrating radar [8] are installed in order to map
properties of the ground. In this case, the mission planning tool should determine the shortest and/or
simplest path which covers the whole area or, as an alternative, the path which maximize the coverage
percentage.
2.2 Trajectory discretization by means of motion primitives
In the robotic literature, motion primitives are trajectory elements that the considered vehicle can run
along at steady state, that is, constant motion variables (such as velocity and/or angular rate). An efficient
path planning algorithm can be derived by considering a sequence of motion primitives, while neglecting
(usually short) maneuver transients between one steady state and the next one [5]. When a flying vehicle
is considered, a steady state results into a (possibly degenerate) arc of helix, which can degenerate into a
circle, when the climb angle is zero, or into a (possibly climbing) straight flight path segment, when the
curvature of the trajectory is zero [9].
A total of three kinematic parameters are sufficient for describing an aircraft steady state, namely
airspeed (V ), climb rate (ḣ, where h is altitude) or, equivalently, the climb angle ( , where ḣ = V sin ),
and turn rate ( ˙ = V /R, where is the course angle and R is the radius of curvature of the trajectory).
At steady state all the parameters are constant. The length of the segment or arc is given by s = V t,
where t is the time spent by the aircraft along the considered trajectory element. A total of 4 parameters
thus fully describe one motion primitive. Initial conditions at the departing position (coordinates of
the departure spot and an initial course angle) are also required. Once initial conditions and kinematic
parameters for each trajectory element are known, the resulting trajectory is easily evaluated, as discussed
in detail in [6]. Figure 2, taken from [6], provides an elementary example with 4 trajectory elements (one
straight level climb, a turn, a rectilinear descent, and an ascent along a helicoidal pattern).
As a relevant difference with respect to Ref. [6], where the practical application of the trajectory
planning for minimum risk was proposed in the framework of remotely operated (or autonomous) fixed
wing aircraft, rotorcraft capable of hovering and/or vertical takeoff and landing are here considered. Care
is thus needed in selecting the relevant motion primitive parameters. When V = 0 during a hovering
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Figure 2. Discretization of a trajectory by means of motion primitives (from [6]).
phase, the trajectory element degenerates into a point, such that the turn rate is not defined. Moreover, it
is not possible to use s as the fourth parameter for the element, inasmuch as t = s/V is not defined,
for s and V equal to zero. At hovering, a non-zero turn rate can be associated to a yaw rotation of the
vehicle, so that the resulting trajectory may exhibit discontinuities on the course angle .
3. ELECTRIC ROTORCRAFT PERFORMANCE ANALYSIS
3.1 Flight and maneuvering performance limits
One of the advantages in the use of motion primitives lies in the fact that it is relatively easy to enforce
a feasibility constraint to each trajectory arc. Given the values of kinematic variables at steady state,
it is possible to evaluate the power required for flying each one of the considered motion primitives
used for discretizing the entire mission trajectory. In the most general case, all performance limits are
satisfied if structural, aerodynamic and propulsion constraints are met. For a fixed wing aircraft, wing
lift coefficient CL = L/(0.5⇢V 2 S) must be less than CLmax at stall, where L is lift, ⇢ is air density and
S is wing reference area; the load factor nz = L/W is less than the maximum structural limit, where
W is vehicle weight, and DV  Pa,max , where D = 0.5⇢V 2 SCD is aircraft drag, with CD being the
aerodynamic drag coefficient, and Pa,max the maximum available power (see [6] for more details). The
load factor is nz = 1 in steady rectilinear flight, nz = cos in climbing flight and nz = [1+(V ˙ /g)2 ]1/2
in turning flight.
For small-size electric multirotor platform, the only relevant constraint is the maximum electric
power delivered by the battery pack to rotor electric motors. No stall limit is present, and the maximum
load factor is hardly met at steady state. Following an approach similar to that proposed in [10] for single
main rotor helicopters, total power required at steady state is
Preq = Ppar + Prot + Pcl + Psys
where parasite power is Ppar = DV , climb power is Pcl = W ḣ, and Psys is power required by onboard
systems and payload, in those cases when electricity is not provided by a separate battery pack.
Assuming that all Nrot rotors deliver the same amount of thrust also during a turning maneuver
(which is a reasonable approximation), total rotor power is equal to
Prot = Nrot (Pind + Pprof )
where induced power is Pind = 1.15T wi depends on thrust delivered by the rotor, T = nz W/Nrot ,
and the corresponding value of induced velocity, wi , which can be evaluated following the approach
described in [10]. The empirical factor 1.15 is introduced in order to account for dissipation due to
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tangential and radial velocity increments, not included in the elementary momentum theory model at the
basis of the ideal power estimate, Pid = T wi , which assumes axial velocity increments only. Profile
power is
Pprof = (⇢⇡⌦2 R4 )( Cd /8)(1 + 3µ2 )
where ⌦ is rotor angular rate, = Nb c/(⇡R) rotor solidity (with R rotor radius, Nb number or blades
and c blade chord), Cd is blade airfoil average drag coefficient, and µ = V /(⌦R) the advance ratio.
Two constraints need to be enforced, such that Pind + Pprof  Peng,max , and Preq  Pbat,max ,
with Peng,max equal to the maximum power delivered by each electric motor power and Pbat,max the
maximum power delivered by the battery pack. If the kinematic parameter of the trajectory element
result into violation of one of these two constraints, the motion primitive is not feasible. In any other
case, it is possible to estimate the amount of battery charge required to fly it.
3.2 Battery discharge process
The overall flight time and/or distance flown by an electric rotorcraft depend on how efficiently the available battery charge is exploited. For an ideal discharge process, the voltage of the battery is constant and
the charge extracted from the battery per unit time proportional to the current drawn, i. Unfortunately,
the intensity of the current affects the actual capacity of the battery, with the actual charge drawn being
reduced for currents higher than the nominal one, because of higher internal losses. This phenomenon,
known as Peukert’s effect, can be accounted for by means of Peukert’s law [11], where, for a constant
current discharge process, discharge time tD and current i satisfy the law tD ik = constant, where Peukert’s exponent k < 1 characterizes the class of batteries. Peukert’s law provides a better approximation
for battery discharge time than the ideal model. Nonetheless, the hypothesis of a constant current is often
far from the actual operational use of a battery pack, provided that voltage also decreases during the
discharge, thus affecting the relation between current drawn for a given power.
In many applications, a constant power discharge process is often a more accurate hypothesis.
Reference [12] introduced an empirical battery discharge model experimentally obtained for constant
power discharge processes by means of a controllable electric load. The discharge time is expressed as
tD = Pd" C0 , where Pd and C0 are discharge power and nominal capacity at full charge, respectively.
The coefficients , ", and are empirically derived for the considered class of batteries cells. An ideal
discharge process is obtained for equal to battery nominal voltage, " = 1 and = 1.
3.3 Distance flown and flight time for time-varying required power
If instantaneous required power is at the basis of motion primitive feasibility, feasibility of the mission
depends on wether the available battery charge is sufficient for flying the whole sequence of segments
and arcs for the planned trajectory. Breguet equations for endurance and range performance of electric
fixed wing aircraft were derived in [13], whereas conditions for best range was the subject of [14]. Best
endurance performance was derived for battery-powered rotary-wing aircraft in [15] only at hovering.
In all these cases, the power required for flying the vehicle is constant. If different segments need to
be flown, which require different power levels, none of these results provide information on trajectory
global feasibility.
For missions flown along trajectory elements requiring different power levels, it is possible to extend
the model to time-varying values of Pd . Assume that the discharge process at power Pd1 is performed
for a time t1 < tD . It is possible to assume that a residual nominal capacity C1 is left, such that
" C , that is, C = [(t
" )]1/ . The residual discharge time at a different power
tD t1 = Pd1
t1 )/( Pd1
1
D
1
"
level, Pd2 thus becomes tR1 = Pd2 C1 . If the discharge time at power Pd2 is t2 < tR1 , the process can
" )]1/ .
be iterated, and a new residual nominal capacity is evaluated in the form C2 = [(tR1 t2 )/( Pd2
The whole mission is feasible if each one of the N trajectory elements is feasible, in terms of required
power, and if the final residual time is tRN 0.
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Figure 3. (a) Hovering time at 0.5 to 5 km from launch site; (b) Sparse waypoints in operation area.

4. MISSION PLANNING
4.1 Direct planning
A direct planning of the environmental monitoring mission is possible when the trajectory is immediately
identified, as in mission #1. In this case, the distance d flown from the starting point to the site of the measure needs to be covered twice, for reaching the spot and returning to the launch site. Flight time t =
" )]1/
d/V and required power Preq depend on velocity V , only. Knowing that C1 = [(tD
t)/( Preq
"
1/
is the residual charge after the transfer to the site to be monitored and C2 = [ t/( Preq )]
is the
minimum residual charge required for getting back to the launch site, the available time for performing
" (C
the measure is given by tmes = Phov
C2 ). where Phov is required power at hovering. Being
1
V the only free parameter, a simple one-dimensional search algorithm can be used [16]. An analytical
solution is available for an ideal battery discharge process, where best range airspeed Vbr corresponds to
the minimum value of the ratio Pr eq/V , which also offers a suitable starting point for the identification
of the best range airspeed for a non-ideal discharge model.
A preliminary result for a 5.5 kg quadrotor is reported in Fig. 3.a, where it is apparent that maximum
hovering time at desired measuring site is almost unaffected by airspeed during transfer, for shorter
distances (below 1 km). The same approach can be used also for mission #2, if the number of waypoints
is limited or they are regularly distributed, so that a minimum length trajectory is easily identified, which
connects all of them with straight elements (neglecting small turning maneuvers), and assuming that the
whole trajectory is performed at a constant airspeed, such that only one mission design parameter is
again present.
4.2 Search tools for optimal mission planning
When a larger number of waypoints sparse over the operational area is to be dealt with, as depicted
in Fig. 3.b, or an area with a non-regular shape needs to be scanned, the design of an optimal pattern
(minimum-length or maximum coverage) becomes less trivial. Computationally more demanding methods need to be envisaged. Nonetheless, if an efficient search needs to be performed in-situ in quasi-real
time, simplified methods providing possibly sub-optimal solutions should be preferred to more accurate,
yet more complex, ones.
The need to find out an optimal path for visiting every waypoint of a given set exactly once with the
minimum total cost is represented by the so-called Travelling Salesman Problem (TSP). It is a combinatorial minimization problem which is known to be NP-hard: for this reason, it is possible to find an
optimal solution in reasonable time only for a small number of waypoints.
An extension of the TSP problem is the Steiner Travelling Salesman Problem [17], which considers
an incomplete network, where there is not always an edge between two nodes. In such a scenario, some
nodes could be of no interest, but sometimes it could be necessary to visit them to go from a node
of interest to another one. Given a connected graph G = (V, E) of N nodes and a N ⇥ N matrix of
distances, there is always an optimal solution in which each edge is traversed at most twice [18][19]. This



Path Planning of Remotely Operated Rotorcraft for Environmental Monitoring

Avanzini and De Luca

property allows for a problem formulation based on two sets of binary variables, xe and ye , representing
the first and the second traversal of each edge, which has a cost ce 0. For any non-empty node subset
S ⇢ V , (S) is the set of edges in the cut between S and V \ S. VR ✓ V denotes the subset of vertices
of interest and d 2 V denotes the starting node, representing a depot or the headquarters. The resulting
formulation of the problem is given by the minimization of
Jopt = min

X

with

ce (xe + ye )

e2E

(x + y) (S)
(x

y) ( (u) \ H)

2

x (H)

xe , ye 2 {0, 1} , ye  xe ,

e2E

S ✓ V \ {d} , S \ VR 6= ↵
|H| + 1

u 2 V, H ✓ (u) , |H| odd

(1)
(2)
(3)

The Traveling Salesman Problem with Neighborhoods [20] represents a variant of the path planning
problem, relevant for the considered operational scenario, where also the communication range or the
footprint of the sensor installed on board of the aircraft are considered. In this case, the goal is to find
not only a sequence of regions to be visited, but also the optimal entry point for each region.
Integer linear programming techniques, such as branch and bound or branch and cut, can be employed to find the optimal solution of such problems. In particular, multi-thread concurrent programming
techniques based on shared memory can be adopted to speed up the execution time of branch and bound
algorithms: a thread can save its partial results into a shared data structure to enable the reuse of such
data by other threads [21], with significant savings in terms of computation workload. However, for
large problem sizes, which involve hundreds of locations, heuristic techniques are preferred to achieve
in reasonable times suboptimal solutions, which are just 2-3% away from the optimal solution with high
probability [22].
5. CONCLUSIONS AND FUTURE WORK
An overview on methods adopted in the framework of the research project SAGAcE (Advanced System
for Environmental Monitoring) for designing small-size electrically powered multirotor platform missions for environmental monitoring is discussed. The final outcome of the project will be the availability
of a set of low-cost tools for environmental monitoring, which will include airborne sensors for air quality monitoring. Different mission classes were considered, which pose different numerical challenges for
the mission design process. In all cases, a realistic battery discharge model is recommended, as battery
capacity and its optimal use is the most relevant factor in maximizing mission effectiveness. Future work
will be focused on the implementation of search algorithms for solving a traveling salesman-like problem
for the optimal path visiting a sparse set of waypoints.
ACKNOWLEDGMENTS
The research was supported by the European Union and the Apulian Local Government through the call
Innonetwork (POR Puglia FESR - FSE 2014-2020, European Fund for Regional Development, Action
1.6), project SAGAcE (Advanced System for Environmental Monitoring), project number M7X3HL2.
The authors would like to thank Marianovella Mello, for her contribution as Project Manager.

REFERENCES
[1] G. Avanzini, F. Giulietti. Maximum range for battery-powered aircraft. Journal of Aircraft, 50,
304-307 (2015).
[2] M. Gatti, F. Giulietti, M. Turci. Maximum endurance for battery-powered rotary-wing aircraft.
Aerospace Science and Technology, 45, 174-179 (2015).
[3] G. Avanzini, E. de Angelis, F. Giulietti. Optimal performance and sizing of a battery-powered
aircraft. Aerospace Science and Technology, 59, 132-144 (2016).



Path Planning of Remotely Operated Rotorcraft for Environmental Monitoring

Avanzini and De Luca

[4] G. Avanzini, E. de Angelis, F. Giulietti, E. Minisci. Optimal sizing of electric multirotor configurations. 8th EASN-CEAS International Workshop on Manufacturing for Growth & Innovation, 4-7
September 2019, Glasgow, UK.
[5] E. Frazzoli, M.A. Dahleh, F. Eric. Maneuver-based motion planning for nonlinear systems with
symmetries. IEEE Trans. Robot, 21, 1077-1091 (2005).
[6] G. Avanzini, D.S. Martinez. Risk assessment in mission planning of uninhabited aerial vehicles.
Proc. Inst. Mech. Eng. Part G: J. Aerospace Engineering, in press (available on line), 2019.
[7] S.S. Amaral, J.A. De Carvalho, M.A.M. Costa, C. Pinheiro. Overview of Particulate Matter Measurement Instruments. Atmosphere, 6, 1327-1345 (2015).
[8] R. Knight. Ground Penetrating Radar for Environmental Applications. Annual Review of Earth and
Planetary Sciences, 10(29), 229-55 (2001).
[9] B. Etkin. Dynamics of Atmospheric Flight, J. Wiley and Sons, New York, 1972, Chapter 5.
[10] B.W. McCormick. Aerodynamics, Aeronautics, and Flight Mechanics, 2nd Ed., J. Wiley and Sons.
New York, 1995, Chapter 8.
[11] W. Peukert, Über die Abhängigkeit der Kapazität von der Entladestromstärke bei Bleiakkumulatoren. Elektrotechnik, 20, 20-21 (1897)
[12] G. Avanzini, E.L. de Angelis, F. Giulietti, Optimal performance and sizing of a battery-powered
aircraft. Aerospace Science and Technology, 59, 132-144 (2016)
[13] L. Traub, Range and endurance estimates for battery-powered aircraft. Journal of Aircraft, 48(2),
703-707 (2011).
[14] G. Avanzini, F. Giulietti, Maximum range for battery-powered aircraft. Journal of Aircraft, 50(1),
304-307 (2013).
[15] M. Gatti, F. Giulietti, M. Turci. Maximum endurance for battery-powered rotary-wing aircraft.
Aerospace Science and Technology, 45, 174-179 (2015).
[16] W.H. Press, S.A. Teukolsky, W.T. Vetterling, B.P. Flannery. Numerical Recipes. The Art of Scientific
Computing. 3rd Edition, Cambridge University Press, New York, 2007, Chapter 10.
[17] Jessica Rodríguez-Pereira, Elena Fernández, Gilbert Laporte, Enrique Benavent, and Antonio
Martínez-Sykora. The Steiner Traveling Salesman Problem and its extensions. European Journal
of Operational Research, 278(2), 615-628, 2019.
[18] Gérard Cornuéjols, Jean Fonlupt, and Denis Naddef. The traveling salesman problem on a graph
and some related integer polyhedra. Mathematical Programming, 1985.
[19] Bernhard Fleischmann. A cutting plane procedure for the travelling salesman problem on road
networks. European Journal of Operational Research, 1985.
[20] Jason T. Isaacs and João P. Hespanha. Dubins traveling salesman problem with neighborhoods: A
graph-based approach. Algorithms, 6(1), 84-99, 2013.
[21] Kazuki Hazama and Hiroyuki Ebara. Branch and bound algorithm for parallel many-core architecture. 6th International Symposium on Computing and Networking Workshops, CANDARW 2018,
272-277, 2018.
[22] César Rego, Dorabela Gamboa, Fred Glover, and Colin Osterman. Traveling salesman problem
heuristics: Leading methods, implementations and latest advances. European Journal of Operational Research, 211(3), 427-441, 2011.



Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

FROM SPACE TO EARTH: ASSESSING THE LEGAL FRAMEWORK
OF BIG DATA IN THE SPACE TECHNOLOGIES SECTOR
Ludovica Di Lullo
Sapienza University of Rome, Department of Political Sciences, Piazzale Aldo Moro 5, Rome
ludovica.dilullo@uniroma1.it

ABSTRACT
The amount of data and information collected and processed byspace technologies, in
particular through Earth observation programs and telecommunication services, is
increasing day by day. Meanwhile, the socio-economic environment surrounding such
activities is rapidly changing: data are employed for new purposes, private actors are
involved in the dissemination of these information and new users get access to space data.In
this context, international lawis required to addressed the new challenges deriving from such
changes such as the protection of data protection andthe right to privacy.
The paper aims at analysing the state of the art, focusing on the main provisions of
international space law, including both hard law and soft law instruments, covering the
collection and dissemination ofspace data, especially those coming from remote sensing
satellites. Then, the focus will shift on assessing the scope of application of new legal
provisions which are applicable to this matter, in particular the recent regulation on data
protection adopted by the European Union (GDPR).
In conclusion,the research aims at assessing a legal framework for the big data, which
represents a necessary step to minimize the risks and maximize the benefits stemming from
those technologies.
Keywords: big data; data protection; international law; space law.
1. INTRODUCTION
In the recent years issues concerning big data have become a central topic in scientific
research and analysis covering several fields of study, such as technology, economy, social
sciences, and law, among the others. Although there is not one accepted definition of the term
big data, most of the attempts on defining this phenomenon share some common elements.
Thus, dealing with big data means referring to a large amount of multiple and speed
informationcollected, analyzed and used in different ways for a number of purposes.
Due to these characteristics, big data encompass great values which make them an essential
tool for economic investments as well as scientific and social development[1].
In these sense, an appropriate definition, which has also be quoted by the OECD, appears to
be the following: big data is the information asset characterized by such a high volume,
velocity and variety to require specific technology and analytical methods for its
transformation into value [2].
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Furthermore, this large amount of data can be used by different actors such as government
and political bodies, entities working in private or private-public sector as well as private
companies[3].
Nowadays, also space studies are dealing with the big data matter, since more and more large
amounts of data are coming from satellite technologies, namely Earth observation satellites
and telecommunication systems. As reported in several studies, the largest amount of big data
from space are deriving from remote sensing satellites and their high-resolution images, the
paper will mainly focus on the regime applicable to Earth observation technologies and data
[4].
Moreover, even the socio-economic environment surrounding the space sector is changing in
the same way as IT field: private actors are getting more involved in collecting and
disseminating these information, new users have easier access to space data and these data are
employed for new purposes.These changes have brought to increased investments in space
technologies, which identify a new era of space activities: the new space economy era [5].
At the same time, space-related data remain anessential tool for the sustainable societal
development, as has been underlined by the United Nations project called “Data revolution
initiative” [6] and the following Italian proposal to the UN Committee on Peaceful Uses of
Outer Space (COPUOS) “Open Universe” for expanding availability of and accessibility to
open source space science data [7].
Thus, since data can be handled by multiple users and due to the sensible content of some
information, a specific set of rules for the protection of data it is needed to minimize the risks
and maximize the benefits. From the side of international space law, hard law instruments
provide for general binding principles valid on all kind of space activities, while soft law
instruments are dealing with specific activities – such as the remote sensing activities- but are
not binding on States and not updated to the recent developments.
For this reason, the adoption of the European Union Regulation for the protection of general
data (Reg.(EU)2016/679) so far represents an useful attemptto ensure a secure use of data,
including those deriving from satellites[8].
2. BIG DATA AND SPACE LAW
Due to the time in which international space treatieswhere developed, they do not contain
specific provisions on space data. In fact, this issue was not yet concerning the international
community while the exigence of that time was to establish a set of basic principles to be
applied in order to deploy space mission in conformity with the rule of law[9]. For this
reason, the core treaties on space law concerns principles on exploration and use (Outer Space
Treaty, 1967), the status of astronauts (Astronauts Rescue and Return Agreement, 1968), the
liability regime (Liability Convention, 1972), the registration of space objects (Registration
Convention, 1975), and the exploitation of the moon and other celestial bodies, even though
the established regime has not yet entered in force (Moon Agreement, 1979).
After the so called treaty-making phase, states adopted other international instruments, which
are not binding as the treaties, but lay down dispositions to be applied by states to specific
issues such as remote sensing, nuclear power sources, international cooperation or national
legislation, but still nothing concerning the flow of data. Nevertheless, through this
instruments it is possible to find some provisions which can be applied to the recent issue of
big data.
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Since the increased participation to space activities, specific regulation of data, especially
those related to dual use satellites, have been agreed in contractual agreement or in specific
programs policies.
2.1 Outer Space Treaty
The Treaty on Principles Governing the Activities of States in the Exploration and Use of
Outer Space, including the Moon and Other Celestial Bodies (Outer Space Treaty or OST), :
At article I the Treaty provides that: “The exploration and use of outer space, including the
Moon and other celestial bodies, shall be carried out for the benefit and in the interests of all
countries, irrespective of their degree of economic or scientific development, and shall be the
province of all mankind. Outer space, including the Moon and other celestial bodies, shall be
free for exploration and use by all States without discrimination of any kind, on a basis of
equality and in accordance with international law, and there shall be free access to all areas
of celestial bodies. There shall be freedom of scientific investigation in outer space, including
the Moon and other celestial bodies, and States shall facilitate and encourage international
cooperation in such investigation.”
According to this article and to the interpretation given by states and by prominent scholars,
the international regime of space activities includes freedom to access, explore and use Outer
Space and celestial bodies by all States,although discussions on the term “use” and its
controversial possible interpretation in the sense of exploitation, are still ongoing.
Nevertheless, such freedoms are not unconditional, but they shall be conducted for the
benefits and the interests of all countries, without any kind of discrimination. Then, other
provisions included in the Outer Space Treatyset out limits to these freedoms. Firstly, as
established at article III, while carrying out space activities states shall comply with
international law and the provisions of the United Nations Charter, in order to avoid threats to
international peace and security. Furthermore, according to article VI, states are responsible
for the activities carried out in Outer Space by both governmental and non-governmental
bodies, so they shall previously authorize these activities, and then continuously supervise
them, thus ensuring compliance with the international law.At the same time, states maintain
jurisdiction and control over the objects registered in their country registry.
Moreover, as provided at article IX of the Treaty, states shall conduct all their space activities
in line with the principles of cooperation and mutual assistance, with due regard to the
corresponding interests of other states and respecting the duty to avoid harmful interferences.
Later on, article XI establishes the obligation to inform the UN Secretary General and the
international scientific community of their space activities [10].
2.2 Remote SensingPrinciples
In 1986, following a long lasting negotiation within the COPUOS, the UN General Assembly
adopted the resolution 41/65 on “Principles Relating to Remote Sensing of the Earth from
Outer Space”[11]. This resolution was aimed at addressing the legal issues concerning the fast
and increased development of remote sensing satellites, which at that time was becoming not
only a political instruments with great power, but also an economic tool for investments, as
demonstrated by the adoption of the American Land Remote Sensing Commercialization Act
in 1984 [12].
The resolution is composed by twenty-five principles non-binding on states, which include
technical definitions, general duties of states involved in sensing activities and basic rules on
11

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy
managing data derived by Earth observation. Some of the principles merely reaffirm the
norms already established by the treaties, especially those included in the Outer Space Treaty,
while some are properly directed to remote sensing activities.
The first principle identify the definition of remote sensing, specifically those to which the
resolution applies. According to the definition, remote sensing means “the sensing of the
Earth’s surface from space by making use of the properties of electromagnetic waves emitted,
reflected or diffracted by the sensed objects, for the purpose of improving natural resources
management, land use and the protection of the environment”. Further, it declares that remote
sensing activities are meant as “the operation of remote sensing space systems, primary data
collection and storage stations, and activities in processing, interpreting and disseminating
the processed data.”
Even though, according to the first part of the principles, the dispositions apply only to some
specific activities, namely those concerning civil uses, natural resources and environmental
issues, essential elements of general nature can be pointed out.
In the same principle the declaration define the meaning of three different kind of data, as part
of remote sensing activities: “primary data”, raw data that are acquired by sensors part of a
space object, transmitted or delivered to the ground from space by telemetry in the form of
electromagnetic signals, by photographic film, magnetic tape or any other means;“processed
data”, as the products resulting from the processing of the primary data, needed to make such
data usable; and “analysed information”, the information resulting from the interpretation of
processed data, inputs of data and knowledge from other sources.
Most of the following principles mainly recall and reaffirm the provisions of the Outer Space
Treaty, such as the need to operate for the benefit and the interests of all countries (Principle
II), in accordance with international law and the UN Charter (PrincipleIII), and strengthening
international cooperation through specific agreements and arrangements and offering
technical assistance to states which may need it (Principles V, VI, VII).
For the purposes of theresearch here presented, it is interesting to notice the provisions
included at principle IV. After having reaffirmed that states shall carry out space activities in
compliance with the principles included at article I of the Outer Space Treaty, at the second
paragraph states that “these activities shall be conducted on the basis of respect for the
principle of full and permanent sovereignty of all States and peoples over their own wealth
and natural resources, with due regard to the rights and interests, in accordance with
international law, of other States and entities under their jurisdiction.”In conclusion, the
same article provides that “such activities shall not be conducted in a manner detrimental to
the legitimate rights and interests of the sensed State”.
Moreover, principle XII provides for procedural rules concerning the use and dissemination
of data, and establishes that “as soon as the primary data and the processed data concerning
the territory under its jurisdiction are produced, the sensed State shall have access to them on
a non-discriminatory basis and on reasonable cost terms. The sensed State shall also have
access to the available analysed information concerning the territory under its jurisdiction in
the possession of any State participating in remote sensing activities on the same basis and
terms, taking particularly into account the needs and interests of the developing countries”.
Although, as said before, the resolution is non-binding, most of the space-faring nations have
implemented the disposition included thereto through national legislations regulating either
space activities in general or the sole remote sensing sector. Moreover, further developed
regimes on data deriving from sensing activities have been developed through the so called
data policy, by national space agencies or governmental bodies in charge of regulating this
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field [13]. Due to the broad respect and the implementation of the 1986 Principles, several
scholars have affirmed the consolidate customary nature of these principles[14].
2.3 Space Data Policy in Europe
Due to outstanding value of spaceborne data and in particular of the remote sensing imaging,
most of the space actors have adopted ad hoc policy on data collection and dissemination.
Of relevant interest are those adopted by both the European Space Agency (ESA) and the
European Union (EU).
According to the ESA Convention, adopted in 1975 and entered in force in 1980,as provided
at article III on information and data, the member states and the Agency shall facilitate the
exchange of scientific and technical information and their space applications, but member
state remain free to not communicate information obtained outside the agency’s works. The
Agency shall made widely available its scientific results after prior use by those responsible
for scientific experiments. Nevertheless, the resulting data shall be the property of the
Agency. While contracting with third parties through contractual arrangements, the Agency
shall ensure the protection of its interests, of those of the Member States, and of those of
persons and bodies under their jurisdiction. These rights shall include in particular the rights
of access, of disclosure, and of use. Those inventions and technical data that are the property
of the Agency shall be disclosed to the member states and may be used for their own purposes
by thesestates and by persons and bodies under their jurisdiction, free of charge.[15]
Furthermore, ESA has recently updated its policy on Earth observation missions data. This
new policy applies to missions ERS-1, ERS-2, Envisat, GOCE, SMOS, CryoSat and future
Earth Explorer missions, and it provides for two different set of data with their own policy.
On one hand, the so called“free dataset” includes information available onweb platform and
which requires a basic online registration procedure to get access. On the other hand, the
restrained dataset includes data which are mostly free of charge, but which require the
submission of a project proposal to be accepted by the Agency in order to get access.
For what concerns the data of European Union space programs, the EU has not established a
general regulation for all space programs, but instead it has included a data policy for each
single mission.
The Copernicus program is the EU Earth observation mission, established by EU Regulation
377/2014. It is based on a partnership between the Union, ESA and the member states, and
aims at providing operational services in the field of the environment, civil protection and
civil security, and contributing to the economic growth of the economic space sector[16].
The fourth chapter of the Copernicus Regulation is devoted to data and security policy and at
article 23 states that Copernicus data and information shall be made available through
Copernicus dissemination platforms, under predefined technical conditions, on a full, open
and free-of-charge basis. Nonetheless, this open access is subject to certain limitations listed
in the same article which are: (a) licensing conditions for third party data and information; (b)
formats, characteristics and dissemination means; (c) security interests and external relations
of the Union or its Member States; (d) risk of disruption, for safety or technical reasons, of the
system producing Copernicus data and Copernicus information; (e)ensuring reliable access to
Copernicus data and Copernicus information for European users.
This model of space data policy has a great value since it operates a balance between the open
access and the more restrictive approachesto data protection [17].
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Such provisions have also an impact in the context of the EU space strategy, which the
Council adopted in 2016. The Strategy, setting out the main purposes and objectives of the
Union, aims at increasing the benefits of space application for the society and the EU
economy, but also at reinforcing Europe's autonomy and strengthening Europe’s role in the
development of space activities [18].
3. EU DATA PROTECTION REGULATION
A further point which need to be address while analysing the issue of big data in the context
of European Union law, is the recent EU General Data Protection Regulation (GDPR),
adopted in 2016 and officially entered in force in May 2018[19]. Since the quality and the
resolution of space images are easily improving, it would not be hard to imagine the possible
application of this regulation also to data derived from Earth observation programs.
The purpose of the GDP regulationis to protect the personal processed data of natural persons
in Europe, through a general harmonization of single nationals law on privacy, without
restrict the flow of data within the EU.
According to the set of rules included in the regulation, the provisions do not apply in case the
data processing falls outside the scope of Union law or concern the common foreign and
security policies, or regard a natural person in the course of a purely personal or household
activity.Another exception apply in case data are collected by competent authorities for the
purposes of the prevention, investigation, detection or prosecution of criminal offences or the
execution of criminal penalties, including the safeguarding against and the prevention of
threats to public security. Moreover, the dispositions can have an extraterritorial application,
thus applying todata controller or processor not established in the Union, but who are dealing
with processing activities related to offering of goods or services to data subjects in the Union
or monitoring their behaviour within the Union.
Article 4, paragraph 1, defines personal data as any information related to an identified or
identifiable natural person – called “data subject”- who can be identified, directly or
indirectly.
Whenever personal data are processed, these proceedings shall comply with the principles
listed at article V, of which the main relevant are: principle of lawfulness, fairness and
transparency; the need of specific and explicit purposes; amount of data adequate, relevant
and limited to what is necessary;processing data which are accurate and, where necessary,
kept up to date, kept in a form which permits identification of data subjects for no longer than
is necessary for the purposes identified; collect data in a manner that ensure appropriate
security of the personal data, including protection against non-authorized or unlawful
processing and against accidental loss, destruction or damage, using appropriate technical or
organizational measures.
The further provisions which have been included in the GDPR establish the legal basis for
processing data (art.6), unless such data fall into the definition of sensible data, so they have
to be processed on the ground of article 9, or article 10 in case these data are related to
criminal convictions and offences.
Afterwards, the third chapter states the rights of data subjects, namely transparency (art.12),
information on processing and access to personal data (art.13-15), and the protection of rights
to rectification and erasure (art.16-20).
Lastly, the remaining parts are devoted to the obligations for controller and processors
(Chapter IV, articles 24-43) as well as liability attribution and remedies procedure (Chapter
VIII , articles 77-84) [20].
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4. CONCLUDING REMARKS
In conclusion, some remarks need to be addressed. The more the amount of data from space
grows, the more law and lawyers have to provide clear and homogeneous rules to apply to
such issues. As seen above, international space law provides for some general principles,
which determine a general freedom for states carrying out space activities, balanced by
provisions whichdemark specific limits. In this way, it may be ensured that states act in
accordance with international law but also respect the sovereignty and the interests of other
countries. Nevertheless, there is not a provision contained into international instruments
which is expressly ruling on data, unless considering the principles on remote sensing,
although their limited scope of application and their non-binding nature.
Further regulations,such as specific agreement or data policy,set out for specific programs
have given more specific attention to collecting, processing and disseminating data, but still
remain usually limited to a group of states if not applicable only to national activities.
Throughout the years, the European Union has done a number of steps forward in establishing
a more complete set of rules and a broader relation for the protection of data. The provisions
for the protection and dissemination of Copernicus data clearly appear as a good practices in
this sense. Nonetheless, further developments are expected to come in the next years, due to
the increased amount of activities as well as of data coming from space. Thus, lawyer and
law-makers will be called to work on new rules to ensure a collective, harmonised and
valuable set of rules dealing with big data coming from space to Earth.
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ABSTRACT
CubeSats are becoming one of the ma or points of interest for the new Space Economy and they
are gaining the interest of space agency and industry for the definition of the future missions.
To cover this important role, CubeSats need to improve their technology. Electric propulsion is
one of the technologies that provide a ump of quality but the actual miniaturized electric
propulsion systems present some issues for their integration on board the modern CubeSat
platforms due to the lac of nowledge on the impact and requirements in terms of power
consumption, chemical contamination and generated thermal environment and electromagnetic compatibility and the difficulty to integrate and verify a CubeSat, especially if
equipped with an electrical propulsion system. The paper aims at demonstrate the capabilities
of a test platform developed to host electric propulsion system and fit the facilities (i.e. vacuum
chambers and thrust balance). The test platform is crucial ground support equipment for the
verification of the propulsion system at CubeSat-level and the assessment of the effects of the
operations and the interactions between miniaturized propulsion systems and a CubeSat
platform.
Keywords: Miniaturized Electric Propulsion system, CubeSat Technology, CubeSat
verification
1

INTRODUCTION

CubeSats represents one of the most valuable innovations in the future of space missions.
CubeSats are standardized small satellites that were born with educational purposes in academia
as hands-on-practice activity for students 1 but are gaining the interest of governments, space
agencies, private companies that recognize CubeSats as attractive space platforms for pursuing
a broad set of mission goals, including science and Earth observation, technology
demonstration, communication.
New CubeSats missions are very promising : constellation of nanosatellites in Low Earth rbit
are become a reality 2 , and CubeSat community has been exploring the possible applications
of small satellites for interplanetary missions, and some CubeSats are already traveling towards
Mars .
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Small satellite engagement in the future space missions is pushing the boundaries of the
technology but the road to reach the performance and reliability of bigger and space-qualified
equipment and subsystem is ust started.
Among the enabling technologies for nanosatellites, such as high data rate communication lines
4 , high accuracy attitude and orbit determination and control 5 , thermal control system 6
and the new logical and physical architectures, small propulsion systems are the ey for
innovative applications and unprecedented missions where small platforms can be main
characters.
The number of developers of small electric propulsion systems are growing and complete
surveys are provided by many authors in literature
, 8 , 9 . From the analysis of these
wor s, it seems that the actual level of readiness of these technologies are increasing but still
remains low.
Developers of stand-alone miniaturized electrical propulsion system are improving the state of
art of this technology but they rarely integrate them into a CubeSat platform. That carries out
to have few data are available about verification of CubeSats with propulsion systems,
generating a gap of nowledge on the interactions between propulsion system and other
onboard subsystems. The limited integration among new and existing solutions and between
the new technologies, especially for emerging disruptive technologies that affect the design of
the entire spacecraft, is a ma or issue. Moreover, verification of ePS is often strictly constrained
by severe rules (i.e. safety requirements and constraints) that shall be applicable for any type of
propulsion system (chemical or electric, miniaturized or very large). Any propulsion system
requires particular conditions to be tested. It means increase the schedule and the cost of a
pro ect opposing the paradigm low cost and fast delivery . Miniaturized ePS are often standalone tested at component or subsystem level and, rarely, they can be tested at system level. In
this context, a limited standardization of the
process for small satellites is observed. Up
to now, small satellites are extensively tested only against launch environment requirements
upon request of launch authorities, but minor efforts have been committed to the verification of
functional and operational requirements, that are fully demanded to CubeSats developers. This
difficulty to verify small platforms through effective tests carried out to an excessive use of
pure simulation in small satellites verification.
The challenge is to fill the gap between the miniaturized ePS technology and the CubeSat
technology, still so far in terms of required powered, type of interfaces, and mutual
compatibility.
Since 201 , ESA Propulsion Laboratory and Politecnico di Torino are carrying out a research
program that aims at offer a one-stop test facility for CubeSats with propulsion system that
include tests needed for qualification for launch. It means to provide the capability to lead both
functional and performance tests and environmental tests (thermal, mechanical, EMI EMC).
The roadmap of the program foresees three steps: the first step deals with the development and
validation of a Test Platform based on Cubesat technology that is able to host a a wide range of
miniaturized (electrical) propulsion systems and fits with the facilities of the ESA ESTEC
Propulsion Laboratory (EPL) 10 . In the second step, a selection of uePS are integrated with
CTP in order to carry out complete verification campaigns and assess the mutual effects of ePS
and CTP in vacuum chamber. The third step has the ob ective to perform a complete
qualification of CubeSats with propulsion system.
The present paper deals with the final activities of the first step and describes the verification
and validation campaign of the CTP up to the fully integration in the EPL facility. Section 2
describes the CTP features while the section
presents the Assembly Integration and
erification (AI ) showing the model philosophy and describing the entire process. Section 4
summarizes the final results of the verification and validation campaign.
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PLATFORM DESIGN

The platform features an Al-alloy 6U structure, which hosts the propulsion system (at least 2U),
on-board avionics (1U), and PS battery (1U). The Propulsion System includes the Thruster, the
Power Processing Unit (PPU) and the Propellant Feed System (PFS), and the propellant tan .
The avionics is constituted by the on-board computer for command and data handling functions,
the electrical power system (PCDU and battery, no solar panels), and the communication
module (UHF for house eeping and experiment data). The battery included in the EPS supplies
the avionics, while additional batteries are used to supply the propulsion system. The structure
is built through metal additive manufacturing, and it is fully compliant with the CDS in terms
of external geometrical interface and material (apart from surface coatings and treatments).
atteries (both the battery included in the avionic pac and the EP ) can be recharged during
the test than s to an external line connected to GSE through EPL Chamber umbilicals. The
structure is constituted by two truss-li e parts oined together through four brac ets, and closed
by panels. The internal layout can be adapted depending on the specific test. For the first
application, a bul head is fixed to separate the propulsion box from the rest of the platform.
The PS thruster is mounted on this bul head, with the thrust axis along the geometrical axis
of the satellite. The PPU and PFS (including propellant tan ) are also located in the propulsion
box. The avionic system is enclosed in an avionic box and interfaced with other onboard
systems and GSE through connectors. Avionics is based on in-house developed electronic
boards resulting representative of the basic Cubesat technology. Two lines guarantee
communications between the platform and EPL operators: a RF lin in UHF band and a wired
serial line that directly connect the on board computer with the Ground Support System.
Command
Data Handling is based on ARM-9 microcontroller that manages data and
commands time, operations and on board failures. Sensors and acquisition circuits provide the
information (e.g. voltages, currents, temperatures, accelerations, magnetic fields, and electrical
fields). Electrical Power System is constituted by a mother board that controls and distributes
power to the other subsystems, and manages PS battery recharging, and a daughter board that
manages the avionics battery pac s recharging. .
The test platform designed so far shows a high degree of flexibility with respect to the ability
to host different EP systems, and can be also adapted for installation of miniaturised propulsion
systems based on other technologies (e.g. cold gas). The platform is fully representative of a
6U CubeSat flight unit, which can be used for qualification of propulsion systems as well as
verification of onboard avionics.

Fig. 1: CTP platform layout
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ASSEMBLY INTEGRATION AND VERIFICATION

Assembly Integration a erification (AI ) plan defines all the activities up to integration of the
CTP in the ESA-ESTEC chamber, called Small Plasma Facility (SPF). Two main stages of
development and verification have been identified: development and integration. The ob ective
of the first stage is to support the design feasibility and to assist in the evolution of the design.
The purpose of integration is to demonstrate that the items perform satisfactorily in the
laboratory environment and prepare it for the future verification in the intended environment.
In the first stage, three sets of models have been produced. The irtual Moc Up ( MU) of the
subsystems and ma or equipment, developed in Solid or s environment, aim at the
optimization assessment of the layout of parts, sub-assemblies and the interfaces, the validation
of the assembly and integration procedures and the chec of the accommodation. The MUs
are representative of the geometrical configuration, the layouts, and the interfaces. A Mass
Dummy Unit (MDU) of the structure subsystem has been manufactured in Polylactic Acid
(PLA) for testing activities, and fit chec s because MDU is representative of the platform for
dimension, external envelope and interfaces. The Electrical and Functional (EFM) models are
functionally representative of the final products in both electrical and software terms. The
ob ectives of the EFMs are the functional and software development, the validation of the
procedures, and the preparation of the functional tests on the ualification Model. The EFMs
are representative of the functionalities of the test ob ect and can be used at all levels, both in
development and in qualification testing. They are in the middle between moc -up and EM.
EFM can also be simulators that substitute hardware and software functionalities or contour
conditions. In ESA Prop, the main EFM is the Development board of CDH (CDH-EFM): it has
been used for the software development, data acquisition circuits and command transmission.
The Engineering ualification Model (E M) fully reflects the design of the end product from
the functional and mechanical point of view. The E M is used for functional performance
(including verification of procedures for failure detection, isolation, and recovery and for
redundancy management) and environmental pre-qualification.
In this paper, the step-by-step sequence of assembly. integration and verification of the E M
model delivered to ESA-ESTEC and integrated in Small Plasma Facility (SPF) is shown in Fig.
2.
Ten main tests are planned : the first three main verification refers to chec the functions of the
CDH. All the interfaces and protocols, the data acquisition lines of any sensors, the capability
to store data in the non-volitile memories (EEPR M and SD-card). The second phase foresees
the confirmation of the data and commands exchange between C M S S and GSS and a
communication test shows that the trasmission and reception chains wor properly. The third
phases aims at the verification of the EPS system : batteries and electronic boards are integrated
and the capabilities to regulate and distribute energy, to discharge and recharge the batteries are
confirmed. Then the entire avionics box is integrated and a preliminary full functinal test is
completed. The next phase is to integrate the avionics box with the primary structure after the
chec of its mechanical properties. The final test is the full functional test that shows all the
capabilities of CTP and GSS (details are provided in the next paragraph). efore the
transportation and the delivery at ESA ESTEC, a reduced functional chec allows to confirm
that CTp wor s properly.
The activities are carried out in the IS - Clean Room at STARLab of Politecnico di Torino
and, also, involve the GSS and proper GSE. The test results shall be assessed by means of direct
measurements, visual inspection and data evaluation (from real-time data, data stored on SD
and GCS log file, and directly measured by means of GSE).
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Fig. 2: AIV process for the EQM

4

RESULTS

This paragraph aims at summarize the results of the full functional tests and briefly describe the
successfully integration of CTP in SPF.
The traditional House eeping functions of the Cubesat avionics are confirmed: in particular,
the two communication lines towards GSS (and the operator) operate as follow:
•
ired Hardline (UART-115200 or 9600 bps) sends nominally 12 pac ets minute, with
a pea of 1 pac et per second during the safe modes operations.
• RF lin (9600 bps – AFS modulation) transmits nominally 2 pac ets minute while it
is disabled during the off-nominal operations.
Information redundancy algorithms are applied to any pac et in order to improve data reliability
The House eeping telemetry includes 5
us, .
us consumption and the Avionics battery
voltages, currents, temperatures, and recharging currents.
The mission data refer to the measurements of mutual impact between ePS under test and
CTP accomplished with on board sensors devices and tools by CTP. Going into details:
20 NTC sensors provide temperatures in determined points inside and on the
surfaces of the CTP
1 MEMS triaxial magnetometer posed inside the avionics box gives the
magnetic fields measurements enveloping the avionics.

5

Design and Validation of CubeSat Test Platform for ePS verification

F. Stesina

current and voltage sensing circuits provide the consumptions of the ePS and
other circuits on board (such as the Step-Up voltage and the P M outputs)
open resistors strips return the electro-static in specific points of the surfaces.
apton tape and silica wafers is posed on the surface in order to capture chemical
contaminants for further, post-processing analyses.
These measurements will be merged with the GSE provided by ESA-EPL installed inside the
chamber. Moreover, all the data will be post-processed to a completed overview of the behavior
both of the ePS and CTP.
The storage capability of the CDH is guaranteed for long duration tests (tens of days,
continuously) and an Hamming code is added to any stored data
From the electrical point of view, the EPS regulates the . bus and 5 bus and supplies the
power line towards the ePS. More in details, the A battery pac s guarantee 8 hours of
operativity (without battery recharging) and PS battery pac s guarantee about two hours of
continuous operativity (without battery recharging) for a 50
ePS. Nevertheless, the A
battery pac s are completely recharged in less than 2 hours (in Laboratory conditions) while PS
battery pac s are completely recharged in less than 4 hours (in Lab conditions).
The CTP total mass of the platform is less than
g and the CTP dimensions compliant with
6U CubeSat Design Specification.
During the full functional test all the operative modes and the transitions (as in Fig. ) are
verified adopting a resistive load as simulation of a ePS.

Fig. 3: Operative modes and their transitions

Finally, Fig. 4 summarizes the final activities during the integration of CTP in the SPF . Two
reduced functional tests types are followed :
• RFT-A: CTP is out of the chamber, RFT-A is performed before and after the
transportation, stowage, and test campaign.
• RFT- : CTP is in the chamber. RFT-A is performed after the integration and before
the de-installation of CTP from the chamber.
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Fig. 4: integration planning activities @ ESA/ESTEC EPL

5

CONCLUSION

In the context of the presented research, a CubeSat test platform devoted to hosts miniaturized
electrical propulsion system is already available. Using this platform, a complete qualification
campaign of the entire system can be performed assessing the efficiency of the solution under
investigation through a great number of measurements and post-processing analysis of the
related data ta en with sensors and other equipment mounted inside and outside the CubeSat
test platform. Information about electromagnetic compatibility, thermal environment induced
by the operations of the subsystems (specifically of the propulsion system but not only that),
electrical behaviors (e.g. power consumption) are made available to users and developers. The
actual results are the design and initial functional verification of the CubeSat test platform and
a planned setup configuration that fit with goal of the program.
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ABSTRACT
Space Situational Awareness (SSA) has become a ma or issue in the international debate
due to the growth of commercial space activities and the correspondent increase of ob ects
orbiting around the Earth.
As no State can conduct a comprehensive monitoring of the whole space environment and
orbits, SSA requires a strong international cooperation both on the technical aspects of
surveillance and on the sharing of information acquired.
In this sense, States conclude bilateral agreements and public-private arrangements to
promote wider exchange of information. These agreements pose conditions on the circulation
of data, such as economic requirements, limitations on subsequent sharing of information with
other entities, waiver of liability for damages derived by errors in the data or in their analysis.
The corpus of these agreements creates a complex system of bilateral obligations, which is
additional to the general legal framewor of the UN space treaties and relevant non-binding
instruments. Furthermore, specific provisions applicable to SSA activities could derive from
general rules and other domains of international law.
In this context, the paper aims to explore the legal framewor applicable to SSA in order to
clarify existing international obligations for States and other actors involved in such activities.
Keywords: Space Situational Awareness, Space Law, International Cooperation, Information
Sharing
1

PREMISE

The Preamble of the Guidelines on the Long-Term Sustainability of uter Space Activities
(LTSSA), adopted by the Committee on the Peaceful Uses of uter Space (C PU S) in une
2019, defines the Earth s orbital space environment as a finite resource that is being used by
an increasing number of States and other actors 1 . The current situation of functional
satellites summed with the number of expected ob ects in the near future picture a landscape
of congested outer space, which poses ris s for the operational satellites in orbit, threatened
by thousands of man-made non-functional ob ects in space as well as natural ob ects or small
debris. The latter, in particular, needs to be trac ed and monitored to predict its tra ectory and
avoid collision 2 .
Addressing these developments and ris s requires international cooperation by States
and international intergovernmental organizations, in order to prevent harm to the space
environment and guarantee the safety of space operations. Space Situational Awareness
(SSA) refers to the actions aimed at monitoring outer space environment and locating natural
and man-made ob ects in outer space, with the ob ective of assess and avoid ris s and
collisions. The SSA is based on active observation, navigation and telecommunications
satellites that provide images and data. These activities seem to be complementary to Space
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Traffic Management (STM), which is the set of technical and regulatory provisions for
promoting safe access into outer space, operations in outer space and return from outer space
to Earth free from physical or radio-frequency interference .
2

AREAS OF INTEREST AND INTERNATIONAL COOPERATION

The SSA activities comprise three areas of interest: 1) Space Surveillance and Trac ing (SST)
of ob ects in Earth orbit, which refers both to active and inactive satellites, discarded
launchers stages and debris 2) monitoring of Space eather (S ) conditions that could
affect communications between space ob ects and ground-based infrastructures or endanger
human life ) detection of Near-Earth b ects (NE s) that could impact the Earth. The
indicated areas express the broad scope of the activities that, although heterogeneous, are
brought together by a common thread: the preventive nature of such actions aimed at
preventing harms and damages. The differences lie in the aim of the specific activity. SST
aims at preventing and avoiding collisions between satellites in orbit, while S could prevent
malfunctioning of satellites derived from space weather phenomena, such as solar storms.
Detection and trac ing of NE s is fundamental to prevent damages to satellites, but also on
Earth and loss of lives.
From a temporal perspective, SSA could be helpful during all phases of a space
mission: the launching, the in-orbit operation and the re-entry of the ob ect 4 . hile during
the first and the last phases SSA could help the operators to avoid any ris of interference in
the ascending and descending trac of the satellite, the in-orbit phase lies at the heart of SSA.
These activities require a high level of technological development and expertise,
which only few space-faring countries possess. States that are depending on the services
provided by satellites have developed strong capabilities to trac ob ects and eep outer space
safe. Notwithstanding the technologies developed by the spacefaring countries, no State can
conduct a comprehensive monitoring of the whole space environment and orbits. For this
reason, SSA requires a strong international cooperation both on the technical aspects of
surveillance and on the sharing of information acquired.
In general terms, international cooperation is a pillar of the of contemporary
international law and lies at the foundations and of the United Nations (UN) both as mean and
ob ective of the international actions 5 . It could be seen as a sort of super-principle aimed to
ensure the implementation of the other obligation of the Charter 6 . The Declaration on
Principles of International Law concerning Friendly Relations and Cooperation among States
in Accordance with the Charter of the United Nations, which specifies the obligation
contained in the UN Charter, affirms that States should cooperate in the field of science and
technology and in the promotion of economic growth, especially that of the developing
countries
. The Declaration embodies basic principles of international law, which apply,
with no doubts, also to the cooperation in the context of space activities.
International cooperation in the context of SSA activities will contribute to the
development of mutual understanding and the strengthening of friendly relations among
States, in line with the wording of the Preamble of the Treaty on Principles Governing the
Activities of States in the Exploration and Use of uter Space, including the Moon and other
Celestial odies ( uter Space Treaty, ST) 8 . Furthermore, according to the Declaration on
International Cooperation in the Exploration and Use of uter Space for the enefit and in the
Interest of all States, Ta ing into Particular Account the Needs of Developing Countries,
States are free to determine all aspects of their participation in international cooperation for
the exploration and use of outer space on an equitable and mutually acceptable basis.
International cooperation should be conducted in the modes that are considered most effective
and appropriate by the countries concerned, including, inter alia, governmental and non-
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governmental fora commercial and non-commercial areas global, multilateral, regional or
bilateral negotiations 9 .
In the case of SSA, the vast ma ority of practical cooperation derives from technical
arrangements. The cooperation agreements on SSA activities detail a series of services and
information that shall be provided by the Parties. In this context, the services relate to actions
ta en in response to an anomaly condition affecting operating payload or subsystem,
measures of manoeuvre planning support and post-manoeuvre analysis for collision
prevention, prediction and reporting service of the close approaches between space ob ects,
deorbit and re-entry support, as well as disposal end-of-life support, investigation on
electromagnetic interferences, launch screening for determining the available launch windows
for a space or missile launch and early orbit determination.
In addition to States, international intergovernmental organizations have also
developed SSA programmes. For example, the European Space Agency (ESA) has started a
programme in 2009 to support Europe s independent utilisation of, and access to, space
through the provision of timely and accurate information regarding the space environment,
and particularly regarding hazards to infrastructure in orbit and on the ground.
3

EXPLORING THE LEGAL FRAMEWORK

International law, in its unity and diversity, is a unique legal order with a well-defined
systemic coherence. It is articulated in various sectors that aim at defining special norms.
These rules, developed on the basis of the necessity to regulate specific aspects of
international relations or the protection of particular common interests, can be identified in the
framewor of the coordination between lex generalis and lex specialis. The legal framewor
of SSA can thus be deduced from the special regime of the relevant bilateral agreements and
the space treaties and the general rules and principles of international law deriving both from
the space sector and further domains relevant to SSA.
The special regime applicable to SSA activities is composed by a plethora of bilateral
agreements and by the general principles enshrined in the UN space treaties. Concerning the
first element, States conducting SSA activities, as well as international organizations, have
started to conclude agreements and public-private arrangements to promote wider exchange of
information and data among the operators involved. All these treaties recognise a mutual
interest in the use of space for peaceful purposes, the importance of maintaining safe space
flight operations, and the desirability of enhanced cooperation.
As for the general regime, even if the activities could be not entirely developed in
outer space, SSA is a space activity, in line with the broad interpretation of the concept
deriving from the ST, which include terrestrial activities directly related to activities in outer
space 10 . To this end, the general and conventional space legal regime is applicable to SSA
activities. ther specific relevant provisions could derive from different areas of international
law, such as environmental law or human rights.
3.1

Bilateral Agreements on SSA

ilateral agreements on SSA mostly concern sharing and dissemination of information among
operators. These agreements pose conditions on the circulation of data, such as economic
requirements, limitations on subsequent sharing of information with other entities, waiver of
liability for damages derived by errors in the data or in their analysis.
The United States (USA) are at the forefront. Since November 2011, the United States
Strategic Command (USSTRATC M), which is charged with the tas to sign and implement
these agreements, concluded 100 SSA agreements 11 . 20 of them have been concluded with
the competent authorities of other States (in order of conclusion, Australia, apan, Italy,
Canada, France, South orea, the United ingdom, Germany, Israel, Spain, the United Arab
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Emirates, elgium, Norway, Denmar , razil, the Netherlands, Thailand, New ealand,
Poland and Romania). Furthermore, intergovernmental organizations also participate in the
sharing of SSA information. In this sense, the European Space Agency and the European
rganization for the Exploitation of Meteorological Satellites concluded bilateral agreements
with the USA. In addition to these bilateral agreements, public-private partnerships have been
developed between the USSTRATC M and 8 commercial entities operating satellites.
Loo ing at the content of these agreements, they establish substantial obligations
concerning the exchange of SSA services and data, management of classified and unclassified
information, warranties and immunities.
ne of the first memoranda of understanding was concluded, by exchange of notes, in
201 between USA and apan. This agreement represents a model, which has been applied in
the subsequent cases 12 . The Memorandum provides for the exchange of SSA services and
information, in a manner consistent with US national laws and security interest 1 . After
receiving an orbital data request and other relevant information, the USSTRATC M may
provide a number of services and information: con unction assessment, launch support,
deorbit and re-entry support, disposal end-of-life support, collision avoidance, anomaly
resolution, and electromagnetic interference investigation.
These services are sub ect to disclaimer of warranties and immunities. In this sense,
the Parties provide or exchange information and services as is and ma e no warranty, either
express or implied, as to the condition or suitability of the information and services, nor its
fitness for a particular purpose. Furthermore, these agreements recognize cross-waiver of
liability for damages derived by errors in the data or in their analysis.
The Memorandum recalls the provisions already settled by the 1995 Agreement
between the two States concerning cross-waiver of liability for cooperation in the exploration
and use of space for peaceful purposes. It is important to specify that liability for errors as
well as for inaction in this context cannot be referred to the liability regimes established in the
ST or in the Liability Convention, because of the notion of damage contained in the
Convention on 19 2, which refers to damages caused by space ob ects. However, general
rules of international responsibility and liability may be applied, depending on the context and
specific circumstances, in the cases of gross negligence in providing false data. The
Memorandum prevent also situation in which any agencies corporations and individuals,
should be suited for SSA services or information provided, establishing immunity for them.
Circulation of data and information are the most sensitive issue. The Parties shall not
exchange classified SSA information. Controlled unclassified information shall be limited to
personnel of a Party, and the latter shall ta e all steps available to it, including appropriate
classification, to prevent unauthorized disclosure of SSA controlled unclassified information.
In the event of an unauthorized disclosure, or if it becomes probable that a Party shall be
required to disclose SSA controlled unclassified information pursuant to its national laws or
regulations, the recipient shall immediately notify the originating participant. Prior to
authorizing the release of unclassified information to contractors, the releasing Participant
shall ensure that the contractors are legally bound under contract, law, or regulation to control
such information entrusted to them.
The information originating from a participant remains the property of the participant.
The receiving participant may release the unclassified information to its contractors or
agencies when required to perform SSA activities (sub ect to prohibition on the further
reproduction, release, or use of the unclassified information). All other releases must be
preceded by the prior written approval of the originating participant.
In the exchange of notes, it is specified that relevant competent authorities shall
consult with each other, or through diplomatic channels, on any matter that may arise from the
SSA cooperation with a view to finding a mutually acceptable solution.



Exploring the Legal Framework of SSA
3.2

G. G. Nucera

Relevant Principles of the OST

The obligations contained in the legal framewor of international space law described by the
five UN space treaties are relevant to the SSA activities. In particular, the principles,
established by the ST, concerning the use of outer space as province of all human ind,
cooperation and mutual assistance, prevention of harmful interferences, and due regard to the
corresponding interests of other States seem to be crucial.
In general, SSA must be carried out in accordance with international law and, as it is a
use of outer space, all States have the right to conduct space-based SSA activities, according
to the freedoms established by Art. I of the ST 14 . In the wording of the Article, the
exploration and use of outer space shall be carried out for the benefit and in the interests of all
countries, irrespective of their degree of economic or scientific development, and shall be the
province of all human ind.
Furthermore, Art. I of the ST specifies the guiding role of the principle of
cooperation and mutual assistance in the exploration and use of outer space. States shall
conduct their space activities with due regard to the corresponding interests of the other States
15 . In addition, if a State has reasons to believe that an activity planned by it or its nationals
in outer space would cause potentially harmful interference with other activities, it shall
underta e appropriate international consultations before proceeding with such activity or
experiment. This obligation is certainly relevant in the case of pre-launch or con unction
assessment. A correct approach before deciding would involve such measures when there is a
ris of possible interference. n the same line, in the opposite views, a State which has reason
to believe that an activity or experiment planned by another State in outer space would cause
potentially harmful interference may request consultation concerning the activity or
experiment 16 .
Finally, according to Art.
of the ST and in order to promote international
cooperation in the exploration and use of outer space, States shall consider on a basis of
equality any requests by other States to be afforded an opportunity to observe the flight of
space ob ects launched by those States. The nature of such an opportunity for observation and
the conditions under which it could be afforded shall be determined by agreement between the
States concerned. The article promotes the conclusion of agreements to grant access to
information without discrimination 1 .
3.3

Non-binding Instruments

esides bilateral and multilateral treaties, the legal framewor on SSA is completed by nonbinding instruments, such as the previously mentioned 1996 Declaration on International
Cooperation and the 200 C PU S Space Debris Mitigation Guidelines 18 . The latter, in
particular, seems to have a great role to play in this context. Guideline , which aims at
limiting the probability of accidental collision in orbit, provides that the probability of
accidental collision with nown ob ects during the system s launch phase and orbital lifetime
should be estimated and limited. If available orbital data indicate a potential collision,
ad ustment of the launch time or an on-orbit avoidance manoeuvre should be considered.
Collisions are the primary source of new space debris and it is important to adopt collision
avoidance procedures, which are at the core of SSA activities and have already been adopted
by some member States and international organizations.
ther non-binding initiatives aim at encouraging greater responsibility in space. Some
of these initiatives are nown as Transparency and Confidence- uilding Measures
(TC Ms), and other approaches involve participating in multilateral cooperation activities
such as the Guidelines on LTSSA adopted by C PU S.
In the first case, the Report of the Group of Governmental Experts on Transparency
and Confidence- uilding Measures in uter Space Activities (GGE on TC Ms), adopted by
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consensus in 201 , affirms that TC Ms can reduce, or even eliminate, misunderstandings,
mistrust and miscalculations with regard to the activities and intentions of States in outer
space 19 and some of them have already been enacted at the multilateral and or the national
level. Such measures include pre-launch notifications, space situational awareness datasharing, notifications of hazards to spaceflight safety and other significant events, and the
publication of national space policies 20 .
In the second case, Part of the Guidelines on LTSSA, dedicated to the safety of
space operations, specifically refers to SSA activities. The Guideline .1 recognizes the need
to provide updated contact information responsible for adopting precautionary and response
measures and share information on space ob ects and orbital events. The information should
be provided in a timely manner and on a mutually agreed basis.
Guideline .2 requires States to improve accuracy of orbital data on space ob ects and
enhance the practice and utility of sharing orbital information on space ob ects. Guideline .
encourages the promotion of the collection, sharing and dissemination of space debris
monitoring information while according to Guideline .4, States should perform con unction
assessment during all orbital phases of controlled flight. ith due consideration to Article I
of the ST, States should encourage entities, including spacecraft operators and con unction
assessment service providers under their urisdiction and or control to perform con unction
assessments through national mechanisms, when applicable. Guideline .5 is devoted to the
development of practical approaches for pre-launch con unction assessment.
Guidelines .6 and . regard space weather. States should support and promote the
collection, archiving, sharing, intercalibration, long-term continuity and dissemination of
critical space weather data and space weather model outputs and forecasts and should
consider adopting policies for the free and unrestricted sharing of critical space weather data.
All governmental, civilian and commercial space weather data owners are urged to allow free
and unrestricted access to and archiving of such data for mutual benefit.
Guideline .8 regards design and operation of space ob ects, regardless of their
physical and operational characteristics, in order to increase the trac ability of space ob ects,
regardless of their physical and operational characteristics, including small-size space ob ects.
Guideline .9 requires States to ta e measures to address ris s associated with the
uncontrolled re-entry of space ob ects. If a State or an international organization has early
information on forecasted uncontrolled re-entry of potentially hazardous space ob ects it
should share such information. States and international intergovernmental organizations with
relevant technical capabilities and resources and States which exercise urisdiction over the
ob ects forecast to re-enter the atmosphere should assist each other (in a proactive manner
and or in responding to a request) to improve the reliability of results. This conduct is in line
with the Principles Relevant to the Use of Nuclear Power Sources in uter Space, adopted by
the UN General Assembly in 1992. Principle requires States that, upon the notification of an
expected re-entry into the Earth s atmosphere of a space ob ect containing a nuclear power
source on board and its components, all States possessing space monitoring and trac ing
facilities, in the spirit of international cooperation, shall communicate the relevant information
that they may have available on the malfunctioning space ob ect to the Secretary-General of
the United Nations and the State concerned as promptly as possible to allow States that might
be affected to assess the situation and ta e any precautionary measures deemed necessary
21 .
These Guidelines cover all aspects of the SSA activities and, although not legally
binding, they can significantly affect States behavior and may still possess some normative
value. As in the case of some UN General Assembly resolutions, adopted by consensus,
which express the acceptance of some principles or recommendations as law (opinion iuris
communis), the Guidelines may provide evidence of the legal practice of States or they may
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generate expectations regarding future behavior. It is fundamental to verify how these
recommendations are, and will be, reflected in treaties, acts of international organizations,
State practice and international commitments of other ind 22 .
Finally, the UN General Assembly Resolution 41 65 on Principles relating to remote
sensing of the Earth from space, adopted on December 1986, seems to be of particular
relevance with regard to the duty to inform during SSA activities. Principle refers to States
that have identified information in their possession that is capable of averting any
phenomenon harmful to the Earth s natural environment shall disclose such information to
States concerned 2 . Although this principle relates to the observation of the Earth from
space, it could be extended, per analogia, to the observation of outer space and reiterates the
idea of sharing information to mitigate a possible damage (as could be in the case of NE s
threat) 24 .
3.4

On the Duty to Share SSA Information

Art. III of the ST explicitly states that States shall carry on activities in the exploration and
use of outer space in accordance with international law, including the Charter of the United
Nations, in the interest of maintaining international peace and security and promoting
international cooperation and understanding. SSA, as it is a use of outer space, is also
regulated by international law, which in the last years has evolved due to the imperative need
for global partnership to maintaining international peace and security.
A general obligation of exchange and sharing information exists in particular areas of
international law, as a measure to implement the principles of prevention and cooperation
between States, for example in the environmental field in relation to the customary
prohibition of transboundary harm. It is recognised by the International Court of ustice (IC )
in the advisory opinion on the Legality of the Threat or Use of Nuclear Weapons, where the
Court affirms that the general obligation of States to ensure that activities within their
urisdiction and control respect the environment of other States or of areas beyond national
control is now part of the corpus of international law relating to the environment 25 . This
implies on obligation to prevent and, where necessary, to mitigate the harm also through
notification, cooperation and exchange of information with the affected State 26 .
The obligation to share information could derive also from other obligations, as a
direct consequence of the duty of the State to protect life of persons under its urisdiction. The
right to life, enshrined in the most important universal and regional treaties on human rights
2 entail a positive obligation on the State to ta e actions to guarantee the en oyment of this
right. This should not imply per se a duty to protect persons under the urisdiction of other
States.
An obligation to inform could however derive from general principles and elementary
considerations of humanity. As recalled by the IC in the famous Corfu Channel case, the
obligation Albania to inform foreign vessels about the existence of a minefield in its territorial
waters was based on general and well-recognized principles, namely: elementary
considerations of humanity 28 . In the case of a significative danger for a State or persons,
such as in the case of a threat posed by a NE , this principle could be the basis of a duty to
share information in order to prevent massive deaths. Legitimate ground for refusal to share
information in the case of ris of NE s collision could only involve extreme situations in
which essential interests of the State are at sta e. Such exception should be interpreted and
applied in a restrictive manner.
Concerning the significance of the term information , most treaties dealing with
information contains a broad definition, such as in the case of the Aarhus Convention,
adopted in the context of the United Nations Economic Commission for Europe (UNECE).
According to the Convention, information means any information in written, visual, aural,
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electronic or any other material form 29 . A specific type of information certainly regards
those data acquired through the use of satellites or ground-based activities.
4

CONCLUSIONS

The practice shows that the USA share, by notifying the interested operator, a large amount of
SSA data through its operational centre (the oint Space perations Center, SP C). The
operators are encouraged to share the ephemeris data, in order to increase the accuracy of
assessing the ris of collisions, especially in the cases of recent manoeuvres.
In addition, since 2009, private operators, such as Eutelsat, Inmarsat, Intelsat and SES,
have created an international association, the Space Data Association (SDA) with the aim to
improve coordination among satellite operators. The membership of the SDA includes also
governmental agencies.
International cooperation has become essential not only in expanding the availability
of space technology and applications so that all countries may benefit from them, but also,
and mainly, in promoting international security in all its forms, including avoiding ris to
critical infrastructures and human security, as in the case of prevention of space weather s
phenomena or NE s threat 0 .
Cooperation agreement and private practices result in a large amount of SSA data
shared on a daily basis. This, of course, does not mean that there is a customary rule on the
sharing of such data. However, it highlights the existence of an undeniable general trend that
is permeating all the space activities 1 . The increasing international cooperation in the
sharing of information involves commercial, civil and military assets to detect dangers and
identify actions that are contrary to responsible use of the outer space. This could be a
fundamental element to enhance transparency and confidence in space, which are essential to
build sustainable and safe space activities and to guarantee free access to outer space for all
states.
In conclusion, the increasing presence of satellites and mini-satellites orbiting the
Earth poses new challenges and ris s of new debris that could be prevented by a
comprehensive system of SSA, through increasing cooperation between space-faring and
developing States, with the active collaboration of international organizations and non-state
actors, in order to consolidate the legal framewor for sharing these inds of data. Promote
the safety and sustainability of the activities in outer space is an essential ob ective that could
be reached by promoting the practice of bilateral agreements for the exchange of SSA data.
Furthermore, the quality of the sub ect involved, as to say specially affected states that have
the capacity to conduct SSA activities, represent a fundamental element for the formation of a
nascent customary rule. The IC explicitly recognizes that practice must include that of States
whose interests were specially affected 2 .
As today, it is too soon to argue for the consolidation of a general rule on the
obligation to conduct SSA activities or to cooperate on them. There is an evident lac of
generalized practice. Nevertheless, the trend highlights that rapidly even more States are
conducting SSA activities and concluding treaties to promote wide exchange of SSA
information. This consistent practice, started in parallel with the wor s of C PU S on the
issue of the long-term sustainability of outer space activities, denotes an exponential growth
which could crystallize an obligation to share SSA information over the next years.
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ABSTRACT
The advancement of technologies for the realization of rocket thrust chambers allows the
selection of new design and materials as well as new liquid propellants as coolants. Keys
for the success of a new technology is the capability to realize safe and high-performance
designs of the cooling systems. To this goal, an important support is provided by numerical simulations, which must be reliable and eﬃcient. The present approach is based on
in-house solvers of the steady Reynolds Averaged Navier Stokes (RANS) equations for the
coolant and of the Fourier heat conduction equation for the duct walls. The reliability of
the approach is evaluated by an additional analysis of the fully developed thermal state,
carried out with Direct Numerical Simulation (DNS). The in-house DNS code solves the
3D unsteady Navier-Stokes equations down to the dissipative scale, and Conjugate heat
transfer is handled through local suppression of the convective terms and change of the
heat conduction coeﬃcient within solid zones. The selected test case is a straight cooling channel with constant rectangular cross section and constant properties water as the
coolant. Comparison of results obtained with the two approaches is presented on thermally
developed water solutions.
Keywords cooling channel; liquid rocket engine; conjugate heat transfer; CFD
1

INTRODUCTION

The technological advancements for the realization of rocket thrust chambers allow the
selection of innovative designs and materials as well as new liquid propellants as coolants.
One of the keys to success of a new technology is the capability to realize safe and eﬃcient
cooling systems, requiring an adequate physical understanding of phenomena and eﬀects
associated with the selection of a given material or design. To this extent, a crucial
support is often provided by numerical simulations. The temperature distribution within
the solid walls of a cooling jacket and the resulting heat fluxes strongly aﬀect the system
performance, and are strictly dependent on the thermal conductivity and geometry of the
walls materials. The resulting coupling makes the numerical solution of the coolant alone
only partially eﬀective. A conjugate heat transfer approach (CHT) is therefore needed
to achieve correct estimation of the heat loads and temperature distributions within a
discretized system consisting of zones controlled by diﬀerent governing equations. In this
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manner, the estimate obtained is physically consistent as a consequence of the coupling
between the boundary conditions at the interfaces.
In the present study two diﬀerent numerical approaches will be used: a conjugate heat
transfer approach based on a RANS equation solver for the fluid flow and a conjugate heat
transfer approach based on a Direct Numerical Simulation (DNS) solver for the fluid flow.
The first approach is based on a RANS equations solver developed within the research
team and including Spalart-Allmaras closure for the evaluation of turbulent diﬀusion; it
includes a solver of heat equation for conjugate heat transfer computations. The solver
has been validated against experimental data for supercritical pressure coolant in a heated
channel [1]. The second approach is based on DNS of the Navier-Stokes equations in their
three-dimensional, unsteady form, and it is carried out by means of an incompressible flow
solver developed within the research team, which has been applied to a variety of wallbounded turbulent flows of academic and engineering interest [2–5]. The DNS solution
provides a richer set of data compared to experiments, and it provided all the necessary
details for evaluating capabilities and weaknesses of RANS solvers. The RANS approach
is validated by solving a test case consisting of a cooling channel with rectangular cross
section flowing with incompressible and constant properties water. The solution is then
compared with the results obtained with a Direct Numerical Simulation for the purpose
of validation.
2

TEST CASE

The test case used for validation is a rectangular cooling channel with constant cross section and with smooth walls, subjected to a uniform heat flux at the channel base, also
referred to as liner. The coolant fluid is incompressible water with constant properties,
which is specially suitable for validation, as the relationship between heat flux and temperature is nearly linear. As a consequence, the heat transfer coeﬃcients and the pressure
gradient are independent of the input heat flux, once the flow becomes fully developed.
The main geometrical quantities describing the channel cross section are reported in Figure 1. The rectangular channel selected for the study is identified by the values of lengths

Value
wch /Dh

0.7416

wrib /Dh

0.4603

hliner /Dh

0.2301

hrib /Dh

1.5345

hjacket /Dh

1.5345

Figure 1: Schematic of the channel cross section, with definition of the main geometrical
parameters.
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nondimensionalized with respect to the channel hydraulic diameter Dh , as reported in
Figure 1. The channel length, on the other hand, is set to L = 240 Dh , in order to obtain
outlet conditions close enough to fully developed for the sake of comparison with the DNS
solution. The ratio of the thermal diﬀusivities of the duct walls and water is assumed
to be ↵s /↵f = 20, and the bulk Reynolds number, based on the mean flow velocity, the
hydraulic diameter, and the fluid kinematic viscosity is Re Dh = 20000, at which DNS is
feasible.

imax

jmax

kmax

Coarse grid

30

7

6

Reference grid

60

14

12

Fine grid

120

28

24

Figure 2: Channel cross section and number of cells for the three grids used for RANS
simulation in the grid refinement study.

3

RANS SETUP

A conjugate heat transfer model based on the coupled numerical integration of the NavierStokes Equations for the coolant flow and the Fourier’s law of conduction for the heat
transfer within the wall is adopted in the present study [6, 7]. In particular, the coolantflow solver integrates the Reynolds Averaged Navier-Stokes Equations, written in the
conservation form, by a Godunov-type finite volume scheme, which is second-order accurate in space. Its main feature is the capability to deal with any compressible fluid whose
behavior is represented by a generic equation of state, as the fluid thermodynamic properties are stored in a look-up table. Turbulence is computed according to the one-equation
model of Spalart-Allmaras [8]. Validation of the coolant-flow solver has been reported
by comparison made with available experimental data on supercritical nitrogen [9] and
transcritical hydrogen [10]. The coupled solution of the coolant flow and the wall heat
conduction is achieved by an iterative procedure in which the wall temperature distribution obtained by a finite-volume solver, which is second-order accurate in space, of the
Fourier’s thermal problem is used as boundary condition for the coolant-flow computations. In the present study, the thermodynamic properties of water have been assumed
as constant and therefore a simplified table is considered.
The numerical analysis is conducted on fluid and solid domains that reproduce the channel
geometric features described in Sec. 2 and Fig. 1. As for the boundary conditions, the
imposed inlet conditions are the static temperature Ti and the mass flow rate per unit
area G, while the outflow condition is the static pressure pe . The wall boundary condition
of incoming heat flux qw is imposed on the bottom of the solid wall block. Adiabatic
boundary conditions are considered on all the other surfaces (lateral, top, front, back).
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A grid refinement study for the test case geometry has been carried out. The assumed
channel length is L/Dh = 120. The number of cells of the coarse, reference and fine grids
are reported in Figure 2, indicating the streamwise, horizontal and vertical grid resolution
in the three spatial directions. Diﬀerently than in the coupled CHT test case, only the
channel is solved here, having imposed a isothermal boundary condition Tw = 400 K on
the walls. Moreover, carrying out the grid refinement study in a uncoupled manner allows
us to solve one quarter of the full channel. The diﬀerent resolution is obtained while
keeping the same clustering laws, as required by grid convergence analysis. Therefore, the
resulting values of the dimensionless wall distance y + change according to the grid level.
The maximum value of y + of a wall cell occurring for each grid is 9.364, 4.103 and 2.106
for the coarse, reference and fine grid, respectively. Values of order one, which are required
to solve up to the wall, are thus obtained with reference and fine grid. Note that, local
values are in average significantly smaller than the maximum as shown in Figures 3 and
4, which report the average values of y + on the vertical and horizontal walls are shown.
In Figures 5(a), 5(b) and 5(c) the coolant pressure, bulk temperature and averaged wall
heat flux for the three grids are reported. Similar changes with grid resolution are found
for each of the variables under scrutiny. The results show relevant variations between the
coarse and reference grids. Further doubling the number of cells in every direction still
causes changes. As a matter of fact, however, the changes between reference and fine grid
are H quite smaller, such as the adoption of the fine mesh in place of the reference one
is not justified. Overall, the reference grid features from one hand a good resolution at
wall such to allow for solving the boundary layer up to the wall (i.e. y + order one) and
on the other hand the final solution quite close to a double grid. Therefore, its resolution
is selected for the studies carried out in the next sections.
The symmetry of the CHT problem, with the channel heated asymmetrically, forces to
discard the one-quarter symmetry assumption. In this case there is still a symmetry
plane but at least one half of the channel has to be included in the simulation. The
overall number of cells is therefore higher and in particular it has to be doubled in the
z direction. However, its has been found that, due to the presence of large temperature
gradients, a finer resolution in the cross section is required. Therefore, the final grid
used has 75⇥56⇥52 as the number of cells in the x, y and z spatial directions. The
channel length is 240 Dh . The mesh for the computation of temperature evolution wiithin
solid wall is made o five blocks with the following resolution 75⇥15⇥9 below the channel,
75⇥5⇥9 below the rib, 75⇥5⇥60 along the rib, 75⇥5⇥60 above the rib, 75⇥15⇥60 above
the channel. In Figure 6, the velocity profiles are shown on the vertical and horizontal
geometrical symmetry planes. It is found that velocity profiles are practically unaltered
at axial positions downstream of x ⇠
= 50 Dh , indicated with a dashed line. The evaluation
of nondimensional heat transfer coeﬃcients and total pressure gradient is also relevant
from a flow development perspective; they are defined as:
✓
◆⇤
✓
◆⇤
✓
◆⇤
dp0
dp0 Dh
dhc
dhc Dh
dhf
dhf Dh
=
;
=
;
=
(1)
dx
dx p0,exit
dx
dx hc,exit
dx
dx hf,exit
The hc and hf coeﬃcients and the nondimensional temperature ✓ are defined as:
hc = qw (Tw

Tb );

hf = qw,lin (Tw,lin

Tb );

✓ = (T

Tw,hg )/(Tw,hg

Tb )

(2)

where qw is the average wall heat flux computed taking the section perimeter into account
and qw,lin is the average wall heat flux on the liner/coolant interface. Tw and Tw,lin are the
corresponding average wall temperatures, Tb is the coolant bulk temperature and Tw,hg is
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Figure 4: Dimensionless wall distance on
side wall averaged in the z direction.

(a) Coolant total pressure p0 i/p0,exit

(b) Bulk temperature Tb /Tb,inlet

(c) Average wall heat flux qw /qw,exit

Figure 5: Nondimensionalized quantities along the channel for the diﬀrent grids.

the maximum hot gas side wall temperature. The hc and hf are compared in Figure 7
with the heat transfer coeﬃcient hDB estimated with the Dittus-Boelter correlation. Such
correlation reads:
hDB Dh
0.4
N u = 0.023Re0.8
=
(3)
Dh P r
k
The nondimensional p0 and hc gradients are practically constant for most of the channel
length (Figure 8). The nondimensional gradient of the hf coeﬃcient, on the other hand,
requires a greater channel length to develop, hence providing the rationale for doubling it
from 120 Dh to 240 Dh .
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Figure 6: Velocity profiles (the x component, U ) as a function of y and z at diﬀerent axial
positions, on the two channel symmetry planes.

Figure 7: Nondimensional hc and hf
along the channel.

4

Figure 8: Nondimensional p0 gradient,
hc and hf along the channel.

DNS SETUP

The reference solution is computed by means of direct numerical simulation (DNS), namely
simulation of the Navier-Stokes equations in their unsteady, three-dimensional form, with
suﬃcient resolution to resolve all the scales of turbulent flow motion, down to the dissipative (Kolmogorov) scale. Assuming an incompressible, ideal fluid model, we solve the
Navier-Stokes momentum equations for a divergence-free velocity field
@uj
= 0,
@xj

@ui @ui uj
+
=
@t
@xj

@p
@ 2 ui
+⌫
@xi
@xj @xj

dp
dx

i1 ,

(4)

where dp/dx is the pressure gradient required to balance friction and maintain a constant
mass flow rate along the x direction. The equations are discretized in a Cartesian coordinate system (x, y, z denote the streamwise, wall-normal and spanwise directions, respectively) using staggered central second-order finite-diﬀerence approximations, to guarantee
that kinetic energy is globally conserved in the limit of inviscid flow. Time advancement is
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carried out by means of a hybrid third-order low-storage Runge-Kutta algorithm coupled
with the second-order Crank-Nicolson scheme combined in the fractional-step procedure,
whereby the convective terms are treated explicitly and the diﬀusive terms are treated
implicitly, limited to the y direction. The Poisson equation for the pressure field stemming
from the incompressibility condition is eﬃciently solved through Fourier transform-based
methods [11]. The fluid equations are augmented with the transport equations for the
temperature field (T )
@T
@T uj
@ 2T
+
=↵
+ Q,
(5)
@t
@xj
@xj @xj
where Q is a suitable heating term, which is dynamically adjusted in such a way that
the bulk temperature (Tb ) across the channel is kept constant in time. In the numerical
discretization the transported variable is located at the cell centers, in such a way that
the variance of ✓ is exactly preserved in the limit of inviscid flow. Periodic boundary
conditions are used in the streamwise direction for both the velocity and the temperature
fields, hence fully developed flow conditions are considered. In order to study conjugate
heat transfer problems as the present one, the transport equations (4), (5) are advanced in
time in the same form at all grid the points, by simply setting uj = 0 at solid points, and
changing the local values of the thermal diﬀusivity (↵). The numerical simulation has been
carried out on a 768 ⇥ 768 ⇥ 384 mesh, and carried out for about five hundred times units
(based on Dh /ub ), to achieve convergence of the mean flow statistics, including friction and
heat transfer coeﬃcients, whereas proper convergence of the secondary motions probably
requires even longer time.
5

COMPARISON AND DISCUSSION

Comparison of RANS and DNS results is carried out by considering the exit section of the
channel computed by conjugate RANS/Fourier approach, and the time- and streamwiseaveraged flow statistics obtained by DNS. As expected, the results bring out some difference, which points to opportunities and limitations of either computational approach.
Figure 9 shows the nondimensional field of the axial velocity component, defined as
U⇤ =

U
Umax

(6)

Although the mean velocity is obviously the same in the two simulations, smoother contour
lines are observed in the RANS/Fourier approach, whereas DNS shows clear asymmetry
between the lower and the upper part of the channel, due to slow convergence of the flow
statistics, as noted above. It is also clear that the DNS velocity field is more uniform
over the cross section, and the iso-lines better follow walls, with higher values in the
duct corners. This diﬀerence may be attributed to the inability of the RANS/Fourier
model, based on a linear eddy-viscosity ansatz to predict secondary eddies, thus inhibiting
additional momentum and heat transfer from the duct center toward the corners [12].
The question is whether this large topological changes translates into diﬀerences in terms
of the friction and heat transfer coeﬃcients of engineering interest. Indeed, it has been
recently shown [5], that the eﬀect of the secondary motions on the friction coeﬃcient in a
square duct is very small, and their artificial suppression also yields no substantial eﬀect.
Hence, we proceed to compare the pressure drops with those obtained from the Prandtl
friction law estimate, namely
dp0
⇢V 2
= fD
(7)
dx
2Dh
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Figure 9: Nondimensional axial velocity U/Umax distribution at the channel exit: RANS
(left) and DNS (right).

Figure 10: Ratio of pressure gradient to
Prandtl friction law estimate for DNS
and RANS.

Figure 11: Ratio of pressure gradient to
Prandtl friction law estimate for RANS
at diﬀerent grid resolution.

with fD the Darcy-Weisbach friction factor yielded by solution of the Colebrook equation.
Figure 10 shows that the theoretical value is very close to the DNS data, supporting the
findings of Ref. [5], whereas RANS yields a value which is about 7 % lower than the
estimate. This under-prediction partly results from lack of the secondary motions, and
partly from lack of axial mesh resolution. In fact, the ratio of the Prandtl estimate to
the numerical value obtained with each resolution shows tendency to a unit value as the
mesh resolution is increased, as shown in Figure 11.
The RANS and DNS temperature fields are compared next. For that purpose, we consider
the nondimensional temperature distribution, defined in (2). It can be easily shown that,
for the present test case, changes of temperature after full thermal development of the
flow do not aﬀect the nodimensional temperature distributions. The nondimensional
temperature distributions in the duct cross section are shown in Figure 12. Owing to
turbulent motion within the duct, the mean temperature is very nearly constant over the
cross section, supporting eﬀectiveness of the cooling channel. The largest temperature
gradients are mainly confined to the bottom lower wall, whereas finite conduction eﬀects
are also visible along the vertical walls. Close similarity of the temperature fields is
observed in this case between RANS and DNS, and especially satisfactorily is the similarity
of the temperature distributions within the duct walls. Figure 13 further shows that


RANS and DNS conjugate heat transfer for LRE

Figure 12: Nondimensional temperature ✓ = (T
channel exit for RANS (left) and DNS (right).
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Tw,hg )/(Tw,hg

Tb ) distribution at the

the heat flux coeﬃcient (hf ) obtained with RANS and DNS solutions are in very good
agreement at the channel exit, pointing substantial overprediction of the classical DittusBoelter correlation in this case.

Figure 13: Ratio of the heat transfer coeﬃcient hf to the Dittus-Boelter estimate for RANS
and DNS.

6

CONCLUSIONS

Solutions of a conjugate heat transfer problem in a fully developed cooling channel obtained by a RANS solvers are compared with those obtained with a DNS solver. The
results support the eﬀectiveness of RANS as a reliable tool in the engineering prediction
of coupled solid/fluid problems. In fact, although diﬀerences are found in the spatial
organization of the velocity, related to the absence of the secondary motions which occur
in DNS, RANS yields very satisfactory prediction of the temperature field, also inside the
duct walls. This reflects into accurate prediction of the heat transfer coeﬃcient, which
in both RANS and DNS is 20% lower than predicted by the Dittus-Boelter correlation.
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Slight under-estimation of the pressure gradient is found in RANS, which is presumably
due to the importance of the streamwise grid resolution. Further actions will be directed
to exploring this grid sensitivity issue into greater detail, as well as to improve the time
convergence of the DNS statistics.
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ABSTRACT
ith the aim of characterizing the behaviour of paraffin-based fuels for hybrid roc et
application, research activities are currently ongoing at niversity of Naples ederico II by
means of experimental testing and numerical modelling. In the present wor , first the results of
an experimental campaign performed on a laboratory-scale hybrid roc et engine of
N
class, with gaseous oxygen and paraffin-fuel grains, are presented. The relatively vast quantity
of the collected data supported the definition, tuning and validation of proper computational
fluid dynamic models for the prediction of the fuel consumption behaviour. After that, effects of
grain geometrical dimensions on the fuel regression rate are investigated, starting from
preliminary considerations obtained for the case of a classical polymeric fuel and then
extending the study to the case of paraffin-based fuel.
Keywords: hybrid roc et paraffin-based fuel regression rate modelling
1

INTRODUCTION

The hybrid roc et is a chemical propulsion engine in which fuel and oxidizer are separated in
different physical states 1 . In the classical system configuration, fuel is stored in the
combustion chamber in the solid state and a liquid or gaseous oxidizer is in ected into single or
multiple ports obtained in the solid fuel grain.
In the last few years a significantly growing interest has been addressed towards hybrid roc et
propulsion, than s to its numerous advantages relative to traditional solid and liquid systems,
which include, among the main features, the re-ignition and throttling capabilities combined
with the possibility of employing environmentally sustainable propellants and, most
importantly, its intrinsic safety 2, .
Practical application of hybrid thrusters is, however, still hindered much probably for the low
fuel regression rate compared to solid roc ets 1, 4 . In particular, for conventional polymeric
fuels, such as polyethylene and hydroxyl-terminated polybutadiene (HTP ), the burn rate is
limited by the diffusion processes occurring in the boundary layer developing on the solid-fuel
surface, and by the reduction of the heat transfer from the flame zone caused by gas blowing
from the fuel surface 5 . In this scenario, paraffin-based fuels gained much attention, due to
higher regression rates with respect to classical polymeric fuels 6 . Specifically, in addition to
the classical fuel regression rate due to evaporation, in this class of polymers there is a further
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contribution to regression rate due to entrainment. The formation of a low-viscosity unstable
melt layer on the burning surface leads to fuel liquid droplets entrainment into the main gas
stream, which significantly increases the solid regression rate.
Anyway, as a consequence of this additional phenomenon, the behaviour of paraffin-based fuels
can significantly change depending on the specific fuel formulation, the manufacturing process
and the motor operating conditions. This is the reason why non-negligibly different fuel
performance is often observed in the literature . Moreover, with liquefying fuels the classical
theories, starting from the famous wor of Marxman et al. 5 , elaborated to predict the
regression rate of standard fuels are no longer valid, while the analytical models specifically
developed, such as the one in Ref. 8 , are based on semi-empirical equations.
In this framewor , on one side, dedicated testing is needed for understanding which
macroscopic operating parameters have a significant effect on the fuel behaviour and the
internal ballistics in the combustion chamber, with the aim to allow the prediction of the engine
performance and to support the design of full scale roc ets 9, 10 . n the other side, numerical
modelling of the roc et internal thermo-fluid-dynamics, with predictive capabilities of the fuel
regression rate and overall engine performance, is becoming a ey tool for optimizing the
experimental activities and the system design process, supporting the data interpretation and
reducing the number of motor optimization trials 11, 12, 1 .
In this wor , different aspect of paraffin fuels behaviour are investigated and discussed. In
particular, the results of a first experimental testing campaign carried out with a lab-scale hybrid
roc et engine in a wide range of oxidizer mass flux are presented. Data gathered from these
tests have been considered as reference for tuning and validation of a proper numerical thermofluid dynamic model defined for the simulation of hybrid roc ets internal ballistics and the
prediction of the fuel consumption behaviour on the basis of a dedicated treatment of the
interaction between the gaseous combusting flow and the solid grain surface.
Finally, the influence of the fuel grain geometrical parameters, i.e. the port diameter and the
length, on the fuel consumption rate are investigated. In fact, the former parameter is nown to
have an effect on the surface heat transfer to fuel surface, depending on the oxidizer in ector
arrangement and the consequent oxidizer et fluid dynamics. For instance, when a conical axial
in ector is employed, the motor internal ballistics is governed by the recirculation zone induced
by the oxidizer et discharged from the in ector into the solid fuel port 14 . The ensuing
flowfield is typical of reattaching regions, and the resulting heat transfer to the wall depends on
the fuel port-to-in ector diameter ratio. The macroscopic result is that the fuel regression rate
increases with the port diameter at constant mass flux. n the other hand, the fuel grain length
directly affects the overall oxidizer-to-fuel ratio and, consequently, the average temperature and
gas properties in the aft-mixing chamber. Therefore, it is interesting to understand if the local
thermo-fluid dynamic conditions are someway affected, influencing in turn the fuel
consumption. The abovementioned analysis is first preliminary assessed both experimentally
and numerically for the case of a classical High-Density Polyethylene (HDPE) fuel. Then, the
study is extended to the case of paraffin fuel highlighting similarity and differences.
2

EXPERIMENTAL FACILITY

The experimental test facility and the lab-scale roc ets used in the present investigation are
described in this section.
The test facility is a versatile experimental setup primarily designed for firing hybrid roc et
engines of several sizes 15 . The equipment includes a test rig and a general-purpose data
acquisition system, which allow performing several types of test.
Figure 1 shows the piping and instrumentation schematic of the test rig.
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Figure 1: Test facility schematic

Gaseous oxygen is supplied by a reservoir of four cylinders pressure regulators set the
operating pressure along the motor feed line. xygen mass flow rate is evaluated through gas
temperature and pressure measurements upstream of the throat of a choc ed enturi tube
mounted along the feeding line. Nitrogen is purged into the chamber for the burn out and in
case of an emergency shutdown.
Figure 2 shows the schematic of one of the hybrid roc ets employed in this study. The roc et
has an axisymmetric combustion chamber, with 50 mm length and 69 mm case inner diameter.
The motor forward closure accommodates a converging nozzle in ector whose exit-section
diameter is 6 mm. Upstream and downstream of the solid grain a dump plenum (25 mm long
and with 44 mm inner diameter) and an aft-mixing chamber (58 mm long and with 45 mm inner
diameter) are set up, respectively. This configuration allows testing 220 mm long fuel grains.
Finally, the exhaust gases are expanded through a graphite converging-diverging nozzle
generating the thrust.
For evaluation of the grain length effect on the fuel regression rate and engine internal ballistics,
another roc et has been employed, which is identical to the above described one except for the
combustion chamber length. This second configuration allows testing fuel grain with a length
equal to 0 mm, using a 8 mm long post-chamber.

Figure 2: Motor layout

The equipment allows the full automation of the motor ignition, the firing test execution and
the measurement of significant data during the test. In particular, the engine ignition is realized
in ecting, in the early moments of the test, a small amount of methane simultaneously with the
prescribed oxygen mass flow rate. In this way the two gases mix in the prechamber where a
spar plug, powered by a Honeywell solid-state igniter spar generator, is arranged. This
process ensures repeatable ignition conditions. Chamber pressure is measured with two Setra
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C206 transducers, which are set up in the prechamber and in the aft-mixing chamber.
Furthermore, the roc et is supported on the test bench with four load cells, which allow
evaluating the motor thrust by computing the sum of the loads measured with each cell. The
analog signals generated by thermocouples, pressure transducers and load cells are sampled at
5 Hz, digitally converted, processed and recorded on the hard dis by a National Instruments
P I Express standard system interconnected with the computer by means of fiber optic
connections. All the acquired signals are stored in binary format (for post-processing).
The weight of each propellant grain was measured before and after the firing tests for estimating
the respective time-averaged fuel mass-flow rate and the corresponding time-averaged mixture
ratio. Moreover, the mass loss method has been employed to estimate the space-averaged final
port diameters, allowing computing the time-space averaged oxidizer mass-fluxes and fuel
regression rates. For a detailed description of the data reduction technique refer to 16 .
3

NUMERICAL MODEL

Numerical simulations are carried out with a commercial fluid dynamic solver with ad-hoc userdefined functions. The Reynolds-Averaged Navier–Sto es (RANS) equations for single-phase
multicomponent turbulent reacting flows are solved with a control-volume-based technique and
a pressure-based algorithm.
The Shear Stress Transport (SST) turbulence model 1 has been employed for its improved
capability of predicting flows with separated regions.
Assuming that the chemical inetics is fast compared to the diffusion processes occurring in
the motor for the typical mass fluxes and chamber pressures considered here 18 , the nonpremixed combustion of oxygen and the gaseous fuel in ected from the grain wall is modelled
by means of the Probability Density Function (PDF) approach coupled to chemical equilibrium
19 . Accordingly, combustion is simplified to a mixing problem and the difficulties associated
with closing non-linear reaction rates are avoided. The turbulence-chemistry interactions are
described by means of the average mixture fraction, 𝑓, and its variance, 𝑓’2 . The shape of the
assumed PDF is described by the -function of these two quantities. nce 𝑓 and 𝑓’2 are
calculated at each point in the flowfield, the nown PDF is used to compute the time-averaged
values of individual species mole fractions, density, and temperature with simple
thermochemistry calculations based on the minimization of Gibbs free energy 20 . Although
the actual products of solid fuel phase change are numerous and their composition depends on
both the wall temperature and heating rate, here, fuel is supposed to enter the combustion
chamber as 100 gaseous ethylene (which is expected to be the main product of both HDPE
thermal pyrolysis and paraffin-wax decomposition).
Heat capacities, molecular weights, and enthalpies of formation for each species considered are
extracted from the solver chemical database the specific heat is determined via the mixing law.
Molecular dynamic viscosities and thermal conductivities of each species are calculated as
functions of local temperature, according to Ref. 20 .
The typical computational domain represents the internal volume of the prechamber, the fuel
grain, the postchamber and the nozzle. Figure shows an example of computational grid.
n the inner surface of both the prechamber and postchamber as well as on the nozzle wall noslip and adiabatic boundary conditions are imposed. At the in ector exit section, a mass flow
boundary condition is prescribed along with the temperature (equal to 00 ), the oxygen mass
fraction and the turbulent quantities, while a pressure outlet condition is set at the nozzle exit
section.
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Figure : Example of computational grid

3.1

Gas-solid interface modelling

The theoretical model formulation is completed by assigning the boundary conditions at the
interface between the gaseous flow region and the solid fuel wall, which can properly describe
the fuel consumption mechanism.
Now it is necessary to separate the case of classical polymers from the one of liquefying fuels.
In fact, while regardless of the type of fuel the gas surface interface treatment relies on local
mass, energy and mean mixture-fraction balances, in the former case an additional pyrolysis
rate equation is needed for modelling the regression rate, whereas in the latter case a different
formulation is introduced to account for the entrainment of liquid paraffin from the unstable
melt layer forming along the fuel surface, which is the dominant consumption mechanism.
. .

lassical non-liquefying fuels

In the case of pyrolyzing fuels, since no material is removed from the surface in a condensed
phase, the mass conservation at the gas-solid interface imposes that
(𝜌𝑣)𝑤 = 𝜌𝑓 𝑟̇

(1)

where 𝜌 is the gas density at the wall, and 𝑣 is the normal-to-wall velocity component due to
the pyrolysis products in ection 𝜌𝑓 is the solid fuel density and 𝑟̇ is the local regression rate.
The energy balance at the gas-solid interface, ta ing into account the convective heat transfer
from the gas to the fuel surface, the heat conduction into the solid, and neglecting the radiation
leads to the following relationship between the convective heat flux to the wall, 𝑞̇ 𝑤 , and the
regression rate
𝑞̇ 𝑤 = (𝑘𝑔

𝜕𝑇
) = 𝜌𝑓 𝑟̇ [∆ℎ𝑝 + 𝐶𝑠 (𝑇𝑤 − 𝑇𝑎 )]
𝜕𝑛 𝑤

(2)

where 𝑛 is the coordinate normal to surface oriented from solid to gas, 𝑘𝑔 the gas thermal
conductivity, 𝐶𝑠 is the solid heat capacity per unit mass, ∆ℎ𝑝 the so-called heat of pyrolysis, Tw
is the fuel surface temperature, and Ta is its initial temperature (which is assumed equal to the
one of the external surface of the fuel).
The fuel pyrolysis is modelled with the following semi-empirical Arrhenius-type equation 21
relating the regression rate to the fuel surface temperature
𝑟̇ = 𝐴 · exp (−

𝐸𝑎
)
2𝑅𝑇𝑤

( )

where 𝐴 is the pre-exponential factor, 𝐸𝑎 is the activation energy and 𝑅 is the universal gas
constant.



Modelling of paraffin-based fuel
combustion in hybrid roc ets

Di Martino, Gallo, Mungiguerra,
Carmicino, Savino

The values of the constants appearing in Eq. (2) and Eq. ( ) considered for the HDPE fuel grains
analyzed in this wor are ta en from Refs. 21, 22 and are summarized in Table 1.
Fuel

Density,
𝜌𝑓 g m

HDPE

950

Specific heat,
cf g
28

Heat of
pyrolysis,
∆ℎ𝑝 M g
4.045

Initial fuel Pre-exponential
temperature,
factor, A
Twi
mm s
00

4. 8 106

Activation
Energy, Ea,
mol
190

Table 1: HDPE fuel properties and rate constants

Finally, an additional equation for the mean mixture fraction balance at the gas-solid interface
is needed as well 2 , which can be expressed as
(𝜌𝑣)𝑤 𝑓𝑤 − (

𝜇𝑡 𝜕𝑓
) = 𝜌𝑓 𝑟̇
𝑃𝑟𝑡 𝜕𝑛 𝑤

(4)

According to this equation, the total mass flux entering the gaseous domain due to the solid fuel
regression, which appears on the right-hand side of the equation and represents the production
term, is partially balanced by the convection and partially by the diffusion of the fuel mass
fraction.
Note that Eq. (2), Eq. ( ) and Eq. (4) constitute a system of three algebraic equations in the
three un nowns regression rate, surface temperature and mixture fraction, which needs the
computation of the flowfield at each iterative step to be solved.
Finally, the enhanced wall treatment is employed for the turbulence boundary conditions at the
gas solid interface.
. .

iquefying fuels

In the case of liquefying fuels, the regression rate, 𝑟̇ , can be assumed composed of two terms:
the vaporization fraction, 𝑟̇𝑣 , that is generated by the liquid thermal decomposition and later
vaporization into the gas stream, and the entrainment fraction, 𝑟̇𝑒𝑛𝑡 , that is related to the
mechanical transfer of the liquid from the surface melt layer
𝑟̇ = 𝑟̇𝑣 + 𝑟̇𝑒𝑛𝑡

(5)

A set of equations is, thus, needed for the calculation of the regression rate and its two
components, along with the resulting fuel mass flow rates, whose solution has to be
incorporated in the fluid dynamic computation. As in the previous case, the mass, energy and
mixture-fraction balances at the gas fuel surface boundary are formulated, with the difference
that an additional equation for the calculation of the entrainment component of the fuel mass
flow rate is required.
Following the arguments in Ref. 8 , by coupling the energy balance equations at both the
liquid-solid and gas-liquid interfaces, at the steady state the following relationship of the total
surface heat flux with the total and the vaporization regression rate is obtained
𝑞̇ 𝑤 = (𝑘𝑔

𝜕𝑇
) = 𝜌𝑓 𝑟̇ [𝐶𝑠 (𝑇𝑚 − 𝑇𝑎 ) + 𝐿𝑚 + 𝐶𝑙 (𝑇𝑤 − 𝑇𝑚 )] + 𝜌𝑓 𝑟̇𝑣 𝐿𝑣
𝜕𝑛 𝑤

(6)

where 𝜌𝑓 is the solid fuel density, 𝐶𝑠 and 𝐶𝑙 are the specific heats of the solid and liquid fuel
(which are here considered independent from temperature), respectively, 𝑇𝑚 is the fuel melting
temperature, and 𝐿𝑚 and 𝐿𝑣 are the fuel heat of fusion and the heat of pyrolysis, respectively.
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In the absence of clear paraffin pyrolysis data, the latter term has been assumed equal to the
heat of vaporization (therefore, neglecting the heat required for the thermal degradation of the
paraffin into gaseous ethylene monomers). all temperature has a significant influence on the
fuel regression rate, but can be hardly determined and in Ref. 24 a sensitivity analysis was
performed for which the value of 6 5 is the one allowing for the best fit of the experimental
data. An isothermal boundary condition is set all over the fuel wall.
Material constants appearing in Eq. (6) are listed in Table 2.
Solid fuel
density,
𝜌𝑓 , g m
920

Specific
heat solid
phase,
g
s,
20 0

Specific
heat liquid
phase,
g
l,
2920

Heat of
Heat of
fusion, 𝐿𝑚 , vaporization,
g
𝐿𝑣 ,
g
16 .2

16 .5

Melting
Surface
temperature, temperature,
𝑇𝑚 ,
𝑇𝑤 ,
9.6

6 5

Table 2: Paraffin fuel properties

According to the approach described in 8 , the following semiempirical relationship has been
considered for modelling the entrainment component of the fuel regression rate
𝑟̇𝑒𝑛𝑡 = 𝑎𝑒𝑛𝑡

𝐺3
𝑟̇ 1.5

( )

where 𝐺 = 4𝑚̇⁄𝜋𝐷2 is the total mass flux in the local section of the grain port, and 𝑎𝑒𝑛𝑡 is the
entrainment factor depending on the physical properties of the selected fuel, primarily on the
fuel liquid viscosity, and on the average gas density in the chamber as
𝑎𝑒𝑛𝑡 ∝

1
𝜇𝑙 𝜌𝑔1.5

(8)

Eq. (8) is derived from a theoretical assessment of the surface liquid-layer fluid dynamic
stability the main result is that the susceptibility of a given fuel to the instability increases with
decreasing viscosity and surface tension of the melt layer the entrainment component of fuel
regression rate is, therefore, roughly inversely proportional to viscosity at the characteristic
temperature of the layer, while it depends directly on the dynamic pressure.
nce Eqs. (5), (6) and ( ) are combined, given the heat flux to the wall and the total mass flux,
the three components of the fuel regression rate can be calculated. The fuel mass fluxes
associated to the vaporization and entrainment components, respectively, are obtained as
follows
𝐺𝑓,𝑣 = 𝜌𝑓 𝑟̇𝑣
𝐺𝑓,𝑒𝑛𝑡 = 𝜌𝑓 𝑟̇𝑒𝑛𝑡

(9)
(10)

aporization and entrainment components are handled differently.
The vaporization component is treated equally to the case of pyrolyzing fuels, considering the
mass and mixture-fraction balance equations at the grain wall, given by
(𝜌𝑣)𝑤 = 𝐺𝑓,𝑣
𝜇𝑡 𝜕𝑓
(𝜌𝑣)𝑤 𝑓𝑤 − (
) = 𝐺𝑓,𝑣
𝑆𝑐𝑡 𝜕𝑛 𝑤
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This allows ta ing correctly into account the bloc ing effect on the heat transfer to the wall,
while, as explained in the previous section, Eq. (12) is needed to ensure the mixture fraction
global balance.
The entrainment mass flux does not contribute to the bloc ing effect, thus a specific treatment
is adopted for the introduction of the entrainment component into the computational domain.
For the sa e of simplicity, assuming that, despite the entrained paraffin is initially in the liquid
phase, it immediately gasifies because of the large combustion heat release, the local
entrainment contribution is uniformly assigned as a mass production term in the local volume
of the grain port corresponding to the surface cell of length ∆𝑥 through which the fuel mass
enters the fluid domain, 𝜋𝐷2 ∆𝑥 ⁄4:
𝑆𝑚 = 4

𝐺𝑓,𝑒𝑛𝑡
𝐷

(1 )

In order to satisfy the species balance, an equal production term is assigned also for the mean
mixture fraction.
Also in this case, as the heat flux to the surface and the total mass flux needed for the calculation
of the regression rate are outputs of the flowfield resolution, which, in turn, depends on the
regression rate itself, an iterative procedure is needed for the problem solution.
4

RESULTS AND DISCUSSION

4.1

Regression rate results and validation of the numerical model

A first experimental test campaign was carried out burning 220 mm-long paraffin-based grains
with gaseous oxygen in different operating conditions, in order to evaluate the regression rate
and the mechanical behaviour 16 . The fuel formulation is a blend of paraffin waxes which
include mainly microcrystalline paraffin commercialized by SAS L (labelled with the trade
code 090 ). ther paraffin-waxes are included in the adopted formulation to enhance both
mechanical characteristics and performances. A small amount of a blac ening additive was
added to the melted wax, to increase the thermal radiation absorption at the fuel surface
improving the regression rate 25 .
Several tests were performed, up to 60 g s oxygen mass-flow rate corresponding to 1.9 MPa for
chamber pressure and about 200 N thrust. Results in terms of fuel regression rate against
oxidizer mass-flux are reported in Figure 4. The paraffin-based fuel showed good mechanical
properties and good performances in terms of regression rate.

Figure 4: Regression rate versus oxidizer mass-flux for the 200 N test article
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Some of the data gathered from the experimental tests allowed the validation of the numerical
model described in Sec. .
In particular, a first analysis has been carried out considering the operating conditions of a
reference test, which for readers convenience are summarized in Table , to highlight the role
played by the entrainment component of regression rate on the flowfield.
Average oxidizer mass flow rate, g/s
Time-space averaged grain port diameter, mm
Time-space averaged oxidizer mass flux, kg/m2 s
Time-space averaged regression rate, mm/s
Postchamber pressure, bar

42.0
27.1
72.58
2.29
12.9

Table : Reference test operating parameters

For this test case, first an extreme case is analysed in which the entrainment component is
assumed to be zero, so that the overall regression rate, li e with a standard polymer, is only due
to vaporization, i.e. 𝑟̇ = 𝑟̇𝑣 , and it is compared to a second case in which also the entrainment
term is included in the calculations. In addition, calculations are repeated with a HDPE fuel
grain of equal dimensions by imposing equal oxygen mass flow rate.
Figure 5a shows the obtained fuel regression rates and Figure 5b the corresponding surface heat
fluxes. It is worth noting that, as the heat requested for HDPE pyrolysis is larger than that used
in Eq. (6) for modelling paraffin melting and vaporization (about 5500
g against 1400
g,
respectively), in the first extreme case, without considering the entrainment contribution, the
regression rate (see the dar grey continuous line in Figure 5a) is fairly higher than that obtained
with HDPE (light grey continuous line in Figure 5a) at equal oxidizer mass flux, despite the
fact that the enhanced bloc ing effect determines a significantly lower surface heat flux (see
Figure 5b). However, the spatially-averaged regression rate obtained in this case is equal to
1.11 mm s, which is still significantly lower than the corresponding measured value of 2.29
mm s (see Table ). hen the entrainment component is ta en into account, the calculated
regression rate is more than doubled (see the blac continuous line in Figure 5a) because, with
the set of parameters considered here, the most significant contribution is given by the
entrainment itself (blac dotted line), the vaporization component (blac dashed line) being
much smaller than the entrainment fraction. ith the larger mass flux due to the entrained fuel,
as entrainment does not contribute to the heat-transfer bloc ing, the heat flux is raised (see the
blac line in Figure 5b).

a) Regression rate

b) Heat flux to fuel grain surface

Figure 5: Comparison between the results obtained with and without considering the entrainment.
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After that, a parametric analysis has been carried out, considering again the reference test
operating conditions, to evaluate the effect of the wall temperature and entrainment parameter
on the regression rate components and to determine the values of these parameters which allow
the best fit of the experimental data. The details of this parametric analysis are described in Ref.
24 . The best prediction of the measured regression rate was obtained with a wall temperature
of 6 5 and an entrainment parameter equal to 2.1 10-1 m8.5s0.5 g .
Finally, other six test cases in a significant range of the average oxidizer mass flux, gathered
from the experimental firings presented before, have been simulated for the sa e of model
validation. The abovementioned value of the grain surface temperature has been used in each
test case, while the entrainment parameter has been obtained by scaling the reference value with
1.5

the ratio (𝜌𝑔∗ /𝜌𝑔 ) , where 𝜌𝑔∗ is the average gas density in the grain port calculated in the
reference test, and 𝜌𝑔 is the corresponding value calculated in the analysed test case.
Figure 6a shows the calculated fuel regression rates averaged along the grain compared with
the measured time-space averaged ones the maximum deviation of 11 is reached at the
minimum mass flux. Numerical prediction improves with higher mass fluxes showing excellent
agreement at the largest mass fluxes where the deviation is only 0. .

a) Regression rate

b) postchamber pressure

Figure 6: Comparison between computed and measured a) regression rate, b) pressure

In Figure 6b calculated chamber pressures in the whole set of test cases are compared with the
measured values data are retrieved in the roc et aft-mixing chamber. A detailed analysis of the
factors of deviation between computed and measured pressure is addressed in Ref. 24 .
However, the displayed deviation trend can be explained observing that the critical pressure of
paraffin wax is 6.5 bar and that the chamber pressure attained in the test with the largest
deviation is lower than the critical pressure. The agreement with experiments is improved as
pressure increases with the mass flux. In fact, below the critical pressure, neglecting the effects
of the entrained liquid paraffin dynamics is a much less suitable assumption.
4.2

Effect of fuel grain dimensions

Although it is common use in literature to correlate regression rate data as a function of the
oxidizer mass flux only, other operating parameters can have a significant role in the interaction
between the gas stream and the fuel grain consumption mechanism.
In particular, in this section, the effect of the grain geometry parameters, i.e. the average port
diameter and the grain length, are investigated, considering first the case of classical polymeric
fuels for a preliminary assessment of the behaviour, and then analysing the case of paraffinbased fuel.
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Effect of grain port diameter and length for classical polymeric fuel

Three firings were performed with gaseous oxygen as oxidizer and HDPE fuel grains
combining two different lengths and two different initial port diameter, as reported in Table 4.
hen the initial grain port diameter is changed, the oxygen mass flow rate is varied
correspondingly with the aim of getting similar values of the average oxidizer mass flux. For
each case the same oxidizer in ector arrangement and pre-chamber have been employed.

Average oxidizer mass flow rate, g/s
Initial port diameter, mm
Grain length, mm

Test H1 Test H2 Test H3
25
60
60
15
25
25
220
220
70

Table 4: Test with HDPE fuel grains

The graphs in Figure show the measured time-averaged regression rate axial profile in the
different cases obtained by sectioning the grains transversally in a number of slices, measuring
the port diameter by means of a caliper and dividing the port radius variation in the firing by
the burning time. Each case has been numerically rebuilt with the model described in Sec. .1.1
for supporting the experimental findings and the computed regression rate profiles are also
reported. It is worth noticing that numerical and corresponding measured profiles are in good
agreement. Figure 8 shows further results of the numerical simulations in terms of temperature
contour with the streamlines overlapped on the top half, and the fuel mass-fraction in the
unburned mixture isolines drawn on the bottom half.

a) Effect of grain port diameter

b) Effect of grain length

Figure : Comparison of numerical and experimental regression rate profile at different initial port
diameter.

In particular, from Figure a, it can be observed that the grain port diameter has a significant
effect on the fuel consumption rate. In fact, when the port diameter is enlarged, the recirculation
region, where the heat flux to the grain surface is enhanced, becomes more extended, as it can
be noticed also comparing the streamlines attained in Test H1 and Test H2 in Figure 8.
n the other hand, from Figure b, it can be noticed that the profile of the regression rate in the
case of short fuel grain is almost coincident with the corresponding first part of the profile
obtained with the longer grain. This behaviour can be explained comparing the temperature
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contours and mixture fraction isolines of Test H2 and H in Figure 8. In fact, although the grain
length affects the overall oxidizer-to-fuel ratio obtained at the grain exit section, influencing
the temperature and gas properties in the post-chamber (i.e. the characteristic velocity), locally
no significant variation of the mixture fraction occurs and, consequently, the local temperature
and heat flux remain unchanged.

Figure 8: Temperature contour plot with overlapped streamlines (top half) and mixture-fraction
isolines (bottom half).

. .

Effect of grain port diameter for paraffin fuel

Referring to Figure 4, it can be noticed that also in the case of paraffin-based fuel grain the
regression rate data as function of the oxidizer mass flux are quite scattered. Therefore,
following the arguments of the previous section, the effect of the average port diameter on the
regression rate caused by the augmentation of the surface heat flux due to the recirculation
region has been included in the correlation law.
In particular, the impact of this effect on the overall fuel regression rate depends also on the
oxidizer in ector arrangement (i.e. in the case of conical axial in ector on the in ector diameter
𝐷𝑖𝑛𝑗 ) and the pre-chamber length 𝐿𝑝𝑟𝑒 . In fact, referring to Figure 9 which schematically shows
the development of the oxygen et core in the case of conical axial in ector, the part of the grain
touched by the recirculation region, i.e. the axial distance between the impingement point and
the grain port inlet section Δ𝑥, can be expressed as
Δ𝑥 =



̅ − 𝐷𝑖𝑛𝑗 )
(𝐷
− 𝐿𝑝𝑟𝑒
2 tan 𝛼

(14)
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̅ is the average port diameter and 𝛼 is the spreading angle, which for a free et pattern
where 𝐷
can be realistically assumed to be equal to 8 independently from the mass flow rate 26 .

Figure 9: Axial in ection fluid dynamics schematic (Ref. 2 )

The impact of the augmented heat transfer in the recirculation region on the average regression
rate depends on how large this distance Δ𝑥 is with respect to the overall grain length 𝐿, i.e. on
the aspect ratio parameter defined as
̅̅̅̅ =
𝐴𝑅

Δ𝑥
𝐿

(15)

The following correlation law has been then obtained
̅ 𝑛 ̅̅̅̅
𝑟̇ ̅ = 𝑎𝐺𝑜𝑥
𝐴𝑅 𝑚

(16)

𝑎 = 0.308; 𝑛 = 0.574; 𝑚 = 0.331

where the regression rate is expressed in mm s and the mass flux in g m2s.
. .

Effect of grain length for paraffin fuel

After that, also in this case the effect of grain length has been investigated, carrying out two
firing tests burning paraffin grains of different lengths with the same mass flow rate of gaseous
oxygen. The main results of the two tests are reported in Table 5, while Figure 10 shows the
measured fuel regression rate axial profiles.

Average oxidizer mass flow rate, g/s
Initial port diameter, mm
Grain length, mm
Time-space averaged oxidizer mass flux, kg/m2s
Time-space averaged regression rate, mm/s

Test P1
25
15
220
48.8
1.82

Test P2
25
15
70
38.8
2.44

Table 5: Test with paraffin-based fuel grains of different lengths
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Figure 10: Experimental regression rate axial profiles for paraffin-based fuel

Contrarily to the case of HDPE fuel, a significant difference in the consumption behaviour has
been detected. In particular, the shorter grain presented a regression rate profile shifted upward
with respect to the relevant region of the longer grain, resulting in a time-averaged regression
rate increase of about 5 .
Since both the numerical simulations and the experimental results with HDPE fuel grains
suggest that in normal operating conditions no changes of local thermo-fluid dynamic
conditions occur, the reason of the different consumption should be found in an unusual system
behaviour.
A possible explanation can be found loo ing at the traces of the pressure measured in the postchamber over the burning time shown in Figure 11. In fact, while pressure oscillations in Test
P1 was relatively low (about 5 of the average value during the burning), an unstable engine
operation occurred in Test P2, with oscillations of about
0 of the average operating
chamber pressure. As observed in literature 28 , during unstable hybrid roc et instances, a
sudden rise of the mean fuel regression rate and chamber pressure are often observed,
displaying a typical phenomenon referred to as DC shift. Therefore, it might be hypothesised
that although the local mean thermo-fluid dynamic conditions in the relevant region are the
same independently from the grain length, the velocity fluctuations induced by the instabilities
aroused with the shorter grain determined an increase of the heat transfer to the grain surface
which enhanced the fuel consumption.

Figure 11: Measured chamber pressure vs operating time for firings with paraffin-based fuel
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Current activities are focused on the analysis of the combustion instabilities with the aim of
understanding the physical phenomena which trigger the anomalous behaviour and the role of
the fuel nature and the grain length on it.
5

CONCLUSIONS

The results of current research activities carried out at University of Naples Federico II by
means of both experimental testing and numerical modelling for the characterization of
paraffin-based fuel behaviour have been presented and discussed.
A first experimental test campaign was carried out employing a lab-scale 200N-thrust class
engine, burning 220 mm-long paraffin-based grains with gaseous oxygen in different operating
conditions. The fuel formulation showed good mechanical properties and good performances
in terms of regression rate.
A series of test cases, gathered from these static firings, were numerically reproduced in order
to assess the numerical model capability of predicting the regression rate and chamber pressure.
In all the analysed cases, satisfactory agreement between the calculated regression rates and
chamber pressure with the relevant measured data is obtained. In particular, chamber pressure
is predicted with lower accuracy a more accurate prediction much li ely requires modelling
the two-phase flow dynamics ensuing from the melted paraffin in ection into the chamber,
which is the sub ect of future developments.
Finally, a special focus has been dedicated to the analysis of the effect of grain dimensions, i.e.
the port diameter and the grain length, on the fuel consumption behaviour. A preliminary
analysis carried out in the case of HDPE showed that the grain port diameter can affect the
oxidizer et dynamics dependingly on the in ector arrangement, influencing the heat transfer to
the grain surface and consequently the regression rate, while no effect of the grain length on the
local behaviour was detected.
The effect of the average grain port diameter has been ta en into account also for the case of
paraffin-based fuel, introducing the aspect ratio parameter, which ta es into account the relative
importance of the recirculation region extension with respect the overall grain length, and
including it into the correlation law for the experimental data along with the oxidizer mass flux.
Finally, a higher consumption rate has been experienced with a shorter paraffin grain, which
could be due to the triggering of combustion instabilities and the consequent increase of the
mean chamber pressure and regression rate nown as DC shift phenomenon.
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ABSTRACT
The aerodynamic characterization of the new Vega C space launcher has been carried out by
CIRA in collaboration with AVIO. The aerodynamic database is an important input for the
flight dynamics and the structural design. The Vega C behaviour has been studied through wind
tunnel tests in the range of Mach 0.5 and 3.5 and through numerical simulations for the entire
atmospheric flight envelope. A large test matrix was considered, covering four stages and three
stages configurations, with and without protrusions, including plume, canted nozzle, wind
tunnel sting and Reynolds number from flight to wind tunnel conditions. The paper describes
the experimental and numerical activities, considering global aerodynamic coefficients and
pressure distributions, together with flow visualizations.
Keywords: EGA-C, Space Launcher, Aerodynamic, E P CFD characterization.
1

INTRODUCTION

In 195 , the Soviet Union launched Sputni 1, the first artificial satellite, a sphere of 58 cm in
diameter and weighing about 84 g, equipped with four antennas and two radio transmitters.
This event started the race for space exploration and its commercial and strategic exploitation.
Since then, an enormous development has been achieved in many fields as communications,
electronics, computing science, numerical simulation, environmental measurement techniques,
sensors, image and spectral detection systems that has allowed the creation of ever more
sophisticated and efficient satellites compared to the founder Sputni 1. These allowed the
creation of a worldwide telecommunications networ , geo-navigation systems, earth
monitoring systems, meteorological satellites and a great improvement in the scientific research
of our planet and the space that surrounds us. All this has required and continues to require
efficient and reliable transport systems for the launch of new satellites families or space
vehicles.
In this context, the European Space Agency (ESA) offers a fleet of launch vehicles (L ):
Ariane, Soyuz and ega. Than s to their complementarities, they cover all commercial and
governmental missions requirements, providing access to the different types of orbit from Low
Earth rbit (LE ) to Geostationary Transfer rbit (GT ), and even to interplanetary
destinations. The ega solution complements the Ariane 5 and Soyuz offers for small to
medium payloads, for Sun-Synchronous (SS ) and Low-Earth (LE ) rbits. ega is a four
stages launcher vehicle (L ), operative since 2012. The Italian company A I is in charge of
the ega L development and production.
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Following the decisions ta en during the December 2014 and December 2016 ESA Ministerial
Councils, ESA and European industry are currently developing ega C, an upgraded and more
powerful version of ega. The main ob ective is to increase the launcher performance and the
flexibility for multiple payloads missions. The published user manuals ( 1 and 2 ) indicate a
performance improvement of about 65 with respect to ega.
The ega C configuration foresees the development of a new and more powerful Solid Roc et
Motor (SRM), named P120c, for the 1st stage, which will also be used as a strap-on booster for
the Ariane 6-2 (2 boosters) and Ariane 6-4 (4 boosters) configurations. The 2nd stage is upgraded using the more powerful SRM efiro 40 ( 40). The rd stage SRM remains almost
unchanged with the 9 SRM. The 4th stage provides an improved A UM with 0 more
propellant. A new fairing allows the accommodation of larger and heavier pay loads (Figure 1).
The ega evolution involves considerable differences in the external geometry. The main ones
are larger first and second stages, new interstage components, larger payload fairing, different
external protrusions both in terms of position and quantity. In Figure 2, ega and ega C
geometries are superimposed to highlight the differences. These changes require an in-depth
study of the launcher s new aerodynamics in order to guarantee the correct balance in terms of
weight, thrust and aerodynamic forces, the absence of potentially destructive aerodynamic
instability phenomena as the buffeting
and the correct structural design providing the
distribution of aerodynamic loads on the various components of the launcher.

1st stage (P120c)

2nd stage (Z40)

3rd stage (Z9) 4th stage
(AVUM+)

Fairing

Figure 1: ega C configuration, (figure 1.4.1 of ega C user s manual 2 .

Figure 2: ega C (grey colour) vs ega (light blue colour) geometry.

CIRA and A I , in close collaboration, conducted a numerical experimental investigation
aimed at defining the launcher s aerodynamic behaviour in all its flight phases. The article deals
with the numerical and experimental activities aimed to characterise the aerodynamic behaviour
at different Mach and Reynolds number. A dedicated scaled model has been designed,
manufactured and subsequently tested in the trisonic INCAS wind tunnel. The paper briefly
describes the experimental and numerical activities and discuss part of the obtained results.
2

EXPERIMENTAL SET UP

The experimental test campaign was conducted at INCAS trisonic blowdown wind tunnel. The
pressurised circuit and the test section sizes (1.2m x 1.2m ) allow to reach high Reynolds
number values. The facility operates in the Mach range between M 0.5 to M .5. Two test
sections are available: one with solid walls for subsonic and supersonic speed regimes the
second one with perforated walls for transonic flow. A complete description of the facility is
reported in Munteanu 4 . A modular 1: 0 scaled model was designed and manufactured in
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order to withstand the severe aerodynamic conditions and allowing the investigation of multiple
configurations. The model replicates, with and without the external protrusions, both the
stages and the 4 stages configurations.
The model was equipped with: a six-component strain gauge balance model TAS 2 (main
features are summarised in Table 1), 5 pressure ports (PTS) distributed along two azimuth
planes at
120 and
00 respectively (Figure ) and an array of 24 dynamic pressure
sensors along the plane at
0 .
Fz N
1 800
5.6

Full Scale
Accuracy

Fy N
1 800
5.6

Fx N
26 0
5. 4

Mx Nm
9
0.6 8

My Nm
16 8
.2 6

Mz Nm
1 56
2. 12

Table 1: TAS 2 balance characteristics.

a)
120°

c)

300°

b)
Figure : Pressure Ports location on model : a) front view, b) rear view, c) iso-view (right).

In the fairing, two Scaninvalve
C22 2px pressure transducers with full scale range of ±
25 psi and ±50 psi respectively and accuracy of 0.02 of F.S. were installed and connected to
the pressure ports. Furthermore, an electronic inclinometer was mounted in the fairing in order
to evaluate possible model sting deformation at high incidence angles and permits post
processing data correction. Two accelerometers were installed on the fairing and on the
launcher base to monitor the start and shutdown wind tunnel shoc s. A motorised rear sting
supported the model, allowing a sweep angle between
-10 to
10 with an accuracy of
0.1 .
a)

+120°
+135°

+90°
+80°
Z

b)
+45°

c)

HSS-2

HSS-2
HSS-1

d)

Wiring Tunnel
II° Stage

Wiring Tunnel
II° Stage

RACS

+165°

+15°
Ullage Motors

Y

Ullage Motors

0° Wiring Tunnel
III° Stage

+345°

+195°
+315°

+225°

Wiring Tunnel
I° Stage

Wiring Tunnel
I° Stage

+280°

Figure 4: Protrusion description and positions: a) front view, b-c) top view, d) side view

n the model several protrusion were installed reproducing the shape of the following systems:
four Horizontal Separation Systems (HSS) located on the 4th stage at
0 and every 90 two
Roll and Attitude Control Systems (RACS) located ust downstream of the hammerhead , at
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90 and
2 0 four wiring tunnels mounted on the rd and 2nd stage respectively at
90 and
2 0 eight dummy fairings for the ullage motors on the 1 2 interstage at
15 ,
45 , 1 5 , 165 , 195 , 225 , 15 and 45 and two wiring tunnels mounted on the 1st stage
placed at
80 and 280 . Figure 4 provides an overview of the location of each protrusion
on the model. Hereinafter, the clean model configuration is named as baseline, while the
configuration with the external fairings installed is indicated as protrusion.
3

NUMERICAL SIMULATIONS

The ob ectives of the CFD activities were to produce a numerical data base of global and local
aerodynamic coefficients 5 , together with distributed loads, to cover the complete range of
the launcher atmospheric flight and to allow for extrapolation of wind tunnel data to flight
conditions. It is worth to note that wind tunnel measurements were carried out without engine
plume, at low Reynolds number and limited Mach number range, and they did not provide
information suitable to compute distributed loads. In particular, CFD results were required in
the Mach number range above .5, since no data was available from the T test.
A large test matrix was considered, covering 4 stages and three stages configurations, with and
without protrusions, including plume, canted nozzle, wind tunnel sting and Reynolds number
from flight to wind tunnel conditions.
Computations from subsonic to supersonic regimes were carried out using the multibloc
structured flow solver EN, for steady and unsteady RANS equations, which has been
developed at CIRA for more than two decades 6 , . It was used in the past for analysis of
EGA configuration both in flight and in wind tunnel conditions, demonstrating good
agreement in the complete range of Mach and Reynolds numbers considered 8 , 9 . Present
results were obtained with - TNT turbulence model.
Aerothermodynamic analysis in hypersonic range were carried out using the CIRA NExT code
10 , that solves, on a multi-bloc structured grid, the RANS equations in a density-based
approach.
Several computational grids were produced in order to perform the flow simulations: 4 stages
clean configuration with nozzle and with wind tunnel sting for subsonic and transonic flows
(free stream Mach from 0.5 to 1.2) 4 stages for supersonic flow (from M 1. to M 2.0), axisymmetric, with 6 degrees canted nozzle and with wind tunnel sting 4 stages for hypersonic
flow (from M .5 to M 6.0) and stages for hypersonic flow (from M 4.0 to M .0). Finally,
a grid for complete 4 stages configuration with protrusions for transonic and supersonic flow.
1 different Mach numbers in the range between M 0.5 to M .0 were simulated, at three
different angles of attac ( 0 , 5 and 10 ) for 4 stages and stages configurations.

Figure 5: Complete configuration with protrusions. Left: loc s boundaries on the surface. Right:
Detail of the surface mesh in the boat-tail region.
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Furthermore the effect of the canted nozzle thrust vectoring was examined in flight conditions
at M 1. and M 2.0. Particular care was ta en to examine the Reynolds effect by simulating
the two wind tunnel Reynolds number conditions in addition to the flight Reynolds number and
an intermediate value between the experiments and the flight condition. The 4 stages
configuration with protrusion was investigated in T and flight Reynolds conditions at fixed
incidence angle of 5 for different Mach (M 0.95, 1.8 and 5.0) and varying the roll angle.
4

WIND TUNNEL TEST PLAN

The experimental test campaign covered a variety of speed conditions from M 0.5 to M .5
investigating the 4 stages configuration with and without protrusions. Each T run was carried
out varying the model incidence angle in the range between -10 to 10 in sweep mode
with an angle resolution of 0.5 degree for the force and moment measurement and a better angle
resolution of 0.1 degree for the pressure measurements. All runs were conducted to the
maximum achievable Reynolds number (Re 8x106), except some ones (M 0.95, 1.05, 1.2, 1.8
and 2.0) that were also performed at the minimum Reynolds (Re 2.5x106) to be exploited for
extrapolation to flight. Each polar was repeated varying the model roll angle, from - 0 to
150 with step of 0 in order to measure the pressure distribution on different azimuthal
planes. Same procedure was used for the configuration with protrusions in order to evaluate the
effect of the external fairings on the lateral stability.
5

RESULTS

The extensive numerical and experimental test campaign provided a complete aerodynamic
database. The baseline configuration has been investigated varying Mach, Reynolds and
incidence angle. The T test allowed to investigate a limited range of Mach and Reynolds
number with respect the flight envelope but provided the aerodynamic loads for the complete
range of the incidence angle between -10 to 10 with a step of 0.5 . Figure 6 shows the
experimental and numerical aerodynamic coefficients versus , at M 0.95 and M 1.8
respectively. The diagrams show a good agreement between experiments and CFD for lift and
pitching moment whereas larger difference occurs for CD. The reason is partly due to the
malfunctioning of the balance and partly to the adopted correction procedure to remove the
contribution from the base. This difference is ta en into account by the accuracy of the
aerodynamic database. arying the flow speed from M 0.5 to M 1.2 the drag coefficient
reaches a maximum value induced by the shoc wave in front of the vehicle nose. y further
increasing the free stream velocity (up to M ), the drag coefficient shows a continuous
reduction. Experimental and numerical results have the same trend even when the angle of
attac varies. The experimental results show a negative shift with respect to the CFD due to the
lac of the base contribution. Drag difference becomes negligible at M
.5, due to the
reduction of the base pressure contribution with respect to the total drag.

Figure 6: E P and CFD forebody results: CD, CL and CMy behaviour versus
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At
5 , launcher lift coefficient increases up to M 2, and then it remains constant. The
absolute value of the pitching moment shows a similar trend. At 10 , the CL and CMy have
a different behaviour with respect to
5 , with the CL increasing up to M .5 and then
decreasing, similar behavious shows the absolute value of the CMy. oth CL and CMy are
characterised by a pea at sonic conditions (Figure ).
The Reynolds effect presents a decrease of the drag and lift coefficient as the Reynolds number
increases. Trend is confirmed by both experimental and numerical results (Figure 8). The
pressure measurements provided a remar able agreement with the CFD simulation confirming
the reliability of the obtained results (Figure 9).

Figure : CD, CL and CMy versus Mach number for CFD and E P respectively.

Figure 8: CD and CL versus Reynolds number at Mach 0.95 and

5 for CFD and E P data.

Top View

Side View

Bottom View

Figure 9: a) CFD Cp distribution colour maps, b) CFD E P Cp distribution comparison at
Mach 1.8, 10 and Re 8 x106 and flight respectively.

90 ,

The numerical simulation provided a detailed description of the external flow field behaviour
detecting the location of the shoc wave and the detachment of the longitudinal vortices. At the
same time, the oil flow visualization (Figure 10-a) results confirmed the goodness of the CFD
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s in friction lines (Figure 10-b) showing similar flow pattern. ust the location of the boat tail
vortex is slightly mismatched due to the different Reynolds number. The flight Reynolds CFD
simulation locates the shoc wave on the boat tail more downstream with respect to the oil flow
image ta en at Reynolds of 5x106. Figure 10-c shows the external flow field in terms of isolevel of the -criterion surfaces. The iso-view and the cross planes clearly show the longitudinal
vortex on the upper surface and the shoc waves occurring on the boat tail and on the 2 and
1 2 interstages.
The contribution of the external fairings induces a substantial increment of the drag coefficient
and almost negligible contribution on the lift and the pithing moment (Figure 11-a). arying
the roll angle, a clear effect of the protrusions on the rolling moment is observed. (Figure 11b). The roll angle position induces positive and negative rolling moment depending on the
relative position of the wiring tunnels.
a)

c)

b)

Figure 10: a) il flow visualization, b) CFD s in friction lines, c) Iso-level -criterion surface at
Mach:1.8 and 10

a)

b)

Figure 11: Protrusion effects am M 1.8: a) CD, CL and CMy vs , b) CMz vs

6

at

5.

CONCLUDING REMARKS

An extensive numerical and experimental investigation was carried out in order to build up the
ega C aerodynamic database. A successful wind tunnel test campaign was performed at
INCAS trisonic wind tunnel on a 1: 0 scaled model integrated by a large number of numerical
simulations to cover the complete range of atmospheric flight conditions. Main effect of the
Reynolds, Mach, incidence angle, roll angle, protrusions on and 4 stages configuration were
addressed. Good agreement between numerical results and experimental measurements in wind
tunnel conditions give confidence about the accuracy of data extrapolated in flight conditions.
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ABSTRACT
The IN SIT Bioanalysis project aimed at developing a simple bioanalytical device for
measuring salivary cortisol levels of crewmembers onboard the International Space Station
(ISS). The device was based on the ateral low Immunoassay ( IA) approach coupled with
chemiluminescence ( ) detection and consisted of a D-printed plastic cartridge
encapsulating a sealed fluidic element containing all the reagents required for the analysis. A
reader based on an ultrasensitive cooled charge-coupled device ( D) camera was also
developed. The analytical system was successfully used by the European Space Agency (ESA)
astronaut aolo Nespoli during the mission ITA (Expedition
, uly
anuary
). Access to the ISS utilization resources was granted by the Italian Space Agency (ASI
Agenzia Spaziale Italiana) in the framewor of a dated bilateral agreement with NASA. The
experiments proved that sensitive
- IA analysis of salivary cortisol (down to 0.4 ng/mL)
could be performed onboard the ISS. The IN SIT analytical system enables, for the first
time, crewmembers to perform ultrasensitive quantitative bioassays in space. ngoing
research is focusing on the development of multiplexed analyses, in which several biomar ers
of a pathology are simultaneously detected in a sample, to obtain panel tests of high
diagnostic and prognostic value.
Keywords: Cortisol Chemiluminescence biosensor
medicine
1

Lateral-flow immunoassay Space

INTRODUCTION

The increasing duration of space missions and the possible future expeditions to Mars and or
establishment of permanent settlements on the Moon require that astronauts are adequately
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trained and equipped for performing on-site diagnostics and therapeutic intervention 1,2 . In
this context, the International Space Station (ISS) is an ideal test bench for the development of
diagnostic devices suitable for space and to verify the fulfilment of peculiar requirements such
as long shelf-life of reagents and operation in microgravity and in presence of high radiation
levels
. However, until now only a few clinical chemistry tests have been performed in
space and biological samples are usually sent bac to Earth for analysis. Among the few
clinical chemistry analyzers used in space, it is worth to mention the i-STAT and Reflotron
systems, which were employed for measuring blood parameters 4 .
New, rapid diagnostic tools following the point-of-care testing (P CT) approach are
therefore required to provide clinically relevant information directly onboard a spacecraft.
Paper-based chemistry 5 represents a promising format for space applications.
Contrarily to conventional microfluidic devices, paper-based devices do not require
components such as pumps and valves because the flow of sample and reagents is driven by
capillary forces, i.e., the dominant forces controlling fluids behaviour in microgravity 6 .
Lateral Flow Immunoassays (LFIAs) are the most common paper-based P CT devices . In
LFIAs, the immunological analysis is performed on a membrane on which specific
immunoreagents are immobilized in defined positions, while sample and reagents are
transported by the flow driven by capillary forces. Detection may be visual or instrumental:
visual detection often relies on antibodies labelled with colloidal gold (which produces
coloured bands along the strip and provides a visual yes no readout) while instrumental
detection can be used to obtain a quantitative response. Labels used for instrumental detection
include colloidal gold, enzymes, fluorescent nanoparticles and electroactive species 8 .
Here we report on the development, in the frame of the IN SITU ioanalysis
pro ect, financed by the Italian Space Agency (ASI), of a chemiluminescence (CL) Lateral
Flow Immunoassay biosensor for the measurement of cortisol in oral fluid. The CL-LFIA
biosensor combined the advantage of the LFIA format with the sensitivity of CL detection,
allowing accurate measurement of cortisol at the nanomolar level. Moreover, CL detection
was particularly suited for the biosensor due to its inherent simplicity (no specific sample
geometry is required) and the possibility to image the emitted light with inexpensive, robust
portable charge-coupled-device (CCD) cameras 9 . Flight experiments have been carried out
by the Italian astronaut Paolo Nespoli during his ITA mission ( uly 201 – anuary 2018)
10-12 .
2

MATERIALS AND METODS

2.1 IN SITU Bioanalysis biosensor payload
The IN SITU ioanalysis payload consisted of three components: (a) disposable LFIA
cartridges, (b) disposable oral fluid sampling equipment ( FSE), (c) a CL reader and its
accessories. A detailed payload description has been already reported elsewhere 11 .
. .

IA cartridge

The disposable LFIA cartridge consisted of:
(i) a LFIA fluidic element (size 120 x 95 x mm) containing the LFIA nitrocellulose
membrane with anti-cortisol (Analytical Antibodies, ologna, Italy) and anti-HRP (Sigma
Aldrich, St. Louis, M ) immobilized antibodies, as well as the other reagents necessary for
the analysis, i.e., HRP-cortisol con ugate (generously provided by Diametra, Milano, Italy)
and estern Lightning Ultra CL substrate for HRP (Per in Elmer, altham, MA). The LFIA
fluidic element consisted of a laser micromachined adhesive polypropylene layer (ca. 190 m
thic ) sandwiched between two transparent thermoformed polypropylene layers (200 m
thic ) and it was thermally sealed along its perimeter. It contained the microfluidics for
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delivering sample and reagents on the LFIA strip: a) a unidirectional valve for sample loading
(Cole-Parmer Instrument Company, LLC., ernon Hills, IL), b) a 5- L sample metering
chamber connected to a waste chamber for excess sample discharge (the waste chamber
provided a visual confirmation of correct sample in ection through a white-to-red colour
change), c) pressure-actuated pouches that contained the HRP-cortisol and CL substrate
reagents, d) pressure-actuated elastomeric valves for controlling flow directions.
(ii) a LFIA fluidic element holder (size 150 x 115 x 25 mm) that encapsulated the
LFIA fluidic element. It was produced in acrylonitrile-butadiene-styrene (A S) copolymer by
Fused Deposition Modelling (FDM) D printing and included nylon screws for the actuation
of the elastomeric valves and A S buttons for actuating the pouches and delivering sample
and reagents to the LFIA strip. An aperture in the bottom accommodated fiber optic faceplate
of the CL reader, allowing imaging of the CL signal during the measurement.
. .

ral fluid sampling equipment

The FSE comprised: a) a Salivette (Sarstedt AG Co, N mbrecht, Germany) b) a needleless polypropylene syringe (Artsana SpA, Como, Italy) employed for in ecting the sample in
the LFIA cartridge from the Salivette cotton swab, c) a plastic tube containing another cotton
swab used to remove air bubbles from sample prior to in ection in the LFIA cartridge.
. .

reader

The CL reader (size 1 5 x 150 x 125 mm) consisted of:
(i) a commercial CCD camera (ATI 11000, ATI Cameras, New Road, Norwich)
equipped with a large format, high-resolution monochrome CCD sensor ( oda
AI 11002,
sensor size .25 x 25. 0 mm) cooled by a two-stage Peltier element. The CCD camera was
modified by removing the CCD sensor compartment and the optical glass window
(ii) an aluminium cartridge housing assembly with a cavity that fitted the dimensions
of the LFIA cartridge and containing: a) a polymethylmethacrylate (PMMA) fiber optic
faceplate (size 26 x 26 x 1 mm, Edmund ptics, arrington, N ) that provided thermal
insulation of the cooled CCD sensor as well as coherent transmission of the CL signal from
the LFIA strip to the CCD sensor, b) a desiccant element which prevented condensation of
moisture on the cooled CCD sensor, c) a lid equipped with an inner layer of padding foam
material ( TE F 0, otefoams plc, Croydon, United ingdom) that assured contact of the
LFIA cartridge with the fiber optic faceplate in microgravity, d) a fixing plate mounted on the
bottom of the CCD camera and anchored to the lateral wings of the cartridge housing.
The CL reader was connected to an ISS laptop via an US interface and controlled
through the Artemis Capture (v. 4.5.0.0) software provided by ATI Cameras. An AC DC
power adapter and a set of power cables were included in the IN SITU ioanalysis payload.
2.2 Assay procedure
An oral fluid sample was collected by holding the Salivette cellulose swab in mouth for a few
minutes (without chewing to limit bubbles) and placing the swab into the syringe body. Then,
the syringe was connected to the FSE plastic tube and the piston was gently pushed to
remove air bubbles. Upon connecting the syringe to the inlet valve of the LFIA cartridge, the
sample was slowly in ected until observing the white-to-red colour change inside the waste
chamber.
y operating on screws (to control valves) and buttons (to control pouches) the sample
was conveyed, together with the HRP-cortisol con ugate, to the LFIA strip. After 1-h
incubation, the HRP CL substrate was delivered to the LFIA strip, then the cartridge was
placed into the CL reader.
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After 15-min incubation, a series of CL signal acquisitions with different integration
times (from 2 to 0 s) were performed in a pre-programmed sequence. The images were
stored in the ISS laptop, then transmitted to ground for analysis.
Images were elaborated employing the Image image analysis software (v. 1.46,
National Institutes of Health, ethesda, MD). First, the mean photon emissions of the C-line
and T-line of the LFIA strip were measured and corrected for the bac ground signal, then the
T-line C-line CL signals ratio was calculated. Cortisol concentration was calculated by
interpolating the T-line C-line ratio on a calibration curve obtained by analysing standard oral
fluid samples using CL cartridges of the same production lot. A four-parameter logistic
equation was used to fit experimental data and to obtain calibration curve parameters.
2. ISS fli ht e periments and the VITA mission
The Italian Space Agency (ASI – Agenzia Spaziale Italiana) has granted, in the framewor of
a dated bilateral agreement with NASA, access to the ISS utilization resources and in 201
has assigned the last agreed long-duration mission to the European Space Agency (ESA)
astronaut Paolo Nespoli. The mission called
ITA has foreseen Paolo Nespoli performing
several investigations, including IN SITU ioanalysis , during Expedition 52 5 in the
period uly 201 – anuary 2018. For this mission, ASI availed itself of the industrial support
services provided by ayser Italia for the new payload integration process, safety, operations
and logistics.
The IN SITU ioanalysis hardware ( FSE, CL reader and accessories) was
delivered to the ISS with the Space CRS-11 flight ( une , 201 ), while LFIA cartridges
were shipped to NASA ennedy Space Centre in Cape Canaveral, Florida at controlled
temperature (4 C) and loaded onboard the Space -12 Dragon capsule two days before launch
(August 14, 201 ). After doc ing to the ISS, the LFIA cartridges were cold stowed onboard
until use.
The Italian astronaut Paolo Nespoli performed five measurement sessions at
approximately 1-month interval: August 18th, August 1st, ctober 6th, ctober 1st, and
December 6th. Experiment procedures were set up to optimize crewtime use: during the 1-h
incubation time the experiment was unattended, while to 15-min incubation time was
employed to connect and set up the CL reader.
ral fluid samples were also collected before and after the space mission and analyzed
as reference samples from the same sub ect.
RESULTS AND DISCUSSION
A biosensor designed for space missions should provide adequate analytical performance
employing a robust instrumentation, operate in microgravity and enable crewmembers to
easily perform the analysis. Additionally, NASA safety standards must be fulfilled to ensure
safety of crewmembers and compatibility with ISS onboard equipment.
The LFIA format was employed in the IN SITU ioanalysis biosensor, as it is a
well-established format for P CT that relies on capillary forces for fluids handling and is thus
expected to operate properly in microgravity. Materials and microfluidics geometry were
selected to avoid the most common problems encountered in fluids handling in space, e.g.
bubbles formation and surface wetting impairment.
To perform salivary cortisol level measurement, a direct competitive LFIA with CL
detection was developed (Figure 1a). In the assay, cortisol contained in the oral fluid sample
and an HRP-cortisol con ugate competed for binding to a limited amount of anti-cortisol
antibody immobilized in the T-line of the nitrocellulose strip. An anti-HRP antibody
immobilized in the C-line captured the excess of HRP-cortisol con ugate to provide
confirmation of correct assay performance and result normalization. Upon addition of a
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luminol enhancer oxidant CL substrate for HRP, the CL signal on the nitrocellulose strip was
imaged employing the CL reader (Figure 1b). According to the competitive assay format, the
intensity of the T-line CL signal was inversely related to the sample cortisol concentration.
The T-line CL signal was normalized by calculating the T-line C-line signals ratio:
this allowed to improve assay reproducibility with respect to environmental and matrix factors
that might affect the intensity of the CL signal (e.g., changes in ambient temperature or
presence of HRP inhibitors in the sample). Then, the normalized signal was plotted vs. the
logarithm of cortisol concentration to obtain typical sigmoidal calibration curves (Figure 1c).

Figure 1: Direct competitive LFIA with CL detection developed for salivary cortisol detection. (a)
Assay principle (b) typical CL image (c) typical calibration curve.

.1

Immunoassay optimi ation and performance

The CL-LFIA analytical conditions were optimized to enable direct analysis of cortisol in oral
fluid in the relevant physiological range (i.e., 0.6 - 10 ng mL-1) and to provide a simple and
rapid protocol for onboard analysis execution 11 .
The optimal concentration of reagents (i.e., the anti-cortisol antibody immobilized in
the T-line, the rabbit anti-HRP antibody immobilized in the C-line, the HRP-cortisol
con ugate concentration) were assessed, as well as the LFIA strips treatment with a saturation
agent to reduce nonspecific adsorption of the immunoreagents, thus improving the
signal bac ground ratio. Accelerated storage tests were performed on the HRP-cortisol
con ugate solution prepared in different buffers to ensure reagents stability for the entire
expected duration of the ITA mission (6 months). Finally, the materials to be assembled for
obtaining the LFIA strip were selected: for example a sample pad providing the best
performance for oral fluid direct analysis (e.g., providing a sort of sample pre-treatment
filtering out particulate matter or disrupting matrix components such as salivary mucins) was
selected.
Calibration curves were produced by analysing spi ed cortisol-free oral fluid samples.
The assay L D (the cortisol concentration corresponding to the T-line C-line CL signal ratio
of the blan minus three times its standard deviation) was 0.2 ng mL-1. Assay reproducibility,
evaluated on three replicates, was satisfactory, providing relative coefficient of variation
(C
) associated to the T-line C-line CL signal ratio for each concentration below 15 .
Assay accuracy, evaluated by comparing results obtained on 10 saliva samples analysed with
the CL-LFIA biosensor and a commercial ELISA it for salivary cortisol (Diametra),
provided recovery values comprised between 84 and 112 . Storage tests, performed by
periodically testing LFIA cartridges stored at 4 C for 6 months, demonstrated no loss of
analytical performance.
.2

Desi n issues and safety re uirements

The IN SITU ioanalysis LFIA cartridge and CL reader are shown in Figure 2.
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Figure 2: IN SITU ioanalysis LFIA cartridge and CL reader: (a) LFIA fluidic element (b) LFIA
cartridge (c) CL reader.

The LFIA cartridge provides a system in which all the reagents are preloaded into the
cartridge and the analysis is performed with a simple manual procedure. The cartridge was
designed to deliver the appropriate volumes of sample and reagents to the LFIA strip: the
volume of each reagent pouch has been ad usted ta ing also into account the dead volume of
the flow channels, and the 5- L sample metering chamber in the sample loading path
controlled the amount of sample delivered on the LFIA strip (excess sample loaded in the
cartridge was discharged in the sample waste chamber). The flow of the sample was
controlled by simple (open close) elastomeric valves operated by hand screwing or
unscrewing the corresponding nylon screws. nce a button is pressed and the correspondent
pouch is squeezed, the reagent into the pouch can flow in only one direction (oral fluid and
reagents have to be delivered in pairs to the LFIA strip, thus each button simultaneously acts
on two fluid reservoirs).
The biosensor s design was defined to fulfil the standard requirements of safety and
ISS onboard operability requested by NASA, in order to successfully pass the three-level
NASA Safety Review. As an example, due to the relatively low toxicity and the small volume
(less than 150 L overall) of chemical reagents NASA toxicologists rated the LFIA cartridge
as a marginal hazard and requested a single containment level. This requirement was
fulfilled by thermally sealing the LFIA fluidic element along its perimeter and using a
unidirectional valve for sample loading. The efficacy of the containment was verified in an
ultra-high vacuum chamber, in which a series of LFIA fluidic elements were exposed to
vacuum for 0 min and then inspected to confirm the absence of any lea age of reagents (this
also demonstrated the ability of the LFIA cartridge to withstand sudden depressurization
events).
The CL reader itself was tested for electromagnetic emissions and susceptibility, for
the generation of magnetic fields and for acoustic emissions (tests were performed at G.S.D.
S.r.l., Pisa, Italy). Requirements for thermal and mechanical stiffness were also verified by
numerical simulations.
.

Onboard e periments

Figure shows ESA astronaut Paolo Nespoli executing the IN SITU ioanalysis
experiment. All the experimental sessions allowed measurement of the oral fluid cortisol
concentration except the last one (no CL signal was observed). Detachment of the adhesive
polypropylene layer inside the LFIA fluidic element or a defect in the cartridge has been
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proposed as possible explanations. Indeed, LFIA fluidic elements and LFIA cartridges were
visually inspected after production but no complete functional tests were possible. As the
results are concerned, the oral fluid cortisol levels measured in flight were in the expected
range and comparable to those obtained in pre- and post-flight analyses.

Figure : ESA astronaut Paolo Nespoli executing the IN SITU ioanalysis experiment onboard the
ISS. Courtesy of NASA.

Results of the experiments carried out onboard the ISS were also used to obtain
information about the possible effect of the space environment and the long-term stability of
the reagents. For this purpose, the results were compared with those obtained in the parallel
tests carried out on ground using twinned LFIA cartridges stored at 4 C in our laboratory.
Comparison of the C-line intensities measured onboard the ISS with that obtained in parallel
on ground experiments showed no systematic difference or time trends, although the values
obtained onboard the ISS showed a higher variability. Indeed, the mean C-line intensity
obtained onboard the ISS was (29 6) x 106 RLU (C
20 ), while that of the ground
6
experiments was ( 2
) x 10 RLU (C
9.5 ).
4

CONCLUSIONS

The developed device demonstrated the feasibility of performing sensitive immunological
clinical chemistry analyses directly onboard the ISS. No significant alterations of reagents
handling were observed, such as bubble formation, alterations in solution mixing and surface
wetting. The cortisol concentrations measured in flight experiments were consisted with the
expected cortisol levels in oral fluid.
The IN SITU ioanalysis pro ect paves the way for clinical chemistry analyses
performed directly in space. ngoing wor regards the development of multiplex CL-LFIA
assays that enable detecting panels of biomar ers at nanomolar range. Analyses could be
expanded to include biomar ers of inflammation, infection, bone loss, muscle atrophy,
cardiovascular disorders and other physiological changes that astronauts often experience
during spaceflight. In addition, to further optimize onboard resource utilization, reusable
cartridges with disposable LFIA fluidic elements will be developed and the use of CM S
smartphone cameras in alternative to cooled CCD cameras are being evaluated for CL
imaging.
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ABSTRACT
The “Tracking and Attitude Radio-based Determination in Stratosphere” (TARDIS) experiment
aims at testing an alternative navigation system exploiting the VHF Omnidirectional Range
(VOR) radio-navigation system signal. This radio-based navigation system could be exploited
by stratospheric vehicles, being able to determine the position and the attitude of the platform
in case of a main system failure or degradation of the GNSS signal. The tested technology could
represent an innovative method to exploit the VOR frame to increment the reliability of the
future stratospheric aviation navigation systems and it could be implemented in the next phases
of the stratospheric environment exploitation. The experiment aims also at testing a radiofrequency source tracking system performed by a steerable antenna. The TARDIS team has
been selected to participate to the REXUS/BEXUS Programme cycle 12, the experiment will be
launched on the stratospheric balloon BEXUS 28 in late October 2019. The experiment
concept, mechanical setup, digital processing algorithms and expected results are presented in
this paper.
Keywords: VOR, stratospheric experiment, attitude determination, radio-frequency tracking
1

INTRODUCTION

The VOR (VHF Omnidirectional Range) is a reliable and mature radio-navigation system used
for aircraft routing since the late 1940s. This system is based on ground station transmitting a
high power complex signal in VHF (Very High Frequency) band and on airborne receivers
decoding the signal to extract navigational information [1].
The signal is based on an identifier audio signal sub-modulated at 1200 Hz from the carrier
frequency, transmitting seven times per minute three Morse code letters identifying the name
of the station. The station also transmits two sine waves sub-modulated at 30 Hz (in Amplitude
Modulation, AM) and at 9960 Hz (sub-modulated in Frequency Modulation, FM). The sine
wave at 30 Hz is transmitted omnidirectionally and works as reference signal, while the sine
wave sub-modulated in Frequency Modulation (FM) at 9960 Hz presents a phase shift (with
respect to the reference signal) that is proportional to the bearing angle of the receiver with
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respect to the Magnetic North. The receiver is able to calculate the phase shift between the two
sine waves to extract the so-called VOR radial, which is equal to the angle between the
Magnetic North and the line between the ground station and the aircraft.
Pilots since the late 1940s have used VOR as primary navigation system, usually dividing their
optimal route into straight segments between each couple of VOR station, in order to maintain
a single radial per VOR station overflight. VOR is nowadays used, as long as the other
conventional radio-navigational aids, jointly with INS (Inertial Navigation Systems) and GNSS
(Global Navigation Satellite Systems). The role of radio-navigational aids is mainly constrained
to the utilization as back-up systems [2].
VOR stations for navigation are transmitting at high power (usually, 200 W, [3, p. 52]) and
their service volume spans for 185 km in range and 17 km in altitude. However, simple link
budget calculations suggest how the minimum power density prescribed by the International
Civil Aviation Organization (ICAO) can be achieved several km outside the service volume
boundary. This suggests a potential application of VOR in stratosphere, with particular regards
to High Altitude Platform Stations (HAPS), meteorological balloons or scientific sounding
balloon missions. The prescribed power density suggests the applicability of VOR with an error
lower than 1.4 degrees (for the most recent design of the ground stations, often defined as
“Doppler VOR” or DVOR) or 4 degrees (for the older design, defined as “Conventional VOR”
or CVOR) for more than the 99% of the measurements. The STRATONAV Experiment [4],
[5], flown on a stratospheric balloon from Kiruna, Sweden, in 2016, demonstrated the
capabilities of VOR in stratospheric flight, up to an altitude of 32.2 km. VOR can be used as
back-up system for positioning and yaw angle determination if implementing airborne signal
processing units.
HAPS are unmanned aircrafts which are able to achieve quasi-stationary operations with low
energy consumption through exploiting the stratospheric low speed winds.
The altitudes reached by HAPS are between 17 and 25 km. They can be entirely powered by
solar panels thanks to the absence of clouds in this part of the atmosphere and the relatively
small amount of energy needed to stabilize these vehicles. Their fields of application include
broadcast communications, GNSS (Global Navigation Satellite Systems), Earth observation
and emergency operations management.
They are characterized by a faster deployment than space-based platforms and they can provide
broadband coverage with less ground stations. The shorter distances from the ground stations
grant low latency (about 0.26 ms against 30 ms for LEO satellites and 250 ms for GEO) and
lack of Doppler shift [6]. Today the amount of HAPS projects is constantly rising [7]–[9].
These stratospheric platforms require high-precision pointing systems to grant communication
services, in addition to high reliability navigation systems to be able to perform their tasks for
months.
TARDIS (Tracking and Attitude Radio-based Determination In Stratosphere) is an experiment
designed and developed by a team of eleven students from the S5Lab (Sapienza Space Systems
and Space Surveillance Laboratory) at Sapienza University of Rome. The main objectives are
to exploit the VHF Omnidirectional Range (VOR) signals to determine attitude and position of
the vehicle in stratosphere and to track a fixed RF ground target to simulate quasi-satellite
applications. The project has been selected for the 12th cycle of the REXUS/BEXUS
Programme and it will be launched on-board the BEXUS 28 stratospheric balloon in October
2019, from the Esrange Space Centre in Kiruna (Sweden).
TARDIS will be tested and developed at S5Lab, whose research team has many years of
experience in the development of stratospheric and space systems [4], [10]–[12] and in the
installation and management of ground-based observatories for space debris optical tracking.
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In this paper the TARDIS experiment concept and set-up are described in Sections 2 and 3.
Section 4 summarizes the digital processing techniques used to fulfil the experiment objectives,
while in Sections 5 and 6 expected results and final remarks on the project are exposed.
2

TARDIS EXPERIMENT CONCEPT

The TARDIS experiment has two main objectives:
• to compute the position and the attitude of the BEXUS gondola during the flight by
digital processing of the VOR signal;
• to track a fixed Radio Frequency (RF) target through a steerable antenna.
The experiment employs four magnetic loop antennas in order to receive the VOR signals. The
position of the balloon will be determined by decoding radials from at least two VOR stations
and by intersecting them through a geodesy algorithm. The experiment attitude will be deduced
by tuning all the four antennas on a single VOR station and determining the signal direction of
origin using a radio direction finding technique based on the Doppler effect. This method is
performed by connecting the four antennas sequentially to a Software-Defined Radio (SDR)
using an RF electronic chip. The switching process simulates a rotating antenna and it generates
a Doppler frequency shift in the received signal; by analysing the shift it is possible to determine
the signal direction of origin. The navigation data accuracy will be assessed by employing a
GPS receiver and an Inertial Measurement Unit (IMU) as reference sensors.
As far as the tracking process is concerned, a directional ground-based antenna located near the
launch site will transmit a carrier wave in the S band during the balloon flight. A steerable
biquad antenna mounted on the experiment will track the target signal demonstrating the
capabilities of a pointing system relying on a radio-based attitude determination. The accuracy
of the tracking system will be evaluated by computing the received signal power with an SDR
and by means of an IMU mounted on the stepper motor shaft linked to the antenna.
3

EXPERIMENT SET-UP

The experiment is composed of three main unites:
• an experiment box with the electronics inside;
• a mechanical arm where a stepper motor is placed to steer the tracking antenna;
• the attitude and position antennas pole.
The experiment mechanical set-up is shown in Figure 2. The experiment box is made of an
external aluminium bearing structure and an inner extractable structure with all the electronic
components placed on it. An insulation layer of high-performance insulating material will be
set between the two assemblies. Outside the case the experiment has a mechanical arm powered
by the main box with the actuation unit. The latter includes a stepper motor placed inside an
insulated polycarbonate box in order to protect it against the temperature conditions of the
stratospheric environment. A thermocouple is employed to monitor the inner temperature of the
case while a patch heater placed inside the case will be activated automatically to avoid the
freezing process. Finite elements method (FEM) analysis have been performed for thermal
monitoring, considering the worst hot and worst cold scenarios in order to assure that all the
components will work in the right temperature ranges. A thermo-vacuum test has been
scheduled to analyse the experiment behaviour at -40°C and 5 hPa. To perform the pseudodoppler radio direction finding technique, a minimum of four omnidirectional antennas
disposed in a circular array is required. The experiment employs four magnetic loop antennas
set at the extremities of two polycarbonates tubes; these are locked at the end of a 1.20 m-long
polycarbonate pole that leans out one meter below the Gondola in order to avoid reflections of
the metallic parts of the vehicle.
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The magnetic loop antenna is a curved hollow pipe with an inner diameter of 21 cm and a
capacitor to adjust the resonance frequency. This antenna detects the magnetic field of the signal
which concatenates with the loop; the VOR signal is horizontally polarised and the antenna has
an omnidirectional pattern in the horizontal configuration. This fact has been proven through
some tests performed in the proximity of a VOR station in Rome. The magnetic loop antenna
has a narrow bandwidth that attenuates the noise outside the VHF band increasing the Signalto-Noise Ratio (SNR), which is expected to be around 27 dB during the flight.
As far as the tracking process is concerned, a Biquad antenna tuned at 2060 MHz will be used
in order to track the ground antenna throughout the flight. The antenna is composed of a curved
copper filament held in front of a 7x14 cm copper reflector. The antennas designs are shown in
Figure 1. The experiment weight is 13 kg and the structure stability has been proven by
performing a FEM structural and modal analysis; results shown the right behaviour of the
structure under loads during the whole mission time.

(a)

(b)

Figure 1: TARDIS experiment antennas prototypes. (a) Magnetic loop antenna;
(b): Biquad antenna.

For the data acquisition processes, two SDRs are used to acquire the signals, two high power
On-Board Computers (OBCs) for the signal processing and two Solid-State Drives (SSDs) for
storing the acquired data (both raw and processed data). The on-board reference sensors data
will be used for a post flight comparison with the VOR-based measurements. The experiment
will be powered through the 28.8V bus provided by an external battery pack and it is expected
to consume around 34 W during the floating phase. It will communicate with the ground station
through the BEXUS telemetry system during the entire duration of the flight. Housekeeping
sensors data will be collected and sent to the ground station together with the processed
navigation and tracking system data and the reference sensors data. The experiment processes
have been designed be fully automatic but it will possible to upload commands from the ground
station in order to adjust experiment parameters and improve its performances.
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Figure 2: TARDIS experiment mechanical setup integrated on the BEXUS gondola.

4

DIGITAL SIGNAL PROCESSING ALGORITHMS

The experiment uses digital signal processing in order to receive and decode the VOR signal
for attitude and position determination and to evaluate signal power for the tracking process.
Two SDRs are employed, one for the navigation system (14-bit-resolution) and one for the
tracking system (8-bit-resolution). Digital signal processes are managed by GNU Radio [13],
an open-source development toolkit that provides signal processing blocks to implement
software-defined radios and signal processing systems.
The position determination process requires two radials from two different VOR stations. To
extract the radial, the complex signal coming from the SDR is first AM demodulated, and then
split in two different paths. In the first path, the signal passes through 3 digital filters (Low Pass
Filter, Decimating FIR Filter and Band Pass Filter) in order to retrieve the reference wave,
which is AM modulated. In the second path, instead, the spectrum of the signal is centred at
9960 Hz by multiplying for a cosine wave, then passed through a low pass filter and then it is
FM demodulated to retrieve the variable signal; finally, it is passed through a band pass filter
to isolate the tone at 30 Hz. Both paths end with a DC-blocker to remove the DC component of
the signals. The output of the two paths, that ideally represents two float 30 Hz sinusoids, are
the input of a phase comparator algorithm, which is needed to find the phase difference between
the signals, which represents the radial. The SDR tunes alternatively one loop antenna on two
different frequencies while the OBC extracts the radials and performs a geodesy algorithm
considering the VOR stations geographical coordinates and the intersection of the decoded
radials. It is also possible to perform an in-flight position optimization using more VOR
stations.
As far as the attitude determination process is concerned, the magnetic bearing of the BEXUS
gondola is computed using a radial and the VOR signal direction of origin. The determination
of the radio-source direction with respect to the experiment is based on a technique called
pseudo-doppler radio direction finding. This method employs an electronic circuit which
switches the four antennas in order to simulate a rotating antenna moving closer and further
away from the radio source, resulting in a Doppler frequency shift in the received signal which
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appears as a superimposed frequency modulation. By FM-demodulating the received signal it
is possible to obtain a sine wave at the frequency of the electronic switching signal. The signal
direction of origin is obtained by calculating the phase-shift between the demodulated Doppler
signal and the signal acquired from the antenna rotating circuitry [14], [15]. It is possible to
evaluate the frequency shift using (1).
∆𝑓 =

𝑟 × 𝜔 × 𝑓𝑐
𝑐

(1)

Where ∆𝑓 is the frequency shift in Hz, 𝑟 the antenna configuration radius in meters, 𝜔 the
simulated angular velocity of rotation in radians per seconds, 𝑐 the speed of light in meters per
second and 𝑓𝑐 the carrier frequency of the received signal in Hz. The antenna switching process
is managed by a microcontroller intergrated in the OBC.

Figure 3: Pseudo-Doppler radio direction finding technique visualized [14].

The pseudo-doppler direction finding technique has been tested and performed successfully
both in the amateur radio and academic environments. [16]–[18]
The yaw angle of the experiment with respect to the Magnetic North can be determined
employing a geodesy algorithm which processes the VOR decoded radial and the signal
direction angle.
The tracking process starts with a 360 degrees sweep so as to associate an RF power value to
every direction; the antenna is the pointed towards the maximum RF power bearing.
Throughout the flight, the biquad antenna is steered to compensate the balloon experiment
carrier vehicle rotations. Once every minute the control software carries out a 5 degrees sweep
check in order to verify if the antenna is still tracking the ground target. The antenna motion is
monitored through an IMU mounted on the stepper motor shaft.
5

EXPECTED RESULTS

In order to estimate the TARDIS experiment results, the STRATONAV experiment mission
has been carefully analysed and several mission analysis simulations and digital processing
models have been computed. The navigation system has been designed targeting a precision of
less than 5 km for position estimation and less than 6 degrees for attitude determination. The
precision of the tested technology will be assessed by comparing the obtained results with the
data collected by the GPS and the IMU. For the tracking system, the performance are analysed
through comparing the received signal power intensity and the data collected by the IMU
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mounted on the stepper motor shaft. The tracking error is expected to be less than 5 degrees
during the 80% of flight time.
6

CONCLUSIONS

The TARDIS experiment has been selected to fly on stratospheric balloon BEXUS 28 in the
framework of REXUS/BEXUS programme in October 2019. The experiment aims at testing an
alternative navigation system based on the VOR navigation system and a radio-tracking
procedure based on coarse attitude data.
The experiment is expected to reach an altitude of 25 km, outside the VOR SSV. The
experiment geographical coordinates will be determined by intersecting two or more radials at
a time using geodesy algorithms. The experiment attitude angle with respect to magnetic North
will be obtained by integrating the balloon position and the VOR signal direction of origin,
which is measured using a radio direction finding method based on Doppler effect. A directional
antenna is added to the experiment in order to track an S-band ground target; the antenna is
steered by a stepper motor which compensates the balloon yaw motion. The tracking process
will be performed using the attitude and position data computed using the VOR-based
navigation system. During the flight the experiment will acquire data from reference sensors
which will be used to prove the navigation and tracking systems accuracy.
The TARDIS experiment could improve the reliability of future stratospheric platforms
navigation systems. In fact, the need of a backup resource for the main GNSS navigation
system is vital in order to improve the resiliency and efficiency of HAPS. Moreover, the tested
systems could be employed onboard amateur sounding balloons avoiding the implementation
of expensive GNSS receivers.
As far as the tracking is concerned, the TARDIS experiment would also demonstrate that, in
case of a major failure of the main attitude system, antenna tracking can still be done with
sufficient precision relying on the VOR-based attitude and position determination.
7
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ABSTRACT
Resistance to ballistic impacts is a key requirement for an effective use of composite structures
in many engineering applications. In fact, when fiber-reinforced composites are subject to highvelocity impacts (HVI), they are likely to suffer complete perforation, eventually causing the
dramatic failure of the overall system. Moreover, elements with shielding requirements often
feature nontrivial curvatures, so that their use in many engineering applications must undergo
a precise evaluation of the effects of curvature on their resistance to impacts. The objective of
the present work is to present an analytic formulation to model high-velocity impacts on both
plane and curved (cylindrical and spherical) thin woven fabric composite targets, relying on
the geometric and the elastodynamic characteristics of the target.
Keywords: Analytical model, High-velocity impact, allistic limit, Composite targets.
1

INTRODUCTION

Composite materials have steadily received more attention primarily due to their increased
usage over the past twenty years in the aerospace field, mainly for structural and shielding
applications. In particular, when survivability of personnel and equipment against penetration
by external ob ects is required, 2D woven fabrics are nown to represent the best option in
terms of impact performance 1 . Due to the large computational costs of numerical simulations
and the specific nature of experimental tests, in the last decades research has focused on finding
an accurate analytical model to fully understand and predict the behaviour for this type of fabric
2 . The ma ority of research on ballistic impact has been conducted on plane targets. ver the
past fifteen years, more research efforts have examined the effects of curvature on the impact
response of materials, with the focus, however, being mainly ept on low-velocity impact tests.
Recent wor s on the impact on curved composite targets have focused the attention on the
effects of curvature on damage evolution
and on the dynamic response of the structure 4,
5 , showing that the main effect of curvature is to increase the damaged area. Comprehensive
reviews describing the fundamental parameters which determine the low-velocity impact
resistance of continuous fibre-reinforced composite materials can be found elsewhere 6, . The
ob ective of the present wor is to present an analytic formulation to analyse the effects of
curvature on high-velocity impact resistance of thin woven fabric composite targets, relying on
the geometric and the elastodynamic characteristics of the target 8,9,10 , drawing attention to
the properties defining the damage mechanisms onset and propagation. In particular, a
parametric study of the target impact performance with varying values of the radius of curvature
for cylindrical and spherical specimens is carried out. Numerical predictions are finally
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discussed and compared with literature results for flat targets featuring the same material
properties.
2

PHYSICAL MODEL

Figure 1: Schematic view of the target: primary and secondary yarns areas are shown, with the
generation of a conical region about the impact point corresponding to the propagation of transverse
waves

Depending on the mechanical and inematic parameters characterizing the pro ectile-target
pair, a ballistic impact can result into three different scenarios: (i) the pro ectile completely
perforates the target and exits with non-null residual velocity (ii) the pro ectile partially
penetrates the target, either remaining stuc within it or rebounding (iii) the pro ectile
completely perforates the target with zero exit velocity (see Figure. 1).
The energy transfer from the pro ectile to the target is defined by seven energy
absorbing dissipating mechanisms: (i) cone formation on the bac face of the
target (ii) tensile failure of primary yarns (iii) tensile deformation of secondary yarns (iv)
bending of primary and secondary yarns (v) shear plugging (vi) delaminations onset and
growth (vii) matrix crac ing. During the ballistic impact event, the energy associated to the
pro ectile-target pair must match at every instant of time the inetic energy possessed by the
pro ectile before the impact. Enforcing the energy conservation 11 :
𝐾𝑃
𝐾𝐶
𝑃𝑌
𝑆𝑌
𝐵𝑁
𝑆𝑃
𝐷𝐿
𝐸0𝐾𝑃 = 𝐸(𝑖)
+ 𝐸(𝑖)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
𝑀𝐶
+ 𝐸(𝑖−1)
,
for 𝑖 = 1, . . . , 𝐼

(1)

where 𝐸0𝐾𝑃 is the inetic energy of the pro ectile ust before it comes in contact with the target
𝐾𝑃
𝐾𝐶
𝐸(𝑖)
and 𝐸(𝑖)
are the inetic energies of the pro ectile and of the conical region of the target
𝑃𝑌
spanned by transverse waves at the 𝑖-th time interval, respectively 𝐸(𝑖−1)
represents the energy
𝑆𝑌
dissipated by the fracture of primary yarns while 𝐸(𝑖−1) is the impact energy absorbed by tensile
𝐵𝑁
deformation of secondary yarns until the (𝑖 − 1)-th instant of time 𝐸(𝑖−1)
is the energy
𝑆𝑃
absorbed by bending of primary and secondary yarns 𝐸(𝑖−1) is the energy dissipated via shear
𝐷𝐿
𝑀𝐶
plugging 𝐸(𝑖−1)
and 𝐸(𝑖−1)
are the energy-dissipating contributions due to delamination and
matrix crac ing until the same instant (𝑖 − 1) finally, 𝐼 is the last instant of time of the impact.
1
1
𝐾𝑃
2
𝐾𝐶
2
Given that 𝐸(0,𝑖)
= 2 𝑚𝑃 𝑉(0,𝑖)
, 𝐸(𝑖)
= 2 𝑚𝐶(𝑖) 𝑉(𝑖)
, where 𝑚𝑃 and 𝑚𝐶(𝑖) are the pro ectile and the
cone masses, respectively, and defining
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Figure 2: Schematic view of the yarn deformation in presence of curvature
𝑇𝑂𝑇
𝑃𝑌
𝑆𝑌
𝐵𝑁
𝑆𝑃
𝐷𝐿
𝑀𝐶
𝐸(𝑖−1)
= 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)
+ 𝐸(𝑖−1)

(2)

the energy balance equation in (1) can be rewritten as
1
1
1
2
2
𝑇𝑂𝑇
𝑚𝑃 𝑉02 = 𝑚𝑃 𝑉(𝑖)
+ 𝑚𝐶(𝑖) 𝑉(𝑖)
+ 𝐸(𝑖−1)
2
2
2

( )

From the above equation, the velocity of the pro ectile (and of the target onto which the
pro ectile is stitched) is
𝑉(𝑖) = √

𝑇𝑂𝑇
𝑚𝑃 𝑉02 − 2𝐸(𝑖−1)

(4)

𝑚𝑃 + 𝑚𝐶(𝑖)

so that, given the pro ectile speed at the previous step, its velocity can be obtained at any time
as a result of the energy-absorbing dissipating mechanisms occurring in the target. Additional
details on the proposed numerical scheme can be found in 11 .
TARGET DEFORMATION
The deformation of the target (with single or double constant curvature at the impact region)
along the lines of curvature of the surface is shown in Figure 2 for the case of non-null curvature.
The information of the pro ectile impacting the target propagates in the laminate under the form
of strain waves: in-plane-propagating waves are assumed to originate from the pro ectile edge
to travel along the radial direction. Such waves are characterized by a polarization direction
which is either parallel (longitudinal waves) or normal (transverse waves) to the direction of
propagation, governing the different deformation mechanisms occurring in the target.
.1

Impact description
𝑑

The length of the impacted yarn in its undeformed configuration reads 𝐴𝐶 = 𝑟𝑡(𝑖) + 2 (see
Figure 2), with 𝑟𝑡(𝑖) being the distance travelled by transverse waves at the i-𝑡ℎ instant and 𝑑
𝐴𝐶

the pro ectile diameter 12 . The associated central angle is then 𝛽 = 𝑅 , where 𝑅 denotes the
yarn radius of curvature. As long as the pro ectile comes in contact with the target, however,
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the yarn is assumed to rigidly rotate about the wavefront of the propagating transverse wave
(represented by point 𝐴 in Figure 2), with the impact point 𝐶 ideally describing the arc 𝐶𝐶 ′ so
that the radius of curvature of the yarn is preserved (i.e., 𝑂𝐶 = 𝑂′ 𝐶 ′ = 𝑅). The axial symmetry
of the problem, however, forces point 𝐶 to remain on the axis of symmetry described by the
tra ectory of the pro ectile s center of mass (represented in Figure 2 by the segment 𝑂𝐶) during
′′ , with
̂
the deformation, so that the actual configuration of the yarn is represented by the arc 𝐴𝐶
corresponding central angle 𝛽 ′ .
It is apparent to verify that fibre elongation occurs if 𝐶𝐶 ′′ > 𝐶𝐵, with 𝐵 being the symmetric
of the impact point 𝐶 with respect to the horizontal axis 𝐴𝐷. This result depicts two deformation
scenarios:
- the distance travelled by the pro ectile since the impact start 𝐶𝐶 ′′ is larger than two
times the pro ection 𝐶𝐷 of the propagation path of the transverse waves along the yarn
on the pro ectile tra ectory, so that positive elongation of the yarn occurs
- the distance travelled by the pro ectile since the impact start 𝐶𝐶 ′′ is smaller than two
times the pro ection 𝐶𝐷 of the propagation path of the transverse waves along the yarn
on the pro ectile tra ectory and in this case yarn compression ta es place.
.2

Lon itudinal wa es

hen a yarn is impacted by the pro ectile, longitudinal strain waves propagate outwards along
the filament 11,12 . The innermost and outermost longitudinal waves propagating in the target
when it is undeformed or when the yielding deformation value 𝜀𝑦 has been reached,
respectively, have velocities 1
1 𝑑𝜎
𝑐𝑒,𝑝 = √ ( )
𝜌 𝑑𝜀 𝜀=0,𝜀𝑦

(5)

and are termed elastic and plastic (longitudinal) wave. The distance travelled by such waves at
the 𝑖-th instant of time is 𝑟𝑒(𝑖) = 𝑖𝑐𝑒 Δ𝑡 and 𝑟𝑝(𝑖) = 𝑖𝑐𝑝 Δ𝑡. As a result of stress wave attenuation
from the point of impact up to the point where the longitudinal stress wave has reached, there
would be strain variation also, namely 1
𝜀(𝑥) = 𝜀𝑜 𝑏 𝑥/𝑎

(6)

where 𝜀𝑜 is the strain at the point of impact, 𝑎 is the yarn thic ness and 𝑏 is referred to as
transmission factor and it assumes positive values smaller than 1. From the definition of the
Cauchy strain
𝜀𝑜(𝑖) =

𝑙(𝑖) − 𝐿(𝑖)
𝑎(𝑏𝐿(𝑖)/𝑎 − 1)

ln ( 𝑏)

( )

with 𝐿(𝑖) and 𝑙(𝑖) representing the reference and actual length of the primary yarn at the 𝑖-th
instant of time. If the transverse motion of a flat target under the action of the pro ectile of
diameter 𝑑 is ta en into account the expression of 𝜀𝑜(𝑖) becomes
𝜀𝑜(𝑖)

𝑑
2
√(𝑟𝑡(𝑖) + 𝑑 )2 + ℎ(𝑖)
− (𝑟𝑡(𝑖) + 2)
2
=
ln ( 𝑏)
𝑎(𝑏𝐿(𝑖)/𝑎 − 1)

The expression of 𝜀𝑜(𝑖) in presence of curvature becomes instead (see Figure 2)
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𝑅(𝛽 ′ − 𝛽)
𝑎(𝑏𝐿(𝑖)/𝑎 − 1)

ln ( 𝑏)

(9)

hen the value of dynamic tensile failure strain 𝜀𝑟 is reached in a particular yarn, failure occurs.
As a result, if the inetic energy of the pro ectile is large enough, a sequential failure of yarns
starting with the yarns in the top layer and proceeding toward the bottom layer can be obtained.
The elastic energy dissipated by failure of a primary yarn therefore reads
𝑤𝑟,𝑤𝑓

𝑃𝑌𝑤𝑟,𝑤𝑓
𝑒(𝑖)

2

= 2𝜋𝑎 ∫

𝑟𝑡(𝑖)

∫

0

𝜀=𝜀𝑟

𝜎 (𝑥)𝑤𝑟,𝑤𝑓 𝑑𝜀𝑑𝑥

(10)

0

where the 𝑤𝑟 and 𝑤𝑓 superscripts refer to yarns collinear to the wrap or to the weft direction,
with possible different radii of curvature and, therefore, different values of deformation and
stress. The total energy dissipated by primary wrap and weft yarns failure is, respectively
𝑃𝑌𝑤𝑟,𝑤𝑓

𝐸(𝑖)

𝑟𝑤𝑟,𝑤𝑓 𝑃𝑌𝑤𝑟,𝑤𝑓
𝑒(𝑖)

= 𝑁(𝑖)

(11)

𝑟𝑤𝑟,𝑤𝑓

with 𝑁(𝑖)
representing the number of bro en primary wrap and weft yarns at the 𝑖-th time
instant. The total amount of energy dissipated by primary yarns failure is, therefore,
𝑃𝑌𝑤𝑓

𝑃𝑌
𝑃𝑌𝑤𝑟
𝐸(𝑖)
= 𝐸(𝑖)
+ 𝐸(𝑖)

(12)

n the other hand, secondary yarns constitute the region of the target travelled by transverse
waves with the exception of the yarns passing through the area of impact, as shown in Figure
1. Differently from primary yarns, secondary yarns do not brea under the effects of the tensile
stresses induced by the impact, as for the assumed strain distribution primary yarns are
modelled to fail first, with the strain being reset to zero after fiber brea age 1 .
The inetic energy of the pro ectile transferred to the target is partially absorbed by secondary
yarns elongation as elastic energy. Considering a linear variation of the strains between points
𝑂′′ and 𝑃 of Figure , the following expression is obtained for the case of a spherical target:
𝜀(𝑖) (𝑟) =

√2𝜀𝑜′′(𝑖)
√2𝑟𝑡(𝑖) − 𝑑

(𝑟𝑡(𝑖) − 𝑟)

(1 )

Figure : The propagation of transverse waves at the impact point for the case of a spherical target
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The elastic energy absorbed by secondary yarns therefore reads
𝑆𝑌
𝐸(𝑖)
=∫∫

𝜀(𝑖) (𝑟)

(14)

𝜎 (𝑟)𝑑𝜀𝑑𝑉

𝑉 0

The estimation of the elastic energy associated to the deformation of secondary yarns for the
case of a cylindrical target can be achieved resorting to the homeomorphism existing between
𝑤𝑓
𝑤𝑟
a cylindrical and a plane surface. Introducing the eccentricity 𝑒(𝑖) = 𝑅(𝑖) /𝑅(𝑖)
between the
portion of the target spanned by transverse waves along the weft and wrap directions, the elastic
energy absorbed by secondary wrap weft yarns at the 𝑖-th instant of time is
𝑤𝑟,𝑤𝑓 2

𝑤𝑟,𝑤𝑓

𝑆𝑌𝑤𝑟,𝑤𝑓
𝐸(𝑖)

.

= 4ℎ ∫

𝑅(𝑖)

[∫

𝑑/2

𝑒(𝑖) √(𝑅(𝑖)

) −𝑥2

(∫

𝑑/2

𝜀(𝑖) (𝑥,𝑦)

𝜎 (𝑥, 𝑦)𝑑𝜀) 𝑑𝑦] 𝑑𝑥

(15)

0

Trans erse wa es

The transverse motion of the conical region of the target about the impact point due to transverse
waves onset and propagation is responsible of the bending of primary and secondary yarns as
well as of cone generation.
The displacement 𝛿(𝑖) imposed at the impact point is introduced so that no elongation of the
yarns (already ta en into account in Section .2) is generated. In presence of curvature, a
rotation of the yarns about the front of transverse waves is considered, ideally ma ing point 𝐶
moving to point 𝐸 describing the angle 𝜃(𝑖) = 𝜋/2 − 𝛼(𝑖) + 𝛾(𝑖) in Figure 2, with
−1

𝛾(𝑖) = tan (

ℎ(𝑖) − 𝐴𝐶(𝑖) 𝑐𝑜𝑠 ( 𝛼(𝑖) )
𝐴𝐶(𝑖) 𝑠𝑖𝑛 ( 𝛼(𝑖) )

)

(16)

Depending on whether the considered curvature characterizes warp or weft directions,
𝑤𝑟,𝑤𝑓

𝐴𝐶(𝑖)

𝑤𝑟,𝑤𝑓

= 2𝑅 sin ( 𝛽(𝑖)

/2).

n the other hand, if no curvature is present along the

−1

𝑤𝑟,𝑤𝑓

considered direction, 𝜃(𝑖) = tan(ℎ(𝑖) /𝐴𝐶(𝑖) ), and 𝐴𝐶(𝑖)
displacement 𝛿(𝑖) can be written as
𝑤𝑟,𝑤𝑓

𝛿(𝑖)

𝑤𝑟,𝑤𝑓

= 2𝐴𝐶(𝑖)

𝑤𝑟,𝑤𝑓

= 𝑟𝑡(𝑖)

𝑤𝑟,𝑤𝑓

sin (𝜃(𝑖)

/2)

+ 𝑑/2. In both cases, the

(1 )

ith this mechanical data, the curvature along warp and weft directions reads, respectively
𝑤𝑟,𝑤𝑓

𝑤𝑟,𝑤𝑓
𝜒(𝑖) (𝑟)

=

6𝛿(𝑖)

2 (1

𝑤𝑟,𝑤𝑓
(𝑅(𝑖) )

−

2
𝑤𝑟,𝑤𝑓
𝑅(𝑖)

𝑟)

(18)

The elastic energy associated to the pure bending of a yarn of length 𝑙 has the well- nown
𝑙
expression 𝐸 𝐵𝑁 = (1/2) ∫0 𝐸 𝐽𝜒 2 𝑑𝑙, where 𝐸(𝜀𝑜 ) is the oung s modulus of the beam
estimated at the impact point and 𝐽 denotes the inertia moment. The calculus of 𝐽 for the case
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of cylindrical and spherical targets delivers the bending energy for the problem at hand.
4

TARGET DAMAGE

hen the ballistic limit is reached for a pro ectile-target pair, the energy transferred from the
pro ectile to the target during the impact is partially absorbed by the target (through the
deformation mechanisms already described), while the rest is dissipated through the onset and
growth of damages in the impacted specimen. The damage scenario, in particular, is eventually
characterized by the presence of delamination, matrix crac ing and shear plugging.
4.1

Matri crac in

The presence of crac s in the matrix is limited to a region of the target about the point of
impact, namely, where the strain exceeds a threshold value 𝜀 𝑀𝐶 which is characteristic of the
𝑀𝐶𝑤𝑟,𝑤𝑓
laminate. Defining 𝑟(𝑖)
as the distance from the impact point along wrap and weft yarns
where the strain is larger than the value of matrix crac ing onset 𝜀 𝑀𝐶 , the portion of the 𝜂-th
𝑀𝐶
layer of the cylindrical target 𝑉(𝑖)
where matrix crac ing has occurred is
𝑀𝐶𝑤𝑓

𝑀𝐶
𝑀𝐶𝑤𝑟
𝑉𝜂(𝑖)
= ℎ𝑙 (𝑟(𝑖)
𝑟(𝑖)

)

(19)

The same quantity for a spherical target reads
𝑀𝐶
𝑉𝜂(𝑖)
=

𝑀𝐶
𝑟(𝑖)
2
ℎ𝑙3
2
𝜋 [1 − cos (
)] [ + 3(𝑅 + ℎ𝜂 ) ℎ𝑙 ]
3
𝑅 + ℎ𝜂
4

(20)

so that the energy dissipated by matrix crac ing in the 𝜂-th layer between the (𝑖 − 1)-th and
the 𝑖-th instants of time is
𝑀𝐶
𝑀𝐶
𝑀𝐶
Δ𝐸𝜂(𝑖)
= 𝜒 𝑀𝐶 𝑒 𝑀𝐶 Ψ𝑆𝑎𝑛 𝜋(𝑉𝜂(𝑖)
− 𝑉𝜂(𝑖−1)
)

(21)

where 𝜒 𝑀𝐶 is the percent of crac ed matrix with respect to the whole volume, 𝑒 𝑀𝐶 is the
energy dissipated by matrix crac ing per unit volume, Ψ is the matrix volume fraction and
𝑆𝑎𝑛 is a factor ta ing into account the non perfect circularity of the crac ed area due to the
anisotropy of the target.
4.2

Delamination

The portion of the target where the strain values exceed the delamination initiation threshold
strain 𝜀 𝐷𝐿 undergoes damage in the form of delamination.
𝐷𝐿𝑤𝑟,𝑤𝑓
Defining 𝑟(𝑖)
as the distance from the impact point along wrap and weft yarns where the
strain is larger than the value of delamination onset 𝜀 𝐷𝐿 , the area 𝐴𝐷𝐿
𝜂(𝑖) of the 𝜂-th layer of the
spherical target where delamination has occurred is

𝐷𝐿
𝐴𝐷𝐿
𝜂(𝑖) = 2𝜋(𝑟(𝑖) )

𝐷𝐿
𝑟(𝑖)
[1 − 𝑐𝑜𝑠 (
)]
𝑅 + ℎ𝜂
2
2

𝐷𝐿
𝑟(𝑖)
(
)
𝑅 + ℎ𝜂



(22)
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The same quantity for a cylindrical target reads
𝐷𝐿𝑤𝑓

𝐷𝐿𝑤𝑟
𝐴𝐷𝐿
𝑟(𝑖)
𝜂(𝑖) = (𝑟(𝑖)

)

(2 )

so the energy dissipated by delamination in the 𝜂-th layer between the (𝑖 − 1)-th and the 𝑖-th
instants of time is
𝐷𝐿
𝐷𝐿
Δ𝐸𝜂(𝑖)
= 𝜒 𝐷𝐿 𝐺𝐼𝐼 𝑆𝑎𝑛 𝜋(𝐴𝐷𝐿
𝜂(𝑖) − 𝐴𝜂(𝑖−1) )

(24)

where 𝜒 𝐷𝐿 is the percent of delaminated area with respect to the whole surface, 𝐺𝐼𝐼 is the
strain energy release rate for delamination in mode II.
4.

Shear Plu

in

The contact force generated during the impact event causes the onset of shear stresses, which
can push forward the material situated beneath the pro ectile, so as to generate a hole into
which a plug moves towards the bac face of the target.
Given the shear modulus of the target 𝐺(𝑖) , the velocity of the shear wave propagating in the
𝜏
target thic ness direction is 𝑐(𝑖)
= √𝐺(𝑖) /𝜌 so that the shear stress induced by the impact ust
beneath the pro ectile at the 𝑖-th instant of time reads
𝜏(𝑖) =

𝐹(𝑖)
𝜏
𝜋𝑑𝑐(𝑖) 𝛥𝑡 +

𝜂(𝑖) ℎ𝑙

(25)

where 𝜂(𝑖) is the total number of bro en layers. The energy dissipated in the failure at the 𝑖-th
𝑆𝑃
time instant of 𝜂(𝑖)
layers due to shear plugging finally reads
𝑆𝑃
𝑆𝑃 𝑆𝑃
𝐸(𝑖)
= 𝜂(𝑖)
𝐸𝑟

(26)

RESULTS AND DISCUSSION
The variation of the pro ectile velocity with the ballistic limit 𝑉𝐵𝐿 set as initial velocity for
various radii of curvature is shown in Figure 4 a for the case of a spherical plain-weave Eglass epoxy target with specs reported in Table 1. It is apparent to notice that an increase of the
ballistic limit ta es place when smaller radii of curvature are considered, ranging from 𝑉𝐵𝐿 =
151 ÷ 152 m s for the composite plate (𝑅 = ∞) to 𝑉𝐵𝐿 = 168 ÷ 169 m s for 𝑅 = 0.5 m. The
same monotonic variation is not found for the duration of the impact, which is first seen to
increase and subsequently to decrease with decreasing radii of curvature of the target.
Increasing the target curvature causes a mitigation of the maximum values of the deformations
experienced by the specimen, resulting into an increase of the impact duration due to the smaller
amount of elastic energy absorbed by primary and secondary yarns. As predicted in Section
.1, additional increases of the target curvature ma e the deformations become negative and
the yarns undergo compression: this results into a decrease of the impact duration. These
phenomena can be observed in Figure 4 b, where the variation in time of the elastic energy
𝑆𝑌
absorbed by secondary yarns 𝐸(𝑖)
for different radii of curvature of the target, is shown.
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(b)

Figure 4: (a) Evolution of the pro ectile velocity with the ballistic limit VBL set as initial velocity for
BN
various radii of curvature (b) The energy absorbed by secondary yarns deformation E(i)
with the
ballistic limit VBL set as initial velocity for various curvatures

A first decrease of the elastic energy for smaller radii of curvature is followed by a very steep
𝑆𝑌
rise of the values of 𝐸(𝑖)
for a further decrease of 𝑅: such rapid increase of the elastic energy
absorbed by secondary yarns is found to be driven by compression occurring in the whole
thic ness of the specimen. The values of the ballistic limit 𝑉𝐵𝐿 for spherical and cylindrical
targets with various radii of curvature are shown in Table 2: those corresponding to 𝑅 𝑤𝑟 =
𝑅 𝑤𝑓 = 𝑅 refer to spherical specimen, while the case of cylindrical laminates is represented by
the third column at 𝑅 𝑤𝑟 = ∞ (or 𝑅 𝑤𝑓 = ∞). bserving the results it is straightforward to notice
that while the two types of specimens share a decrease of 𝑉𝐵𝐿 with increasing 𝑅, no significant
difference in terms of ballistic limit arise between spherical and cylindrical targets featuring the
same curvature. Although counter-intuitive, this result can be explained considering that while,
on one side, the presence of non-null curvature in the target causes a mitigation of the positive
values of the deformations and a successive compression of the yarns, on the other hand the
area of the spherical target involved in the damage energy-absorbing phenomena is smaller than
the area on a plane or on a cylindrical surface characterized by the same distance travelled by
longitudinal and transverse waves.
Pro ectile mass g
Pro ectile diameter mm
Matrix volume fraction %
Density g m3
Thic ness mm
Number of layers
Number of yarns
Fracture strain %
Fracture stress MPa
oung s modulus GPa
Fracture shear strain %

𝑚𝑃
d
Φ
𝜌
h
N
M
𝜀𝑟
𝜎𝑟
E𝜀=0
𝛾 𝑆𝑃

2.8 Fracture shear stress MPa
𝜏 𝑆𝑃 120
5 Shear modulus GPa
𝐺𝛾=0 2.0
50 Anisotropy factor
0.9
𝑆𝑎𝑛
1 50 Transmission factor
b
0.825
2 Damage initiation threshold %
1.8
𝜀𝑑
2
6 Strain energy release rate m
800
𝐺𝐼𝐼
3
𝑀𝐶
6 Matrix crac ing release rate M m
0.9
e
4.50 arn width mm
a
1.92
8
40
Primary secondary strain ratio %
𝛼
56 Through-the-thic ness strain rate %
𝛽
11.99 Time step 𝜇s
1
Δ𝑡

Table 1 The input data of the simulations for plain-weave E-glass epoxy targets 1 ,14
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4
5
6
8
9
10
∞
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VBL (𝑅 𝑤𝑟,𝑤𝑓 = 𝑅) m s VBL (𝑅 𝑤𝑟,𝑤𝑓 = 𝑅, ∞) m s
161÷162
16 ÷164
158÷159
160÷161
155÷156
15 ÷158
154÷155
156÷15
15 ÷154
155÷156
15 ÷154
154÷155
152÷15
154÷155
152÷15
15 ÷154
152÷15
15 ÷154
151÷152
15 ÷154
151÷152
151÷152
159÷158 150÷149

Table 2: The ballistic limit VBL for spherical and cylindrical targets of various radii of curvature

Finally, in the last two rows of Table 2, the ballistic limit of a target with infinite radii of
curvature both in the wrap and weft direction (i.e., a flat target) is compared with the numerical
(159÷158 m s) and experimental (150÷149 m s) values estimated in 14 for a target featuring
the properties of Table 1: a good agreement is found. The dependence of the ballistic limit on
the target curvature leads to search for a possible optimal value of the radius of curvature for
spherical and cylindrical laminates capable to guarantee the highest resistance to ballistic
impacts. As shown in Figure 5 a concave relationship is found. The optimal value of 𝑅𝑜𝑠 = 0.52
m is found for a spherical target, with an associated ballistic limit of 𝑉𝐵𝐿 = 169.8 m s and an
increase of 1 .8 m s with respect to the case of the plane target, for which 𝑉𝐵𝐿 = 151 ÷ 152
m s. An optimal radius of 𝑅0𝑐 = 0.76 m is instead estimated for the cylindrical target, capable
to guarantee a ballistic limit of 𝑉𝐵𝐿 = 166.4 m s and an increase of 14.4 m s with respect to the
composite plate.

Figure 5: The variations of the ballistic limit VBL with the radius of curvature R: dots indicate
numerical estimations, while solid thic and thin lines denote polynomial interpolation for the
spherical (VBL = 169.8 m s for Rso = 0.52 m) and the cylindrical (VBL = 166.4 m s for Rco = 0.76 m)
targets, respectively
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CONCLUSION

An analytical formulation aimed at estimating the effects of curvature on high-velocity impacts
resistance of thin woven fabric composite targets has been presented in this wor . The
estimation of the ballistic limit for the impactor-target pair has been carried out ta ing into
account the different deformation damage mechanisms which characterize the target response
during the impact. The effects of curvature have been then investigated for the case of a
spherical E-glass epoxy target of various radii of curvature, showing that, as expected,
compression of primary and secondary yarns is found to occur for radii of curvature sufficiently
small, driving the transfer of energy from the pro ectile to the target, and resulting into an
overall increase of the ballistic limit with respect to the plane case. The subsequent estimation
of 𝑉𝐵𝐿 for cylindrical targets has shown that no substantial difference arises in terms of ballistic
resistance with spherical targets possessing the same radii of curvature. The estimation of the
optimal values of the radii of curvature for spherical and cylindrical targets has been finally
carried out via polynomial interpolation: starting from the numerically obtained values of the
ballistic limits 𝑉𝐵𝐿 for spherical and cylindrical targets of given radius of curvature, the optimal
values of 𝑅𝑜𝑠 = 0.52 m and 𝑅𝑜𝑐 = 0.76 m have been found for the two cases, capable to
guarantee a ballistic limit of 𝑉𝐵𝐿 = 169.8 m s and 𝑉𝐵𝐿 = 166.4 m s, respectively, with an
increase of 17.8 m s and 14.4 m s with respect to the case of a plane target 𝑉𝐵𝐿 = 152 m s.
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ABSTRACT
The Turbo-electric Distributed Propulsion (TeDP) is a novel concept of hybrid aircraft
propulsion for commercial aircraft. TeDP employs electrically powered fans dedicated to
thrust generation which are distributed in clusters along the wingspan, together with one gas
power unit providing the electrical power for the fans and for the re-charging of the energy
storage system using superconductors. Furthermore, aft-positioned propulsive compartment
enables the advantages of Boundary Layer Ingestion (BLI) phenomenon. The paper deals with
the preliminary sizing of Li-air battery pack for the TeDP considered. A comparison between
Jet A-1, liquid natural gas (LNG) and liquid hydrogen (LH2) fuels is performed with an interest
on the energy storage system. Furthermore, the impact of different fuels on some of the aircraft
subsystems is discussed. Finally, the results are discussed, and the future activities are
suggested.
Keywords: hybrid propulsion, cryogenic fuels, Li-air batteries, E-Thrust.
1

INTRODUCTION

In the current scenario of air traffic growth, research activities are continuously carried out to
find solutions for reducing environmental and noise pollution as well as decreasing the fuel
consumption 1 – 4 . These issues ustify an effort towards the development of Turbo-electric
Distributed Propulsion (TeDP) for transport aircraft. Hereafter the paper focuses on a solution
having a configuration similar to the E-Thrust proposed by Rolls-Royce and Airbus 5 6 . The
configuration comprises of i) a thrust generation module made of six electrically powered fans
distributed three per each wingspan, ii) a gas power generation module composed by a
turboshaft and an electric power generator, briefly referred to as turboalternator, iii) a Li-air
energy storage and power transportation module, as illustrated in Figure 2-1.
The paper presents the results obtained at University of Pisa in preliminary sizing the energy
storage system of the E-Thrust. Section 2 provides a description of the thrust module, the power
generation module and the in-flight power management Section provides a comparison
between the analyzed fuels Section 4 reports the main results obtained by way of a onedimensional calorically perfect gas model Section 5 describes the impact on the system
architecture for different fuels.
2

E-THRUST MODULES AND IN-FLIGHT POWER MANAGEMENT

Thrust and power generation modules are hereafter described. Moreover, a medium-haul flight
of the aircraft is discussed, from which the main requirements that must be met to evaluate the
total mass of the Li-air battery pac are extracted.
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Figure 2-1: E-Thrust Modules Schematics 18 .

2.1

Thrust Module

The electrically powered fans produce thrust without employing combustion and share the same
inlet to reduce the wet area. Thrust is obtained through small pressure ratio values, hence the
use of a variable area nozzle to produce sonic condition is needed to maximize the airflow. Aftpositioned propulsive compartment provides a reduction of the aerodynamic drag by reenergising the boundary layer, by means of the oundary Layer Ingestion ( LI). However, LI
determines a reduction in the flow total pressure.
2.2

Power Generation Module

The turboalternator supplies power according to the strategy described in Section 2. .
Furthermore, the turboalternator must generate only a small amount of thrust thus to
compensate the aerodynamic drag it induces. This design choice allows a strong reduction of
the noise produced.
2.3

In-flight Power Management
1. Take-off and Climb Phase. Since TeDP relies on the cruise phase optimization of the
turboalternator, at ta e-off and climb phase the energy storage system will provide the
required extra power.
2. Cruise Phase. The turboalternator will provide the power required to operate the fans
and to recharge the energy storage system. If a failure of the turboalternator occurs
during this phase, the energy storage system must be able to provide the power to
continue the flight and safely land at the closest airport
. Descent Phase. At first, the turboalternator will be switched off and no power will be
provided to the fans. The energy storage system will supply the power for the on-board
systems. Then, the fans will generate the electrical power to completely recharge the
energy storage system
4. Landing Phase. The turboalternator is re-started to provide a small amount of power to
the propulsion system for safety reasons, to counteract a possible failure in the energy
storage system during this phase.
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FUEL COMPARISON

The reduced fuel consumption TeDP introduces, 5 , can be enhanced by the use of alternative
fuels. They can, at least in principle, enable environmental advantages as well as increase
performance and economical return 1 , , – 10 . The alternatives analysed in this paper
are Liquid Hydrogen (LH2) and Liquified Natural Gas (LNG). The relevant characteristics are
compared in the following.
• Lower Heating Value (LHV). A comparison of Lower Heating alue for the considered
fuels is reported in Figure -1. Higher LH is favourable so as to increase the allowed
flight length or equivalently the payload. For instance, LNG possess 1
higher LH
with respect to conventional et fuel which means the aircraft flight length increases by
1
at fixed payload.

Figure -1: Lower Heating alue Fuel Comparison.

•

4

Cooling properties. Cooling properties are relevant to increase turbine inlet temperature
which indirectly means increase the overall efficiency. The extremely low temperature
at which cryogenic fuels are stored increases cooling capabilities of these fuels. Hence,
heat on the turbine blades can be dissipated more efficiently thus higher temperatures
are allowed at the combustion chamber exit. Additionally, cooling capabilities are
crucial for the employment of superconductors, as further described in Section 4.
ENERGY STORAGE SYSTEM PRELIMINARY SIZING

ith reference to Section 2, Phase 1 and Phase 2 result to be the scenarios about which the Liair battery pac must be sized. The aim of this section is to outline the procedure employed to
obtain the proper value of the energy storage system mass. The procedure applied is the same
for both the scenarios: i) the power required by the fans in a certain time interval is evaluated
with respect to the level of thrust needed, thereby estimating the energy to be provided ii) the
total mass is evaluated from the energy density of the Li-air batteries (𝜌𝐿𝑖−𝑎𝑖𝑟 = 3.8
h g,
11 , 12 ) and the total energy to be provided to the fans.
The schematics of the thrust module and power generation module are reported in Figure 4-1
and 4-2 respectively.

Figure 4-1: Thrust Generation Module.

Figure 4-2: Power Generation Module.
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In the thrust generation module, the airflow coming from the shared inlet is compressed by each
fan, then it flows inside a stator that properly directs the flow towards the nozzle. The pressure
ratio of each fan has been assumed to be equal to 𝜋𝐶 = 1.3. The stator has been considered as
isentropic, so that the total properties of the airflow remain unchanged through it.
In the power generation module, the airflow from the inlet is directed towards the gas generator.
The free turbine after the gas generator generates the power needed from the turboalternator. A
99 efficiency converter downstream of the turboalternator allows to convert AC in DC for
recharging the batteries during the cruise phase. Finally, a 99 efficiency inverter allows to
further convert the DC in AC used to move each fan.
The model implemented for both the scenarios involves a steady adiabatic power balance,
considering a one-dimensional calorically perfect gas. The efficiency of the Li-air battery has
been assumed unitary and the Depth of Discharge (DoD) has not been considered, due to a lac
of reliable data. In addition, superconducting transmission lines have been implemented in the
model, considering a power loss of 5 m, 1 – 1 . The total weight of the aircraft has been
considered to be equal to 𝑀𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 = 84000 g (batteries mass included), in agreement with
current values of aircraft weight for medium-haul flight. In both the analyses, the thrust
produced by the turboalternator has been neglected. The energy the Li-air battery pac must be
able to provide can be obtained either as the energy to be provided to the fans in the case of
failure of the turboalternator (Section 4.1) or as the difference between the energy required by
the fans and the energy available from the turboalternator (Section 4.2). In addition, different
fuels are considered in the model, in accordance with Section .
4.1

Turboalternator Failure in Cruise Phase

If the turboalternator fails during the cruise phase, the Li-air battery pac must be able to
provide enough power to guarantee a safe landing of the aircraft at the closest airport. In this
scenario it has been assumed that the power to be supplied to the fans is equal to the power that
would be provided by the turboalternator in nominal condition. According to 18 , 4 of total
pressure losses arising from the LI is assumed. For initial analysis, the aircraft mass reduction
in time has not been considered. The cruise condition analysed refers to a medium-haul flight
at an altitude of 9000 m ISA, with a flight Mach equal to 0.9, corresponding to a cruise velocity
𝑢∞ = 273 m s. The medium-haul flight lasts between 2- hours and 6-8 hours, with varying
limits depending on the airlines. Hence, the final mass of the battery pac varies significantly
depending on the reference time employed, which in turn depends somehow on the distribution
of the airports. To consider these occurrences, a mean flight time has been ta en as a reference,
evaluated by means of a statistical approach. Considering the flight time of all the possible
couples of cities among Paris, Istanbul, London, Amsterdam, Prague, ienna, udapest,
Athens, Dublin, Madrid, erlin, Copenhagen, Stoc holm, russels, ucharest, urich, Lisbon
and Rome, a distribution of 15 values has been obtained. The Gaussian distribution in Figure
4- is used to describe these data. The mean value of the gaussian distribution results to be
𝑡𝑚𝑒𝑎𝑛 = 4963 s, with 𝜎 = 2.5 ∙ 103 s. The value of 𝑡𝑚𝑒𝑎𝑛 has been ta en as a reference time
for the analysis.
The LI phenomenon enables a lift-to-drag ratio up to 20, 19 . Hence, in steady level flight
conditions, each fan must be able to provide a thrust equal to 7000 N. The required thrust allows
to evaluate the power to be supplied from the battery pac to move each fan. A choc ed flow
has been assumed for the nozzle of the thrust module. From the preliminary analysis performed
under the simplified assumptions stated, the total power to be provided by the battery pac to
the six fans results to be 𝑃𝐿𝑖−𝑎𝑖𝑟 = 2.94 M .
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Figure 4- : Gaussian Distribution of Flight Time.

Figure 4-4: attery Mass as a Function of Flight Time.

Therefore, the estimated value of 𝑃𝐿𝑖−𝑎𝑖𝑟 allows to obtain the final mass of the battery pac as
a function of the time during which the energy storage system is expected to supply power as
𝑀𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =

6 ∙ 𝑃𝐿𝑖−𝑎𝑖𝑟 ∙ 𝑡
𝜌𝐿𝑖−𝑎𝑖𝑟

(1)

The procedure has been implemented in MATLA and the results are shown in Figure 4-4.
The mass of the Li-air battery pac can vary up to 6225 g when 𝑡𝑚𝑒𝑎𝑛 is used as the total time
of supplied power. As the analysis performed involves a power balance between the battery
pac and the six fans considering a failure of the turboalternator, the results shown are
independent on the fuel employed.
4.2

Take-off and Climb Phase

To assess the power the battery pac must supply during ta e-off and climb phase, a preliminary
sizing of the turboalternator is required. The relevant output of this analysis is its inlet area. It
is obtained by means of a steady adiabatic power balance accounting for the power required to
recharge the batteries and to move the fans during cruise phase. The 20 of the total power
provided by the turboalternator is used for recharging the battery pac . This procedure has been
repeated considering et A-1, liquid natural gas (LNG) and liquid hydrogen (LH2) as fuels. As
a result, the power required from the battery pac is essentially obtained by means of a steady
adiabatic power balance, written as difference between the power to be supplied to the six fans
and the power supplied by the turboalternator. For the climb phase, the aircraft is assumed to
ta e off with a velocity equal to 100 m s, a constant inclination of 20 deg and a constant
acceleration (parallel to the velocity vector) equal to 1.23 m s2. The transient before the climb
in which the aircraft starts accelerating with zero initial speed has not been considered. This
transient may imply an additional amount of mass of the energy storage system. Finally, the
performance of the fans has been assumed to be constant during the climb phase, as the relevant
performance maps are not available. Under these assumptions, the ta e-off and climb phase
lasts about 140 s. The mass of the battery pac is obtained from the duration of the ta e-off and
from the power to be supplied. The results of the described procedure are reported in Table 1,
obtained by means of MATLA and Simulin . The mass of battery necessary for the ta eoff and climb phase, as well as the inlet area of the turboalternator, are different depending on
the employed fuel. However, the largest mass fraction of the battery pac arises from the
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requirement related to the failure of the turboalternator. Thus, the final choice of the fuel cannot
depend on the mass of the battery pac only. Hence, additional considerations are provided in
Section 5.

et A-1
LNG
LH2

Inlet Area m2
0. 60
0. 12
0.206

attery Energy G
1. 1
1.6 4
1.591

attery Mass
0
1
6 8

g

Table 1: Ta e-off and Climb Phase Results.

5

IMPACT ON SYSTEM ARCHITECTURE FOR DIFFERENT FUELS

The architecture afore described adds significant flexibility to the propulsion system and the
vehicle itself. Indeed, the employment of electric components allows the mechanical separation
between the power generation module and the thrust module. In addition, the electric
components can actually operate as continuously-variable-ratio gear box 20 . This
functionality enables the best performance attainement since turbine and fan shaft speeds can
vary completely indepentendly. As a result, TeDP propulsion system mainly relies on power
electronics which transmit shaft power from the turboalternator to the shaft of each individual
fan. It is worth considering that the use of superconducting transmission lines rather than
conventional ones is required for transport aircraft, thus to reduce the weight fraction of the
propulsion system 8 . Indeed, conventional transmission lines are too heavy to be implemented
on air vehicles. Superconductors are so called as they lose all the electric resistance below a
certain critical temperature 16 . Also, they can transmit high current densities in small wires
or tapes thus to increase system compactness and reduce weight 20 . The operative temperature
ranges from 20 (hydrogen boiling point) and 65 . Conventional systems require lubricant
and, in similar fashion, low temperatures are required for superconductors to remove the heat
dissipated in trasferring power between components. Differently from what concerns the energy
storage system mass for the TeDP system, the cooling method deeply depends on the fuel
engaged on board. In accordance with 20 , different architectures are thereafter discussed.
• Jet-fueled system. et fuels store at approximately room temperature, therefore
cryogenic coolers, i.e. cryo-coolers, are definitely required. They would operate in a
refrigeration cycle, removing the dissipated heat with the erosene as the heat sin at
ambient conditions. This architecture requires several technological developments to
ma e the refrigeration system viable.
• LH2-fueled system. Fully liquid hydrogen fueled aircraft would entirely eliminate the
need for cryo-coolers. Indeed, liquid hydrogen possesses a latent heat capacity high
enough to refrigerate the electric components directly before entering the combustion
chamber. As a drawbac , density considerations yield that the tan volume required for
a fully LH2 fueled system is 400 larger than that required for et fuel. et, for the
equivalent amount of stored energy, liquid hydrogen would weight only 6 compared
to et fuel.
• LNG-fueled system. Methane boiling point is excessively high for direct cooling the
superconductors. Neverthless, its use presents advantages when compared to a etfueled system. In fact, in this architecture, cryo-coolers would operate in a refrigeration
cycle with liquid methane at only 120 as the heat sin in place of 00 ambient
temperature. However, liquid methane is cold enough to cool directly the power
inverters. As a result, cryo-coolers for a fully LNG fueled system would be way smaller
and lighter than that required for a et fueled system. Density considerations yield that
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the tan volume required for a fully LNG fueled system is 64 larger than that required
for et fuel. et, for the equivalent amount of stored energy, liquid methane would
weight only 86 compared to et fuel.
According to 20 , optimal cooling performance using a cryogenic liquid are attained when the
coolant is at atmopsheric pressure thus to maximise the energy absorption during phase
transition. Hence, TeDP systems cannot rely on cryogenic pumps. n the contrary, they would
require gas compressors to raise hydrogen or methane pressure up to burner values. The need
of these compressors plus cryogenic tan s may not compensate the weight saved in eliminating
the cryo-coolers. A full system analysis is required in assessing the quantitative results which
profoundly depend on the future technological development regarding, in particular, cryogenic
coolers, superconductors and cryogenic inverters. efore suitable development of light-weight
cryo-coolers, a fully LH2 fueled system seems to be the most convenient architecture yet it
engages some issues as well.
Low density of cryogenic fuels, e.g. LH2 and LNG, trivially affects the tan volumes, as
previously stated. The extra volume required on board must be located in such a way to
minimise the structure weight and the aerodinamic drag 2 . Moreover, due to the low
temperatures, cryogenic fuels are sub ect to be ept in thermally insulated tan , increasing
system complexity. Furthermore, performance advantages associated to the introduction of
cryogenic fuels require to be coupled with economical analyses related to airports upgrade in
terms of fuel storage, transportation and refuelling. Significant changes in technology for preflight and post-flight operations maintenence are needed. Nevertless, according to
,
calculations seem promising accounting all the mentioned circumstances for the introduction
of LNG fuelled aircraft.
6

CONCLUDING REMARKS

A reduced order model has been developed to preliminary size the energy storage system for a
TeDP aircraft. Despite its simplified assumptions, the model allows obtaining the results
considering also different fuels.
It has been assumed that the power to be supplied to the fans during cruise phase is the optimal
one even in the condition of a failure of the turboalternator. In the scenario of the failure of the
turboalternator, only a minimum power would be required from the battery pac , to conclude
the mission safely. The mass of the aircraft has been assumed to be constant. However, as the
mass of the aircraft decreases in time, an increase in the altitude of the aircraft should be
considered during the cruise phase.
Moreover, in preliminary sizing of the turboalternator, a parametric study may be performed to
determine the optimum value of the total power provided by the turboalternator used with the
aim of recharging the battery pac . This optimum value probably relies on the distribution of
the airports and on the final dimensions and weight of the turboalternator necessary to meet the
requirement. Clearly, a higher percentage of the total power provided by the turboalternator to
recharge the batteries allows to top-up the energy storage system in less time. Nonetheless, the
size and weight of the turboalternator increase.
Different fuels have been analysed with the relative impact on the system components. Despite
of the technological difficulties associated with the employment of cryogenic fuels, they can
add important advantages to aviation. This is particularly true given that electrical components
are becoming more and more integrated with the aircraft, especially for a TeDP technology.
Hence, the electrical power to be dissipated increases considerably. In this scenario, cryogenic
fuels can lighten, if not completely eliminate in some cases, the cooling sub-systems. Thus,
they can comply with the requirements of next generation aviation.
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ABSTRACT
Nowadays the concept of Simulation Driven Design is generally accepted, for the evident benefit
that running analysis during design provide more and better informed decisions.
rom one side the simulation tools must be not only accurate and efficient but fully integrated each
other, providing multidiscipline and ultiphysics mathematical modelization, achieving the target
of simulating reality to deliver certainty at the same time, this requires s ills and nowledge in
different areas, that include strong engineering science, understanding of method of analysis, great
competence with software, capability of teamwor and collaboration and the right adoption and
usage of tools in the full design process. To achieving this target, it becomes crucial that a software
house collaborate closely with Academia and Industry in order to get industrial requirements and
and at the same time to educate and leverage future generation of engineers about simulation
In the current presentation the implementation of the above described ecosystem is shown
exhaustively through a collection of case studies and thesis developed with our help and support in
many Italian universities.
Keywords: Multibody Multidiscipline Simulation Education.
INTRODUCTION
Starting from pioneering period of Apollo Mission, the adoption of numerical simulation in the most
important space pro ects has increased his diffusion and importance. The concept of Simulation
Driven Design is generally accepted, for the evident benefit that running analysis during design
provide more and better informed decisions: it is crucial to identify problems earlier and avoid
potential critical and dangerous failures during and after system and component production, allowing
reduction of ris s, better money investment, and, principally, enabling engineers to explore more
design alternatives and achieve the optimal solution reducing limited, expensive, long, sometime
destructive physical tests, considering at the same time that model complexity increases continuously.
To ma e this disruptive concept a winner one, there at least 2 requirements to satisfy: from one side
the simulation tools must be not only accurate and efficient but fully integrated each other, providing
multidiscipline and Multiphysics mathematical modelization,achieving the target of simulating
reality to deliver certainty at the same time, this requires s ills and nowledge in different areas,


that include strong engineering science, understanding of method of analysis, great competence with
software (multibody, FEM, Controls, Acoustic, Thermal, CFD analysis, integrated with CAD tools),
capability of teamwor and collaboration and the right adoption and usage of tools in the full design
process. For addressing this topics it becomes crucial that a software house collaborate closely with
Academia and Industry in order to get mar et, design, industrial requirements and be reactive to
provide answer through software development, and at the same time to educate and leverage future
generation of engineers about simulation, starting from the beginning of their academia career, to
ma e them ready, learned, prepared for the design challenges
In the current presentation the implementation of the above described ecosystem (industry, academia,
software house) is shown exhaustively through a collection of case studies and thesis developed with
our help and support in many Italian universities: all the presented activities (on rover, inflatable
system, doc ing system) emphasize the importance of multidiscipline simulation and tools
integration, to create digital twins in order to verify feasibility of a solution, to increase performances,
to characterize and optimize components, subsystems and system, to validate a design or a new
methodology, to explore, investigate, criticize different parameters configuration, allowing the
awareness on simulation platforms and numerical analysis.
CASE STUDY 1: DOCKING SYSTEM
The first example concerns the design and development of a new doc ing system for the AT module
hoo ing to the ISS, through the co-simulation between multibody and control system codes 1 .
The main purpose of a spatial doc ing system is to allow the hoo ing and unhoo ing between vehicles
and modules in the orbit to perform operations li e separation of lander, crew transfer, refueling or
equipment supply, using also fully unmanned and automated shuttle.
It becomes crucial, based on the ob ective of the mission, the adoption of a specific doc ing system,
which should have an active interface on the chaser probe able to move and hoo with the passive
interface on the target probe.
There are mainly 2 types of doc ing mechanisms: androgynous and non-androgynous (Figure 1),
each of them with specific advantages and disadvantages: in an androgynous mechanism the active
interface is identical to the passive one but it is always the active interface to move, extending to carry
out the coupling to the passive one which, instead, remains in the retracted configuration.
In the androgynous mechanisms the first contact between the two interfaces, called soft-doc ing,
develops in the peripheral area of the system, in correspondence of the outer ring, while on the
contrary, in the non-androgynous mechanisms the soft doc ing develops in the central area of the
system.

(a)
(b)
Figure.1 Doc ing Mechanism.(a): androgynous (b) : non- androgynous
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For the choice of the system, it must be ta en into considerations the following characteristics:
System redundancy: if a malfunction occurs at one of the interfaces, with an androgynous
system, still has the possibility of developing the hoo using the other interface
The mathematical modeling of contact dynamics: while in a peripheral system the contact
develops on three distinct points of the petals placed on the coupling ring, in the central system
it is develops within an area, with simpler 2D mathematics.
The time to capture and emergency release: in a non-androgynous doc ing system the time
available to complete the capture or the release maneuver is greater with respect to an
androgynous system
nown advantages and disadvantages of both systems, it has been decided to combine them to obtain
a new more performing androgynous central system starting from the not androgynous mechanism
(different and central active probe and passive drogue) currently installed on the ESA AT vehicle
used for supplying the ISS, simulating the operation in real conditions and comparing the existing
and modified systems principally on the dynamics of the contact between the doc ing interfaces.
To achieve the most realistic modeling, MSC Adams multibody program has been used to model both
the AT vehicle and the entire ISS defined by 9 modules (Figure 2) with their real characteristics
and configuration (dimensions, mass, inertia, topology).

(a)
(b)
Figure.2 IIS model.(a): Reference (b) : MSC Adams model

Considering the doc ing mechanism (Figure ), the active interface has been considered to consist of
three main components: the full cone bearing structure, the spindle to which extension and retraction
motion is assigned and the petals placed on the spindle head that extend to the soft-doc ing, while
the passive interface includes the hollow cone structure, the parallelepiped-shaped capture area to
house the head of the spindle and the support slabs for the contact of the petals placed on the head of
the spindle.
The doc ing phase begins with the advancement of the spindle in extended configuration within the
hollow cone of the passive interface. In the instant in which the probe head reaches the position of
capture, the petals open at 90 and, following the retraction of the spindle, go in contact with the
support slabs of the drogue, thus developing the soft-doc ing between the two interfaces. ith the
retraction of the spindle also the two conical structures of the probe and drogue go in mutual contact
allowing greater system stability during retraction. Such spindle movement stops as soon as the outer
rings of the two interfaces come into contact and trigger the hard-doc ing phase in which they are
firmly hoo ed . n the AT board these functions are carried out sequentially from the GNC Guide,
Navigation and Control system which ta es as input the data analyzed by very accurate sensors,
processes them and transmits the commands to the actuators.



Figure. : Doc ing Mechanism MSC Adams model

To achieve a more realistic modeling of the sequence of doc ing phases including the presence of
sensors and actuators., MSC Adams has been operated in co-simulation with Control Code (Figure
4) to model the GNC system (using a simple Proportional - Derivative type) which ta es input data
from MSC Adams in terms of position and speed, compares them with those required, and transfers
bac to MSC Adams forces and torques directly applied to the center mass of the AT model.

Figure.4: Control System model

The sequence of maneuvers includes (Figure 5):
1. Control on the motion in position and attitude of the AT relatively to the ISS up to the position
capture by the probe head
2. pening of the petals placed on the spindle head
..Retraction of the spindle which involves three types of contact between the interfaces
active passive in sequence:
Soft-doc ing: between the petals placed on the probe head and the slabs of the
drogue
Contact in the other of the two conical surfaces of probe and drogue
Contact between the outer rings of the interfaces and the consequent hard-doc ing once the stable
position is reached: rebounds between the two surfaces may occur before the interfaces adhere exactly
on top of one another.
Many tests have been performed to get results comparable in different operating conditions: without
disturbance to evaluate the good functioning during the maneuvers, in nominal real condition with
introduction of a random noise component to chec the sensor precision and, increasing progressively
the intensity of the random disorder to find the operating limits of the system.
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The opening of the petals is very important for the functioning of the control system, since the
subsequent actions are all based on the satisfaction of the opening condition: once the wings are open
the retraction of the spindle starts and turns off the AT attitude control as the attitude control is
maintained than s to the contact between the supporting structure cone-shaped probe and the drogue
cone itself.

Figure.5: Example of manoeuver sequence

Regarding the trend in position and speed of withdrawal of the spindle the initial ump in position is
due to the contact between the probe petals and the slabs of the drogue in the moment in which the
soft-doc ing ta es place, after which the motion becomes constant once the external interfaces adhere
to each other. Actually, before the complete adherence of the interfaces there is a slight rebound
before becoming constant. (Figure 6). In each case, the doc ing is successful because the petals
manage to open in time established and therefore the rest of the control actions are verified.

Figure.6: Example of evaluation of contact force

ne of the most probable causes of system malfunction probe and drogue is the impossibility of
retraction of the spindle one once the soft doc ing is done: the spindle head is in the position of
capture, the petals are in contact with the slabs but, for some problem of malfunction the spindle
cannot retract: the proposed central androgynous mechanism gives the possibility to the ISS module
to hoo up the AT and pull it to itself until it is complete hard doc ing it has designed by combining
the main features of the central system to the redundant ones of the androgynous system:
Probe head containing the petals is confirmed without modification
Conical structure of the probe is rewor ed. In fact, it can be realized by placing a dis between
the cone of the drogue and the opening area of the petals to ensure that the trim is maintained
during retraction:
Conical structure of the drogue is rewor ed to adhere to that of the probe.
ith this ind of construction the Control bloc designed for previous simulations can almost
completely be exploited, adding only the opening of the mechanical arms placed on the dis suitable
for guarantee the desired set-up conditions during the retraction phase of the spindle.
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The rewor ed coupling system (Figure ) has completely fulfilled the requirements about doc ing
maneuver, it can be stored inside the spacecraft without any encumbrance and at the same time
maintains the properties of lightness, stiffness and desired resistance, dictated by the mission.
The design of a relatively complex system li e that described in this study, often involves having to
compromise between what already exists, what really serves and what it can be realized in terms of
weights, production times and costs, providing the performance and maintaining a remar able
simplicity constructive. The mechanical model of the doc ing system required the use of calculation
and modeling tools based on multi-body approaches capable of representing complex inematics,
elastic and rigid dynamics, contact forces and able to use co-simulation tools typical of controllers
for the modeling of control actions of the elements themselves.

Figure. : Modified Doc ing System

CASE STUDY 2: INFLATABLE STRUCTURE
The second example shows the powerful of a full integration between multibody and nonlinear
structural analysis, with an application regarding the inflatable space structures 2
The integration of different numerical disciplines (multibody and structural analysis) is the right
choice to simulate the behaviour of a rigid internal structure with an external flexible coating
undergoing non-linear deformations, such as the inflatable space structures. hile the rigid part of
the structure can be modelled inside MSC Adams, the flexible component must be created using MSC
Patran and Nastran to define nodes, elements, material properties and any lumped, distributed loads
and contact forces and imported in the multibody model using Adams MaxFlex module capable of
simulating complex multibody systems by integrating flexible bodies with strong non-linear
behaviour, investigating also feasibility and limitations of numerical simulation
Developed by Thales Alenia Space, the space habitation module represents a perfect example of an
inflatable structure. Figure shows that the module has a cylindrical geometry and is realized with a
rigid s eleton, covered by a coating made of evlar strips arranged in longitudinal and
circumferential direction.

Figure : Inflatable model
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Starting from the CAD model (Figure 8), a simplified rigid multibody model has been built in the early phases
of the study, in order to study the mechanical characteristics more easily, to tune and calibrate every single
component of the model, in terms of inertia, topology, applied forces, compliances, resistance force, and so
on. It has been also possible to simulate phenomena li e singularity, amming and failure, driving us towards
the best choice of components.

Figure 8: CAD model of the rigid structure
Considering that ideal oints between levers and ribs are not suitable from the mechanical point of view, flexible
connections have been adopted, in particular bushing, represented as linear spring-damper forces between two
parts. istop functions, modelling two-sides impact between bodies through a spring-damper formulation of
non-linear compression, are used to limit the maximum opening of the system.
A number of tests have been carried out to solve problems arising once the restraint membrane is applied to
the system: the main goal is to prevent the one-sided traction force from causing the closing of the mechanism,
which could damage the membrane, and to impose a constraint on the opening movement, which assures the
system in position when completely open.
The analysis carried out on the rigid models allows to determine which loads are needed to put the system in
motion and to obtain a complete opening closing.
.The definition of finite elements flexible bodies suitable for a non-linear deformation study can be imported
within Adams,using MSC Patran and Nastran software. Again, starting from a simplified model of a
membrane, realized with a bended strip of evlar defined with separate membranal and bending behaviour,
and ma ing some preliminary investigation applying loads and constraints, the FE model has been improved
till it is able to better reproduce the behaviour of the real structure, achieving a final model (for computational
purposes) with 62 longitudinal stripes and two circular stripes at both ends to avoid the presence of geometrical
discontinuities (Figure 9).

(a)

(b)

Figure 9: Final model, (a) FE model (b) Multibody and FE model
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n the final model traction and compression forces are applied on the rigid rib, providing the motion of the
system and the main problem is the right definition of the magnitude of them, achieved after many attempts
allowed easily by the use of combined structural-multibody simulation and the possibility to investigate
displacement, velocity, stress conditions.
The imposition of a strong impulsive force prevents the solver from calculating the solution and ma es it crash
after a couple of seconds, because of the excessive deformations the system has to face in a really short amount
of time. n the other side, too light forces cannot win the stiffness due to the presence of flexible bodies, and
a complete opening of the model cannot be achieved.
At the end it has been identified a force that could guarantee both a complete opening and not too high
accelerations, in order to not ma e the simulation fail using a smooth double step function. At first, low forces
are provided to allow the system to get going . After a time of 5 seconds, a second step is defined, which
increases the load to such a value as to bring the model to complete opening. From the graph in Figure 10 it is
visible how the centre of gravity position of the free rib varies greatly in the early stages, before the inherent
rigidities of the flexible bodies start to produce an effect. The increase slope of the force step starting at second
5 allows the simulation to complete. There are obvious pea s of speed at the entry into operation of the bistops

Figure 10: Force, position and velocity of the centre of gravity
As in all the cases analysed, the presence of folded areas in the FE model leads to the occurrence of bending
stresses at those points, as it can clearly be seen in Figures 11 and 12. The maximum value is obviously reached
at the full distension, when the bodies are pulled to their total extent by the floating rib.
As in the case of the opening mechanism, even for the closing one it is necessary to perform several tests
before determining the ideal configuration.
ust li e in previous cases, residual bending stresses in correspondence to the sections that undergo ma or
deformations are reported.

Figure 11: Mechanism stress at the beginning
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Figure 12: Mechanism stress at the closing
It is reported in the graph in Figure 1 how the variation of the position and speed of the centre of gravity of
the second rib is concordant with the force developments. Starting from an initial condition of zero
displacement and zero velocity, the structure starts to move at around .5s. hile the displacement tends to
always go in the same direction, a change in speed concavity can be seen, corresponding to variations in the
amount of force.

Figure 1

elocity and position of the second rib as function of time

Lowering the damping and stiffness values of bistops can prevent the system from experiencing excessively
high pulses.

CASE STUDY 3: ROVER
The third application is about rover design and it is an excellent example about the importance of
adoption of numerical analysis at the academia level, specifically when used by Student team,
reproducing and emulating the design process, methodology and activities of industry .
Team DIANA (Ducti Ingenio Accipimus Naturam Astrorum), is a Students Team of Politecnico di
Torino wor ing in the research and development of robotics and rovers for space applications using
the latest technologies. Team DIANA wants to bring space robotics to a new level, while providing
a platform for experiential learning. Since its inception in 2008, Team DIANA has created the Lunar
125

Rover Amalia for the Google Lunar Prize and the Rover T0-R0 (Figure 14), the Martian rover
prototype that too part in the European Rover Challenge in Poland in September 2018.

Figure 14: T -R model and Adams model

Designing for space always means venturing into the un nown. The primary challenge in the
development of a Martian rover is in the uncertainty of the environmental conditions that it is going
to operate in. The rover is designed to be able to wal on Martian-li e soil, to perform tas s and tests,
collect samples and navigate autonomously while withstanding Martian-li e geologic conditions
(Figure 15).

Figure 15: Testing of the T -R rover on soft soil

European Rover Challenge represents an unparalleled opportunity for the Team to test the Rover s
mobility system in a Martian-li e environment. To test the capabilities of T0-R0 rover, during the
European Rover Challenge 2018, the simulated the Martian soil in its harshest forms using multibody simulations in Adams in combination with structural characteristics, soil (that is bul ) definition
and control system. Since the characteristics of the competition soil were un nown, a virtual study
with the worst case conditions were performed. This allowed to identify the specific motors needed
to power up the roc er boogie mobility system and to define the dimensions of the transmission
system and suspension springs.
125

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy
In the preliminary design stages of the T0-R0 Rover, uncertainties concerning the mobility system
were resolved than s to multibody and multidiscipline simulations. T0-R0 Rover is based on a roc er
boogie mobility system, with six wheels and four independent electric motors. This system allows
stabilization of the rover s payload (electronics, computer and batteries) during navigation on rough
soil, with roc s and obstacles. The first step in the simulation process was the construction of the
rover model with a simplified geometry, with correct dimensions and inertial proprieties of the
involved parts. Then the entire model was verified, and roads with soft soil and a model of a
pneumatic wheel (Figure 16) were added using dedicated Adams Tire tool to evaluate the power
required for the motors to achieve a speed of
m Hr.

Figure 16:

irtual Testing

The parametric nature of the multibody code allows an understanding of the relationships between
the design elements in the model and the performance requirements. For example, it has been possible
to change the position of the hinges that connect the roc er to the chassis with ease, saving a
considerable amount of time. Furthermore, the use of design variables allowed to capture the effect
of variation of certain parameters on the dynamic behavior of the vehicle and to optimize the model.
Specific components li e gears and belt transmission system have been modeled (Figure 1 ). The
study of the deformations and the stresses to which the springs are sub ect to were carried out
considering the vehicle in different operative conditions, for example in presence of an irregular path
or when encountering obstacles.

Figure 1 :

elt Transmission System

The simulations performed in the virtual multibody environment allowed the team to explore limits
of the structure and to build a rover capable of wal ing on Martian-li e terrain and performing all the
required operations with the construction of a single prototype and one short year of development.
The rover, once built, performed as expected in the tas s of the competition and on Martian soil,
confirming a good capability of motion on the terrain than s to the insight obtained from simulations.
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The Team is now designing a new rover with steering wheels to achieve better maneuverability while
performing tas s. Adams is being used to study the geometries of the steering mechanism of the new
mobility system. The new Rover will be tested through the participation at the 2019 edition of
European Rover Challenge.
CONCLUDING REMARKS
Through a short collections of Academic Case Studies, among all developed in the recent years in
different Universities in Italy, it has been shown the importance of adoption of the numerical
simulation and the use of simulation tools at the academic level, in order to leverage students, the
future engineers, to the design challenges they will find in the Industry.
Simulation Driven Design concept has evident impact and benefit for the design process, providing
more and better decisions, to identify problems earlier and avoid critical and dangerous failures,
allowing reduction of ris s and enabling engineers to explore more design alternatives and achieve
the optimal solution in particular when the complexity of the system increases.
The simulation tools must be accurate, efficient, fully integrated each other, providing multidiscipline
and Multiphysics modelization and the students can improve their s ills and nowledge,
understanding method of analysis, achieving competence with software and learning the importance
of a of teamwor and collaboration. To get this results, a software house has to collaborate closely
with Academia and Industry.
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ABSTRACT
Since the launch of the first satellite into outer space on ctober 4th 195 , a series of space
missions and launchings have followed, resulting in the placement of thousands of space ob ects
in Earth s orbit. At the end of their life mission many of these ob ects have been abandoned
resulting in an increasing number of space debris into outer space. The proliferation of this
debris is raising serious concerns about space traffic management, security aspects, and
environmental degradation.
Nations and International rganisations are developing new technologies in order to deal with
this issue. The most recent discoveries and experiments, carried out on earth and in space, are
demonstrating that the removal of debris is feasible. Nevertheless, these activities require high
monetary investments and also entail the ris of a possible infringement upon rights exercised
by various actors over space ob ects.
This paper discusses the operations and developments in the realm of Active Debris Removal
(ADR), under the legal framewor surrounding space ob ects, as dictated by the uter Space
Treaties and International Law.
It shall discuss how the rights of ownership and urisdiction affect ADR operations and whether
said activity can occur despite the lac of express consent by the state of ownership or
urisdiction. ith regard to this issue, the main concern will be whether space ob ects can be
considered as abandoned and thus res derelictae. If so, they would be sub ect to lawful
occupation and removal, in analogy with International and Maritime Law.
The paper will address varied opinions concerning the abandonment of ownership of space
ob ects, and its implications upon the exercise of urisdiction. These issues will be considered
de lege lata and de lege ferenda.
In conclusion the paper will elaborate on liability issues of ADR regarding both the scenarios
of consensual and non-consensual operations. Particular attention will be given on who bears
or should bear liability in each of these cases for any damage caused during removal operations.
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INTRODUCTION
After more than 50 years of space activities, Earth orbits are populated with a considerable
amount of debris. Space debris are defined in the U.N. Space Debris Mitigation Resolution as
all man-made ob ects, including fragments and elements thereof, in Earth orbit or re-entering
the atmosphere, that are non-functional. 1 A further definition provided refers to all nonfunctional, man-made (artificial) ob ects, including fragments, in Earth orbit or re-entering the
Earth s atmosphere (IS 2411 ). Those may include non-operational spacecraft, decommission spacecraft, non-functional spacecraft, and upper stage spacecraft.
There is an increase of new ob ects in the Low Earth rbit (LE ) every year. The sources of
debris are mainly de-commissioning, failure and in-orbit explosion. Notwithstanding the
existence of a natural cleansing system, this cannot eep up with the above-mentioned
increment. The current situation of the orbits, polluted by these materials, is creating
innumerable problems to manned and unmanned space ventures. In fact, due to the high number
of debris, space operators continuously conduct collision avoidance maneuvers to prevent
possible impacts.
In order to stabilise the growth of space debris, some guidelines have been established. Any
newly launched space ob ects have to comply with post-mission disposal guidelines, which
stipulate the orbital decay of a dead satellite in less than 25 years.2 Consequently, satellites at
the end of their operational life have to be deorbited or launched to high cimiterail orbits. These
guidelines have been recently established for future space activities. However, the already
present ob ects are endangering future activities to a great extent. To this end, Active Debris
Removal (ADR) is the ey solution that could compensate for the already existing space debris
in-orbit and for the non-compliance of new space ob ects with the aforementioned mitigation
guidelines. n a legal level, what remains to be examined are the legal questions arising from
the implementation of ADR not only before the engagement in such operations, but also during
their actual performance.
LEGAL IMPLICATIONS OF ADR OPERATIONS
The concept of ADR is not regulated in the Space Treaties, since the overpopulation of Earth
orbits with space debris was not a problem during their drafting. Therefore, there is a lacuna in
space law with respect to this activity which must be covered through the application of
international law, as stipulated in Article III ST.4
From a legal point of view, the main consideration with respect to engagement in ADR
operations is the possibility of an infringement upon the rights of ownership and urisdiction
exercised over a space ob ect, as enshrined in Article III ST. Furthermore, the issue of
liability in case of damage caused by a space ob ect during ADR is of the same importance. For
purposes of legal clarity, the paper will start by elaborating on the first problem, namely that
related to the rights of ownership and urisdiction.
To begin with, it is apparent that if the owner of a space ob ect requests another space actor to
perform ADR or consents to such performance, there is no issue of interference upon the rights
of ownership or urisdiction. n the contrary, ADR in this case would be in complete alignment
with the obligation to return space ob ects found into outer space provided by Article III ST
and by the provisions of the ARRA5 and with the principle of cooperation. The real question is,
thus, whether ADR is permitted even in cases of non-consensual removal and, if so, under
which conditions.
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OWNERSHIP OF SPACE OBJECTS
According to Article III ST ... wnership of ob ects launched into outer space, including
ob ects landed or constructed on a celestial body, and of their component parts, is not affected
by their presence in outer space or on a celestial body or by their return to the Earth. ... .
Turning now to the conduct of ADR, this necessarily requires a physical interaction with the
space ob ect, which is under removal or is intended to be removed and a temporary occupation
for the purposes of this activity. ut what is the impact of ADR upon the right of ownership as
provided by Article III ST previously quoted
The term ownership , which is not further elaborated by the Space Treaties, is largely nown
by national law systems,6 where it is defined as one s exclusive right to possess, use and in any
manner dispose of its property. The uniform conception of ownership in municipal law systems
indicates that ownership mainly constitutes the owner s exclusive authority over its property,
irrespectively of whether he she actually uses or not the latter. It follows that even the
interference with an outwardly uncontrolled or non-functional space ob ect could amount to a
violation of ownership.
According to professors Francis Lyall and Paul Larsen, States (or private actors) cannot divest
from their responsibility or their liability8 lin ed to their space ob ects by abandoning their
ownership.9 y this, it is essentially meant that ownership of space ob ects cannot be dismissed.
The view that pursuant to Article III ST the ownership of space ob ects cannot be abandoned
was also supported in the Report of the rd International Interdisciplinary Space Debris
Congress of 2012, which was held under the auspices of the UNC PU S.10
However, this interpretation oversees some critical elements related both to the nature of the
right of ownership and to the notions of responsibility and liability as described in the uter
Space Treaties. First of all, as aforementioned, municipal law systems include the ability to
dispose of property in the core of the right of ownership. Therefore, since Article III ST
protects the right of ownership of space ob ects without any further specification, it would be
absurd to interpret this provision as protecting only certain elements of ownership, while
excluding the owner s right to dispose of property, especially when the latter right belongs to a
sovereign State.11 esides, what the wording ( is not affected ) of Article III ST aims to
ensure is that space ob ects are not affected by the legal regime governing outer space and
celestial bodies under Articles I and II ST. Accordingly, Article III ST simply provides
that space ob ects do not become res communis following their mere launching or placement
into outer space ownership rights established over them on Earth are retained.12 However, this
cannot be interpreted as prohibiting States from abandoning their space ob ects.1 The same
view is also indicated by the wording of
of the 1962 Declaration of Legal Principles
Governing the Activities of States in the Exploration and Use of uter Space.14
Finally, with respect to concerns related to responsibility and liability issues deriving from the
operation of space ob ects, the latter are lin ed respectively to the conduct of national activities,
as per Article I ST and to the launching of a space ob ect, as per Articles II ST, II and
III LIA 15. Consequently, such obligations are not affiliated to the State of ownership and not
affected by an abandonment of the latter.
This having been said, the paper will now present the prerequisites for and the results of an
effective abandonment of ownership. It is a general principle of the civilized nations that ob ects
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whose ownership has been abandoned become res derelictae and, consequently, res nullius that
belong to nobody and can be lawfully occupied and used by anyone having the means to do
so.16 As far as the prerequisites for abandonment of ownership are concerned, those are two and
commonly defined in municipal law systems: firstly, the physical abandonment of property and,
secondly, the intention to waive any rights over it, otherwise nown as animus abudenti. This
principle finds its roots in the identical rules of Roman Law regarding abandonment of
property.1
n an international level, the concept of abandonment of ownership has been traditionally
applied to cases concerning abandonment and occupation of territory. In the foregoing cases,
sovereignty over territory seems to be compared to ownership of movable or, better, immovable
property. 18 In the largely referenced Las Palmas arbitration, it was noted that maintaining
territorial sovereignty requires effective exercise of State authority,, hence continuous and
peaceful display of sovereign acts over territory. 19 In the same context, it was stated in
Clipperton Island arbitration that physical dereliction of territory, accompanied by the animus
to disclaim sovereignty, renders it terra nullius and, thus, susceptible of lawful occupation.20
In addition to the above, the rule of abandonment of ownership has also been applied to
litigations concerning the abandonment and occupation of derelict vessels. In this particular
field, in a multitude of cases,21 such as the Nunley case22 or the Nippon Shosen aisha case,2
it was recognised that animus abudenti is considered existent when it is expressed with finality,
meaning when it incontrovertibly expresses the lac of intention to return to or recover the
abandoned ob ect in the future. Anyhow, for reasons of clarity, it is worth mentioning that the
application of the concept of abandonment in the aforesaid cases followed an express and public
renunciation of rights over the abandoned vessels.
Turning bac to the space realm, according to Article III ST, international law also applies to
space activities. Therefore, the aforementioned rules, which constitute principles recognized by
the civilised nations,24 shall be applicable mutatis mutandis to space activities. Regarding the
right of ownership, although Article III ST states that ownership of space ob ects is not
affected by the legal regime governing space itself, it does not provide a precise definition of
this right, nor any directive on how ownership shall be established and abolished as
aforementioned. Therefore, because of the lacuna in Article III ST, international law
governing abandonment of ownership shall apply in analogy to abandonment of space ob ects
as lex generalis and this application shall of course be strictly limited to space ob ects and not
to outer space itself. Hence, when a space ob ect is physically abandoned into outer space and
its former owner has manifestly expressed no intention to return to or to recover it in the future,
it can be ustifiably assumed that the latter ob ect constitutes res derelicta, which can be
occupied and used by anyone, including its temporary occupation and use for the purposes of
ADR.
In conclusion, although the mere non-functioning or physical abandonment of a space ob ect is
not per se an adequate criterion to impute an abandonment of its ownership, a distinction is
necessary when the latter dereliction is accompanied by an express animus abudenti. As it was
explained before, in such a case, pursuant to general international law, the abandonment of
ownership is considered effective and ADR is legally permitted, even without the consent of
the former owner.
ADR AND THE EXERCISE OF JURISDICTION AND CONTROL OVER SPACE
OBJECTS
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The second issue related to non-consensual ADR is that of a possible violation of urisdiction
and control over a space ob ect. urisdiction signifies the right of a State to impact upon ob ects,
persons and circumstances and reflects the basic principles of state sovereignty, equality of
States and non-interference in domestic affairs. 25 In more detail, urisdiction describes the
power of a State to prescribe binding rules and to implement them through an organised set-up
machinery or other executive means. in Cheng defines these two aspects of urisdiction
respectively as jurisfaction and jurisaction. 26 In general international law, the exercise of
urisdiction is mainly based on the territorial and active nationality principles.2 According to
the first principle, a State has the right to exercise urisdiction for an offence committed within
its territory, while the second principle stipulates that a State is entitled to exercise personal
urisdiction over its nationals for any offences they have committed irrespective of the place.
ith respect to ships in the high seas and aircrafts in international airspace, it is generally
considered that States exercise quasi-territorial urisdiction, which is based on the nationality
or ownership of the vessel or aircraft.28 This rule was firstly endorsed by the P.C.I. . in the S.S.
Lotus case, where it was held that Tur ey s steamship constituted the natural prolongation of
its national territory on the high seas.29
In terms of space law, Article III ST provides the only rule concerning the exercise of
urisdiction into outer space. Said Article stipulates that A state party to the Treaty on whose
registry an object launched into outer space is carried shall retain jurisdiction and control over
such object, and over any personnel thereof, while in outer space or on a celestial body. ... .
This wording of Article III has been sub ect to congruent interpretations in space literature
concerning the legal relation between urisdiction and control and the act of registration. There
are two prevailing approaches that will be both examined for purposes of ob ectivity and
completeness.
According to the first view, which is supported by authors such as ernhard Schmidt Tedd,
Stephen Mic and Michael Chatzipanagiotis, Article III ST assigns urisdiction and control
to the State of registry. hile it does not provide any change in this assignment, on the contrary
it indicates that urisdiction and control are perpetually retained on the basis of registration. 0
In support of this opinion current commercial practices are invo ed, namely the case of transfer
of ownership in orbit. In this case the transferee does not acquire the right to exercise
urisdiction and control due to the exercise of de facto control over the space ob ect. The former
remain vested within the State of registry, in conformity with the wording of Article III ST.
In the framewor of this doctrine, the only feasible options to give effect to the transfer of
urisdiction are either a special agreement between the transferee and the original State of
registry, or the de-registration of the space ob ect by the original State of registry and its
subsequent registration by the new owner. These practices seem to fall under the scope of
Article II REG 1. The most cited example of such a process is the transfer of ownership of four
satellites namely AsiaSat-1, AsiaSat-2, APSTAR-I, and APSTAR-IA which were previously
carried on in the U registry. Indeed the latter State proceeded to a de-registration of said
satellites, which were later on registered by China, the transferee, in order for a change of the
status of urisdiction to be realized effectively. 2
Nevertheless, this is a narrow interpretation that results in a legal paradox contrary to its ratio:
after a transfer of ownership or control, the State exercising effective control over a space ob ect
cannot be held responsible for its operation, because it does not have urisdiction and control
over it and consequently it is not the appropriate State to authorise and supervise its activities
in terms of Article I ST.
r the other way round, the original State of registry remains
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responsible for the operation of a space ob ect, even though it can no longer authorise or
supervise such operation, since it lac s factual control. esides, in the example of the U and
China, the latter was a co-launching State of the transferred satellites provided with the ability
to be their State of registry under articles I and II REG. ut what happens when the transferee
is not a launching State and, thus, cannot register a space ob ect under the REG Should it be
excluded from the exercise of urisdiction and control while in practice it actually exercises
these rights and is the appropriate State to do so
It is because of impasses described above that another interpretation of Article III ST is
supported in space literature. According to Article III ST the State of registry of a space
ob ect shall retain urisdiction and control over said ob ect. The wording itself implies that,
since urisdiction and control are retained , these rights are not originally established on the
basis of the act of registration itself conversely they already exist in accordance with the
principles of general international law on urisdiction and are later maintained into outer space
by the State indicated in the registry. Indeed registration does not constitute the legal basis on
which urisdiction can be determined, yet it merely serves as a means for identification of space
ob ects as envisaged in the REG s preamble. 4
In analogy with the law of the sea and air law, registration of ships and aircraft also plays an
identifying role in determining what is the State of nationality. Mutatis mutandis with the
Nottebohm case regarding nationality, 5 registration in this context indicates the genuine lin
between a State and a ship or aircraft. 6 In outer space, accordingly with Article III ST, this
genuine lin between a space ob ect and a State seems to be the exercise of effective urisdiction
based on control of the space ob ect.
esides, urisdiction and control are interdependent and
8
must be exercised accordingly. The registration of a space ob ect is prima facie evidence that
the launching State of registry exercises effective control and urisdiction over a space ob ect, 9
but does not ipso facto entitle said State to exercise such urisdiction.
The latter is also supported by subsequent States practice. First of all Article 12 M N40
which to a great extent reiterates the provisions of Article III ST, omits any reference to
registration of space ob ects and simply suggests that States parties shall retain jurisdiction
and control over their personnel, space vehicles, facilities, stations and installations on the
moon. ... . This wording, which is considerably wide ... their personnel, space vehicles
... , seems to assign urisdiction and control on the basis of nationality for natural persons and
on the basis of ownership with respect to space ob ects.41 The practice of the Netherlands on
the matter is also guiding. In 2009 the Netherlands informed the Secretary General of the UN
of the creation of a national registry that would entail two sub-registries: one for those cases
where the Netherlands is the State of registry of a space ob ect and one for those cases where
the Netherlands is not the State of registry of a space ob ect for the purposes of the REG or the
LIA 42, but exercises urisdiction and control over it. This conception of registration at least
clearly shows that the Netherlands does not consider it as the legal basis for the exercise of
urisdiction. The U.S. practice in registering space ob ects as well, particularly the practice of
the U.S. Department of State, ureau of ceans and International Environmental and Scientific
Affairs, ffice of Space and Advanced Technology ( ES SAT), also attests that registration
follows the exercise of urisdiction and control and not the opposite.4 Moreover, China has
changed its registration practices 44 through the issuance of the Measures for the
Administration of Registration of b ects Launched into uter Space in 2001.45 Articles and
8 of the Registration Measures provide that the owner of a space ob ect shall register the space
ob ect, hence ownership and not registration is the decisive factor.
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According to Imre Anthony Csabafi 46 and Setsu o Ao i, 4 the exercise of urisdiction over
space ob ects must be based on the exercise of effective control over said ob ects, which is
indicated by their registration. urisdiction based on effective control of a space ob ect is in
conformity with the principles of international law it can either mean that a State exercises
urisdiction because it owns or controls the quasi-territory strictly limited within the space
ob ect in question or, that a State exercises control due to the conduct of national activities by
means of use of the space ob ect by its nationals or persons posed under control and orders of
the State in question.
Last but not least, in support of the second view, scholars arguing in favor of both different
interpretations of Article III ST seem to agree on the fact that the appropriate State to
authorize and supervise the activities of a space ob ect within the meaning of Article I ST
(and, thus, the State responsible for its operation) is the State which ultimately exercises
urisdiction and control. Nevertheless, when it refers to cases of change in supervision of a
space ob ect, 4 (a) of the recent UNGA Res. 62 101 of 200 on Recommendations on
Enhancing the Practice of States and International Intergovernmental rganizations in
Registering Space b ects, differentiates between the State of registry and the appropriate
State ,48 which is essentially the State exercising urisdiction and control.
This being said, it becomes clear that the exercise of effective control over a space ob ect is the
ey factor for the exercise of urisdiction. Thereby, if a State intentionally abandons control of
its space ob ect, it will no longer be entitled to exercise urisdiction over it, 49 having resigned
from the legal basis on which urisdiction can be established and exercised. henever a State
intentionally abandons its space ob ect into outer space, the exercise of exclusive rights over it
ceases thereafter.50 Under such conditions, ADR would not violate the rights of urisdiction and
control under Article III ST.
SPACE LAW LIABILITY FROM DAMAGE CAUSED DURING ADR
Liability issues in the domain of space activities are governed by Article II ST and by its
subsequent leges speciales, namely Articles II and III LIA . The common element of all these
three provisions is that in case of damage caused by a space ob ect (whether on Earth or in Earth
atmosphere or into outer space), the launching State or States of this ob ect bear liability to
compensate such damage. Articles II ST and II LIA establish absolute liability, while
Article III LIA establishes fault-based liability for damage caused by a space ob ect to another
space ob ect while in outer space. According to Articles II ST and I(c) LIA , the launching
State is the State that launches or procures the launch, or the State from whose territory or
facility a space ob ect is launched.
In the case of damage caused during ADR a complex structure of legal relations is created
depending on whether the launching State of the removed space ob ect has consented or not to
its removal. It is clear that the launching State of the space ob ect under removal bears liability
for it at first place in any occasion and on a basis of fault in the case of Article III LIA . hat
needs to be examined is under which conditions, said launching State can also be considered
the launching State of the distinct space ob ect realising the active removal and, consequently,
bears liability for this ob ect as well.
In the case of consensual ADR According to Article II ST and Articles II and III LIA ,
during an ADR operation the launching State of the space ob ect operating for the activity will
share liability with the State which requested the operation of removal. Under the
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aforementioned provisions of the ST and the LIA , in the case of consensual ADR both States
are considered as launching States of the space ob ect performing the removal. This is due to
the fact that both States launch or procure the launch of said ob ect respectively. Therefore both
the aforementioned States are liable for any damage caused by the space ob ect performing
ADR.
In case of a non-consensual ADR operation the element of procurement of the ob ect
performing the removal is missing. Consequently the ob ect operating for the ADR operation
and the ob ect under removal would be operated by two distinct launching States. It follows
that the State bearing liability in this case depends on the space ob ect that causes the damage.
In any case, whenever a collision ta es place during ADR (whether consensual or not), under
Article I 1(b) 2 LIA , if damage is caused to a space ob ect of a third party into outer space,
liability of the launching States is based on the fault of both and must be portioned in accordance
with the degree to which they were at fault. In case damage is caused to a third State on the
surface of the Earth or to aircraft in flight, the launching States bear absolute liability, which
does not depend on fault.
CURRENT EFFORTS IN THE FIELD OF DEBRIS MITIGATION
In general the international regime regulating remediation of debris includes authorities such
as the Nairobi International Convention on the Removal of rec .51
ith respect to debris in the outer space environment, Space Debris Mitigation (SDM) and
Space Debris Remediation (SDR) are the answer to the problem of their increase, which is
gradually rendering outer space inaccessible. To this purpose, a number of international
recommendations guidelines have been adopted aiming to limit debris release during operation,
minimise brea -up potential during and post mission, limit probability of collisions in orbit,
avoid intentional harmful activities, and limit long-term presence in LE interference in GeoStationary rbit (GS ). Moreover, some orbital zones are declared protected as they are
considered limited resources52 which form part of outer space5 and, therefore, are sub ect to
the freedoms of access and use by each and every State under Article I ST. The LE , for
example, has a 25 years rule, after which space ob ects are going to be deorbited. Since this is
impossible in GS , ob ects must be sent into a graveyard orbit, that is 2 5 m from the GS .
Another solution for the debris problem are End of Life (E L) measures.
Generally, as safety is never an option in an ultra-hazardous atmosphere such as outer space,
the prevention of collisions and interference is more than essential. In the last years, than s to
this increasing awareness, different efforts were made. Accordingly, a new idea of serving
sustainability was raised, so that in 200 two initiatives too place one of them addressing
sustainability and the other, fostered within the EU framewor , culminating with the adoption
of the International Code of Conduct 54 (ICoC). Furthermore, in 2011, Russia proposed a new
and more detailed initiative on satellite information. Aiming to enhance information exchange
and a common international security information share regarding missiles and satellites to
prevent space collision with operational and non-operational space ob ects.
n February 2018, the EU-funded SMEs validated the first European system for removing
space debris with nets. The ADR1EN pro ect55 brought together three highly specialised SMEs
from around Europe. For instance, S A Pols a, one of the participants in the pro ect, was
responsible for the development of the net simulator and the capturing net.
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As of 0 April 2018, a phased array radar system was under development in Germany to deliver
continuous surveillance of space debris. The German Experimental Space Surveillance and
Trac ing Radar (GESTRA) will be used to prepare an orbital data catalog, which will be
instrumental in assessing and preventing collision ris .
In une 2018, the U -led pro ect to showcase methods to collect space un was released from
the International Space Station using a robotic arm.56 The Swiss Centre for Electronics and
Microtechnology was actively collaborating with the Surrey Space Centre (SSC) at the
University of Surrey and other international partners to the Space debris removal technology
mission called RemoveDebris 5 , launched into orbit from the ISS. The RemoveDebris
satellite weighs 100 g and has a net and a harpoon which are aimed to be used to collect debris,
such as old roc et parts and bro en fragments of spacecrafts. At the end of the mission
RemoveDebris will be deploying a large membrane in order to avoid becoming a debris itself.
n 19 September 2018, the RemoveDebris satellite successfully deployed a net more than 00
m above Earth as part of a series of trials to demonstrate how to capture space debris. It
wor ed ust as we hoped it would , said Prof Guglielmo Aglietti, director of the Surrey Space
Centre. Shortly, RemoveDebris will test a new camera system to trac space un on a target it
has brought along for the experiment. Eventually, RemoveDebris will deploy a large
membrane, which will brush against the high atmosphere and pull the whole mission into a
destructive dive towards the planet.58
Moreover the European Space Agency via the Clean Space Initiative started a pro ect loo ing
at the future of Debris removal in collaboration with European Private Companies. Laura
Innocenti heading ESA s Clean Space initiative stated
e want European industry to be able
to benefit from this mar et growth while still respecting international space debris mitigation
regulations, to eep these ey orbits safely usable into the future .59
CONCLUSION
Consensual ADR is in line with the Space Treaties. In analogy with salvage law, which is the
most familiar concept for operations of that character, the removal of abandoned ob ects can
ta e place on a consensual basis.60
In the case of lac of consent for removal, the latter can only ta e place after an express and
intentional abandonment of the rights of ownership and urisdiction over the space ob ect
removed. Hence, the ey element for the determination of loss of rights over a space ob ect is
the intention to abandon it and more specifically to abandon its control. As previously
elaborated, when a State abandons its space ob ect sine spe revertendi aut recuperandi, it can
be safely concluded that it quits its right of ownership and, thus, any exclusive authority over
it. Accordingly, with respect to urisdiction and control, although registration is important for
the identification of space ob ects and constitutes a criterion to presume urisdiction and control,
it does not constitute the legal basis for the establishment of said rights. Thus, when a State
intentionally abandons control of a space ob ect it is not further entitled to exercise urisdiction
over it, irrespective of whether it has registered such ob ect or not. Again, as in the case of
abandonment of ownership previously examined, a differentiation must be made between
unintentional and intentional abandonment of control of a space ob ect. In the latter case, and
based on the aforesaid, the State of registry consciously resigns its right to exercise actual
control and urisdiction. Therefore, under such conditions, non-consensual ADR would not
place a violation of the rights of urisdiction and control and would be legally permitted.
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esides the exercise of exclusive rights, over a space ob ect which has been intentionally
abandoned into outer space is contrary to Articles I and II ST, since it amounts to a de facto
appropriation of the area which said ob ect occupies and obstructs the freedom of access and
use of outer space for other States, as prescribed by Article I ST.61
In any event, even if it is considered that ADR violates any of the aforesaid rights, it must be
ept in mind that the hypothetical wrongfulness of such an operation would be precluded in a
case of distress or necessity, as depicted in Articles 24 and 25 of the Articles on Responsibility
of States for Internationally rongful Acts.62
Finally, liability issues of ADR are covered by the provisions of the ST and the LIA to a
great extent. hat is important to note for liability considerations is the way liability is
differentiated for the State of the space ob ect under removal depending on whether it has
consented or not to such a removal. hile in the case of consensual ADR the State is procuring
the launching of the space ob ect conducting the removal (and therefore is its launching State),
in the opposite scenario it is not related with the launching of said ob ect and, thus, bears no
liability for damage caused by it.
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Abstract

Subject of this paper is the design of a space robotic mission to the asteroid 433 Eros. The mission aims to grab a
boulder from its surface and transport it inside the Earth’s Hill sphere. This kind of mission was chosen to develop a
method of analysis of all the opportune trajectories for a sample-return mission, using a generic Near-Earth asteroid as
433 Eros. This work was inspired by NASA’s Asteroid Redirect Mission, which was cancelled in 2017 due to lack of
funding, and whose purpose was to transfer a boulder from the surface of a Near-Earth asteroid to a stable lunar orbit,
where it could be further analysed both by robotic probes and by a future manned mission. The propulsion system
used for the theorized mission consists of three autonomous ion thrusters fully adjustable in magnitude and direction of
thrust. Furthermore, during the return flight an Earth gravity assist is used to increase the mass of boulder that the
spacecraft can transport towards Earth. Selecting the same time window of the ARM, di↵erent trajectories, separately
for the outbound and inbound flights, are calculated using indirect methods. Subsequently, a plausible interpretation
of the di↵erent performances of the calculated trajectories is given, considering both the solar electric power available
to the spacecraft and the geometric configuration of the bodies involved. At the end of this process, all the calculated
trajectories for the outbound and inbound flights are compared, and possible final solutions for the mission are discussed.

1. Introduction
The optimization of an interplanetary trajectory is
essential to satisfy all the scientific and technical requirements of a space mission. In particular, an optimal trajectory is defined by evaluating a control law
for the spacecraft which is able to maximize a specified performance index, while fulfilling the boundary
conditions that characterize the mission. Numerical
methods for trajectory optimization can be in general
classified into three main groups: indirect methods,
direct methods, and evolutionary algorithms. This paper is focused in particular on the first group and on a
specific application for a sample-return mission to an
asteroid.
Indirect methods, as will be discussed in Paragraph 3,
are based on the theory of optimal control and solve
the optimization problem [1] by defining and solving
a boundary value problem [2]. The theory of optimal
control provides di↵erential equations for the adjoint
variables and boundary conditions for optimality. The
optimal controls must maximize the Hamiltonian at
any given point along the trajectory, in agreement with
Pontryagin’s Maximum Principle (PMP).
Indirect methods are some of the most efficient opti0
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mization methods for trajectory design of articulate interplanetary missions such as the asteroid missions. In
fact, in these kind of missions, because low-thrust engines are normally chosen as propulsion systems, planetary fly-bys are often necessary to impart enough v.
Several space missions have been accomplished so far
involving asteroid rendezvous and explorations, and
the NASA’s Asteroid Redirect Mission (ARM) [3, 4]
is a theorized sample-return mission which comprises
both these aspects. This mission in fact aims to grab
a boulder from the surface of an asteroid and to place
it on a stable lunar orbit for future analysis of robotic
probes and manned missions. An experiment of ”gravity tractor” was also planned for the ARM [5, 6] using
the collected boulder. This method consists in making
the combined mass of the spacecraft (18 tons [7]) and
the boulder (which should weights several tons) impart a gravitational force on the asteroid, slowly altering the asteroid’s trajectory. In this way, the asteroid
redirect vehicle would demonstrate the ”gravity tractor” planetary defence technique on a hazardous-size
asteroid. However, the ARM has been cancelled due
to lack of funding.
Using indirect methods, an analysis and validation of
the NASA’s Asteroid Redirect Mission is conducted
selecting a NEA. Besides defining the optimal trajec-
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tory for this mission by means of indirect methods,
the main aim of this paper is to present a specific
analysis on the optimal use of multiple thrusters in a
context of sample-return mission from a NEA. Similar
works about the trajectory design of the ARM are presented in the paper of R. G. Merrill, M. Qu et al. [8],
while a generic study to investigate the feasibility of
identifying, capturing, and returning an entire NEA
is presented in the paper of D. Landau, J. Dankanich
et al. [9]. Another feasibility study of a similar mission have been done in the paper of J. R. Brophy, R.
Gershman et al. [10]. However, this latter paper investigate briefly all the di↵erent aspects of the mission,
while the presented paper is focused on a preliminary
analysis of the spacecraft trajectory considering the
substantial mass increase of the spacecraft due to the
collected boulder.
The optimization problem for this mission consists
in finding the optimal power partitioning among the
thrusters, the corresponding thrust magnitude and the
optimal thrust direction. Typical assumptions for a
preliminary analysis of the mission are made. More
in detail, the patched-conic approximation is adopted
and two-body problem equations are used to describe
the interplanetary flight. Furthermore, cubic relations
are assumed for thrust and propellant flow rate as a
function of input power, since each engine can either
be turned o↵ or operate between minimum and maximum input power limits. In addition, the total power
cannot exceed the available power, which varies inversely with the distance from the Sun.
The asteroid (433) Eros in chosen as target in order to
provide a wide variation in power available for thrusting, as opposed to primary ARM asteroids with more
Earth-like orbits [11]. Orbital elements of 433 Eros at
the epoch JD 2458000.5 (4 September 2017) are reported in Table 1.

Table 1
Orbital elements of 433 Eros at the epoch JD
2458000.5 [12]
Aphelion
1.7825 AU
Perihelion
1.1334 AU
Semi-major axis
1.4579 AU
Eccentricity
0.2226
Orbital period
1.76 years
Mean anomaly
71.280
Inclination
10.828
Longitude of ascending node 304.32
Argument of perihelion
178.82
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mance. In order to simplify the optimization process, a
di↵erent analysis is carried out separately for the outbound and inbound flights: for the outbound flight the
aim is to minimize the propellant consumption with a
fixed initial mass of propellant and dry mass, while, for
the inbound flight, the performance index to be maximized is the initial mass (i.e. the total mass of the
spacecraft departing from the asteroid, so the mass of
grabbed boulder) using, however, a proper fixed mass
of propellant for the journey. After having combined
two di↵erent legs among all the found assorted trajectories, a second optimization of the inbound flight is
done using the real amount of propellant left from the
selected outbound flight. In this fashion is possible to
provide the mission with a complete trajectory.
2. Statement of the problem
In preliminary analysis, the patched-conic approximation is commonly adopted and the two-body problem equations are used to describe the motion of the
point-mass spacecraft (with variable mass m). For the
presented case, only the heliocentric phases are considered and the state equations are the following:
dr
=v
(1)
dt
dv
= g + T /m
(2)
dt
dm
= q
(3)
dt
where r is the position vector and v the velocity vector.
The value of the spacecraft initial mass is assigned and
it is equal to 10000 Kg, of which 5000 Kg is the mass
of the available propellant. Escape and arrival velocity
at the Earth’s Hill sphere are both fixed at 1.4 Km/s
(C3 equals to 1.96 Km2 /s2 ). These previous values
are chosen on the base of performance of the current
technology. Boundary conditions can be written as:
r0 = rE (t0 )
[v0

vE (t0 )] = C30
m0 = 10000 Kg

(5)
(6)

r1 = rA (t1 )
v1 = vA (t1 )

(7)
(8)

r2 = rA (t2 )
v2 = vA (t2 )
m2
[v3

An Earth gravity assist in the return leg (modelled
as an instantaneous rotation of the hyperbolic excess
velocity at Earth encounter) is used to improve perfor-

(4)

2

[vf

(9)
(10)

m1 = mboulder
r3 = r3+ = rE (t3 )
2

vE (t3 )] = [v3+ vE (t3 )]
rf = rE (tf )
2

vE (tf )] = C3f
mf = 5000 Kg

(11)
(12)
2

(13)
(14)
(15)
(16)
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where subscripts 0, 1, 2, 3 and f refer to Earth departure, Eros arrival, Eros departure, Earth gravity assist
( just before, + just after) and Earth arrival, respectively. Subscripts E and A refer to Earth and target
asteroid.
Thrust magnitude and propellant mass flow rate of a
thruster are related to its input power. As a consequence, the e↵ective exhaust velocity (therefore the
specific impulse) is also a function of the input power.
Cubic relations are assumed here for thrust magnitude
T and propellant mass flow rate q:
T = a0 + a 1 P + a 2 P 2 + a 3 P 3
2

q = b0 + b 1 P + b 2 P + b 3 P

3

(17)
(18)

and the specific relationships applied in the example
problems for this work are shown in Figure 1 (a). Additionally, the engine specific impulse as a function
of input power is illustrated in Figure 1 (b), where
Isp = T /(qg0 ).
As is shown in the previous graphs, each thruster
works with a minimum input power of 7 kW and
maximum input power of 13.95 kW. Three fully autonomous thrusters are considered for this mission.
It is important to notice that the maximum value of
specific impulse, namely the minimum propellant consumption, corresponds to the maximum input power.
For this reason, in order to use the least amount of
propellant, is fundamental to use the thrusters at maximum power for as long as possible.
The spacecraft has solar arrays that produce 47 kW
of electric power at 1 AU (initial and final position of
the mission), but 5 kW must be reserved for on board
electronics. The array power is assumed to vary in
an inverse relation with the squared distance from the
Sun, and hence the available power for thrusting is
Pa = 47/r2 5 kW, with r in AU. A 90% duty cycle
is considered. Thrust magnitude and direction are the
problem control variables. These propulsion assumptions are similar to those used in the development of
the Asteroid Redirect Robotic Mission reference trajectory.
3. Optimization of the segments
In order to find the optimal control law for the
thrusters indirect methods are used. As said, these
methods are based on the theory of optimal control [1]
and solve the optimization problem by defining and
solving a boundary value problem [2]. An adjoint variable is associated with each di↵erential equation and
the Hamiltonian is defined. The usual expression is:
H=

T
rv

+

T
vg

+ T SF

where the thrust coefficient
Aerotecnica Vol. X, No. Y, Month-Month Year

(19)

(a) Thrust and flow mass rate

(b) Specific impulse

Figure 1. Thruster performance as a function of input
power

SF =

T
v T /T

m

m

q
T

(20)

is named the switching function.
The theory of optimal control provides di↵erential
equations for the control and adjoint variables (EulerLagrange equations), and also boundary conditions for
optimality, which depend on performance index and
applied boundary conditions. The application of this
theory produces a boundary value problem defined by
the following properties:
• time interval for integration is divided into several sub-intervals where di↵erential equations
may have di↵erent expressions, and durations of
each sub-interval are generally unknown;
• boundary conditions may be non-linear and must
be satisfied at the relevant points;
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• variables may be discontinuous and their values
may be unknown after a discontinuity.

A multiple shooting technique is adopted to solve
the resulting multipoint boundary value problem,
which is transformed into a series of initial value problems leading to convergence by means of Newton’s
method [13]. In particular, error gradients are accurately evaluated and small corrections on the tentative
solutions are done. More details regarding this numerical procedure are outlined in the work of F. Simeoni,
L. Casalino et al. [14]. Di↵erential equations of motion
are integrated by using a variable-order variable-step
integration scheme, based on the Adams-Moulton formulas [15], in order to carry out a fast and very accurate integration.
The optimal controls must maximize H at any given
point along the trajectory, in agreement with PMP.
One deduces that the thrust must be parallel to the
velocity adjoint vector v and the switching function
becomes:

SF =

T
v

m

m

q
T

(21)

If the propulsion system has constant e↵ective exhaust velocity c = T /q, the thrust magnitude is the
only remaining control, and one easily recognizes that
a bang-bang control is required. The thrust assumes
its maximum value when SF > 0, whereas the engine is
switched o↵ when SF < 0. Only in special cases, usually involving atmospheric flight, the switching function remains null along a non-zero interval and the
thrust assumes an intermediate value (singular arc).
PMP requires the maximization of SF . In the general
case of non-constant c the function
H̄ = T

q

m

m

(22)

v

must be maximized. It is interesting to note that H̄
is a linear combination of T and q, and it depends on
a single parameter K = m vm , which is varying along
the trajectory. At any given trajectory point, K is
known and the power level that maximizes H̄ must be
sought. The problem is more complex when more than
one engine is available and the electric power is split
between the engines. Each thruster provides its own
thrust and has its own propellant consumption, which
both depend on its input power. H̄ becomes:

H̄ =

N
X

Ti

Kqi

(23)

i=1

Three equal thrusters (N = 3) will be considered
here. By introducing the coefficients dj = aj Kbj ,
with j = 0, 1, 2, 3, one has:

H̄ =

3
X

d0 + d1 Pi + d2 Pi2 + d3 Pi3 =

i=1

3
X

fi (24)

i=1

Figure 2. Generic behaviour of function f

The function f = c0 + c1 P + c2 P 2 + c3 P 3 is
shown in Figure 3 with arbitrary scales for c3 > 0,
which is the case considered here. The curve second
derivative changes its sign from negative to positive
at P0 = c2 /(3c3 ). Two cases exist, depending on
= c22 3c1 c3 , the discriminant of the quadratic equation that nullifies the first derivative of f . When
>0
p
a local maximum exists at P = PL = P0
/(6c3 ),
with a local minimum at a symmetric position with respect to P0 . The curve is stationary at P0 for = 0.
The curve is monotonic and no stationary points exist
for < 0.
Each engine can either be turned o↵ (Pi = 0) or operate between minimum and maximum limits (Pm 
Pi  PM ). In addition, the total power cannot exceed
3
P
the available power, that is,
Pi  Pa . The determii=1

nation of the optimal power partitioning at any trajectory point is turned into finding P1 , P2 , P3 that maximize H̄, that is, a cubic function of the three variables,
with the linear constraints Pi = 0 or Pm  Pi  PM
3
P
and
Pi  Pa . Feasible solutions satisfy all the coni=1

straints. At a feasible point, a constraint is said to
be active when the equality sign holds; it is said to
be inactive when a strict inequality holds. Local maxima of H̄ are sought for any combination of active and
inactive constraints, and then compared to select the
global maximum.
The function H̄ is a locally maximum if its variation
is non-positive for any admissible variation of the control variables. The constrained maximization problem
Aerotecnica Vol. X, No. Y, Month-Month Year
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is treated with an approach based on Lagrangian multipliers µ: Instead of H̄, the augmented function:

H̄ ⇤ =

3
X

fi + µa (

i=1

+ µi,M (

3
X
i=1

3
X

Pi

Pa )+

i=1

Pi

PM ) + µi,m (

3
X

(25)
Pi

Pm )

i=1

is maximized.
More details of the optimal power partitioning are discussed in the paper of Casalino and Vavrina [16].
4. Results
Orbits of Eros and Earth are non-coplanar, with an
angle of 10.82 between the two planes [12]. Therefore, on the Earth’s orbit, there are two antipodal
nodes in common with the plane of Eros: the one
closer to the perihelion of Eros is temporally located
around December, while the one closer to the aphelion
of Eros is temporally located around June [12]. In
order to have an initial orbital plane change without
any propellant consumption, the departure from the
Earth’s Hill sphere is located arbitrarily in one of the
two above-mentioned nodes of the Earth’s orbit. This
manoeuvre can be achieved with the escape velocity
given by the launcher and possibly with Moon fly-bys.
For the same reason, the Earth gravity assist of the
inbound flight is located in the node closer to the
perihelion of Eros, which is a much more convenient
position for the fly-by than the other node, due to the
eccentricity of the Eros’ orbit.
Because of these geometric aspects of the problem,
there are many di↵erent departure periods of the outbound journey. In fact, in a same year, the mission
may start either in the period of December (node
close to the aphelion of Eros), or in the period of June
(node close to the perihelion of Eros). Nevertheless, a
same departure from a specific node, but in di↵erent
years, may have di↵erent performances in terms of
optimal consumption, due to the synodic period between Earth and Eros, which is about 2.31 years [12].
In the same way, there are di↵erent periods of fly-by
for the inbound journey. Hence, is possible to define a
family of trajectories as a cluster of trajectories with
the same period of departure or fly-by (depending if
it is an outbound or an inbound one) and di↵erent
durations.
Optimization results are presented separately for the
outbound and inbound trajectory. A few explicative
examples are chosen among all the found trajectories.
4.1. Outbound flight
Preliminary solutions of the outbound flight are
found by removing the constraint of the asteroid renAerotecnica Vol. X, No. Y, Month-Month Year
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dezvous, imposing instead only the arrival in a generic
point of Eros’ orbit, not caring about the real presence of the asteroid. In this way, is possible to find
an hypothetical trajectory with the best performance
in terms of propellant consumption. From this ideal
solution, the first families of the outbound journey are
found adding back the rendezvous constraint. Other
families are found in di↵erent periods by shifting the
arrival and departure dates of these families. In Figure
3 are shown the arrival mass m1 on Eros as a function
of the flight duration for all the found families of the
outbound journey. Obviously, the larger is the arrival
mass the less is the propellant consumption. Depending on the family and duration, m1 varies between
7000 Kg and 7900 Kg.

Figure 3. Arrival mass on Eros for the di↵erent families of the outbound journey

As one can see, to a longer duration of the flight corresponds a minor amount of requested propellant to
arrive on Eros, since it is possible to manage more efficiently the thrust control as it will be further discussed.
An other important aspect to notice is the di↵erent
optimized arrival masses for a same duration: these
di↵erences are due to the phase of Earth and Eros,
and the available electric power along the trajectory,
which depends on the spacecraft’s position relative to
the Sun.
Two di↵erent outbound trajectories (projected in the
ecliptic plane) with the same duration of about 4 years
are compared in Figure 4, where departure and arrival
epochs are marked with an asterisk on the respective
orbit. The trajectory belonging to the December 2021
departure family has an optimized arrival mass about
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300 Kg grater than the arrival mass of the other trajectory, which instead belongs to the June 2022 departure
family.

(a) Departure in December 2021

(b) Departure in June 2022

Figure 4. Comparison of two outbound trajectories
with the same duration of about 4 years

This comparison suggests that to a minor amount of
used propellant corresponds a more gradual approach
of the spacecraft to the asteroid’s orbit. This is due the
orbit phases of trajectories: if phase is favourable, a
gradual adjustment of both perihelion and aphelion altitude is possible, if, instead, phase is less favourable,
with a quick adjustment of one of the two altitudes
is possible to correct the angular velocity, but with a
greater consumption of propellant. In fact, regarding the trajectory in Figure 4 (b), in order to adjust the early orbit phase, angular velocity is reduced
by quickly increasing perihelion altitude and, subsequently, slowly correcting aphelion altitude. For this
reason, in this second case a larger mass of propellant
is needed.
As said, also the available electric power along a trajectory influences its performance in terms of propellant
consumption. This aspect may be clearly visible comparing the control laws of the thrusters for the same
two trajectories seen previously. This second comparison is presented in Figure 5.
The orange curve is the power Pa which is available
for thrusting, and depends on the spacecraft’s position
relative to the Sun. The black, green and red curves
are the electric power Pi used by each thruster, while
the blue curve is the cumulative power PT used by all
the three thrusters. As shown in the graphs, in both
cases the number of switched on thrusters depends on
the amount of available electric power, and, where it
is possible, the working power of each of them is equal
to the maximum value of about 14 kW. In order to
better figure out how many engines are switched on,
on the y-axis are highlighted the multiple values of the
maximum power of each thruster (i.e. about 14 kW).
The trajectory in Figure 5 (b) has a cumulative electric energy minor than the other trajectory, since this
latter has more and higher peaks of available power.
Therefore, in the first case, to use thrusters at maximum power (that is, maximum specific impulse) is
easier, and a less amount of propellant is needed.
In Figure 6 the thrust vectors along the December 2021
departure 2D trajectory are shown. From this visualization is clear once again that the number of switched
on engines depends on the spacecraft’s position relative to the Sun. For this reason, the thrust segment
with the greatest intensity of thrust vectors (about
1÷1.5 N) are placed in the most efficient positions in
terms of available power, namely in proximity of the
perihelion of the outbound trajectory. Is also possible
to notice how thrust vectors in this case (and in almost
every outbound trajectory) are substantially tangential to the trajectory.
By analysing Figures 7 and 8 is possible to understand
how the inclination of the trajectory varies along the
journey. The angle is the angle between the position
vector of the spacecraft and the ecliptic plane, where a
reference frame centred in the Sun is used. As one can
Aerotecnica Vol. X, No. Y, Month-Month Year
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(a) Departure in December 2021

Figure 6. Thrust vectors along the December 2021
departure trajectory

(b) Departure in June 2022

Figure 5. Comparison of the control laws for the same
previous trajectories

see, inclination varies only when trajectory passes for
one of the nodes, and it remains unchanged between
the passages. This is clearly visible also in the 3D
vision of the trajectory, where the Z scale is enlarged
to highlight the inclination of Eros’ orbit.
4.2. Inbound flight
A similar analysis can be made for the inbound
flight. In this case the optimization index to be maximized is the initial mass m2 departing from Eros
(which corresponds to the mass of grabbed boulder,
having m1 fixed), while the selected propellant mass
to use for this flight is 2000 Kg.
As said, the inbound families ar characterized by the
period of fly-by. Choosing a proper period of time,
Aerotecnica Vol. X, No. Y, Month-Month Year

Figure 7.
angle and inclination of the December
2021 departure trajectory

in base of the arrival dates of the outbound trajectories, two families for the inbound journey are found,
which both have fly-by in January 2028 and a similar value of the initial mass (m2 is about 11000 Kg).
By temporally shifting these two reference families of
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with an asterisk on the respective orbit.

Figure 8. 3D vision of the December 2021 departure
trajectory

about 2 years back and forward, other two families
are obtained with fly-by in January 2026 and 2030, respectively. Another family is found by temporally extending approximately by 6 months the Earth-Earth
segment of the reference families (the ones with flyby in January 2028). The best results in terms of
initial mass are found in the early family with fly-by
in January 2026 (m2 is about 13900 Kg), while the
worst results are found in the delayed family with flyby in January 2030 (m2 is about 8900 Kg). Evidently,
due to the synodic periods of the bodies, the early
family has the most efficient phase, while the other
families are more distant from this optimal condition.
The family with the extended Earth-Earth segment
has an optimized initial mass slightly worse than the
reference families (m2 is about 10700 Kg). The abovementioned geometric aspects, together with the available electric power, are again critical for a positive
or negative performance in terms of optimized mass.
More in detail, since the amount of propellant for the
inbound journey is the same for every trajectory, the
key for a better result is how efficiently it is possible
to manage this amount of propellant in the Eros-Earth
segment, in order to have a greater mass of propellant
left to assist the fly-by in breaking the spacecraft and
changing the plane towards the ecliptic plane. As for
the outbound results, a few explicative examples of the
found trajectories are presented.
Two di↵erent inbound trajectories with the same duration of about 4 years are compared in Figure 9. The
trajectory belonging to the January 2026 fly-by family
has an optimized initial mass about 4900 Kg grater
than the initial mass of the other trajectory, which instead belongs to the January 2030 fly-by family. Even
in this case, departure and arrival epochs are marked

(a) Fly-by in January 2026

(b) Fly-by in January 2030

Figure 9. Comparison of two inbound trajectories with
the same duration of about 4 years

The Eros-Earth segment of the first trajectory in FigAerotecnica Vol. X, No. Y, Month-Month Year
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ure 9 (a) is rather close to the Eros’ orbit, while the
same segment of the second trajectory has an aphelion
much higher than the Eros’ one. Therefore, in this second case, more propellant is needed to approach the
Earth for a gravity assist. This di↵erence in shape of
the two trajectories is explicable looking at the control law graphs of the same two trajectories, which are
shown in Figure 10. The fly-by epoch is pointed out
on the x-axis.
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two cases, in the first trajectory the first peak is delayed of a few months than the other one, so, in this
way, is possible to use the low amount of power in the
first year of journey to decrease perihelion of the orbit.
Furthermore, in this first case, the control law avoid to
use the first peak of power (using instead the phases
of lower power near the aphelion), since, by switching
on the thrusters in that position, the aphelion altitude
would eventually increase too much, making necessary
a greater amount of propellant to approach the Earth’s
orbit for gravity assist. This instead happens in the
second case, where, because of the departure epoch,
the control law is forced to use completely that peak
of power at perihelion of the orbit in order to adjust
the orbit phase.
In Figure 11 the thrust vectors along the January 2026
fly-by 2D trajectory are shown. This visualization confirms, as shown in Figure 10 (a), that in this case almost all of the propellant is used to break the spacecraft after the Earth fly-by. Unlike the trajectory in
Figure 6, in this case (and in almost every inbound trajectory) thrust vectors have a significant radial component and are mostly not tangential to the trajectory.

(a) Fly-by in January 2026

(b) Fly-by in January 2030

Figure 10. Comparison of the control laws for the same
previous trajectories

The first and low peak of power in both figures coincides with the first passage of the spacecraft near the
perihelion of Eros, as is possible to see in Figure 9.
However, since the di↵erent departure epochs of these
Aerotecnica Vol. X, No. Y, Month-Month Year

Figure 11. Thrust vectors along the January 2026 flyby trajectory

In the graph of and inclination of one of the previous trajectories is possible to see how almost all the
inclination variation is due to the Earth fly-by. This is
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also clearly visible in the 3D vision of the trajectory,
where again the Z scale is enlarged. These graphs are
shown in Figure 12 and 13.

Figure 12. angle and inclination of the January 2026
fly-by trajectory
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with each other in order to identify a final solution for
this discussed mission. Then, two journeys are assembled if they respect two constraints: the minimum time
interval on Eros must be of 6 months, in order to complete all the planned operations on the asteroid, and
the mass of grabbed boulder must be at least of 2000
Kg, in order to satisfy the scientific requirements of the
mission (the experiment of gravity tractor planned for
the ARM [5]). Furthermore, as said, a second optimization of the inbound flight is done using the real
amount of propellant left from the selected outbound
flight.
Three di↵erent missions are proposed with mass of the
boulder which respectively equals to: 4040 Kg, 5889
Kg, and 7014 Kg. The last one is the mission with
the maximum mass of boulder transportable among all
the possible combinations. Nevertheless, such a high
mass may involve issues in terms of structures design
and production costs. In this sense, the first two solutions may be preferable for a final choice. These first
three solutions are presented in Tables 3-4. Finally,
another solution for the mission is proposed using an
initial mass of propellant of 4000 Kg, instead of 5000
Kg, and selecting the mission with the maximum mass
of boulder. This analysis is carried out to test performance of the mission in case of a smaller initial mass of
the spacecraft is needed. With this new condition the
maximum mass of boulder found is 2138 Kg, slightly
over the minimum mass. This result is shown in Table
5.
Table 2
1st proposed mission
Departure date
from Earth
Arrival and departure
from Eros
Earth fly-by
Arrival date
on Earth
Mass of boulder
Mission duration

Figure 13. 3D vision of the January 2026 fly-by trajectory

5. Proposed missions
After all the possible trajectories for the outbound
and inbound journey are collected, these are compared

22 January 2022
4 April 2025 13 January 2026
(8 months)
26 January 2028
19 April 2029
5889 Kg
7 years and 5 months

6. Conclusions
The cancelled NASA’s Asteroid Redirect Mission [3]
has been selected for a validation analysis of the opportune trajectories for a sample-return mission. Main
purpose of the mission was to transfer a boulder from
the surface of a NEA to a stable lunar orbit, where it
could be further analysed by other missions. For this
analysis the NEA (433) Eros has been selected. In order to quantify the mass of the transportable boulder
Aerotecnica Vol. X, No. Y, Month-Month Year

Optimization of low-thrust trajectory for a mission to the asteroid 433 Eros with Earth gravity assist
Table 3
2nd proposed mission
Departure date
from Earth
Arrival and departure
from Eros
Earth fly-by
Arrival date
on Earth
Mass of boulder
Mission duration

Table 4
3rd proposed mission
Departure date
from Earth
Arrival and departure
from Eros
Earth fly-by
Arrival date
on Earth
Mass of boulder
Mission duration

22 January 2022
16 March 2026 22 March 2027
(1 year)
26 January 2028
18 April 2029
4040 Kg
7 years and 5 months
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several weeks, the amount of propellant for this purpose may be significantly large. The amounts of propellant for orbit control around the asteroid and for
ascending and descending manoeuvres are not considered as well. All these propellant contributions may
vary critically the mass of boulder that the spacecraft
can transport towards Earth, so, for this reason, a new
and more accurate analysis of the mission could be necessary.
Another possible future analysis can be carried out by
optimizing the trajectory in its entirety, instead of dividing it in two segments. In this way, better solutions
may be obtained. Furthermore, optimization of the inbound flight can be performed again varying the final
constraints at the entrance of the Earth’s Hill sphere,
in order to study the trajectory to the stable lunar
orbit as well.

23 January 2021
3 July 2023 19 January 2024
(6 months)
26 January 2026
26 March 2027
7014 Kg
6 years and 4 months

Table 5
Proposed mission with 4000 Kg of propellant
Departure date
22 January 2022
from Earth
15 March 2026 Arrival and departure
28 August 2027
from Eros
(1 year and 5 months)
Earth fly-by
28 January 2030
Arrival date
17 Oct. 2031
on Earth
Mass of the
2138 Kg
boulder
Duration of mission
9 years and 10 months

inside the Earth’s Hill sphere an optimization process
of the trajectory has been carried out studying separately the outbound and inbound flight, considering
an Earth gravity assist in the inbound leg. Commonly
adopted approximations have been used. All the found
trajectories of these two flights have been compared in
order to identify a final solution for the mission. A few
solutions have been proposed varying either the mass
of boulder or the mass of initial propellant.
In the analysis conducted for the ARM the propellant
used for the experiment of gravity tractor has not been
taken into account. Since this experiment would last
Aerotecnica Vol. X, No. Y, Month-Month Year
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ABSTRACT
The "autonomous access to space" is considered a strategic asset by most of the major space
faring nations, which over the past sixty years have engaged costly development programmes
to have their own space transportation systems. Until few years ago, the primary goal of
investing in the above-mentioned programes, was in most cases to meet the institutional (both
civil and military) needs. So far, the scenario has been rapidly changing, because of the
increasing civil private new comers wishing to develop space-based business. It is then
becoming necessary to comply with a very wide range of demand in terms of mission flexibility
and service to the payload, within an overall launch service cost reduction.
Italy has historically supported innovative developments of space propulsion systems for
decades, by funding research and technology developments within national programmes, and
leading several ESA programmes in this field. In particular, since the beginning of the 2000’s,
the Italian Space Agency strongly supported the development of the Vega launcher and its
current evolutions, Vega C and Vega E.
In the present paper all ongoing and future activities and initiatives relevant to solid and liquid
propulsion and supported by the Italian Space Agency at national and at ESA level are
illustrated, along with their context and objectives in the European and international scenarios.
Keywords: Vega launch vehicle, solid propulsion, liquid propulsion
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INTRODUCTION

Italy has historically supported innovative developments of space propulsion systems for
decades, by funding research and technology developments within national programmes, and
leading several ESA programmes in this field. In particular, since the beginning of the 2000’s,
the Italian Space Agency strongly supported the development of the Vega launch vehicle and,
in the more recent past, its evolutions, foreseen to consolidate and enhance the launcher market
placement, Vega C and Vega E (Figure 1), with a primary role of Italian national industry as
system architect. Since its maiden flight, in February 2012, Vega successfully performed 14
missions in a row, with different mission profiles and payloads in single and multi-payloads
configurations.

Figure 1: Vega

and its evolutions

As European leader in solid rocket motor developments, and continuing the way paved by the
Vega SRM development, qualification and exploitation, Italy participates to the development
of P120C SRM, as common element of the next generation of European launcher family, Ariane
6 and Vega C, characterized by state-of-the-art technologies and high challenge of very lowcost products. In parallel, the Vega C second stage Zefiro 40 SRM development is ongoing
under the full Italian design responsibility, introducing some further technological
improvements in the SRM components design, materials and processes. Both the SRM,
exploiting respectively P80 and Zefiro SRM experienced gained in the frame of Vega
programme, have a cost-oriented design, development and qualification plan, material and
process, in order to conceive propulsive unit with low-cost, high-performance and hightechnology added-value.
Italy is also deeply involved in the development of the European Liquid oxygen-methane (loxCH4) engine for the Vega Upper Stage (VUS), which will substitute the current storable liquid
upper stage and the solid propellant stage Zefiro-9 for the Vega E launcher. The envisioned loxCH4 engine, representing a breakthrough in the liquid space propulsion, will enable
simplification of the launcher architecture, higher performances and mission flexibility, cost
reduction and improved safety specifically in propellant handling and operations.
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ACTIVITIES ON SOLID PROPULSION

Following the national success of satellite launches operated with the US launch vehicle, Scout,
baptized ‘San Marco’ from the Malindi base, developed under the coordination of prof. Broglio,
since the 1990s, Italy began to study the configuration of a launcher for small payloads [1, 2],
with the objective to increase the technological capabilities in the field of small launchers.
Within the course of these studies, financed by ASI, the analysis of market needs leads to
increasing the performance of the small launcher, with increasingly challenging
payload
3
capacity requirements. Across the end of 1990s and the beginning of the 2000s, the adventure
of the Vega development programme took place in the ESA framework, with the development
ORN
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structures of inter-stages and with an increased propellant loading capacity of the liquid fourth
stage AVUM.
In the following, the current and already developed programme supported by ASI are described.
2.1

Vega programme

Vega is primarily dedicated to low orbits (1500 kg of payload in the reference polar orbit at 700
km altitude), and in particular to sun-synchronous ones, generally used for Earth observation
applications that always cover greater interest from European institutions (and others), as well
as scientific missions, with a payload capacity between 300 kg and over 2 tons, according to
the required orbit.
Vega launcher is made up of three stages equipped with solid propellant motors: P80FW, Zefiro
23 and Zefiro 9 engines (88, 23 and 10 tons respectively), whose casings are made in Italy
utilizing the filament winding technology. The high fourth stage, which has multiple re-ignition
capacity (up to five ignitions), is called "Attitude and Vernier Upper Module" (AVUM) and is
equipped with a storable liquid propellant engine.

Figure 3: Vega configuration with 3 solid rockets & 1 liquid upper stage

All the solid stages share the same propellant type of propellant grain, an aluminized HTPB
1912 propellant (properly tailored in terms of combustion velocity and tuning capabilities), with
an aft-finocyl design properly defined for each stage in order to fit the relevant high-level
requirements related to the thrust shape: 9 tips shape is used for Zefiro-9, while 11 tips are used
for Zefiro 23 and P80FW; tri-modal ammonium perchlorate distribution were preferred for Z23
and Z9 in order to limit the alumina slag deposit, while bi-modal distribution was retained for
the P80FW [4].
A new technology for the filament-wound case structures of the P80FW and the Zefiro SRMs
was successfully developed during the programme for the first time in Europe. The structure is
realised by winding helical and hoop layers of a prepreg tow onto a metallic mandrel already
covered with the thermal insulation; the skirts are laid up by prepreg tape plies and co-cured
with the pressure vessel in order to guarantee a high strength skirt-to-vessel connection. The
thermal protections of the composite casing were developed in low-density EPDM-based
materials charged with glass micro-spheres, in order to reduce the material density for the
required thermal insulation performance of the material. Two stage consumable case pyrogen
igniters with star shaped HTPB propellants with high burning rate were also developed for the
three solid stages, activated by pyrotechnic igniter BKNO3 pellets with two IFOCs [4]. Two
electromechanical actuators, in place of the commonly used hydraulic actuators used e.g. in
Ariane 5, completed the new technology developed and used for the Vega SRM thrust-vector-
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control system, for the guidance of the launch vehicle, commanded by the IPDU and powered
by high-power rechargeable lithium battery set. All these new technologies benefited of also
from Zefiro 16 development achievements and successfully three static firing tests [3].

Figure 4:Vega Technological Drivers: from left upper to bottom left – aft-finocyl shape from Ref. 6, consumable igniter from
Ref. 3, EMA from Ref. 7, EPDM TP rubber from Ref. 3, filament winding casing from Ref. 8,

The three solid rocket motors main characteristics are reported in the following Figure 5.

Figure 5: Vega SRM Main Characteristics (Ref. [4])

The motors were developed and qualified on ground through dedicated static firing tests (SFT),
as described in the following.
The P80FW was fired in Development (DM) and Qualification model (QM) at BEAP static test
in Kourou Centre Spatial Guyanais, in November 2006 and December 2006, respectively.
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Zefiro 23 was fired in Salto di Quirra PISQ test facility two times, for DM SFT in June 2006,
and in March 2008 for QM SFT. Zefiro 9, instead, was fired in its initial configuration for DM
and QM SFT, respectively in December 2005 and March 2007.

Figure 6: Vega SRM SFTs: left - P80 SFT at BEAP CSG-Kourou (Ref. [4]); right – Vega Zefiro 9A test firing at Salto di
Quirra Test facility (Photo: ESA)

Then, following the failure of Z9 QM, due to a gas leakage in the nozzle and its subsequent
ejection at about 35 second of operating time, the programme decided to profit of the needed
change of the nozzle design. Indeed, following the QM SFT failure root cause identification, it
was decided to change the nozzle design and also the grain design in order to increase the motor
performance, by increasing the motor propellant mass (+700 kg, keeping the grain geometry as
aft-finocyl with 9 star-tips, with the design of a new casting mandrel, for the same casing
structure). The nozzle design was modified changing the expansion ratio (increasing it from 61
up to 72) and the nozzle shape, fitting the launch vehicle constraints related to LV overall height
and inter-stage needed clearance. This new configuration of the SRM was called Zefiro 9A [5].
Zefiro 9A was fired in order to obtain its ground qualification with three static firing tests at
Salto di Quirra test facility, respectively, the QM2 SFT in October 2008, the VERTA (VT) SFT
in April 2009, and the VT2 SFT in May 2010. From QM2-VT configuration (for which a slight
change in the nozzle configuration was tested), to VT2 configuration, a change in the igniter
design (unchanged initially from Zefiro 9 to Zefiro 9A) was considered in order to better control
the ignition transient, avoiding a too much energetic igniter configuration with respect the
updated propellant grain design [4].
Zefiro 9A configuration was therefore fully qualified on ground, becoming the Zefiro 9 current
SRM configuration (whose data are reported in Figure 5).
2.2

Vega-C programme

The Vega launcher consolidation programme started in 2012, with the objective to respond in
due time to long-term evolutions in the European institutional needs, mainly in SunSynchronous Orbit (SSO) and Medium Earth Orbit (MEO). In fact, the enhanced performance
envisaged for Vega-C will allow to extend the SSO launch service supply to the large Synthetic
Aperture Radar (SAR) satellites, namely the Italian SAR satellite constellation, COSMO II
Generation and Sentinel 1 constellation of the EU programme, Copernicus. In addition, VegaC is suited for the maintenance of the Galileo constellation in MEO, where a single satellite
needs to be replaced at the end of its operational life-time. The launch vehicle architecture is
similar to the current Vega one, using three solid stages and a liquid stage for orbital correction
and injection of multi-payload missions.
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P120C on first stage will be the biggest monolithic SRM worldwide; it will make use of all the
advanced technologies already qualified with the current Vega first stage P80: a CFRP
monolithic composite case exploiting all the experience gained in P80 filament-wound casing;
a proprietary formulation for the internal thermal protection; an enhanced (with respect to Vega
SRMs) propellant formulation for the aft-finocyl shape propellant grain in terms of both
material and processes with a cost-oriented approach; a self-protected low-torque composite
flexible joint, allowing the thrust vectoring through EMAs, conceived on the basis of the ones
already qualified in Vega. Development test (DM, in Figure 7) and Qualification test (QM1)
have been successfully performed respectively in July 2018 and in January 2019, and a further
qualification test (QM2) is planned within this year to fully qualify on ground the SRM for both
Vega-C and Ariane 6 launch vehicles. The motor entered therefore in its ground qualification
review to be completed in the upcoming months.
The second stage of Vega C will be upgraded with the introduction of the Zefiro 40 SRM, the
increased version of the Zefiro SRM family. The programme started in the frame of an AVIO
self-financed programme aimed to develop a technological demonstrator to test and qualify new
material and technologies, with the objective to increase the overall performance and reliability
as well as cost competitiveness [9] and has been then introduced as part of the Vega-C
development programme. Zefiro 40 SRM has the aim to encompass advanced innovative
technologies developed by Avio, among which new CFRP material and process improvements
for the composite casing, by using high performance pre-preg material and automatic tape
laying-up for the manufacture of the skirts [9]. A new propellant formulation is developed with
respect the Vega SRM one, providing high ballistic and mechanical performance and improved
internal thermal protections [9], keeping the aft-finocyl design shape as heritage of Vega SRM
experience. The design of the low-torque flexible joint considers a new self-protected concept
with composite shims and synthetic rubber layers [9], avoiding the combined use of the metallic
shims and the thermal protections as in Vega SRMs, but keeping at the same time performance
similar or better with respect to the convectional flexible-joint design.
At the igniter and nozzle interface, new chicane design and carbon rope are considered in order
to improve the interfaces, minimizing risks of the interface functionality and the integration
operations [9]. The development test (DM, in Figure 7) was successfully performed in March
2018, and the Qualification firing test has been successfully performed in May 2019, thus
allowing the SRM to enter in the ground qualification review to be performed in the next
months.

Figure 7: Vega-C SRM Static Firing Tests : on the left – P120C SFT at BEAP CSG-Kourou; right – Zefiro 40 test firing at
Salto di Quirra Test facility (Photo : ESA)
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ACTIVITIES ON LIQUID PROPULSION

ASI has been supporting research and technology developments in the field of lox-methane
propulsion for more than 15 years, starting with research activities on combustion and
development of basic components tested in small scale in a dedicated facility properly realized
in Italy.
It is worth noting that rocket engines based on lox-methane have not flown yet even though
they are currently under study and development in USA (NASA, SpaceX, and Blue Origin),
Europe (ESA, ASI, and CNES) and Japan (JAXA). The advantages of methane over
conventional propellants are: tank-storability in liquid phase for long duration flights in order
to replace toxic and hazardous propellants, such as hydrazine and nitrogen tetroxide; more
compact tank design compared to liquid hydrogen; less carbon deposition with respect to
kerosene, allowing an efficient reusability of such rocket engines; and availability in the solar
system (e.g., in-situ production on Mars and harvesting of the hydrocarbons seas on Titan). The
main challenges related to the new oxygen-methane technology at the beginning were the basic
experience available in Italy with cryogenic propellants, the selected strategy for engine
feeding, that is, an expander cycle powered by the heat extracted by methane when cooling the
thrust chamber, and the first attempts to use advanced manufacturing technologies as the
additive layer manufacturing for the thrust chamber assembly (i.e., the thrust chamber itself and
the injector head).
In what follows, the current and already concluded programmes supported by ASI are presented
in details.
3.1

Lyra programme

In 2005 ASI, as per its institutional role of main contributor of the Vega programme, endorsed
at national level the study of a potential evolution and configurations of the launcher. In that
context the Lyra programme was conceived and the relevant contract awarded to ELV as prime
contractor and system authority of the Vega launcher. ELV was established in 2000 and it was
70% owned by Avio S.p.A. and 30% by the Italian Space Agency. The contractor analyzed the
benefits of a three stages configuration of Vega where upper part of the launcher (3rd and 4th
stages) were substituted by a single third stage equipped with lox-methane cryogenic
propulsion. The programme included a significant activity of design and technology
development dedicated to the realization of the MIRA Demonstrator [12], a 10 tons thrust class,
expander cycle engine, working with lox-methane. The design of critical components working
with methane fuel, such as the thrust chamber injector head and parts of the fuel turbo-pump,
were developed by Avio in cooperation with Russian industry under a dedicated agreement
between ASI and Roscosmos. The thrust chamber of the MIRA Demonstrator was successfully
tested in 2012, and then the complete engine was tested in May 2014, with about 11 tests
performed up to full operating condition and accumulating more than 600 s of firing time.
Furthermore, dedicated activities of development of liquid methane fuel turbo-pump bearings
working in liquid methane were planned, supported by the realization of a dedicated test facility
in Italy.
3.2

ASI-JAXA cooperation

In 2011 ASI and JAXA signed an agreement relevant to cooperative research activities in the
field of lox-methane propulsion for space applications [13]. The cooperation is organized on
three main lines of activity:
1. Research on methane thermal behavior: in the frame of technology developments for
injection and combustion devices relevant to lox-methane propulsion, this dedicated
activity is devoted to research in the field of propellants characterization and material
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compatibility. One critical task for the use of hydrocarbon fuels (like methane) is the
correct prediction of heat transfer when used as coolants in regeneratively thrust
chambers; presently, coolant heat transfer is computed with engineering correlations
corrected with experimental coefficients. However, a significant improvement of the
design capability of the thrust chamber could be given by use of CFD codes capable of
simulating the coolant flow. The objective of this line of activity is then to build-up a
suitable test case for CFD codes validation to be tested in parallel at JAXA and ASI
facilities.
2. Characterization of methane turbopump bearings: the objective is to develop new
competences on the operability of roller bearings cooled by liquid methane.
Specifically, the following area of interest shall be investigated: limitation of methane
cooling capabilities and verification of influence of test parameters: pressure,
temperature, rpm, etc. The bearings, as furnished by ASI and by JAXA, shall be
installed and tested in ASI test facilities, in order to get a cross check on the obtained
test results.
3. Regenerative thrust chamber characterization: the objective of the activity is to develop
a joint ASI-JAXA regenerative cooled thrust chamber for the investigation of
operability, performance, stability, cooling efficiency of the lox-CH4 propellant pair.
Specifically, the following areas of interest shall be investigated: verification of
operability in different domains (mixture ratio and chamber pressure); verification of
methane cooling capabilities; verification of performance (characteristic velocity) and
effects of mixture ratio shifts; verification of combustion stability. For this objective,
ASI and JAXA will use, with potential partial modifications, the hardware developed
by national industries: IHI (Japan) for the thrust chamber and AVIO (Italy) for the
injector head and igniter.
While the 2nd and 3rd activities are still ongoing and the core of the experimental tasks have not
been performed yet, the 2nd one has already reached the main expected goals thanks to the “in
kind” contribution of CIRA, the Italian Aerospace Research Centre, with the Hyprob
programme funded by the Italian Ministry of Research. In this framework, a test article, named
MTP (Methane Thermal Properties) Breadboard, conceived for the study of the thermal
characteristics and heat transfer properties of liquid methane, has been designed, realized, and
successfully tested [14]. The concept of the breadboard is based on the electrical heating of a
conductive material that transfers a thermal load to a channel where methane flows at high
pressure. The test article has been conceived in order to outline the behavior of the propellant
along a regenerative circuit of a rocket engine thrust chamber: dimensions and design has been
defined as representative of real cooling channels, and parameters have been selected
accordingly. Rectangular channel section geometry has been taken into account. Electrical
heater sources have been designed in order to reproduce typical heat flux coming from the
combustion chamber of a liquid rocket engine and the structure has been correctly shaped in
order to ‘drive’ heat to the channel wall in conditions defined by a dedicated test matrix. The
breadboard was thermally insulated, equipped with fluidic interfaces, and provided with fluid
temperature and pressure sensors. Moreover, thermocouples, located at different stations and
depth from the channel, were installed to acquire wall temperature data. The experimental tests
have been performed by CIRA at Zucrow Laboratories (Purdue University, USA) in 2014.
Figure 8 shows the test article positioned on the test rig, prior to be connected to the feed lines
and measurement sensors and during a test. Test campaign was performed including a variation
of pressure, ranging from 150 to 80 bar and a variation of mass flow from 15 to 25 g/s. All tests
rely on impressed power equal to about 10 kW. Additional cold flow tests have been performed
in order to evaluate the hydrodynamic behavior of the test article without the effect of heat
transfer. The experimental results have been analyzed [14] and rebuilt by means of numerical
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simulations [15,16]. The results of the numerical rebuilding are quite satisfactory since very
low discrepancies are observed with respect to experimental data.

Figure 8: CIRA MTP breadboard positioned

on the test rig, prior to be connected to the feed lines and
measurement instrumentations and during a test

3.3

Support to Vega E programme

Based on the heritage of research and enabling technology gained with the Lyra programme,
Italy strongly supported the Vega E programme, that was approved with an over-subscription
at the ESA Ministerial Council in 2016, with Italian leadership of 70%. The European Vega
Upper Stage (VUS) is propelled by a liquid oxygen-methane (lox-CH4) engine, named M10,
that is the prosecution of the MIRA demonstrator developed at national level in the frame of
the Lyra programme. The development of VUS is of paramount importance because of the
substantial improvement of launcher performance in terms of payload mass, gaining up to 20%,
with respect to the performance of the Vega C launcher, which is mostly based on solid
propulsion. The preliminary VUS configuration is sketched in Figure 9 and its main technical
characteristics are reported in Table 1.

Figure 9:

VUS preliminary configuration (courtesy Avio)

VUS diameter
VUS length
Propellants
Propellant load
Inert mass

2.37 m
6 m (up to the interface with Z40 stage)
lox-methane
~ 10 tons
1650 kg
Table 1: Main technical

characteristics of VUS
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Core of the VUS is the propulsive system, that is, the M10 engine. Its preliminary layout and
simplified flow schematic are sketched in Figure 10, while its main characteristics are reported
in Table 2. The Italian industry Avio is the Technical Authority of the propulsive system [17].
The M10 engine is based on an expander closed-cycle and it consists in a re-startable
regenerative cooled single chamber. Propellants pressure is raised by two dedicated
turbomachines arranged in series; both the oxygen and fuel turbopumps are driven by the
gaseous methane heated up in the thrust chamber cooling jacket. The regulator valve RV is
installed in the by-pass line in order to control engine power. Oxidizer mass flow rate is
controlled by the throttle valve TV, which is installed downstream the lox pump outlet. Finally,
propellants are fed to the combustion chamber assembly by means of dedicated chamber valves
OMV and FMV. In addition, the feeding system includes discharge valves DV for oxidizer and
fuel, which allow also chill-down and the passivation of the stage.
The main activities concern the design and manufacturing of the first model of the Thrust
Chamber, which will be tested within 2019, followed by the first Engine Development Model,
which is targeted to be tested in 2020. In order to match the objectives of the programme, mainly
focused on cost reduction, innovative technologies are implemented in the manufacturing
processes; in particular, Additive Manufacturing (AM) of Inconel is considered to be the key
technology for performance optimization and cost reduction. It has already been successfully
used for several main components of MIRA demonstrator (Lyra programme), as pump volute
and impeller, and turbine manifold; this technology is then applied in an increasingly extensive
way in the M10 engine design, reaching the capability to manufacture mechanical components
with very complex configurations, reducing in a substantial way the number of parts currently
produced individually, as well as the subsequent long integration phases, then reducing
production phases, time and costs. For the M10 engine, at the beginning both ‘classical’
technology and AM were retained as possibilities: small scale models of thrust chamber
assembly (injector and regenerative thrust chamber) made in AM have given good results, so
this is currently the baseline technology candidate for the full scale thrust chamber assembly of
the M10 engine. Figure 11 shows a successful hot fire test of the small scale thrust chamber
assembly performed in AVIO in November 2018.

Figure 10:

Preliminary M10 engine layout and simplified flow schematic (courtesy Avio)

12

Propulsion activities promoted by ASI
Engine feeding
Thrust in vacuum
Minimum Isp in vacuum
Total flow rate
Oxygen to methane mixture ratio
Thrust vector
Maximum diameter
Maximum length
Maximum dry weight
Number of restarts
Table 2: M10

Figure 11:
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expander cycle
98 kN
362 s
27.6 kg/s
3.4
± 6°
1.3 m
1.9 m
295.5 kg
5

engine main technical characteristics

hot fire test of the small scale thrust chamber assembly made in AM (courtesy AVIO)

The VUS stage is nowadays undergoing a preliminary dimensioning phase within the Vega E
programme. The baseline stage configuration is strongly derived from the studies performed in
the Lyra programme, confirming most of the architectural choices and design solution. The
VUS stage is designed for Vega E missions with a very long first burn, followed by one or more
ballistic phases: then, the settling manoeuvre before each restart will deal with a low quantity
of propellant inside the tanks [18]. In particular, the activities at stage level will focus on the
technical management of main topics introduced for Vega E, such as main engine re-ignition,
thermal control, propellant management in low gravity, sloshing, propellant feeding to the main
engine, propellant tank pressurization, engine to feed system coupling, main mechanical load
paths definition, stage separation, Roll & Attitude Control, settling, main engine thrust
vectoring through Thrust Vector Control (TVC) system, de-orbiting and passivation [17].
Activities on the engine and the stage at technology level will be in parallel supported by
appropriate research activities performed by Sapienza University of Roma.
At the next Ministerial Council, planned at the end of 2019, based also on the evidence of the
results achieved in the three previous years, a roadmap of the next steps of the programme will
be proposed; it will indicate the expected goals to be pursued at the end of the next three years.
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Preliminary activities on rocket thrust chambers made by AM of copper alloys

Current design of the thrust chamber of the M10 engine is based on the use of Inconel, thanks
to the relatively consolidated technology of additive manufacturing with such material.
However, because of the intense thermal conditions that generally characterize high
performance thrust chambers, copper (often in the form of an alloy) is generally considered as
the natural candidate material for the thrust chamber liners (that is, the part facing the
combustion gas) because of its relatively high thermal conductivity, 10 to 20 times larger than
Inconel. The combustion chambers made with classic manufacture are in fact made of copper
alloys. However, the deposition of copper via laser additive manufacturing is a technology still
far to be consolidated; in fact, it presents significant processing challenges due to its high
thermal conductivity and high reflectivity in the red and near infrared portions of the spectrum
where the lasers of many Selective Laser Melting machines (i.e., the most common machines
for the melting of metal powders) operate. In particular:
• the high thermal conductivity of copper rapidly conducts heat away from the melt area
resulting in local thermal gradients (e.g., curling of the material due to unsupported
regions of excessive heat sink) and limitation to form a fully dense part with no unmelted powder incorporated into it;
• in addition to its high thermal conductivity, copper has a lower laser absorption
coefficient compered to steel and nickel alloys’one, for instance; this implies that higher
laser power (of the order of 1000 W) than that employed for the materials mentioned
above, whose processability is already state of the art, is required to melt copper.
The need to use copper, together with the potential to reduce the time and cost of production
adopting additive manufacturing process, has led NASA to initiate a research and development
programme [19]. Within this programme, NASA has demonstrated that, employing the
Selective Laser Melting technique, a copper thrust chamber can be produced in about 10 days
whereas conventional manufacturing techniques implies lengthy production times that
negatively affect the costs. In fact, machining an equivalent part and assembling it with welding
and brazing techniques could take months to accomplish with potential failures or leaks that
could require fixes. In synthesis, NASA has demonstrated that additively manufactured copper
thrust chambers are feasible and has produced a number of items that have been fire tested with
both lox-H2 and lox-CH4 propellant combinations and having chamber pressure up to 100 bar
and thrust up to 15 tons. Finally, over 6000 s time of operation in over 100 firings has been
accumulated without any evident erosion of the copper liner even with wall temperatures well
above 800 K.
To enable Italy to gain the necessary competences to realize copper thrust chambers with
additive manufacturing, ASI has carried out a national survey in order to identify the industries,
companies, universities, and research centers that possess skills that can be useful to pursue this
ambitious project. Such survey has demonstrated that many realities have the necessary starting
competences and that the goal is feasible with a suitable funding, direction, and organization of
the most promising realities. For this reason, ASI is currently considering to promote a national
programme devoted to increase the maturity of the required technologies and to support a
suitable supply chain that ranges from the production of powders to the realization and
optimization of the final products, passing through the realization and setting of the 3D-printers
and the set-up of special processes, including special non-destructive-inspection techniques.
Obviously, the full success of the project is also linked to the verification of the realized items
through appropriate fire tests.
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CONCLUDING REMARKS

In the present paper, all ongoing and future initiatives relevant to solid and liquid propulsion
and supported by the Italian Space Agency at national and at ESA level are illustrated, along
with their context and objectives in the European and international scenarios. The described
activities demonstrate the high level of maturity in the field of solid propulsion; Italy is in fact
now a leader both in the design and realization of highly reliable solid rocket motors and
associated launchers (Vega and its evolutions, Vega-C and Vega-E), thanks to promoted from
national level (Agency and industry) brought to the ESA programmes, with a relevant ASI
commitment. In the field of liquid propulsion, Italy, thanks also to important programmes
funded by ASI, is one of the few countries in the world to have gained relevant experience in
the field of lox-methane propulsion and, for this reason, it is now a credible candidate for the
development of the next European cryogenic upper stage of Vega E.
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ABSTRACT
ombustion instability is a major threat to be dealt with during the design and development
phase of new liquid roc et engines. If unpredicted, its onset easily yields to either thermal or
mechanical failure of the engine and of the mission as well. The present wor focuses on the
the advancements in the low-order modeling techniques adopted in Sapienza niversity to deal
with combustion instability. Two models will be presented in the following the well nown nand the recently introduced propellant accumulation ones. The peculiarity of the latter lies
in the indirect lin between the acoustic fluctuations and the unsteady heat release which passes
through the modeling of the shear coaxial injector. articular attention will be paid to the
details distinguishing one model from the other one ma ing them require significantly different
calibration techniques. The R lab-scale engine is used as the test bench for the two models.
Results show how the
R instability features are well reproduced in both cases and how the
propellant accumulation model is capable of producing good results with less tuning required.
Keywords: Thermoacoustics, Combustion Instability, Liquid Roc et Engines
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INTRODUCTION

Combustion instability occurs in liquid roc et engines as a result of the coupling between
different phenomena, li e hydrodynamics, acoustics and combustion, with detrimental effects
on the engine performance or yielding even to the failure of the system 16 . In fact, severe
pressure oscillation can be observed, their amplitude can reach the order of magnitude of mean
chamber pressure, yielding to unexpected dynamic and thermal loads. High frequency
instability is hard to be predicted, due to the number of phenomena that might give contribution
to its sustainment.
The research in this area is based on the combined use of experiments and a hierarchy of
modeling approaches 25 , from high-fidelity simulation to low-order models. High-fidelity
computations have been widely used for research purposes, in order to get insights in the
phenomenon, as supporting tool for the experiments 1– , 11–14, 22, 26–29 . Although
providing a huge amount of details necessary for the physics understanding and nowledge
enhancement, such approach cannot be considered as an option for supporting the design phase
of a new engine due to the extreme computational effort required to study a single engine
configuration. For these reasons, the development of reliable low-order models is crucial. Loworder models are usually characterized by some simplifying assumptions for the flow modeling
that, on one side, are capable of reducing the required computational effort, but on the other,
lead to the necessary introduction of suitable response functions modeling the coupling between
acoustics and combustion.
Several low-order models have been proposed in the literature. Among those focusing on
nonlinear analysis, Culic and ang 5 proposed a method that has been applied later by
Portillo et al. 19 for determining the growth rate and the resulting amplitude of pressure
oscillations at limit cycle. In the same area of investigation of nonlinear regime, Sirignano and
Popov 2 and Popov et al. 18 proposed a model devoted to the investigation of transverse
instability. Last but not least, Smith et al. 25 used quasi-1D Euler equations for the
investigation of longitudinal instability in single element combustors. All of them are based on
a suitable response function.
The n- function, based on Crocco s time lag theory 4 , is a possible option for response
function selection, which has been widely used with suitable calibration (see for instance Refs.
6, 8, 19, 5 ).
In the present wor , the use of a classical n- model is compared to the use of a different
formulation recently introduced by Frezzotti et al.
The latter formulation is based on the
modeling of the response of propellants in ection to pressure oscillations, rather than rely on
the more common assumption of lin ing heat release directly to pressure oscillations. Such an
approach is inspired by several experimental test cases where the observed instability in the
combustion chamber is related to a longitudinal dynamics ta ing place in the in ectors 10, 12,
0.
2

LOW ORDER MODELING TECHNIQUES

A multispecies quasi-1D Euler equations solver has been developed with the aim of including
nonlinear regime in the study of combustion instability. In order to describe the physics of an
unstable engine, combustion has to be ta en into account. However, the present models do not
employ chemical inetics equations but simplified models have been implemented. The
thermodynamic properties of each species are computed using CEA chemical equilibrium
database 15 .
2.1

The n

formulation

Eulerian governing equations for the n- model read
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In order to simplify the model, only two species are considered: oxidizer and combustion
products mixtures. xidizer is introduced at the left boundary and consumed within a finite
region of the chamber, where combustion is supposed to occur, and replaced by combustion
products according to a fixed
proportion. The existence of fuel in the mixture before
combustion is neglected. Thus

where is the minimum scalar value that allows to consume all the oxidizer in the selected
finite-length combustion zone and s(x) is a sinusoidal shape function introduced to avoid
discontinuities in the source terms.
The term qus in Eq. (4) refers to unsteady heat release contribution. More precisely, it represents
the response function through which the model ta es into account the effect of flow field
oscillations on combustion. This effect is modeled according to Crocco and Cheng 4
expressing the unsteady part of heat release as function of the velocity sampled at a specific
abscissa (xu, almost coincident with an antinode of the appearing longitudinal modal shape, in
order to maximize the signal-to-noise ratio), with a certain time lag , as shown in Eq. (6)

where the overlined u is the time averaged velocity value sampled at xu location. A Gaussian
shape function has been introduced for qus to avoid discontinuities in the unsteady heat release
source term and emphasize its statistical aspect. The selected shape function allows to select a
given heat release profile in a well defined region 25 . The amount of heat released due to
velocity oscillation is controlled by a proportionality factor of RF intensity in analogy with
the interaction index n in Crocco s n- original formulation. oundary conditions are fixed
oxidizer mass flow rate and stagnation temperature at the inlet and a cho ed nozzle with a
supersonic outflow.
2.2

The propellant accumulation formulation

A three species formulation is considered now, namely the oxidizer, fuel and combustion
products mixtures. Therefore, the governing equations read

where ox and f are the rate of consumption of oxidizer and fuel per unit length, respectively,
associated to combustion and providing products at the rate
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while f is the term of mass addition due to fuel in ection. c is a combustion efficiency which
multiplies the heat of reaction.
xidizer is introduced at the left boundary, where oxidizer mass flow rate and stagnation
temperature are considered as nown, again.
Fuel is introduced in a location which is representative of the recess position. For this reason
the fuel mass flow rate source term at steady state is cast as

Similarly to fuel addition, combustion is modeled identifying a region where combustion
reaction occurs. An axial location xc is identified where the combustion reaction is allowed to
start, downstream of the dump plane.
The combustion mechanism is modeled as a first order reaction between fuel and oxidizer. Fuel
consumption is ta en as proportional to fuel and oxidizer mass fractions, according to

where the oxidizer depletion rate is assumed to follow the stoichiometric proportion and the
parameters lc and Tr determine the shape of the heat release curve.
. .

The response function

Since it has been shown in the literature that instabilities significantly depend on pressure waves
causing cyclic fluctuation of the propellant flow inside the in ectors 10, 12, 0 , the response
function is developed on the propellant addition, rather than directly on the heat release. Fuel
mass flow rate in ection model, that is the response function, allows for its accumulation at the
in ection position and subsequent release in the flow field, depending on the local flow
conditions.
Such dynamics allows for the fuel to be in ected at higher or lower rate than its steady-state
value. The instantaneous mass flow rate mf appearing in Eq. (1 ) is expressed as

where mf, is the nominal fuel mass flow rate and m f is the fluctuation of mass flow rate
generated by unsteady pressure.
The mass flow rate oscillation is modeled as dependent on the normalized local pressure
oscillation according to an exponential law by the following expression

where is a calibration parameter, the pressure signals are sampled inside the recess and t is
the integration timestep.
In case the fluctuating pressure p becomes positive, m f turns negative and the fuel mass flow
rate in ected in the core flow decreases from the nominal value. Assuming that the actual overall
fuel mass flow rate mf, is constant, the missing amount is accumulated in a vortex, assumed to
live in the recess, where the shear mixing occurs. Therefore, the extra mass of fuel available
mf,acc can be defined as
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where t is a generic time during integration. If the local pressure decreases, the opposite happens
and the fuel mass is partly or completely released increasing the local fuel mass flow rate.
Since the propellant mass flow rate varies with time, different amounts are burnt over time
through the combustion region yielding to a variable heat release rate, producing new pressure
fluctuations in turn, which close the thermoacoustic instability feedbac loop.
3

CVRC TEST-CASE

The Continuously ariable Resonance Combustor (C RC) experiment was realized and
installed at Purdue University with the ob ective of investigating the effect of oxidizer post
length on instability 4 . Such test-case is operated with gaseous propellant, namely
dissociated hydrogen peroxide and methane. This single element combustor has been widely
studied through a number of experiments and simulations 6, 8, 9, 11–1 , 1 , 20, 21, 24, 26,
2 , 2– 4 .
The characteristic feature of C RC is the presence of a translating shaft capable of continuously
vary the length of the oxidizer post. Changing the geometry, transition from stability to
instability and vice versa is observed. In the present study, a single fixed oxidizer post length
configuration is selected in the fully unstable region to be analysed. The experimental data for
comparison with simulations are ta en from the literature 1 , as well as the average operating
conditions 12 which are summarized in Table 1.
4

RESULTS

Results obtained by means of the two presented models are reported and compared in this
section.
4.1

n

model

First of all, it has to be pointed out that the many free parameters appearing in Eq. (6) have to
be calibrated somehow. The only way to calibrate a heat release term (qus) is doing it fitting
the heat release curve of an high fidelity simulation. Such fitting has been carried out on a
Detached Eddy Simulation (DES) employing detailed chemical inetics 20 .
Results obtained using the n- model are shown in Figure 1a. A limit cycle is obtained and its
features show good agreement with the original DES simulation, both in terms of amplitude
and frequency (see Table 2). However, it shows less agreement with respect to experiment: it
has to be noticed that the level of disagreement respectively of the low-order model and of the
DES simulation with respect to the experiment is comparable.
4.2

Propellant accumulation model

Concerning such model, it has to be remar ed that the free parameters appearing in Eqs. (14)
and (16) can be tuned independently of high-fidelity simulations, since the model employs an
easier-to-be-modeled physical aspect, that is the in ection dynamics.
Results of the propellant accumulation formulation are shown in Figure 1b. The pressure trace
sampled at the bac step, as a function of time, is compared to the experimental path available
in the literature 26 .
Unstable behavior is observed in agreement with the experiment. The limit cycle features are
reported in Table 2. The behavior shows good agreement in frequency but its amplitude is lower
( 50 ). However, an important aspect to be remar ed is that the shape of the pressure signal
is reproduced with significant agreement with respect to the experiment. This means that the
main gasdynamic and thermal events ta ing place inside the engine are captured by the model,
even if the formulation is strongly simplified.
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Table 1: C RC geometrical data and operating conditions 12, 1 .

Table 2: Comparison between limit cycle amplitudes and frequencies of C RC obtained by the
presented models 6, , by high-fidelity numerical simulations available in the literature 20 and
experimentally 26 .

Figure 1: btained limit cycles. (Left) Comparison between the limit cycle obtained with the nmodel 6 and high-fidelity CFD simulation 20 . (Right) Comparison between the limit cycle obtained
using the propellant accumulation model
and experimental data of C RC 26 .

5

CONCLUSIONS

An overview on the advancements concerning the low-order modeling of combustion instability
carried out in Sapienza has been presented. In particular, two models have been used, namely
the former, belonging to the n- family, and the latter, called propellant accumulation model,
which models the shear coaxial in ector dynamics. The two models have been used to reproduce
the unstable behavior of one geometrical configuration of the C RC test-case. It has to be
pointed out that the n- model needs a significant calibration on high-fidelity numerical
simulations, while the propellant accumulation model needs a simpler calibration which is
potentially independent of CFD data. Results coming from the former show a significant
agreement with the simulation used for the calibration, but are in disagreement with the
experiment in the same measure as the original simulation is. Results coming from the
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propellant accumulation model show a reasonable agreement with the experiments especially
in the limit cycle frequency. Since the latter model is potentially independent of external data,
it represents a powerful tool which needs to be further developed.
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1. INTRODUCTION
In the presence of perturbing acceleration terms, the analytical solution of orbital motion, which allows
one to describe a spacecraft orbit by means of six orbit parameters [1], is lost. Continuous thrusting or
environmental disturbance forces (which may represent the action of a low-thrust (LT) electrical propulsion system, used for orbit manoeuvres, or the effect of drag on a Low Earth Orbit) induce a continuous –
although usually slow – variation of orbital elements. The analytical framework for the determination of
the Keplerian orbit is replaced by a numerical one, which is often computationally expensive, especially
when used in the framework of optimization algorithms for mission analysis and design.
In this latter framework, a continuous thrusting term may represent the action of a low-thrust electrical propulsion system, which can be used for orbit manoeuvres taking place over a wide-angle (possibly
multi- revolution) trajectory arc. It is thus no longer possible to analyse orbit manoeuvres by means
of impulsive velocity increments. An optimal control problem can be formulated, which is tackled by
means of either direct [2] or indirect optimization methods [3]. In both cases, a suitable and accurate
initial guess is highly recommended for alleviating convergence issues towards a realistic feasible optimal solution. An approach based on prescribed shape-functions [4] offers a solution for deriving such an
initial guess.
1 0
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When a carefully selected shape function is prescribed in polar coordinates, r = r(✓), it is possible
to analytically derive an acceleration profile a(✓), from which it is then possible to estimate transfer
time and a performance index proportional to the overall equivalent velocity increment, which in turn
provides an estimate of fuel consumption. The exponential sinusoid (ES), r(✓) = k0 exp[k1 sin(k2 ✓ +
')], proposed by Petropoulos and Longuski [4] is probably one of the most widely used shape functions,
although many others were proposed in the literature, such as the logarithmic spiral, the Forbes spiral,
the Lawden spiral, or the polynomial forms of fifth and sixth order proposed by Wall and Conway [5].
The acceleration profile along the exponential sinusoid is zero at periaxis and apoaxis and conditions
on k1 and k2 need to be enforced for avoiding mathematically or physically unfeasible trajectories. But
when electric propulsion is used, the acceleration is approximately constant, whereas when orbit decay is
considered, the negative acceleration term increases as the trajectory gets closer to the Earth surface. For
this reasons, the preliminary objective of the present paper is to investigate those set of parameters that
better reproduce the actual feature of a trajectory numerically determined in the presence of a continuous
thrusting (or drag) term.
Following this analysis, different formulations of the shape function will also be investigated, in
order to further improve the ability of representing realistic features of perturbed trajectories. A modified
exponential sinusoid was previously developed by the first author for describing low-thrust transfer to
cislunar Lagrangian point in the framework of the restricted circular three-body problem [6]. The present
paper will analyze some modifications of the classical exponential sinusoid, for describing the effect of
(almost) constant acceleration profiles, for low-thrust trajectories during orbit transfer maneuvers, or
increasingly negative acceleration terms during orbit decay. In both cases, the availability of a semianalytical formulation depending on a small number of relevant parameters will allow one to rapidly
scan the parameter space for investigating the considered problems and derive relevant information (e.g.
fuel consumption or decay time).
In the next section, relevant models will be introduced, to state the problems and present the methods
adopted for determining the shape functions that provide more realistic trajectories, in the various cases
considered. In Section 3, results will be discussed for the classical exponential sinusoid and its modified
formulations. A section of concluding remarks ends the paper, with a brief discussion on the next steps
of this on-going research.
2. MODELS, PROBLEMS AND METHODS
2.1 Equations of motion
Only planar trajectories will be dealt with. For this reason, the equations of motion are written in a
set of polar coordinates, where r is the distance between the spacecraft and the centre of mass of the
primary body, whereas ✓ is an anomaly counted with respect to a reference direction inertially fixed
on the initial orbit plane. The resulting point-mass model is given by the following set of 5 ordinary
differential equations,
ṙ = vr
✓˙ = vt /r
vt2
µ
v˙r =
+ a Tr
r
r2
vr vt
v˙t =
+ aTt
r
ṁ =
T /(g0 Isp )

(1)

where vr and vt are radial and transverse velocity components, expressed in a local radial, transverse,
normal to the orbit frame set of axes; aTr = (T /m) sin ↵ and aTt = (T /m) cos ↵ are radial and transverse thrust acceleration components, where T is thrust, m is spacecraft mass and ↵ is the direction of
thrust with respect to the transverse unit vector; g0 is gravity acceleration on the Earth surface and Isp is
the specific impulse of the low-thrust propulsion system. Only Earth–centered orbits will be dealt with,
hence the planetary parameter is µ = 398600 km3 s 2 .
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When a low-thrust system is considered, an attitude control system is assumed to aim the direction
of thrust in the prescribed direction ↵, but no attitude dynamics will be accounted for. When ↵ ⌘ ,
˙ a tangential acceleration is obtained. If, for large specific impulse, the fuel
where = tan 1 [ṙ/(r✓)],
fraction mp /m remains small, an almost constant spacecraft mass can also be assumed (hence an almost
constant acceleration), and the fifth equation in (1) can be dropped.
The last equation is not present at all, when an orbit decay problem is dealt with, and a tangential
drag force D, with ↵ = replaces thrust T in Eq. (1). In this latter case, D = 0.5⇢SCD V ⇤ 2, where
⇢ is rarefied air density in the uppermost layers of the atmosphere, S is the cross-section area of the
spacecraft, facing the relative speed of the impinging rarefied air, CD ⇡ 2 is a reasonable estimate of
the drag coefficient in a rarefied gas, and V = (vr2 + vt2 )1/2 is spacecraft velocity with respect to the
surrounding air, assumed at rest. Lift, which is usually small, is neglected.
A model for the variation of air density ⇢ with respect to altitude h = r rE (rE = 6371 km being
Earth radius) is thus necessary. A simplified version of Jacchia-Bowman 2006 model [7] is here adopted.
The full model includes seasonal and Sun activity effects. A reference density profile is sampled (Fig. X)
at various altitudes and interpolated during simulations.
2.2 Exponential sinusoids
As outlined in the introduction, Petropoulos and Longuski proposed a shape function in the form
r(✓) = k0 exp[k1 sin(k2 ✓ + ')]

(2)

where k1 is referred to as the dynamic range factor, which manages the apoaxis-to-periaxis ratio, k2 is
a winding parameter, which determines the number of revolutions between periaxis and apoaxis, k0 is
a scale factor and ' a phase angle. Without going through the derivations, fully reported in [4], it is
sufficient here to recall that, for a tangential thrust case, the climb and thrust angles are
tan

= tan ↵ = k1 k2 cos(k2 ✓ + )

(3)

the orbital angular rate is given by
✓˙2 =

⇣µ⌘
r3

tan

2

1
+ k1 k2 2 s + 1

whereas the normalized thrust acceleration â = a/(µ/r2 ) takes the form

( 1)n tan
1
k2 2 (1 2k1 s)
â =
2 cos
tan 2 + k1 k2 2 s + 1 (tan 2 + k1 k2 2 s + 1)2

(4)

(5)

with s = sin(k2 ✓ + ). When n = 0, a tangential thrust, with the same direction of orbital speed, is
obtained, whereas for n = 1 a braking force, in a direction opposite to orbital speed is obtained.
Three modified versions of the exponential sinusoid (MES) shape function are analyzed in the last
part of the paper, in order to try to alleviate some of the issues that affect the practical feasibility of the
original formulation. The modified spiral is given by
r(✓) = k0 exp{(k1 + k̂1 ✓) sin[(k2 + k̂2 ✓)✓ + ']}

(6)

The modifications concern the possibility of considering a variation of the dynamic range parameter and
of the winding factor along the trajectory. Three cases are considered: (1) variable dynamic range with
fixed winding factor; (2) fixed dynamic range with variable winding factor; (3) variable dynamic range
and winding factor. For all these three formulations, a closed form expressions for climb angle, , orbit
˙ and normalized tangential acceleration a can be derived, which are more cumbersome
angular rate ✓,
than those obtained for the original spiral and are not reported here for the sake of conciseness.
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2.3 Problem statement and solution method
In order to determine the set of parameters k0 , k1 , k2 and which better represent a continuous thrust
trajectory, the following problem is defined. Let (rN (t), ✓N (t)) be a solution obtained by means of
numerical integration of Eq. (1) for a given value of the tangential acceleration, over a time interval
t 2 [t0 , tF ]. The coordinates of the spacecraft are xN (t) = rN (t) cos ✓N (t), yN (t) = rN (t) sin ✓N (t). A
spiral reproduces the trajectory if the resulting motion, represented by Eq. (2), closely follows the pattern
determined by the numerical simulation. First of all, it is necessary to enforce boundary condition(s),
such that the initial (and possibly final) position(s) along the considered trajectory is (are) the same,
assuming that at time t0 = 0 it is ✓(0) = ✓0 = 0 and r(0) = r0 , and at time tF it is ✓(tF ) = ✓F and
r(tF ) = rF . If only the initial condition is enforced on the spiral, one has that k0 = r0 exp( k1 sin ').
If also the final radius is enforced, than it is k1 = log(r1 /r0 )/ sin(k2 ✓F ).
As a further step, it is necessary to derive a formulation of the spiral, such that the position is defined
ad a function of time t, rather than anomaly ✓. This is obtained by deriving ✓˙ from Eq. (4), and solving
the integral
Z ✓
˙
t(✓) =
(1/✓)d✓
✓0

such that t(✓F ) = tSF is the final time at the end of the considered spiral, which in general may differ
from the final time of the numerical integration, for arbitrary values of the spiral coefficients. In the
absence of an analytical solution, a fast quadrature method based on the trapezium rule is employed [8].
At this point it is possible to compare spacecraft position described by the spiral, xS (t) = rS (t) cos ✓S (t),
yS (t) = rS (t) sin ✓S (t) with that obtained from numerical simulation, (xN (t), yN (t)). A global error
measure can be introduced in the form
Z
1 tF
J(x) = 2
[(xN xS )2 + (yN yS )2 ]dt
(7)
r0 t 0
where the design variables are x = (k1 , k2 , ), if the final position is left free (optimization problem #1),
whereas x = (k2 , ), if the final position vector of the spiral is constrained on the final position derived
from numerical simulation (optimization problem #2). A numerical quadrature is again adopted for
evaluating J. A constraint on final time is enforced, such that tSF = tF . A relatively simple constrained
optimization problem is obtained, with 2 or 3 design variables and one nonlinear constraint, which is
efficiently solved by means of a Sequential Quadratic Programming (SQP) algorithm [9].
A similar problem can be formulated also for the different forms of the modified spiral, where the
search space x is increased by one or two dimensions. The larger dimension of the search space is
expected to provide improvements on how close the spiral represents the actual trajectory, determined by
means of numerical simulation.
3. RESULTS
3.1 Classic exponential sinusoid
One of the most relevant issues when dealing with low-thrust trajectories is the computational cost
of their design in the framework of a space mission analysis and design process, which usually involve a
constrained (possibly multiobjective) optimization with respect to transfer time and/or fuel cost. For this
reason, the first contribution of the present paper is the definition of a map of exponential sinusoid shape
functions that approximate at best low-thrust trajectories generated by means of numerical integration
for different values of normalized acceleration and maneuver time.
For the optimization problem #2 formulated above, Fig. 1.a provides an example of a low-thrust
trajectory, starting from a Low-Earth Orbit, approximately 400 km above Earth surface, for a normalized acceleration â = 0.01 and an integration time equal to t = Norb Torb , for Norb = 1, with Torb
equal to the orbit period of the initial circular LEO (dashed line in Fig. 1.a, where the red spiraling arc
represents the LT trajectory, whereas the continuous blu orbit is the final, almost circular, orbit achieved.
Figure 1.represents the error in the position of the spacecraft evaluated along the best-fit ES with respect
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b)
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c)
Figure 1. Low-thrust orbit transfer: a) trajectory; b) error with respect to best-fit ES; c) acceleration
along the ES; d) comparison of angular rate along the numerically simulated trajectory and the ES.

a)
b)
Figure 2. Mesh of optimal minimum error ES parameters k2 (a) and

(b) as a function of â and Norb .

to the position evaluated at the same time by means of numerical simulation of the LT trajectory, that is,
the square root of the argument of the integral in Eq. (7). The acceleration profile (Fig. 1.c) is far from
being constant, and this represents one of the most relevant drawbacks in the use of the ES, as a shape
function, where the initial angular rate is often higher than that of the initial LT trajectory (Fig. 1.d), even
in those cases when the geometry of the spiral closely resembles the actual trajectory.
Solving the minimum error optimization problem #2 over a wide range of values for â and Norb ,
the results reported in Figs. 2 and 3 are obtained. These results, derived over a regular, rectangular grid
(Figs. 2), can be interpolated over a finer grid, in order to generate a tentative solution for values of â and
Norb different from those derived by the optimization. To this aim, a bicubic interpolant was used.
The quality of these interpolated estimate of best-fit exponential sinusoid shape functions was inves-
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a)

b)
Figure 3. Contour plots of k2 (a) and

(b), with position of randomly generated control points.

Table 1. Quality of interpolated approximations of minimum error spiral parameters
Case 1: â = 0.055, Norb =0.734

Case 2: â = 0.0025, Norb =1.15

Exact values

Interp. values

Error %

Exact values

Interp. values

Error %

k2 =0.3447
=-0.5337

k2 =0.347
=-0.5343

0.67
0.11

k2 =0.5043
=-0.5282

k2 =0.5044
=-0.5344

0.02
1.17

Case 3: â = 0.0997, Norb =1.249

Case 4: â = 0.0828, Norb =1.013

Exact values

Interp. values

Error %

Exact values

Interp. values

Error %

k2 =0.3752
=-0.5505

k2 =0.3868
=-0.5502

3
0.05

k2 =0.3858
=-0.5464

k2 =0.3998
=-0.5875

3
7.5

Case 5: â = 0.0965, Norb =1.9256

Case 6: â = 0.0617, Norb =0.9404

Exact values

Interp. values

Error %

Exact values

Interp. values

Error %

k2 =0.5834
=-0.6099

k2 =0.5857
=-0.7400

0.39
21.0

k2 =0.4672
=-0.5558

k2 =0.4866
=-0.5534

4
0.43

Case 7: â = 0.052, Norb =1.2187

Case 8: â = 0.008, Norb =1.1107

Exact values

Interp. values

Error %

Exact values

Interp. values

Error %

k2 =0.4817
=-0.5536

k2 =0.4172
=-0.555

13.4
0.25

k2 =0.5546
=-0.5569

k2 =0.4854
=-0.5647

12.4
1.4
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Figure 4. Orbit decay: a) density and altitude loss; b) altitude profile; c) acceleration; d) angular rate.
tigated by generating a set of 8 randomly generated verification test cases. Values of â and Norb where
randomly sampled from a uniform distribution within the range of interest. For each of these results the
optimal values of k2 and which provides the minimum error exponential spiral were derived, with a
procedure identical to that adopted for generating the sampled values. These optimal results were then
compared with those derived on the basis of the bicubic interpolant, generating the values reported in
Table 1. The performance can be considered satisfactory. Most of the times, the optimal solution differs
from the interpolated one by less that 5%, at a negligible computational cost. Only in two cases, one of
the two parameters differs by more than 10% (cases 6 and 7) and for only one 20% (case 5). This latter
most critical case represent a solution at the bounds of the considered parameter intervals.
3.2 Modified exponential sinusoid for orbit decay trajectories
When an orbit decay trajectory needs to be represented, the negative acceleration acting on the spacecraft due to atmospheric drag varies with altitude with respect to the Earth surface. An atmosphere density model is thus necessary., which is obtained by connecting the International Standard Atmosphere
(ISA), valid for h < 86 km, and Jacchia-Bowman model, valid between 100 and 2000 km (used in the
present application only up to 500 km, as reported in Fig. 4.a). For higher orbits, between 150 and 500
km, density is so rarefied, that a variational approach provides a quick and reliable estimate of orbit decay rate, obtained by means of a simple algebraic calculations (plot of a per orbit in Fig. 4.a). When
altitude becomes lower, higher density causes a faster decay.
Figure 4.b represents the variation of altitude, starting from a very low Earth orbit at 105 km of
altitude. This is the region around the so-called Kármán line, which conventionally identifies the upper
boundary of the atmosphere, the beginning of the space flight domain (when going up), but also the
altitude range where atmospheric entry starts, thus determining the portion of Earth surface that may
be exposed to a fall of residual fragments of the debris, once thermal and structural loads at hypersonic
speed cause its fragmentation. The variation of drag force with altitude suggests to adopt a modified



Shape Based Approach for Analysis of Low-Thrust Maneuvers and Orbit Decay

Avanzini and Convertino

version of the spiral. Among the three options, listed at the end of sub-section 2.2, the variable dynamic
range provides the best performance, in terms of accuracy of the spiral with respect to the trajectory
determined by means of numerical simulation, that is, r(✓) = k0 exp[(k1 + k̂1 ✓) sin(k2 ✓ + ')}. The
additional degree of freedom in the optimization problem allows one to include a further constraint,
on the initial flight path angle, which drives the optimization algorithm towards the identification of a
reliable spiral trajectory. The resulting acceleration profile and orbit rate, compared with those obtained
from numerical simulation, are reported in Figs. 4.c and d. The former clearly show some drawbacks
of the method, where the acceleration profile is, on average, close to the actual one, but provides a poor
indication of the acceleration along the trajectory. In this respect, further study is required to identified
possible alternative to the formulation of the exponential sinusoid.
4. CONCLUSIONS AND FUTURE WORK
The use of shape-based methods for representing low-thrust and orbit decay trajectory is investigated.
Minimization of a global measure of the position error between the actual trajectory, obtained by means
of numerical integration, and that represented by an exponential sinusoid, can be made very small with
the use of a sequential programming algorithm. The parameters of the shape function are mapped over
a wide range of normalized acceleration and integration time, so that an initial guess for a trajectory
obtained at different values of acceleration can be derived by means of a simple interpolation. The results
are reliable and sufficiently accurate, with respect to the optimized spiral, thus reducing significantly the
computation time for a given orbit transfer.
The use of a similar approach is also analyzed for describing orbit decay trajectories, starting from
very low Earth orbits, just above the Kármán line. In this framework, a better representation of the
acceleration profile would be highly recommended, which is not achieved by means of the classical
formulation of the exponential spiral. A modified version is thus introduced, which provides better
results, in terms of trajectory accuracy, but it is still not representative of the actual acceleration profile.
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ABSTRACT
Alzheimer disease (AD) is the most diffuse neurodegenerative disease among elderly people.
As far as neuropathology is concerned, neurofibrillary tangles and amyloid plaques are the
main hallmark of the disease. The primary component of amyloid plaques is Amyloid β
peptide (Aβ) constituted of 37-43 amino acids. Aβ40 and Aβ42 are the most studied peptide
forms in reason of their well-established role in events leading to neurodegeneration and
dementia (“Amyloid Hypothesis”). These peptides are produced in vivo by the action of
cellular enzymes and have an intrinsic propensity to aggregate and form insoluble amyloid
fibrils as also demonstrated by in vitro studies.
In this project named Amyloid Aggregation, it’s hypothesized that amyloid fibrils aggregation
is affected by microgravity.
Experiments will be conducted both in the ISS and on Earth. Procedures to be performed on
the ISS are easily applicable and astronauts will be provided with an adequate training. Aβ40
and Aβ42 samples will be incubated in Phosphate buffer saline 0.1x pH 7.4 (PBS), for various
incubation time periods (ITP) at ambient temperature (AT; ISS-Columbus module
temperature). At each ITP, samples will be transferred at -20°C to stop amyloid aggregation.
As soon as samples will be returned to Earth, all data will be collected and analyzed to
determine the degree of peptide aggregation. The results will be compared with data collected
on Earth in a similar experimental protocol with the same ISS conditions (AT, ITP).
Differences between aggregates obtained during experiments performed in space and those
performed in the laboratory on Earth may shed light on the possibility of an increased
susceptibility to develop amyloid-related pathologies in the central nervous system of
astronauts.
Keywords: Astronaut health, Alzheimer’s disease, Amyloid β peptide
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1 INTRODUCTION
Microgravity induces changes in growth, cellular structure, and cell-to-cell interactions. These
changes are therefore considered to be a challenge to life in space (Pompeiano et al., 2004). In
contrast to numerous studies of the relevance of microgravity in skeletal disorders, little
attention has been paid to age-related neurodegenerative diseases, though it’s recognized that
pathological conditions of elderly patients are partially analogous to astronauts. Neurons, in
fact, seem to be predisposed to degenerate under microgravity by a significant decrease of
some proteins levels (Sarkar et al., 2006). In particular, in response to microgravity,
expression of some proteins in the hippocampus may result in enhanced protein aggregation,
mitochondrial dysregulation and impairment of the cytoskeleton, leading to initiation or
stimulation of neurodegenerative AD is the most diffuse neurodegenerative disease among
elderly people. As far as neuropathology is concerned, neurofibrillary tangles and amyloid
plaques are the main hallmark of the disease. The primary component of amyloid plaques is
Amyloid β peptide (Aβ) constituted of 37-43 amino acids. Aβ40 and Aβ42 are the most
studied peptide forms in reason of their well-established role in events leading to
neurodegeneration and dementia (“Amyloid Hypothesis”). These peptides are produced in
vivo by the action of cellular enzymes and have an intrinsic propensity to aggregate and form
insoluble amyloid fibrils as also demonstrated by in vitro studies.
In this project it’s hypothesized that amyloid fibrils aggregation is affected by microgravity.
Experiments will be conducted both in the ISS and on Earth. Procedures to be performed on
the ISS are easily applicable and astronauts will be provided with an adequate training.
Aβ40 and Aβ42 samples will be incubated in Phosphate buffer saline 0.1x pH 7.4 (PBS), for
various incubation time periods (ITP) at ambient temperature (AT; ISS-Columbus module
temperature). At each ITP, samples will be transferred at -20°C to stop amyloid aggregation.
As soon as samples will be returned to Earth, all data will be collected and analysed to
determine the degree of peptide aggregation. The results will be compared with data collected
on Earth in a similar experimental protocol with the same ISS conditions (AT, ITP).
The results obtained will be communicated elucidating if “AmyG hypothesis” is supported or
not. If this hypothesis will be partially or not at all supported by the results obtained, it will be
necessary to elaborate new questions, new hypothesis and new experiments. e diseases.
Altered protein conformation and aggregation are thought to be the triggering event in
Alzheimer Disease (AD) and other neurodegenerative diseases, including Parkinson’s disease,
Huntington’s chorea, Creutzfeldt-Jakob disease, Gertsmann-Sträussler-Scheinker syndrome,
fatal familial insomnia, amyotrophic lateral sclerosis. The protein aggregates characteristic of
diverse disorders usually show the involvement of an abnormal protein specific for the
disease. There are numerous causes for the formation of aggregates and they can act
independently or in synergy with one another. Some proteins, for example, tend to
spontaneously assume an abnormal conformation, whereas others aggregate as their
concentration increases. Sometimes aggregation may be caused by the alteration in a single
aminoacid/nitrogen base or due to a post-transcription modification or exposure to certain
environmental conditions (Uversky, 2010). AD is the most diffuse neurodegenerative disease
among elderly people. As far as neuropathology is concerned, neurofibrillary tangles and
amyloid plaques are the main hallmark of the disease. The primary component of amyloid
plaques is Amyloid β peptide (Aβ) constituted of 37-43 amino acids. According to the
“amyloid hypothesis”, Aβ40 and Aβ42, the most studied peptide forms of Aβ, lead to the
aggregation and formation of insoluble plaques that trigger a cascade of events, including the
generation of free radicals, DNA damage, and apoptosis, that ultimately ends in
neurodegeneration and dementia (Nilsberth et al., 2001). Several studies have demonstrated,
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in vivo and in vitro, the intrinsic propensity of these peptides to aggregate and form insoluble
amyloid fibrils, however the properties and mechanisms for their formation are still poorly
understood, even if is the molecular basis for the resulting toxicity. In conclusion, further
studies to characterize the aggregation of Aβ peptide is pivotal for elucidating the
pathogenesis of AD and to develop novel strategies for its treatment and prevention.
Moreover, understanding how microgravity influence the kinetics of Aβ fibrilogenesis and its
different aggregation states may contribute to identify potential health risks for space crews
on mission and possible correlation between aging diseases and living in space.
2 EXPERIMENTAL PROTOCOL
Lyophilized amyloid peptides (Aβ40 and Aβ42) will be utilised. The lyophilized peptides will
be disaggregated in hexafluoroisopropanol (HFIP), dried and suspended in DMSO,
encapsulated in special containers, together with reaction liquid (PBS, pH 7.4) located in a
separate lower compartment. The reaction is started by pressing on the top of the jar, which
allows the two phases to mix. To ensure reproducibility and repeatability of each trial, two
replicates for each sample will be performed using three types of samples:
Type A – 16 jars containing peptide Aβ 40
Type B – 16 jars containing peptide Aβ 42
Type C – 16 jars containing a mixture of the two peptides (Aβ 40 and Aβ 42)
Each jar will be codified (by colour) to identify the different ITP at which the aggregation
reaction of the amyloid fibrils will be blocked by freezing.
The material shall be kept at -20°C before and after the experiment. To avoid compromising
the scientific outcome the samples for ISS shall be prepared in Kennedy Space Centre launch
site and shall be maintained at maximum -20°C (or lower temperature) before and after
operations. Samples for ground experiment shall be prepared post-mission and maintained in
PI laboratory in according with temperature conditions, storage durations (pre-launch, onorbit, post launch) and experiment steps of ISS samples.
To start the experiment, the samples shall be removed from cold stowage and left to thaw at
AT on board the ISS for at least 110 minutes. The upper part of the jar shall then
twisted/pressed to release the lyophilized proteins into the reaction liquid (see figure 3). The
test tube shall be rotated or its bottom tapped to ensure that the mixture dissolves uniformly.
The above step indicates activation starts and has to be performed within 6 weeks from end of
filling of the space experiment on ground.
The experiment consists of six trials corresponding to six different ITP: 0-1-3-5-24-29 hrs (a
time tolerance of ± 30 min for each ITP can be accepted), at AT (16-30°C). Then, every ITP
group shall be frozen at -20°C to stabilize the solution until analysis after re-entry in the postflight phase. Should the re-entry planned later than 1 month (4 weeks) after the last ITP
sample has been frozen, it has been requested to keep sample at -80°C in orbit, and then to reentry samples on Earth (until final arrival at PI Lab) at maximum at -20°C.
Activation will not start for 12 out of the 48 jars. 6 of these 12 jars will be left stowed at
temperature of -20°C, the other 6 simply thawed and the put back in the cold stowage
accommodation.
The samples that were frozen in space and those processed on Earth will be analyzed by
Western Blotting (WB) modified protocol, Mass spectrometry (MS) and Atomic Force
Microscopy (AFM) (Figure 1).
3 DISCUSSION
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The possibility to perform experiments on board of the ISS represents a unique opportunity to
study if and how microgravity influences the early events of the “amyloid hypothesis”, which
asserts that amyloid fibrils formation is a causative factor in the onset of Alzheimer's disease.
In particular, we will investigate two fundamental aspects of amyloid β peptide aggregation in
the weightlessness environment of the ISS: a) the microscopical and biochemical structure of
the fibrils and b) the process of fibrils formation (i.e., mechanism and kinetics). Differences
between aggregates obtained during experiments performed in space and those performed in
the laboratory on Earth may shed light on the possibility of an increased susceptibility to
develop amyloid-related pathologies in the central nervous system of astronauts. Risk
assessment could highlight the necessity of implementing monitoring and prevention systems
to protect astronauts employed in long-lasting space missions.
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ABSTRACT
One of the main aims of the Horizon 2020 CASTLE (Cabin System Design Towards
Passenger Wellbeing) project is to deliver innovative cabin interiors solutions that maximize
the comfort and wellbeing of passengers in the next future. In order to achieve such an
ambitious objective, an effective HCD (Human Centred Design) approach has been put in
place to derive a Human Response Model based on a holistic assessment of comfort.
Therefore, the overall CASTLE HCD methodology has been conceived to provide different
tools and methods to collect data on the impact that the design of each cabin item has on the
user from the earliest design stages. One of these tools is represented by the use of 3D
mock-ups in Virtual/Augmented Reality environments to capture data on the user’s
perception and to rate the level of appraisal inspired by the specific design solution.
In this paper we present the experimental procedures for the Human in the loop simulations
in Virtual Reality Environment of the Regional Aircraft solutions provided in the CASTLE
Project. First, we introduce the overall procedure plan. Then, we describe the work done for
the creation of the Virtual Environment for different scenarios (user standing in the cabin,
Galley, Lavatory) and for the subjective evaluation of these cabin items.
Keywords: Aircraft Cabin, Product Design, Virtual Reality, Huma in the Loop Simulation
1. INTRODUCTION
The level of appraisal and visual comfort effect that a designed product has on customers is
a key success factor in the development of vehicles. Generally, in a growing and
interconnected transportation system, the customer is a passenger that is primarily interested
in a comfortable journey and in the optimization of the time spent in travelling. Therefore,
also in the aircraft cabin interiors the concept of comfort, traditionally focused on the
postural and on the noise and vibration reduction, recently started to be enlarged to a wider
set of aspects, such as the general appraisal and visual comfort of passengers, as the
perception of travelling in a comfortable cabin and the sensation of having a space for
working or resting during the journey time.
To be competitive, interiors industries should be able to understand in advance how specific
elements and features of the design can impact the well-being of passengers and their inflight experience. This is a particularly complex journey scenario to evaluate since, there are
many factors at play, besides postural and N&V factors. To compound the challenge, the
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target of the modelling process is a subjective variable, for example the perceived comfort of
the passengers through all durations of the flight.
Several authors have recently worked on the concept of comfort and well-being in
commercial and private aircrafts. P. Vink et al. in [1] present and try to find a prioritization
criterion in a complete list of possible factors influencing comfort of passengers and, among
all the aspects, refer also on soft aspects related to the perception of passengers, including
the seat appearance, as influencing the overall wellbeing. Moreover, there are few studies
that help in revealing the correlation between the physical characteristic of the cabin items
and the perceived comfort. As an example, in [2] the authors endeavour to find the above
mentioned correlation through a literature review but, due to the lack of specific literature,
they have to rely on studies mainly focused on postural aspects and mostly originated in
other domains, such as the automotive domain.
In this paper we propose to investigate the perceived well-being of passengers on board
using Virtual Reality to simulate the visualization and the interaction different regional
aircraft cabin items at the early design stage as a contribution to the help inform and validate
the design approach and concept strategy of the cabin interior.
Overall, Virtual Reality has proven to be an effective tool for the evaluation of interfaces of
consumer products or appliances [3], as well for ergonomic workstations [4] and workplaces
[5]. Finally, Berg and Vance [6] provide a survey on some challenging industrial
applications of Virtual Reality. Authors provide an overall description of the methodological
process to be followed in the Virtual Reality approach. The suggested process starts from the
definition of the technologies to be used and their requirements, then a 3D model to be used
in the Virtual Reality session is provided. Furthermore, an extensive study on how user
experience can take advantage of the use of Virtual Reality can be found in [7]. Despite the
evidence on the suitability of using VR to evaluate affective aspects and components of
comfort and the extensive number of case studies in industry, there are few references of this
application of VR in the aircraft cabin interiors domain. In 2005, a survey on the use of
Augmented and Virtual Reality in automotive and aerospace sectors explicitly makes a
reference to the simulation of cabin interiors to achieve earlier a superior solution, even if
limited to the evaluation of appearance and interaction [8]. Nevertheless, such works could
not consider the advancements brought today by technological innovations in VR and AR
devices, also in terms of reduced intrusiveness, such the ones brought by new generation
HMDs and see-through HMDs [9].
The work presented in this paper has been developed in the framework of CASTLE (Cabin
Systems Design Toward Passenger Well-being), a project granted under the Horizon 2020
EU’s research programme in the framework of the Clean Sky initiative. Clean Sky is the
largest European research programme developing innovative, cutting-edge technology for
aircraft [10]. The Clean Sky 2 initiative is structured in a number of demonstrators that cover
the aeronautical industrial innovation needs for both fixed and rotary wing platforms. During
the development of the CASTLE project it is foreseen to provide solutions and prototypes
for the Airframe Integrated Technology Demonstrator. In this framework, special attention
has been paid to the improvements that can be brought to the cabin interiors, and specifically
to the in-flight experience that passengers can expect in the future. The main objective of the
project is to conceive, develop, prototype and test cabin interiors solutions following a
Human Centred Design (HCD) approach. Therefore, the research approach is focusing on
the analysis of the context of use and of the user’s requirements, on the generation of
evaluation protocols for each cabin item and on the state of the art of the tools and methods
for HCD [11].
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Given the innovative nature of the project, Virtual Reality has been implemented in
CASTLE in order to collect data on the human perception of both the cabin environment and
the satisfaction of specific requirements set in the project from the user’s point of view.
In the next section the general experimental procedure of the HCD of Regional Aircraft
interiors implemented in CASTLE is described. Afterwards, we describe the work done for
the creation of the Virtual Environment for different scenarios (user standing in the cabin,
Galley, Lavatory) and for the subjective evaluation of these cabin items. Results of a
preliminary test campaign conducted in order to validate the process are also presented and
discussed.
2. CASTLE HUMAN IN THE LOOP SIMULATION ASSESSMENT
METHODOLOGY FOR EXPERIMENTS IN VIRTUAL REALITY

-

In the CASTLE Human in the Loop experiments, comfort metrics are evaluated in a virtual
environment, in which a proper number and combination of voluntary subjects experience a
virtual mock-up of one or more cabin items.
The general methodology is composed of three steps as follows:
•
•
•

Experimental Planning
Experimental Execution and Data Collection
Data analysis and reporting
The experiments start with collection of 3D CAD models, including colour and material
features, to be translated from the design domain to the evaluation domain. The different
CAD models produced in the framework of the CASTLE project are representative of the
cabin items of interest in the project. In CASTLE such items are represented by the seat, the
lavatory, the galley, the cabin lining, the Flight Attendant Seat and the stowage bins. The
CAD files are processed in order to simplify the hierarchy and to assign the model
decomposition level according to the VR visualization and interaction requirements. Finally,
these are imported in the simulation platform. For each experiment a scenario and a
storyboard of tasks to be simulated in the virtual environment are designed to assess the
comfort metrics of one or more cabin items replicated in the specific scenario. Therefore, the
preliminary phase consists in the set-up of the Virtual mock-up in a Virtual Reality
Environment. At the University of Bologna two different Virtual Reality platforms have
been set up for the CASTLE Regional Experiments: The CAVE and the Microsoft Hololens
HMD (Head Mounted Display).
The first one is a multiple screens stereoscopic visualization system that immerses the user
in a Virtual Environment [12]. It is developed on top of Commercial Off The Shelf (COTS)
components and is based on three 2.5 x 1.9 m rear-projected screens, that can be co-planar
or tilted, and a floor. The active stereoscopy is enabled through shutter glasses. To allow the
cabin environment to be navigated from a first-person perspective by a user moving on the
CAVE floor, face and body tracking is implemented by capturing and filtering data provided
by a Microsoft Kinect sensor placed in front of the user at the bottom of the CAVE central
screen Figure 1. Tracking of the face is used to update the VR camera’s point of view with
the actual user’s point of view. [13]. An avatar representing the user is introduced in the
cabin virtual environment, and the avatar’s joints and face position and orientation are linked
to the user’s ones captured by Kinect, so that avatar replicates the user’s movements and
gestures. In the right screen, in the lower bottom corner, an exocentric view of the avatar is
placed in order to support the user’s proprioception. Finally, to simulate interaction with
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objects of the virtual environment visual and sound feedbacks are triggered by the system
whenever the avatar hurts or touch selected parts of the model, to fake collision.
As anticipated above, the Head Mounted Display used in this experiment is Microsoft TM
HololensTM, the optical see-through head mounted display developed and manufactured by
MicrosoftTM. This device is implemented in the CASTLE experiments for the subjective
assessment of the visual comfort perceived by a single passenger that moves around without constraints - in the cabin. The Microsoft Hololens is a wireless device and, although
not being completely immersive, it allows participants to walk in the cabin.

Figure 1 Participant in the CAVE (Cave Automatic Virtual Environment)

The experimental requirements are refined in order to define user involvement in the
experiment and the questionnaires and/or comfort measurement procedures for evaluation
assessment. During the second phase, the experiment is run: for each simulation session, at
least 20 subjects are expected to be recruited and introduced to the activity. A briefing is
provided to users in written form, indicating few information on the test and procedures
(without providing clear knowledge on project objectives, not to influence his / her feeling
and behaviour during the virtual experience) and an informed consent declaration is signed
by the users. The VR experience is lived by the user, after a short training phase. Some
physiological metrics may be collected during the experiment and, finally, a questionnaire
results the subjective rating evaluation. In the final reporting phase experiment outputs are
collected and the data are analysed. Table 1 provides details of each phase and a description
of the tasks to be performed and of the documents to be prepared.
CASTLE Human in the loop assessment
Experimental Item vs comfort metrics definition
Planning VR system set up
Model type and features/configurations
Storyboard description
Questionnaire definition for subjective evaluation assessment
Users to be involved/experimental total timing
Experimental Recruitment and Scheduling
Execution and data Informed consent signatory
collection (for each User training
subject) Run of the experiment and eventually collection of on line data
Questionnaire provision to the user and debriefing
Analysis and Collection Analysis of data coming from the experiments, in
Reporting relation of simulation method and objective or subjective ranking
Reporting
Table 1 – Description of the processes for the Human in the Loop Experiments in VR
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Preparatory documents are provided for each experiment, at each phase of the validation
process: Training Story, Questionnaire, Invitation Letter and Informed Consent Form.
Five test cases in total, each corresponding to a different simulation scenario, have been
planned to analyse all the CASLE cabin items; each scenario corresponds to a different
Virtual Reality set up. In this paper we describe in detail the three scenarios as in Table 2.
The right column of the table includes the model that have been imported in the
corresponding scenario.
Description
Overall cabin assessment, with the user
standing in the cabin (including navigation,
seat row ingress/egress) and interacting with
the stowage bin
Galley assessment, with a user standing in
front of it, exploring the model in real
dimensions and interacting with it
Lavatory assessment, with the user standing
inside it and exploring the model

Cabin Items
validated
Seat - stowage bin
-Lining
Galley
Lavatory

Table 2 Test Case definition and connection with cabin items

3. OVERALL CABIN ASSESSMENT, WITH THE USER STANDING IN THE CABIN
In this scenario the aim is to replicate the passengers experience during a specific phase of
flight. In detail, it represents the phase in which the passenger approaches his/her seat and
interacts with the stowage bin before taking his/her seat.
This scenario has been reconstructed in the CAVE and the virtual environment has been
built upon the seat model, the stowage been model and the cabin lining model. 5 seat rows
and 5 stowage bins are reproduced in the scene. Some stow bins are open and some are
closed. Such modes have been arranged in the fuselage model so that an entire section of the
cabin is created. Currently, the surfaces of the cabin items are the actual surfaces produced
in the framework of the CASTLE project while the colours. The passenger is standing and
can orient his/her sight to the seat row he is going to approach to and to the stowage bin.
Among the different components of comfort we aim at collecting the general visual comfort,
as the level of appraisal, the perceived living space comfort, as the level of living space that
the passenger estimates at first sight, as well as the interaction comfort, as the level of how
he can interact with the cabin knowing the limitations in space through the collision
detection features. The collision detection is triggered by collisions between the tracked
body and the cabin items and perceived by the passenger through auditory and visual
feedbacks. As an example the collision detection is activated for collisions occurring
between the forearms and the stowage bin doors as moving yellow lines originating in the
collision area (Figure 2).
The questionnaire is based on a 5-point Likert scale ranging from “strongly disagree” to
“strongly agree” and the questions for the general cabin scenario are related to the different
cabin items that compose the scenario itself. Participants are asked to answer to the question:
“Please, express how much you agree with each statement” for each of the statements in
Table 3.
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Figure 2 A participant interacting with the Stowage Bin
Statement

Item

The space for accessing the seat and the leg room appeared
sufficient
The seat seemed easy to access
The seat appeared to have enough space to stretch my legs
I had the feeling of being in a spacious environment
I was pleased with the style/aesthetics of the cabin lining
I had feeling of well-being while walking in the cabin
I was pleased with the style/aesthetics of the stowage bins
I like the shape design of the stowage bin
The stowage bin appeared to be spacious enough to easily load my
luggage
The stowage bin seemed easy to reach/use

SEAT
CABIN
LINING
STOWAGE
BIN

Table 3 Cabin Scenario Questionnaire

4. GALLEY ASSESSMENT, WITH A USER STANDING IN FRONT OF THE ITEM
In the Galley scenario a complete Virtual Model of the Galley has been derived from the
CAD model. This model has been uploaded in a Microsoft Hololens. The user can explore
the Galley and perceive the design in a 1:1 scale mock up projected in 3D (Figure 3).
The components of comfort to be collected in this scenario are the visual comfort, as the
level of appraisal, and the interaction comfort as the user can simulate the reachability of
surfaces and items even if without collision feedback.
Since this item is intended to be evaluated both by the passengers and by the cabin crew
members the subjective evaluations strategy considers these two points of view. From a
cabin crew point of view, the interaction is evaluated, to verify component reachability and
cleanability. From a user / passenger perspective, the questionnaire is voted to evaluate
design pleasantness and the style of the decorative finishing.
Participants are asked to answer to the question: “Please, express how much you agree with
each statement” for each of the statements in Table 4.
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Figure 3 The Virtual Mock up of the Galley

Statement
I was pleased with the style/aesthetics of the galley
The galley equipment appeared easy to reach
The galley appeared easy to clean
Table 4 Galley Scenario Questionnaire

5. LAVATORY ASSESSMENT, WITH THE USER STANDING IN THE LAVATORY
In the lavatory scenario the user also wears the Microsoft Hololens. He initially stands outside
a 1:1 scale virtual mock up of the lavatory, steps inside it through the door and explores the
environment while standing in this narrow environment (
Figure 4).
The questionnaire aims to collect a visual feedback of lavatory accessibility and general
aesthetic appearance. Questions are also aimed to predict some human factors aspects, as the
perception, through the immersion in the mock-up, of being able to operate with the
different parts, such as the faucets.
Participants are asked to answer on a five-points Likert scale to the question: “Please,
express how much you agree with each statement” for each of the statements in Table 5.
Statement
The lavatory appeared easy to access/exit
I was pleased with the style/aesthetics of the lavatory
The lavatory appeared spacious
The lavatory seemed easy to use
The lavatory space seemed comfortable
Table 5 Lavatory Scenario Questionnaire
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Figure 4 The Virtual Mock up of the Lavatory

6. PRELIMINARY TESTS
A preliminary test campaign has been conducted at the University of Bologna to gather a
first set of data and to tune the experimental procedure. 12 subjects, 10 males and 2 females
have been recruited among the University students. The average age is 22 years. As depicted
in Figure 5 the experiment starts with a brief introduction and the signature of the informed
consent. Afterwards, the overall cabin scenario is started in the CAVE. Each participant is
trained to the scenario basic features before personally taking part to the experiment. Before
starting, the height of the participant is inserted in the system so that the height of the avatar,
and therefore of the virtual camera tracked with the Kinect, corresponds to his/her actual
height. Once the first scenario is completed, participants are asked to fill the questionnaire
concerning the seat and the stow bin. Then, the participant is asked to wear the HOLOLENS
and, after a brief training on the system functioning, he experiences the virtual lavatory and
the galley, alternatively, and fills the questionnaire. The entire process lasts about 45’.

Figure 5 Preliminary test campaign on the CASTLE Regional Jet

Even if the target number of subjects has not yet been collected, this first set of participants
allowed us to validate the experimental procedure, to understand if the time assigned to each
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phase is well estimated and which is the feedback of participants concerning some
interaction features specifically designed for CASTLE.
The experimental procedure did not present any specific issue and the time resulted well
estimated. The interaction features have been rapidly understood by participants.
In Figure 6 the results of this first set of subjects. These data, besides not comparable with a
baseline set of data, can give a general idea of how the cabin is perceived. The Regional
Aircraft has a narrower cabin height compared to the most common aircraft that are
currently operating the medium range flights. On the one hand, looking at the chart on the
“The seat seemed easy to access” we observe that no one reports a “Strongly disagree” or a
“Disagree” while 33,3 % and the rest is undecided. On the other hand, in the chart
representing the visually perceived space for the legs (legroom), before sitting, 33,3% of
participants disagree on the fact that “The seat appeared to have enough space to stretch the
legs.
While this first two questions are only based on a visual feedback and thus describe an
estimation that the passenger gives of the available space, the questions concerning the
stowage bin are supported, in the Virtual Environment, by the collision detection features
implemented by tracking the user’ body. More than 50 % of subjects (41,7 + 16,7) perceives
the stow bin as sufficiently spacious to load the luggage. 16% of subjects strongly agrees
and 50 % of subjects agrees that the stow bin is easy to use.

Figure 6 Charts of a selection of questions on the seat and the stowage bin

The response to the questions concerning the style and design of the cabin are not
homogeneous and this does not allow to affirm that there is a strong impact. It must be
considered that the color and material finishing is still to be implemented.
No specific issue arises from the virtual navigation of the galley, since all the subjects
generally report a positive response.
A selection of responses to the lavatory questionnaire is depicted in Figure 7. Besides 8,3%
of subjects that strongly disagree, the majority (25% + 33.3%) respectively strongly agrees
or agrees with the fact that the lavatory seems comfortable. The style/aesthetic appearance
seems to be appreciated by the majority of subjects. As expected, since the lavatory is a
narrow space, 50 % of participants disagrees on the spaciousness. In addition, there is a
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significant percentage of subjects (41,7%) that is actually “undecided” on this
question/statement.

Figure 7 Charts of a selection of questions on the seat and the lavatory

7. CONCLUSIONS
In this paper we present the experimental procedure for the Human in the Loop tests in
Virtual Reality developed in the framework of the CASTLE project. In the research project
on the aircraft cabin interiors a holistic approach for the evaluation of comfort and wellbeing
has been implemented. At the early design stage, before the actual manufacturing of items,
this evaluation approach is composed of different tools, primary Virtual Manikins software
and Virtual Environments. Besides the former allows to perform exact measures for certain
human percentiles on the ergonomics performances, the latter is intended to complement it
for a better comprehension of aspects related to the mental process that leads to the positive
or negative impact on the human well being given the actual experience of passengers. With
this aim, and considering that such mental process has not yet been modelled, the scenarios
presented in this papers have been designed in order to capture specific aspects, such as, for
example, the sense of comfort or discomfort that we feel when we give a firs sight to the seat
that we are approaching to or to the space that we have to allocate our luggage. In addition,
the Virtual Environment have been integrated with interaction features specifically designed
for this application.
The work represents the research conducted at this stage of the project that includes the
study of the tools and methods, the preparation of the Virtual Reality environments, the
CAD processing to gather the correct virtual prototypes, the design of the subjective data
collection process and the preliminary tests. Therefore, a repeatable methodology for
conducting further campaigns and create comparative data is now available.
Even if tests are not intended to gather statistical data, we have discussed the results since
this can give an insight in the experimental procedure. Future developments regard the
inclusion of colour and material features and the conduction of a definitive campaign with a
proper number of subjects.
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ABSTRACT
The constant increase of the amount of space debris is becoming a threat for both ground and
space infrastructures. The non-negligible ris s of collisions in orbit, involving possible
damages for active space systems, and concerns over re-entry of large objects are leading to
an increasing international interest in Space Surveillance and Trac ing.
Through a networ of observatories, simultaneous optical measurements from different
observers allows the D reconstruction of the objects positions and so the direct estimation of
their altitudes. Altitude is directly lin ed to atmospheric drag, which in turn affects the change
in attitude during re-entry. Reconstruction of attitude through photometric analysis is possible
than s to optimization algorithms using data provided by the observation networ .
The Sapienza Space Systems and Space Surveillance aboratory (S ab) of Sapienza
niversity of Rome, together with the Institute for omplex Systems (IS ) of the Italian Nation
Research ouncil ( NR), have developed a networ of observatories capable of simultaneously
trac ing a space object. The optical system consists of a telescope connected to a scientific
omplementary etal- xide Semiconductor (s
S) camera, which allows high frame rates,
thus increasing the number of obtainable data, improving the accuracy of space debris
trajectories.
The crucial point of this experimental set-up is the integration of two simultaneous
bidimensional data, which requires the cameras precise synchronization. In this paper, the
synchronization tests of the cameras will be described.
Keywords: Space debris, Space Surveillance, sCM S, D position and attitude reconstruction
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INTRODUCTION

The Inter-agency Space Debris Coordination Committee (IADC) defines space debris as: all
man-made objects including fragments and elements thereof, in Earth orbit or re-entering the
atmosphere, that are non-functional. This increase in space debris is caused by increasing
spatial activity 1 and it is a common understanding that the current space debris environment
poses a ris to spacecraft in Earth orbit, besides, there is also the ris of damage on the ground,
if debris survives Earth s atmospheric re-entry. Generally, trac ing an ob ect in orbit requires
optical or radar measurements. However, these methods have limitations. Radars are very
expensive and do not provide information on the angular velocities of the ob ect, while optical
measurements can only be performed under certain acceptable climatic conditions, and even
then, the data of a single observatory does not allow to derive directly the height of the ob ect.
The optical images acquired from the observatories are processed for obtaining the light curve
which is a useful information for determining the angular velocities and the attitude.
The measurements, i.e. the celestial coordinates of the ob ects passage, are based on publicly
available Two-Line Elements (TLE), that provide orbital parameters for catalogued space
ob ects. However, TLEs are generally not very accurate. In fact, they are useful for ob ects with
stable orbits but are not for the orbital prediction of re-entering ob ects. The tra ectory s
prediction in the re-entry phase of an ob ect is one of the essential problems of the SST and
depends from random and un now variables 2 , so requires several measures from different
observatories. The problem is modelling the aero–thermodynamic perturbations and its
interaction with the re-entering ob ect.
The Sapienza Space Systems and Space Surveillance Laboratory (S5Lab) Research Team at
Sapienza – University of Rome has established the Debris Monitoring bservatory Networ
(DEM N)
that is composed of six observatories, four of them located in Italy, from now on
referred as the Italian Networ , and two in enya, from now on referred as the Equatorial
Networ 4 5 6 . The observatories can operate in a totally autonomous way by using both
third party software and bespo e software. In order to manage the entire networ of observers,
the implementation and application of a scheduler for the orchestration and harmonization of
requests for the networ o entirely dedicated to the monitoring of space debris was fundamental.
The software is called NIC (Networ ed Instrument Coordinator for bservations debris of
space) and has the main purpose of assigning visibility windows to each optical sensor of the
networ
by solving priority conflicts (through genetic algorithms 8 ) during the observation
planning phase, also by considering external limitations such as astronomical constraints and
weather conditions. NIC is designed to process the requests of users surveyed for different
types of orbits by applying different observation strategies (e.g. light-curves, follow-ups,
surveys and specific s y regions).
In this paper, the S5Lab together with the Institute for Complex Systems (ISC) of the Italian
Nation Research Council (CNR), presents an observed strategy based on bi-static synchronized
multi–site optical observation. The data collected from all the observatories are used for
obtaining both the altitude and the attitude. Each observatory optical system is composed by a
telescope connected to a scientific Complementary Metal- xide Semiconductor (sCM S)
camera. This type of camera allows to obtain high frame rates, thus increasing the number of
obtainable data and consequently the accuracy of the space debris tra ectories. The
synchronization tests of the cameras will be described with their results.
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MULTI-SITE OPTICAL OBSERVATION

Nowadays, the most advanced technique used for trac ing space debris is their simultaneous
optical observation through a networ of observatories. Multi-site optical observation has been
developed to increase quality of optical measurements by using at least two optical instruments
which acquire data from the same ob ect at the same time. ptical measurements obtained from
the different observers allow to reconstruct the ob ects attitude and the determination of their
positions in the D space, providing a direct estimation of their altitudes. Altitude and attitude
of the ob ect are crucial parameters during the re-entry into the atmosphere. In the re-entry
phase, both parameters are sub ects to variations due unpredictable factors. The acquisition of
more data in a short interval of time is necessary to predict their evolution with better precision.
The factors that more heavily contributes to the deviation between the predicted and the real
tra ectory are the ballistic coefficient and atmospheric density. The first is determined from the
attitude, while the latter depends on solar activity, different concentration of chemical species
and other factors which lead to inaccuracies in the various theoretical models. In general, in an
ob ect s re-entry phase there are few chances to observe it from the same observatory. This is
due to low revisit time, which does not allow frequent opportunities of visibility and
meteorological factors. During these few visible passages, is then necessary to acquire large
data sets with high accuracy which are then to be used to provide the most accurate prevision
in attitude and position.
3

SYSTEM SET-UP

An acquisition activity of optical measurements of ob ects in LE has been carried out selecting
two Italian observatories: Mid Latitude Italian bservatory (MIT ) located in Rome and the
Sapienza Coupled University Debris bservatory (SCUD ) in Collepardo, distant 110 m
from each others. The MIT and SCUD observatories are composed of a Newtonian optical
tube with a diameter of 150 mm and a focal length of 50 mm connected to a Scientific CM S
camera (sCM S), which has a 5.5 megapixels sensor, a quantum efficiency of 60 and a pixel
size of 6.5 m. The tools are shown in Figure 2:

(a)

(b)

Figure 1 - (a) ptical tube (b) sCM S

The sCM S technology is based on a new generation of CM S design and process technology.
This type of device carries an advanced set of performance features that renders it entirely
suitable to high fidelity and quantitative scientific measurement. ne of these advantages is the
lowest read out noise compared to CCDs. The sCM S selected for this system have a sensor
of 5.5 megapixels that can achieve 100 full fps with a read noise of 1. electrons rms, while the
lowest noise Interline CCD reading out only 1.4 megapixels at 16 fps would do so with 10
electrons read noise.
3.1

Comparison between sCMOS and EMCCD

In general, sCM S presents advantages in terms of read out noise, frame rate, dynamic range
and field of view resolution, without the compromise between read out noise and frame rate.
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The ma ority of EMCCD cameras are bac illuminated with 90
E max, which are among
the most competitive in terms of sensitivity. For this reason, a high performance bac illuminated EMCCD camera, for extremely low light applications that require absolute raw
sensitivity at fast frame rates, maintains an application advantage. However, this advantage is
achieved by sacrificing the enhanced resolution, field of view, dynamic range and frame rate
that sCM S can offer.
3.2

Expected errors

The camera has 5 Megapixels with a pixel size of 6.5 μm, while the telescope has a focal length
of 50 mm, so the Field f iew (F ) is 1.2 x 1.2 . From this information is obtained the
omega parameter equal to:
focal length
Ω=
= 115382
pixel size
Assuming to ma e an error in the reconstruction of the position of the ob ect in the image ( s)
of 1 px, the reconstruction error on the altitude in the z-axis ( z) is derived as 9 :
Z 2 δs
δz =
Ωd
Using a pair of observers MIT SCUD located at a mutual distance of 110 m by observing
ob ects in LE orbit, z 12.6 m is obtained. hile for the observation of ME or GE ob ects
a high baseline is required for small errors, so in this case is chosen to use the pair of observers
SCUD E U which are located at 6000 m from each other. For these last ob ects an error
of about 1.8 m is obtained. The errors obtained with respect to the altitude of the respective
ob ects which are around 400 m for the LE s and 6 000 m for the GE s are acceptable
errors and therefore allow an excellent estimate of the altitude in D space.
4

ALTITUDE AND RANGE DETERMINATION

hen the number of available measures is too small to achieve a complete orbital determination
process, it is possible to introduce simplifying hypotheses on the evolution of the orbital
dynamics in the short period to achieve the only estimation of the position of the ob ect within
the orbital plane exploiting a single measure. From this information it is possible to estimate
the altitude of the ob ect, the nowledge of which is of fundamental importance for the re-entry
forecasts. Using two simultaneous measurements performed by two different observation
stations, it is possible to determine the altitude and range, identifying the minimum distance
point between two straight (𝑟1 and 𝑟2 ) lines passing through the Earth s stations, whose direction
is determined by the versors implied by the angular measurements of each observatory. nce
identified the versors of the measures from the values of RA and Dec obtained from the
observations, we can determine the points of minimum distance on the two straight lines
considered:
𝑟1 = 𝑝1 + 𝑡1 ∙ ̅̅̅
𝑑1
𝑟2 = 𝑝2 + 𝑡2 ∙ ̅̅̅
𝑑2
ith 𝑝1 , 𝑝2 thestation position 1, 2 and 𝑑1 , 𝑑2 the versor of the measurements. The
perpendicular 𝑛̅ to 𝑟1 and 𝑟2 is obtained as a vector product between their direction versors. The
plane formed by the translation of 𝑟2 along n contains the point 𝑝2 and is perpendicular to:
̅̅̅
𝑛2 = ̅̅̅
𝑑2 × 𝑛̅
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The point of intersection of 𝑟1 with this plane, which also represents the point of 𝑟1 with
minimum distance from 𝑟2 , is given by:
𝑐1 = 𝑝1 +

(𝑝1 − 𝑝2 ) ∙ ̅̅̅
𝑛2
∙ ̅̅̅
𝑑1
̅̅̅
𝑑2 ∙ ̅̅̅
𝑛2

In a similar way, we find the point of 𝑟2 with minimum distance from 𝑟1 .

Figure 2 - the point of 𝑟2 with minimum distance from 𝑟1

5

ATTITUDE DETERMINATION

b ects attitude may be direct measured using optical instruments through the light curve
analysis, see 10 11 12 1 . In the following figure is shown an example of the observed
light curve of Thor Agena R obtained from MIT observatory.

Figure – The figure shown the observed light curve of TH R AGENA R
Savitz y–Golay filtred light curve (red)

(blac ) and the

The attitude of the observed ob ect is obtained from the comparison of the light curve observed
with synthetic light curves generated starting from different initial conditions. Finding what are
the parameters that generate the observed light curve, the ob ect attitude was found 14 .
5.1

The Physic engine

To obtain a realistic simulation of the light reflected from the ob ect, it is necessary to calculate,
for each instant of time, its position and attitude, the position of the observer and the position
of the sun in the same reference system. nce these positions are nown, it is possible to
calculate the phase angle (see Figure ), necessary to calculate the amount of light reflected by
the ob ect.
e
ellit
Sat

it
Orb

Phase angle

Ground Station

Sun Position

Figure 4 - Phase angle – the image shows the phase angle, observer-ob ect-sun, needed to compute the
amount of light reflected by the ob ect.
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In Figure 4 is shown the flow chart of the Physic engine.

Object orbit

Object Attitude

Observer
position

Sun Orbit

Figure 5 - Physic Engine: this engine ta es care of computing for each time step the position of the
orbital ob ect and its dynamical state, ta ing as input the TLE, the initial state with the inertial matrix.

The position of the ob ect, in the Earth-Centered Inertial coordinate system (ECI), is obtained
by propagating its orbit from the nown Two-Line Element (TLE) through a General Simplified
Perturbations (SGP-4) routine. Through the Euler equations, the dynamic state of the rigid body
motion is described in terms of the Euler angles ( 0, 0, 0) and the components of the angular
velocity (p0, q0, r0) in the reference frame of the satellite. For each type of ob ect, a specific
inertia matrix was considered to deal with the different geometry of the ob ects.
5.2

The Rendering engine

Observer
position

Object position
and attitude

Camera

3D model

Light

Output

3D model and
properties

Sun Orbit

Redering Engine

Input

The rendering algorithm must also consider atmospheric extinction, the shape and materials of
the ob ect and the direction of sunlight, and that faithfully reproduces the shadow areas
expressed by the different components of the ob ect. The Physic Engine outputs are used by the
Rendering Engine. In particular, the position of the Sun will be used as the position of the light,
the position of the observer will be used as a position on the camera and the position of the
orbital ob ect will be used as a camera lens over time. The attitude and the positions of the
ob ect are used to calculate the rotational matrix of the model and the positions of the centre of
gravity of the D model. See Figure 6.

Synthetic image

Figure 6 - Rendering engine

5.3

Automatic Attitude determination

The real light-curve 𝐼𝑇 (𝑡) is a function of only time but the synthetic light-curve generates by
IS NE software depends on the time t, but also on the initial attitude parameters and on the
initial angular velocities. So, the synthetic light-curve 𝐼𝑆 is defined as:
𝐼S (t, φ0 , θ0 , ψ0 , p0 , q0 , r0 )

(1)

In order to find the attitude of the orbital ob ect, a cost function is defined as the sum over time
of the modulus of the difference between the real and the synthetic light-curve:
∑| 𝐼𝑇 (t) – 𝐼S (t, φ0 , θ0 , ψ0 , p0 , q0 , r0 ) |



(2)
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ith this definition it is possible to solve the minimization problem, with a genetic algorithm,
finding the initial attitude parameters ( 0, 0, 0, p0, q0, r0) of the synthetic light-curve that
creates the synthetic light-curve closest to the real one.

3DOF Euler
equations
integration

VISONE

Change attitude initial condition

In Figure 6 is shown the optimization architecture where the genetic algorithm comparing the
observed light-curve and the synthetic one and changing the initial attitude parameters, in order
to create a new synthetic light-curve, until the best synthetic attitude is found and so the
presumable ob ect attitude.

Renderer

Synthetic lightcurve

Genetic
algorithm

Observed
lightcurve

Ottimal solution
of the object
attitude

Figure - ptimization architecture: how the proposed method finds the attitude.

6

SYNCHRONIZATION TEST

To perform multi-site observations, it is necessary to have a system that is able to collect data
simultaneously of the same ob ect, or to be synchronized. An error in the synchronization of
the cameras corresponds to an error on the angular information of one of the two sites and
therefore an error in the estimate of the range of the ob ect. The ob ect will enter into visibility
of the observatory at a specific time that will be the time in which to send a signal to the cameras
to begin the shooting, so a trigger signal. For systems where the trigger of the machines is
supplied as a result of the time obtained by a GPS receiver, the synchronization error is given
by two contributions: the Pulse Per Second (PPS) signal of the GPS and the Lag Time of the
camera. The PPS of the GPS signal error is on average 20 ns, for signal construction 15 , but
it was also controlled with the oscilloscope seeing the time difference between two signals
received from the GPS modules. The camera s lag time is defined as the time elapsing between
the moment the trigger signal is sent and the time the camera actually fires. This was measured
by ta ing an optical target with the cameras and was around 10 ms. The lag time of the cameras
is constant and therefore can be corrected, thus only the 20ns of the GPS remain that are
negligible. The error thus obtained is compatible with the expected experimental error.
7

CONCLUSIONS

The optical bistatic observation using sCM S cameras allows to directly derive the altitude and
the attitude of the ob ect. To obtain a high accuracy in the reconstruction of the tra ectory a
large number of high quality data and excellent temporal synchronization must be guaranteed.
The first are guaranteed using the sCM S cameras, while the results of the synchronization test
show that it is possible to obtain the altitude of an ob ect with excellent precision. The low error
in the estimate of the altitude significantly improves the prediction of the tra ectory of an ob ect
especially in the re-entry phase. This prediction is further improved than s to the estimate of
the structure obtained with the proposed method.
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ABSTRACT
Space debris represents one of the most important challenges for the exploitation of space. Due
to the increasing population of non-cooperative or un-controlled space objects, an increasing
number of institutions is being involved in space surveillance activities. State-of-the-art optical
sensors are capable of providing measurements of celestial coordinates with arcseconds
accuracy. Optical sensors represent a relatively cheap resource, and they can be employed for
the development of wide optical networks. The Sapienza Space Systems and Space Surveillance
Laboratory (S5Lab) at Sapienza University of Rome owns a network of optical sensors, in Italy
and Kenya. This distributed architecture permit to increase the number of acquirable
measurements and to observe multiple arcs of a given orbit, thus facilitating the orbit
determination of observed objects. In addition to classic configurations, innovative
architectures are ready for deployment. Among these, a simultaneous multi-site optical setup
will be soon operative. An observing dome constituted by commercial cameras is currently
being tested. When operative, it will be capable of taking a big number of measurements per
night with a very large field a view. In this paper the Sapienza Scientific Observatory Network
will be described. Currently operative sensors, recent observation campaigns and innovative
architectures will be discussed.
Keywords: Space debris, ptical observations, Space surveillance, bservatory networ
1

INTRODUCTION

The considerable ris of damage to both space and ground infrastructure caused by space debris
has led to an international effort in the monitoring, trac ing and mitigation of the population of
space ob ects.
Most adopted monitoring methodologies include radar and optical measurements. The
employment of optical sensors, in particular, can dramatically reduce the cost of the observation
campaigns. At the same time, optical observations are sub ect to different constraints that can
reduce their usefulness when adopted for the monitoring of non-cooperative ob ects. Indeed,
bad weather and non-favourable illumination conditions prevent from the use of optical
observations. To overcome these limitations, it is mandatory to rely on distributed networ s of
different optical sensors.
1
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The S5Lab at Sapienza University of Rome owns and operates a networ of different optical
sensors, located in Italy and enya 1 . The peculiar geographical distribution of the used
sensors ma es possible to employ different strategies to monitor space debris and to facilitate
the orbit refinement of trac ed ob ects. In Italy, three fully operative sensors permit to increase
both the number of trac ed ob ects and the amount of acquired measurements per each ob ect.
Two telescopes, the Mid latitude Italian bservatory (MIT ) and the Remote Space Debris
bservation System (RESD S), are located in Rome, while a third, Sapienza Coupled
University Debris bservatory (SCUD ), has been placed in Collepardo, at an approximate
distance of 110 m from Rome. This configuration can not only allow to perform observations
from one site when the other one is interested by bad weather conditions, but it is also suitable
for the employment of innovative observation strategies relying on simultaneous multi-site
measurements.
Two additional telescopes, Equatorial bservatory n Ground (E U - G) and Equatorial
bservatory ff-Shore (E U - S) are located in Malindi, enya. These are currently being
refurbished.
hen operational, their latitude ma es them capable of observing ob ects
belonging to orbital regimes that are not visible from Italy. Additionally, the combined
employment of all the described sensors can permit to acquire measurements of multiple arcs
of the same orbit for a great number of ob ects, thus increasing the accuracy of the orbital
estimates achievable through the collected data 2 .
Also this intercontinental geographical configuration allows to exploit recently developed
innovative techniques to ta e advantage of simultaneous multi-site observations. In particular,
while the Rome-Collepardo configuration can be used to provide height and range estimates of
LE ob ects, the Rome-Malindi configuration, with a baseline of approximately 6000 m, can
be employed for ME and GE ob ects . The telescopes are going to be upgraded through
the replacement of CCDs by sCM S sensors, currently being tested, that can provide a dramatic
increase to the rate of performable observations.
In addition to these sensors, an innovative architecture, devoted at surveying the geostationary
ring, is currently being tested and will be soon ready to be deployed in the Gran Sasso area,
Italy. The system will be constituted by a dome containing multiple commercial optical sensors
that can autonomously and continuously ta e images of GE ob ects.
In this paper the S5Lab networ configuration will be exposed in detail, together with an
overview on the conducted observation activities. In addition, recent developments and
innovative techniques will be discussed.
2

THE SAPIEN A SCIENTIFIC OPTICAL NETWORK

The networ is composed by multiple sensors distributed in Italy and enya. The core
configuration is represented by three telescopes located in Italy and two telescopes located in
enya. Two additional telescopes located in Rome, that are currently being refurbished, are
used either for educational purposes or in the framewor of innovative observation systems that
will be explained in the next paragraphs. The two telescopes located in enya, precisely in
Malindi, are currently being refurbished and will be soon available.
2.1

The Italian Networ

The Italian networ is constituted by four observatories deployed in central Italy. RESD S and
MIT are located in Rome in the Urbe Airport. EDUSC PE is located in Rome, in the
Department of Mechanical and Aerospace Engineering building. SCUD is located in
Collepardo.
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2.1.1 RESDOS
RESD S telescope (see Figure 1a) is located in Rome (41.95588 N, 12.50559 E, 6 m). It is
constituted by a carbon fiber optical tube, in Ritchey-Chr tien configuration, with a 40 cm
diameter ventilated primary mirror. RESD S is completely remoted. It has a German equatorial
mount with a go-to speed of over 6 degrees sec. The current configuration is characterised by
a field of view of 0.5 x 0.5 . RESD S is provided with a motorized roto-focuser which allows
the optics to focus automatically.
2.1.2 MITO
MIT telescope (see Figure 1b) is located in Rome (41.95588 N, 12.50559 E, 6 m). The
optical tube, mounting a 20 cm mirror, is in Schmidt-Cassegrain configuration. MIT is
completely remoted. It has a German equatorial mount and a field of view of .5 x 2.5
2.1.3 SCUDO
SCUD telescope (see Figure 1c) is located in Collepardo, Italy. It mounts two optical tubes,
one with a field of view of 2.2 x 2.2 and one with a field of view of 1. x 1.1 This
configuration is cabable of simultaneously perfoming measuremenrts for orbit and attitude
reconstruction. SCUD is completely remoted.
2.1.4 EDUSCOPE
EDUSC PE (see Figure 1d) is located in Rome, Italy, in the Department of Mechanical and
Aerospace Engineering building. It has a 152 mm mirror optical tube and a field of view of 25
x 25 . It has an ALT-A mount. EDUSC PE is mainly used for educational purposes.

(a)

(b)

(c)

(d)

Figure 1: (a): RESD S, located in Urbe Airport, Rome, Italy (b): MIT , located in Urbe Airport,
Rome, Italy (c): SCUD , located in Collepardo, Italy (d) : EDUSC PE, located in the Department
of Mechanical and Aerospace Engineering building at Sapienza University of Rome

2.2

The E uatorial Networ

The Equatorial Networ is constituted by two observatories located in Malindi. E U - G is
located at the roglio Space Center, while E U - S is located in the off-shore launch platform
Santa Rita .
2.2.1 EQUO-OG
E U - G telescope (see Figure 2a) is located in Malindi, enya, at the ASI roglio Space
Center (2.996
S, 40.19 91 E, 0 m). It has a 25 cm optical tube and a field of view of 2.2
x 2.2 . It has an ALT-A mount. E U – G is completely remoted.
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2.2.2 EQUO-OS
E U - S telescope (see Figure 2b) is located in Malindi, enya, on the off-shore launch
platform Santa Rita , approximately 6 ilometres from the coast. It has a 152 mm mirror
optical tube and a field of view of 0.5 x 0.5 . In addition, the observatory has been provided
with an all s y camera with a field of view of 180 x 180 . The telescope has an ALT-A
mount. E U – S is completely remoted. Due to its position, one of the challenges during
installation was the connection to the Internet. The observatory was connected to the internet
by installing a pair of high gain dish antennas with a highly polarized beacon, allowing a radio
internet connection between the base and the platform.

(a)

(b)

Figure 2: (a): E U - G, located at the roglio Space Center, Malindi, enya (b): E U - S,
located off-shore on the Santa Rita platform in Malindi, enya

SOFTWARE TOOLS
A multiplicity of software tools, developed by the S5Lab, is used to acquire and process optical
data. The employed software not only permits to acquire images and to process them to retrieve
measurements, but it is also capable of performing further analyses required for orbit
determination and attitude reconstruction. The main tools are the Networ ed Instrument
Coordinator for bservations on Debris (NIC ), for the scheduling of observations conducted
with an observatory networ , an automatic astrometry and image recognition tool, an algorithm
for the improvement of TLEs through optical measurements, and a software for attitude
reconstruction through light-curves analysis.
.1

NICO scheduler

NIC scheduler 4 is a tool aimed at the harmonisation of the operations of each optical sensor,
with respect to the targets of a given observation campaign. In fact, by considering both
astronomic and weather conditions constraints, it allows the coordination of the requests for
optical observations and maximises the operative time of the networ by solving conflicts .
The scheduler allows different operational modes:
- Survey in ME , GE or Molniya orbits, by maximising the ob ects visibility through a
proper selection of the observed regions of the s y vault.
- Acquisition of light-curves
- Follow-up mode, in order to trac specific ob ects for several days, by coordinating the
observations according to the scientific priority of each target
- Par ing on specific celestial coordinates of right ascension and declination
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Automatic astrometry and ob ect reco nition tool

Images are processed through an automatic astrometry and ob ect recognition tool 5,6 . In this
way, it is possible to automatically process a great number of images and to retrieve, at the end
of the process, measurements of topocentric right ascension and declination of the trac ed
ob ects. Such measurements can be assembled in various formats, including TDM (Figure )

Figure : Automatic astrometry and ob ect recognition tool

.

TLE impro ement throu h optical measurements

The algorithm for TLE improvement
analyses optical measurements in order to improve
previously available orbital estimates. Due to the wide-spread use of publicly available orbital
information provided in the format of Two-line elements, this tool has been developed in order
to generate as output a new TLE (Figure 4). This capability is accomplished by using the SGP4
dynamical model in the orbit determination process, and by using the TLE mean orbital
parameters as state vector.

Figure 4: TLE improvement algorithm

.4

Li ht-cur es analysis

In order to reconstruct trac ed ob ects attitude and angular velocity, an optimisation process
exploiting light-curves is employed. These light-curves are retrieved from observations
purposely performed. In order to extract light-curves, images containing a sufficient
photometric information of the observed ob ect are ta en at a high rate. Then, a geometrical
and physical model of the target ob ect is employed in an optimisation process based on genetic
algorithm to find a suitable solution 8,9 .
4

STATISTICS ON ANUARY MARCH 2019 OBSERVATION CAMPAIGN

RESD S, MIT , and SCUD telescopes of the Sapienza scientific optical networ have been
recently devoted to an observation campaign involving both survey and trac ing observation
strategies. Figure 5 illustrates the overall number of observations performed between anuary
and March 2019.



The Sapienza Scientific Observatory Network:
activities overview and recent developments

Acernese et al.

Figure 5: Number of images per day per observatory

Table 1 shows the LE ob ects that have been trac ed for the observation campaign.
OB ECTS

TH R AGENA D R
00
ASTE 1 05560
SEASAT 1 1096
SL- R
12465
SL-14 R
1815
SL- R
19046
SL-8 R
21088
SL-16 R
2280
ARIANE 40 R
2 561
SL-16 R
2 05
EAN
25860
SL-16 R
25861
EN ISAT 2 86
IDEFI ARIANE 42P 2 422
C -2D R
28 8
S MED 1 1598
SENTINEL 1A 96 4
SENTINEL 1 41456
TIANG NG-2 41 65
REE E-M DE
8 4
Table 1: LE ob ects trac ed during anuary - March 2019 observation campaign

Figure 6 illustrates the percentage of observations devoted to LE
devoted to s y survey.

trac ing and observations

Figure 6: Percentage of trac ed LE ob ects images and survey images
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RECENT DEVELOPMENTS
Two innovative architectures, developed by S5Lab, are ready for deployment. The first one,
FASTSC PE, is aimed at improving both orbit and attitude determination of trac ed ob ects
through simultaneous multi-site optical observations. The second one, the All S y GE Survey
bservatory, is constituted by multiple commercial optical cameras, capable of observing a
wide solid angle of the s y vault.
.1

FASTSCOPE

FASTSC PE (see Figure a) is a system of two twin optical sensors each with a field of view
of 0.5 x 0.5 , whose purpose is to allow a D reconstruction of target ob ects, as well as to
improve the attitude reconstruction through photometric analysis. A three-dimensional
reconstruction of position is very useful when trac ing ob ects belonging to orbital regimes
whose dynamics is poorly approximated, as in the case of re-entering ob ects. In such a case, a
small number of simultaneous measurements would provide at least an estimate of the ob ect
height. Two possible configurations will be available. The first one, consists in locating one
sensor in Rome and the other one in Collepardo, with a baseline of approximately 110 m. This
system would facilitate the position reconstruction of LE and re-entering ob ects. The other
configuration consists in placing one sensor in Rome and the other one in Malindi, with a
baseline of approximately 6000 m. This configuration would facilitate the position and attitude
reconstruction of ME and GE ob ects.
.2

All S y GEO Sur ey Obser atory

An innovative architecture (see Figure b) based on multiple fixed commercial optical sensors
is ready for installation and testing in the Gran Sasso area, Italy. The observatory will be placed
on Duca degli Abruzzi mountain refuge at a height of approximately 2400 m, benefiting from
particularly low light pollution. The current configuration is constituted by 4 cameras with a
field of view of 20 x 14 and 2 cameras with a field of view of 24 x 16 , disposed in order to
cover the visible GE region from approximately 20 of elevation. All cameras are
synchronised and capable of continuously ta ing images all over the night. Redundancy has
been introduced in the design of the electronic board that manages the cameras, the data storage
and the thermal control of the dome.

(a)

(b)

Figure : (a): FASTSC PE sCM S sensors (b): All S y GE Survey bservatory architecture and
field of view

6

CONCLUSIONS

The Sapienza Scientific ptical Networ is constituted by 4 telescopes located in Italy and 2
telescopes located in enya. In addition to the core configuration, two innovative systems are
ready for deployment. A multiplicity of algorithms and software tools have been developed and
are currently used. These permit to acquire images through the harmonisation of the whole
networ , to analyse them to retrieve measurements and to improve publicly available orbital
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estimates. Furthermore, and algorithm for light-curve extraction and analysis allows to
reconstruct ob ects attitude. Recent observation campaigns have proved the networ to be
effective and to be capable of acquiring a big number of measurements. The innovative
architectures that will be soon operative will permit to directly estimate ob ects height, to
improve the attitude reconstruction through simultaneous measurements and to survey wide
regions of the s y vault by means of a dome constituted by multiple commercial cameras with
a wide field of view.
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ABSTRACT
Space activities have been growing and diversifying significantly in recent years, involving
also private operators. Emerging space initiatives challenge the overall context and the
widespread use of very small platforms as well as the plans to deploy large constellations are
entailing several implications, also from a legal point of view, for instance, in terms of
managing orbital congestion and space debris. In particular, due to the continuous increase
in space activities and space objects, the amount of space debris is constantly growing and,
consequently, the probability of in-orbit collisions is rising. Therefore, space debris is
regarded as a serious hazard for the safety and sustainability of outer space activities. In the
light of the above, this paper aims to present the two main approaches that, so far, have been
ta en into account to address the issue of space debris which are (i) the mitigation process
as the main instrument to limit the creation of new space debris (ii) active debris removal
and in-orbit services, which aim to reduce the existing amount of space debris through
different techniques. In particular, the wor will focus on the legal aspects and the main
issues raised by these approaches.
Keywords: Debris, Debris Mitigation, Active Debris Removal.
1

INTRODUCTION

Than s to the technological progress, the growth of the launch services and its capacity as
well as the continuous commitment of some States in the privatization of the national space
sector, space activities have been growing and diversifying significantly in recent years with
an increasing involvement of private operators. Moreover, the number of space ob ects
deployed per launch has shown a significant proliferation and many of these satellites are
often small satellites belonging to non-governmental entities. The private sector is, currently,
an important space actor and owns a large fraction of the operational satellites in orbit.
Emerging space initiatives challenge the overall context: the widespread use of very small
platforms as well as the plans to deploy large constellations are entailing several implications
also from a legal point of view, in terms of managing orbital congestion, the challenges of
space debris and the management of radio frequency spectrum resources.
In particular, due to the continuous increase in space activities and space ob ects, the amount
of space debris is constantly growing and, consequently, the probability of in-orbit collisions
is rising. Therefore, space debris is regarded as a serious hazard for the safety and
sustainability of outer space activities.
asically, there are two main approaches that, so far, have been ta en into account to address
the issue of space debris. The first one is the mitigation process as the main instrument to
limit the creation of new space debris. Since this topic is not explicitly addressed in the five
UN space treaties and in order to fill the gap, a number of non-binding guidelines and
1 50
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standards on space debris mitigation has been developed at international level. In addition,
some States have adopted national legislation and procedures on space debris, ma ing the
international mitigation standards and guidelines applicable to national space operations.
Although these non-binding instruments constitute the way in which the international
community is currently dealing with the issue of space debris, they are seen as insufficient to
tac le this problem in the future. Consequently, there is a second approach normally
considered to cope with space debris focussed on active debris removal and in-orbit services,
which aims to reduce the existing amount of space debris through different techniques.
However, the use of these measures meets significant legal and political challenges.
In view of the above, the paper aims to present a brief introduction on the status of the outer
space environment (paragraph 2), addressing the phenomenon of space debris and the impacts
on it of small satellites and mega-constellations and focusing on the main regulatory
instruments (paragraph ). Furthermore, the wor will consider the topic of active debris
removal (paragraph 4.1). Finally, reflections on the principal legal aspects related to active
debris removal will be presented with a focus on the lawfulness, under current international
space law, of the act of removing or deorbiting space debris as well as on the determination of
the State legally entitled to remove space debris (paragraph 4.2).
2

THE STATUS OF THE OUTER SPACE ENVIRONMENT

Since the launch of the first satellite in 195 , humans have been placing an increasing number
of ob ects into orbit around the Earth. According to some sources, more than 5400 launches
have ta en place since the beginning, placing into Earth orbit about 8950 satellites, 5000 of
which are still in space and about 1950 are functioning1. The launches per years have recently
been growing than s to the increase in number of States which have the capability to launch
satellites and the recognition, also from a commercial point of view, of the benefits that can
be derived from space. Moreover, it is important to consider that each satellite, which is
placed into orbit, is accompanied by one or more pieces of non-functional ob ects and that
incidents and collisions can create additional space fragments2.
As a result, human activities have caused significant negative effects on outer space, as during
the past six decades near-Earth orbits have been filled with functional and non-functional
ob ects, the ma ority of which are debris (see below paragraph ). Space debris can increase
for many reasons such as new space ob ects launched, in-orbit space ob ect explosions, roc et
engine emissions and spacecraft surface erosion, in-orbit collisions leading to a further
fragmentation ( collisional cascading ).
The estimates, based on statistical models, show that there are roughly 4 000 ob ects larger
than 10 cm, 900 000 ob ects from 1 cm to 10 cm and 128 million ob ects from 1 mm to 1 cm .
Moreover, about 22 00 ob ects are regularly trac ed by Space Surveillance Networ s and
maintained in their catalogue.
In the near future, small satellites and the so-called mega-constellations represent further
factors, which might additionally influence space ob ects propagation.
Small satellites have become increasingly popular in recent years and they are different to
larger ones in a number of ways. Typically, a small satellite is one with a mass of less than
1000 g, which offers many benefits, including reduced costs, higher speed of development
and deployment, but many of them cannot be manoeuvred after their positioning into orbit.
Since they are cheaper to ma e and have a shorter lifespan, they can also be more readily
replaced with systems utilising more advanced technology. Than s to the characteristics listed
above, small satellites and derived applications have opened the door to many non-space
faring countries, governmental and non-governmental operators to oin the use of outer space,
allowing the increased use of small satellites (i.e. CubeSats) for commercial applications. This
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is resulting in a growing variety of pro ects and an increase in the range of investors being
attracted to the use of space for commercial ventures.
A ma or development in this domain is the emerging concepts of large constellations,
composed of hundreds or thousands of small satellites developed by commercial operators,
planned and or started to be deployed in Low Earth rbit (LE ), with the aim of providing,
inter alia, worldwide telecommunication services, internet access, digital divide solutions and
Earth observation imaging services. The existence and sustainable use of small satellites and
large constellation is, however, associated to several issues, including impacts on the space
environment: in fact, the concern of consequences on the space debris population remains one
of the most relevant4.
ith the growing number of functional and non-functional ob ects in Earth orbits, the
probability of in-orbit collision is rising. In the long term, this could lead to a situation where
the increase in space debris will be sustained only by collisions between fragments. This
collision cascading effect – described as essler Syndrome – could generate an infinitely
number of space debris and render the use of outer space more and more difficult in the
future. arious incidents in the past have already underlined the seriousness of these situation.
y way of examples, it should be sufficient to consider that the first accidental in-orbit
collision between two satellites in 2009 (the privately owned American communication
satellite Iridiumand the Russian military satellites osmos 2251) led to the full
destruction of the two satellites and generated more than 2 00 trac able fragments5.
Since LE is the region of greatest concern for the uncontrolled growth of debris, mechanism
such as passivation and post-mission disposal are considered vital to mitigate the debris
population to a sustainable level. However, it has been estimated that compliance with
mitigation rules will not be enough to reverse the negative trend in the most used orbits and,
thus, it is expected that actively removing space debris will be necessary to deal with the
problem in the long term6. Space debris mitigation and remediation measures influence the
management, design and operation of space missions. They consist of: (i) limiting the release
of ob ects during mission operations (ii) preventing collisions between space ob ects (iii)
avoiding harmful or ris y activities or the intentional destruction of space ob ects (iv)
avoiding spacecraft brea -ups while in orbit, (v) removing spacecraft from important orbital
regions through re-orbiting (moving the spacecraft into another orbit), de-orbiting (lowering
the spacecraft s altitude until atmospheric re-entry) or active debris removal (retrieving the
spacecraft from orbit).
3

SPACE DEBRIS MITIGATION AND THE MAIN REGULATORY
INSTRUMENTS

3.1

Definition of space debris

From a technical point of view, space debris can be defined as all man-made objects,
including fragments and elements thereof, in Earth orbit or re-entering the Earth s
atmosphere, that are non-functional 8. It includes non-functional spacecraft and orbital
stages, debris created as a result of accidental brea -ups and collisions or internal destruction
of spacecraft and orbital stages, as well as debris accidentally or deliberately released during
normal mission operations.
However, the term space debris does not appear in any of the treaties, which form the
foundation of international space law and there is no clear legal distinction between a
functional satellite and non-functional space debris.
In fact, an important question from a legal point of view is whether space debris can be
qualified as space object as referred to in the Liability Convention9 and the Registration



New space activities, space debris and active debris removal
egal issues and challenges

Gagliardi

Convention10. These Conventions clarify that a space ob ect includes component parts of a
space object as well as its launch vehicle and parts thereof but do not provide for a legal
definition of what a space ob ect is considered to be. Prevailing opinion describes it as an
artificial (human-made) ob ect intended to be used in outer space, whether it is functional or
not functional. Therefore, space debris should be regarded as space ob ect in the legal sense.
As a consequence, all space law referring to space ob ect should be applicable to space debris.
3.2

International instruments on space debris mitigation

n the international scale, the UN space treaties do not address directly the issue of space
debris. Actual international debate concerning the regulation of space debris started in the
early 1980 s and since then various non-binding guidelines and standards have been
developed to address the issue of space debris. These include, for example, the Space Debris
Mitigation Guidelines of the Inter-Agency Space Debris Coordination Committee (IADC),
the Space Debris Mitigation Guidelines of the United Nations Committee on the Peaceful
Uses of uter Space (UNC PU S) and other instruments such as the European Code of
Conduct for Space Debris Mitigation, the ESA Space Debris Mitigation Policy for Agency
Pro ects, the Recommendation on Environmental Protection of the Geostationary-satellite
rbit of the International Telecommunication Union (ITU) and the Standard on Space Debris
Mitigation Requirements of the International rganization for Standardization (IS )11.
Moreover, as will be better addressed below, several States have included provisions on space
debris mitigation and prevention in their national space legislation.
. . The Space Debris
oordination ommittee

itigation Guidelines of the Inter-Agency Space Debris

In 2002, the Inter-Agency Space Debris Coordination Committee (IADC)12 adopted by
consensus a set of space debris mitigation guidelines, which were revised in 200 1 . The
guidelines are largely based on space debris mitigation standards developed by various
national and international organisations14. They are non-binding and applicable to mission
planning as well as to the design and operation of spacecraft and orbital stages. rganizations
and operators are encouraged to use the guidelines when establishing the requirements for
planned missions and to apply them, as far as possible, to on-going mission. Moreover, the
IADC document recommends establishing a space debris mitigation plan for each mission in
order to manage the implementation of the mitigation measures.
The IADC Space Debris Mitigation Guidelines describe existing practices which have been
identified and evaluated for limiting the generation of space debris in the environment. The
guidelines cover the overall environmental impact of space missions with a focus on (1)
limitation of debris released during normal operations, (2) minimisation of the potential for
on-orbit brea -ups, ( ) post-mission disposal, and (4) prevention of on-orbit collisions.
At the time of their adoption in 2002, the IADC Space Debris Mitigation Guidelines were the
first international guideline instrument on space debris mitigation. Remar ably, even though
developed by a limited number of space agency, the IADC guidelines have been widely
accepted by the international space community.
. . The Space Debris itigation Guidelines of the nited Nations ommittee on the
eaceful ses of uter Space
In 2004, the Scientific and Technical Subcommittee of the United Nations Committee on the
Peaceful Uses of uter Space (UNC PU S) established a wor ing group in order to
elaborate a non-binding document on space debris mitigation15. The wor ing group largely
based its wor on the mitigation guidelines developed by the IADC. The consensus was
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reached in 2006 and in 200 , the UNC PU S Space Debris Mitigation Guidelines were
adopted by the Scientific and Technical Subcommittee and endorsed by the Committee in its
50th session16. They were subsequently submitted to the UN General Assembly, which
endorsed the guidelines and invited member States to apply them through national
mechanisms1 .
The UNC PU S guidelines are not legally binding and reflect existing debris mitigation
practices. The mitigation measures proposed in the UNC PU S guidelines are divided into
two categories: measures that limit the generation of space debris in the near term and
measures that limit space debris on the longer term. There is a total of seven guidelines: a) to
limit debris released during nominal operations, b) to minimize the potential for brea -ups
during operational phases, c) to limit the probability of accidental collision in orbit, d) to
avoid intentional destruction and other harmful activities, e) to minimize the potential for
post-mission brea -ups resulting from stored energy, and f) g) to limit the long-term
presence of spacecraft and launch vehicle orbital stages in the low-Earth orbit (LE ) region
geosynchronous Earth orbit (GE ) region after the end of their mission.
The UNC PU S guidelines are very similar to the IADC guidelines even though some
differences can be identified between the two documents. hile the IADC guidelines use
scientific terms and technical description, including detailed definitions and concrete measure
for practical implementation, the UNC PU S guidelines are of more general character and
include less technical details. According to some authors18, the reason for these differences
between the two guidelines documents may lie in the fact that the IADC guidelines have been
developed by experts from a small number of space agencies, while the UNC PU S
guidelines had to be agreed upon at the political level by all member states of the Committee,
where decisions are ta en by consensus19.
. .

The European ode of onduct for Space Debris

itigation

The European Code of Conduct for Space Debris Mitigation (the Code ) has been developed
cooperatively by the Italian Space Agency (ASI), the ritish National Space Centre ( NSC,
currently U Space Agency), the Centre National d Etudies Spatiales (CNES), the German
Aerospace Center (DLR) and the European Space Agency (ESA) and was adopted upon
signature by the Directors General Presidents of these agencies in 2004.
The Code is non-legally binding and it is recommended for application to pro ects carried out
by European space agencies, to other space pro ects conducted in Europe as well as to
pro ects by European space entities acting outside Europe.
The primary ob ectives of the Code are: (a) to help preventing on-orbit brea -ups and
collisions of spacecraft, (b) to facilitate the removal from useful densely populated orbit
regions and subsequent disposal of spacecraft and orbital stages that have reached the end of
mission operations and (c) to help limiting ob ects released during normal spacecraft
operations. In order to reach these goals, the Code presents fundamental mitigation, safety and
protection measures for the design and operation of space systems. These measures are
grouped into 1) management measures, 2) design measures including end-of-life measures, )
operational measures including end-of-life measures, 4) impact protection measures and 5) reentry safety measures. The Code is accompanied by a Support to Implementation document
aiming to provide appropriate sources of information and tools to individuals involved in the
management, design, operation and mission control of spacecraft.
The Code is consistent with the IADC debris mitigation guidelines but provides greater
technical detail. Moreover, similar to the IADC guidelines the Code recommends the
establishment of a debris mitigation plan and contains an extensive list of terms and
definitions.
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itigation Requirements of the International rganization

The IS 20 standard IS
Space system Space Debris itigation Requirements was
first published in 2010 and revised in 2011. It is an international standard and defines the
primary space debris mitigation requirements applicable to all elements of unmanned systems
launched into, or passing through, near-Earth space, including launch vehicle orbital stages,
operating spacecraft and any ob ects released as part of normal operations. The requirements
contained in IS 2411 are intended to reduce the growth of space debris by ensuring that
spacecraft and launch vehicle orbital stages are designed, operated and disposed of in a
manner that prevents them from generating debris throughout their orbit lifetime. The
requirements are also intended to reduce the casualty ris on ground associated with
atmospheric re-entry of space ob ects. IS 2411 is the top-level standard in a family of IS
standards addressing space debris mitigation. In fact, there are a number of other IS
standards addressing the issue of space debris, which support compliance with those clauses in
IS 2411 that are relevant to spacecraft21, launch vehicle orbital stages22, space debris impact
ris assessment2 , post-mission disposal in the LE protected region24 and the re-entry of
space ob ects25.
The measures proposed in the IS standard are very similar to the recommendations
contained in the IADC and UNC PU S debris mitigation guidelines. ne of the main
ob ectives of the standards is to transform space debris mitigation guidelines developed by
other bodies into debris mitigation requirements in order to facilitate their incorporation into
engineering practice at national level.
. .

Significance of space debris mitigation instruments

A common feature of the international instruments presented above is their non-binding
character. Consequently, their implementation depends on the voluntary application by space
actors. Nonetheless, they are not only of great practical importance but also of specific legal
significance. The guidelines and standards may not only have the potential to facilitate the
consolidation of political opinion around the importance and necessity of space debris
mitigation but also serve as basis for the elaboration of rules and procedures at national
level26. In this respect, it is important to consider that several States have already adopted
national legislation on space debris mitigation that is in accordance with the international
guidelines and standard. This group of states includes for example Austria2 , France 28 and
United ingdom29. In these cases, space debris mitigation requirement generally form part of
the authorization process. Moreover, another group of States have not adopted yet binding
legislation on space debris mitigation but national space policies or standards of space
agencies are in place and comprise the issue of space debris, being consistent with the
international debris mitigation instruments 0.
4

ACTIVE SPACE DEBRIS REMOVAL AND MAIN LEGAL ISSUES

4.1

General Overview

The rapid growth of space debris poses a real and continuous threat to existing operational
satellites in orbit and to the long-term sustainability of all future space activities. The
pro ection for orbital debris build-up are not very optimistic, if satellites continue to use LE
without any restriction as to where they are placed, how rigorously they are de-orbited, and
without any active effort to remove the most dangerous debris from orbit. Even without
launching additional satellites, the most recent pro ections suggest that some large space
debris elements need to be removed each year to stop the increase of space debris 1.
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The adoption of mitigation measures to reduce the generation of space debris is considered
effective. Nonetheless, it is estimated that the severe consequences of the long-term growth of
space debris require the adoption of additional measures, such as active and passive systems
to assist with debris removal 2. In recent years, there have been many proposal for solutions,
either based on active debris removal (ADR) or for on orbit servicing ( S). ne of the most
frequent proposals are related to extending the useful lives of satellites, subsequently
providing all future satellites with de-orbit capabilities and performing active debris removal,
at least of the most dangerous debris elements.
In particular, ADR refers to any action directed to remove a defunct spacecraft, vehicle or
space ob ect from Earth orbits. This include a wide range of activities, for example: (a) the
utilization of thrusters or passive de-orbiting systems to increase the atmospheric drag at the
end of the life of a space system as well as for the upper stage of a launcher vehicle (b) the
employment of some forms of directed energy device to change the orbit of a space ob ect (c)
sending a space system to outer space that can directly or indirectly change the orbit of the
targeted space ob ect. In the broad context of ADR measures can be included also
S, that
account of technologies carried out by robotic devices to extend the lifetime of functional
satellites. The same technologies could be used to reduce the orbital debris population by
modifying, recycling and upgrading a defunct space ob ect or attaching it to other space
ob ects. There are currently a number of technologies and techniques being proposed and
considered for ADR. Most of these exist only as theoretical concepts and have not been
operationally tested or proven .
In the last few years, while there have been a number of tests and experiments with the aim of
demonstrating that debris remediation is possible, their use meets significant legal and
political obstacles, as will be later discussed. In addition, one of the most serious political
considerations to overcome is that, by their nature and their dual use attributes, ADR and
S technologies come with significant strategic and military implications 4. In fact, both
ADR and
S technology can be used also for Anti-Satellite Tests (ASAT) and these
capabilities are extremely important from a strategic and military perspective.
4.2

Main legal issues

hile it is expected that necessary advanced technology for ADR could be available in the
future, there are various legal problem that might challenge its practical implementation. The
UN treaties provide for some legal principles, setting the legal framewor for human activities
in outer space. However, instruments for the protection of the space environment from space
debris are not specifically provided for. Neither space debris is defined nor the mitigation and
remediation of space debris are considered in the binding law.
Even though space debris and ADR are not explicitly mentioned in the treaties of
international space law, it is necessary to interpret and adapt the existing legal framewor so
that it can correspond to the current and future needs. ADR and
S, thus, need to be
consistent with legal provisions in force (space law, general international law, etc.) and ensure
also the realization of the ob ectives mentioned in the international space treaties.
Nevertheless, active debris removal raises many legal issues that will be briefly addressed
below.
. .

Is there an obligation to remove space debris

ith regard to international space law, Art. I of the uter Space Treaty ( ST) underlines the
free use of outer space: The exploration and use of outer space
shall be carried out for
the benefit and in the interests of all countries
, shall be free for exploration and use by
all States without discrimination of any ind, on a basis of equality and in accordance with
international law, and there shall be free access to all areas of celestial bodies . According to
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this article, all space actors should have the right to use outer space freely and, thus, if a space
ob ect of a nation hinders the free use of space by others this may be considered as a violation
of art. I ST.
In addition, art. I
ST states that space actors have to conduct their operations in outer
space with due regard to the corresponding interests of all other States arties to the
Treaty . Art. I is a provision requiring a State to carrying out its outer space activities with
due regard to the corresponding interests of all other countries. Although the principle is not
described in detail, it is often assumed that it imposes a duty to underta e space activities with
a standard of care, ta ing into consideration the rights and legitimate interests of all other
nations 5. Accordingly, the accidental or intentional creation of dangerous space debris before
or during any space mission, could run counter to the due regard principle mentioned
above.
Moreover, art. I
ST states that harmful contamination should be avoided. Even though
there is no legally binding definition of harmful contamination, space debris constituting a
ris for space activities can be considered as harmful contamination, as this would represent
pollution of the Earth s orbits.
In the light of the principles analysed above, some authors conclude that there is an obligation
on States to ensure that space activities carrying under their urisdiction do not damage the
celestial environment, space ob ects and activities of other States. Consequently, in this view,
there would be an obligation to remove space debris when they can provo e damages to other
space ob ects 6.
. .

ho should be allowed to remove space debris

According to the prevailing opinion, space debris should be considered a space ob ect in the
meaning of the Registration Convention and the Liability Convention (see paragraph .1)
thus, theoretically, all international space law that applies to space ob ects would also cover
space debris. In this respect, art. III of uter Space Treaty provides that the State of registry
exercises urisdiction and control on the space ob ect. In fact, according to art. III A State
arty to the Treaty on whose registry an object launched into outer space is carried shall
retain jurisdiction and control over such object
while in outer space or on a celestial
body . In addition,
wnership of objects launched into outer space, including objects
landed or constructed on a celestial body, and of their component parts, is not affected by
their presence in outer space or on a celestial body or by their return to the Earth . The right
to exercise urisdiction and control is important when considering any act of space debris
removal. The Registration Convention was adopted to clarify registration obligations by
providing more details. In art. II, para. 1, it states that The launching State shall register the
space object and, in para. 2 clarifies that where there are two or more launching States in
respect of any such space objects, they shall jointly determine which one of them shall
register the object .
In the light of the above, it can be concluded that the State of registry is entitled to remove its
space debris and it is also entitled to as or to give permission to another State or to a private
entity to carry out debris removal operations . However, if an ob ect has not fulfilled the
requirement of registration, the act of launching and the ownership of the ob ect could became
highly relevant in determining the State with urisdiction and control over it 8.
. .

Is another State, different from the State of registry, entitled to remove space debris

As a general rule, a space ob ect can only be removed by a State on whose registry it is
recorded, by a private entity licensed by this State or by a third party only upon the approval
of the State of registry. The question that arises is whether there are exceptional conditions
that might apply with respect to removing threatening elements, even if removal is not
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authorized by the State of registry. In such instances, would the principles of public
international law or the right of national defence be applicable
According to some authors, urisdiction and control over registered space ob ects can suffer a
restriction when the ob ect poses a source of danger for other States 9. In addition, the state of
necessity could reinforce this line of argument and, in fact, Article 25 of the International Law
Commission s Articles on State Responsibility40, provides for that necessity may not be
invo ed by a State as ground for precluding the wrongfulness of an act, unless that act is the
only way for the State to safeguard an essential interest against a grave and imminent peril. In
addition, the International Court of ustice (IC ), in the Gab ovo-Nagymaros Pro ect Case,
mentions that the state of necessity is a ground recognized by customary international law for
precluding the wrongfulness of an act and that it can only be accepted on an exceptional basis,
under strictly defined conditions that must be cumulatively satisfied.
In view of the above, it can be said that upon the fulfilment of exceptional circumstances, the
state of necessity could perhaps be invo ed to ustify the removal of space debris in order to
protect the space environment and safeguard its use and exploration by all human ind, and to
protect vital national interests that could be damaged without active space debris removal.
This should give reasonable grounds for the removal of space debris in case it poses imminent
danger without the authorization of its State of registry. To date, however, this line of
reasoning in space law has still to be confirmed in the practical implementation. In fact, until
actual cases are not formally considered, the state of necessity argument is still lac ing the
necessary opinio juris to ma e it a binding customary international law principle41.
. .

iability aspects of active debris removal

Article I of the ST stipulates that States arties to the Treaty shall bear international
responsibility for national activities in outer space, while Article II ST provides that
e ach State arty to the Treaty that launches or procures the launching of an object into
outer space
and each State arty from whose territory or facility an object is launched,
is internationally liable for damage to another State arty to the Treaty or to its natural or
juridical persons by such object or its component parts . Moreover, Article III of the Liability
Convention governs fault liability in space: In the event of damage being caused elsewhere
than on the surface of the Earth to a space object of one launching State by a space object of
another launching State, the latter shall be liable only if the damage is due to its fault or the
fault of persons for whom it is responsible .
Since space debris is currently considered within the category of space ob ects, it can be said
that, for active debris removal, fault liability would apply. Although leaving a nonfunctional satellite in a congested orbit could be considered a manifestly wrongful act since it
could turn out to be dangerous for other space ob ects, in general it is difficult to establish
what constitutes fault in such cases. In fact, in the absence of a definition of due diligence
standards or a systematic space traffic management system, it is hard to prove fault when
damage occurs in space. However, in general it can be stated that if a removal operation
causes damage to a third party, the launching States of both space ob ects (i.e., the removal
mechanism and the target ob ect) that caused the damage will be ointly and severally liable
under the provisions of the ST and Liability Convention listed above.
5

CONCLUDING REMARKS

In conclusion, with the increasing number of functional and non-functional ob ects in Earth
orbits, it is widely agreed that space debris constitutes a growing threat to the sustainability of
existing and emergent space activities. In this context, space debris mitigation and active
debris removal are considered vital to maintain the debris population to a sustainable level in
the future.
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From a legal point of view, the term space debris does not appear in any of the treaties, which
form the foundation of international space law, and there is no clear legal distinction between
a functional satellite and non-functional space debris. In addition, neither space debris is
defined nor the mitigation and remediation of space debris are considered in the binding law.
ith reference to space debris mitigation, many non-binding instruments (guidelines,
standards, policies) have been elaborated in recent years at international level and, in some
cases, these principles have been transposed into national laws by various States.
n the other hand, since ADR is not explicitly mentioned in the treaties of international space
law and considering the absence of non-binding instruments adopted so far on this topic, it is
necessary to interpret and adapt the existing legal framewor so that it can meet the current
needs. Therefore, both mitigation and active debris removal need to be consistent with legal
provisions currently in force (space law, general international law, etc.) and particular
reference should be made to the general principles of the international space law mentioned
above, in order to solve the legal issues arising from these activities.
In the near future, it is advisable to deal also with active debris removal at international level
by adopting at least non-binding regulations or policy in which consensus of the international
community could be expressed and that could address the definition of possible standards and
best practises for these complex activities.
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precluding the wrongfulness of an act not in conformity with an international obligation of
that State unless the act
Is the only way for the State to safeguard an essential interest against a grave and imminent
peril and
Does not seriously impair an essential interest of the State or States towards which the
obligation exists, or of the international community as a whole.
In any case, necessity may not be invo ed by a State as a ground for precluding wrongfulness
if
The international obligation in question excludes the possibility of invo ing necessity or
The State has contributed to the situation of necessity .
41
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ABSTRACT
olographic interferometry is an optical technique that allow high resolution full field
measurement of displacements. In this wor it will be shown the use of a low-cost holography
it to perform holographic interferometry. The use of self-developing holographic film plates
ma es it easier the realization of holograms but on the other hand ma es it very difficult the
use of double exposure technique. Real-time holographic interferometry is then used in this
paper to quantitatively verify the displacement. The fringes are clearly shown in the screenshots
ta en during the application of the mechanical displacements. The test item is a plastic ring of
the ube orner Reflector ( R) mounting system that will be used for the ARES satellite.
The fringe number is quantitatively sound in that the fringe counting represents well the
displacement.
ore difficult was the application of holographic interferometry to measure the displacements
due to thermal deformations. The holographic interferometry technique applied to this case is
more complicated because heat propagation cannot be completely controlled so that gradients
in the air, crossed by the real-time object wave, can destroy the fringes. The paper will present
the experimental results obtained by mechanical and thermal deformation of the plastic ring.
Keywords: holographic interferometry, LARES 2, displacement measurement.
1

INTRODUCTION

Holography is a method for recording and storing three-dimensional images on a surface the
method was invented by Dennis Gabor in 1948, but became actually possible to record
holographic images only after the laser was developed. Unli e conventional photography, that
only record the two-dimensional distribution of the intensity of the light reflected by an ob ect,
holography allows recording both the amplitude of the light and the phase, that is the
information of the position of the ob ect with respect to the recording medium (the holographic
plate). It is then possible to use the information stored on the holographic plate for
reconstructing an ob ect wave, i.e. the light propagating away from the ob ect, that is identical
to the original one.
1
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The reconstructed ob ect wave can be compared interferometrically either with another light
wave scattered by the same ob ect at another time, or with a second reconstructed ob ect wave,
recorded at another time this comparison is called holographic interferometry, and allows to
measure with very high precision deformation, displacements or rotations of the ob ect with
respect to the original position.
In this paper we discuss an experimental setup aimed to measure the displacements due to
thermal deformation on a plastic retaining ring from the mounting system of a CCR (Cube
Corner Reflector) of LARES 2 (Laser Relativity Satellite) satellite.
The LARES 2 mission 1-4 has been approved by the Italian Space Agency and its launch is
scheduled in 2020 it follows the successful LARES mission launched in 2012 that is still
producing scientific data. The main scientific goal of both LARES and LARES 2 is the study
of General Relativity 5 and in particular the accurate measurement of the frame-dragging
effect 6 . So far, LARES produced a measure of frame-dragging with an accuracy of about 5
, and aims to reach a 2 accuracy with further data acquisition and analysis LARES 2 will
be launched on a different and much higher orbit (same ma or semi-axis of the orbit of the
LAGE S satellite, but with a supplementary inclination), that will allow to implement a
different mathematical method 8 that aims to reach a 0.2 accuracy.
oth LARES and LARES 2 are passive, spherical satellite, manufactured from a single piece
of metal alloy both the spacecrafts carry an array of cube corner retroreflectors (CCRs) to allow
accurate orbit reconstruction by means of laser ranging from the networ of ground stations of
the International Laser Ranging Service (ILRS). ut the design of LARES 2 will be different
from LARES. The new satellite will be launched with the new EGA-C missile: the design is
the consequence of a trade-off between the conflicting constraints for the mass budget, the
minimum optical cross section of the array of CCR, and the maximization of the mass-oversurface (M S) ratio. The result is a larger satellite that will carry more CCRs and will be
manufactured from a sphere of nic el superalloy instead of tungsten alloy. Moreover, to
increase the trac ing accuracy, LARES 2 will be the first geodetic satellite to carry CCRs with
a front face diameter of only 25.4 mm (1 inch), that will also be purchased as components of
the shelf (C TS) instead of custom made for the mission. A preliminary test on several C TS
reflectors demonstrated that the pattern of diffraction of the smaller units provides a good
correction for the velocity aberration without the need of a modified dihedral angle between the
bac faces. A comparison of the CCRs of LARES and LARES is shown in Fig. 1.
A comparison of the main characteristics of LARES and LARES 2 satellites is provided in
Table 1.
Diameter
(cm)
LARES
LARES 2

6.4
42.4

Mass
( g)
8
295

Material
Tungsten alloy
Nic el alloy

Number Diameter of
of CCRs the CCRs
(mm)
92
8.1
0
25.4

Altitude of
the orbit
( m)
1450
6000

Table 1: Comparison of the main characteristics of LARES and LARES 2 satellites.
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(a)

(b)

Figure 1: (a): CCR of LARES, custom made for the mission (b) CCR of LARES 2, procured as
component-off-the-shelf.

ecause the reflectors of LARES 2 are C TS units, do not have the mounting tabs for
interfacing the mounting system as the custom units used on LARES, therefore a new mounting
system was designed. The mounting system shall allow the CCR to freely float between two
plastic retaining rings, without moving too much the mechanic tolerance ta es into account the
effect of thermal expansion on the materials, to avoid that the reflector is stuc in contact with
the plastic rings. Another difference with the LARES mounting system is that the system of
LARES 2 employs also a third middle plastic ring, for fine tuning the spacing of the two upper
and lower retaining rings (Fig.2). Therefore, the new design needed to be tested before being
approved. A series of vibration tests has been already performed on a breadboard of the
mounting system. The same breadboard was proposed for testing thermal deformation effects
on the plastic rings, although the metal parts are made of different materials with respect to the
actual satellite.
A test for determining if holographic interferometry could be used for measuring the very small
deformation due to thermal expansion of the plastic rings, was made in the LARES-Lab facility
of the School of Aerospace Engineering.
The following sections will describe the experimental setup and the results of the tests.

Figure 2: Mounting system of the CCRs of LARES 2. (A): metal retaining ring ( ): plastic upper
mounting ring (C): middle plastic tuning ring (D): lower plastic mounting ring.
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2

EXPERIMENTAL SETUP

Holographic interferometry allows high resolution full field measurement of displacements. In
its time-average version it allows the visualization of mode shapes 9,10 in fringe pattern
representation 11 . To transform the patterns in the classical D representation fringe
unwrapping techniques can be used 12 .
Recently, low cost holographic its have become available on the mar et. The it sold by Liti
Holographic Inc. (LitiHolo) allows people to record transmission holograms with a single beam
setup on self-developing holographic plates, using a low power ( 5 m ) laser diode. The
plates are made of a photosensitive film applied on a glass substrate, dimension about 5.8 cm x
.6 cm. The photosensitive film start recording the image as soon as it is exposed to red light
the film develops as it is being exposed and after about 5 minutes of exposure the plate is no
more sensitive to light. No further processing or bleaching is needed: because of that the instant
developing plates have a great value as a didactic tool for teaching holography. This means also
that this material can be used for performing real time holographic interferometry, after having
recorded the hologram of the ob ect to be tested. Also, any source of disturbance such as
vibrations and air currents shall be controlled for at least 5 minutes, instead of few seconds as
in the case of using conventional plates. Since the plate is no more sensitive after being exposed,
double exposure interferometry could not be performed.
2.1

Preliminary test: mechanical displacement.

To assess the possibility of performing holographic interferometry with the instant developing
LitiHolo plates, a preliminary test setup has been designed. In this test, a metal plate can be
displaced by means of micrometric screws, to see if interference fringes can be seen and to
control the sensitivity of the setup.
The hologram is recorded using a single beam circuit. ith this arrangement there is no need
of beam splitters, lenses and mirrors. A laser beam is spread on the holographic plate the ob ect
to be recorded is positioned so that it is illuminated by only a part of the beam (that wor s ad
the ob ect beam ) and then scatters the light on the plate the rest of the beam acts as if it is the
reference beam . The laser source is a 15 m , pnext HL6 22G red laser diode (wavelength
6 2 nm), driven by a NewPort Model 6000 controller. The laser diode provide a naturally
expanded beam without the need of using an expanding lens. The arrangement is described in
Fig. .

Figure 2: Single beam holographic circuit. (A): laser diode ( ): ob ect part of the beam (C):
reference part of the beam (D): ob ect to be recorded (E): holographic plate.
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The ob ect tested is a square (2.54 cm x 2.54 cm) metal plate, painted in white colour for better
reflecting the red light, mounted on a vertical stage with two micrometric screws that tilt the
ob ect toward the holographic plate.

(A)

( )

Figure : (A): The ad ustable stage with the micrometric screws ( ): a schematic of the mechanism.

First, an hologram of the ob ect is recorded in a rest position. Then, the ob ect is moved by
turning the two micrometric screws while the laser is still illuminating the setup, until the
interference fringes appears.
An index made with a metal wire attached to the screw and a protractor, allows to measure the
movement of the screw to compare the tilt with the fringe pattern. A full 60 turn of the screw
produce a 0.25 mm translation of the screw head. A picture of the interference pattern on the
ob ect is shown in Fig.4.

Figure 4: holographic interference fringe pattern on the white plate, mechanical displacement only.

A simplified formula that relates the translation to the fringes is 1 :
𝑁𝜆
Δ𝐿 =
2
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where Δ𝐿 is the translation of the surface of the ob ect toward the observer, 𝑁 is the number of
dar or white fringes counted on the surface and 𝜆 is the wavelength of the laser used (6 2 nm).
The comparison of the displacement measured from the rotation of the screw and by counting
the fringes is reported in Table 2. It is clear that despite the errors due to the use of a simplified
formula, the system is sensitive enough for measuring small displacement in the order of
magnitude of 2-5 m.
Angle of the screw
-5
0
2
5
11

Number of fringes
6
0
4
5
10

Displacement from
fringes (µm)
.8
0
2.5
.2
6.4

Displacement from
screw (µm)
- .5
0
1.4
.5
.

Table 2: results of the displacement test.

2.2

Mechanical displacement and thermal deformation on a plastic ring.

Since the preliminary test demonstrated that the cheap holographic plates and the single beam
setup could be used to perform holographic interferometry, the next step was to create a setup
to measure displacements on a plastic ring from the breadboard of the mounting system of
LARES 2. The rings are made of PCTFE, a fluoropolymer already chosen for the mounting
system of LARES and LAGE S and used in space related application for its good mechanical
properties, very low outgassing, low chemical reactivity.
A plastic ring was attached to the same metal plate used for the preliminary test. Another
displacement test driven by the micrometric screw was done with the ring in place. The test
demonstrated that the PCTFE ring showed the interference fringes. The verification was
required because PCTFE is a partially transparent material and shall be first demonstrated that
its optical properties did not prevent to perform holographic interferometry, for example by
changing the polarization of the scattered laser light. Then a series of test were done heating the
setup by means of a resistive heater placed below the ring (Fig. 5): the ring was heated by
convection and radiation from the heater. This setup did not produced interference patterns.

Figure 5: setup for visualizing displacement due to thermal expansion. A plastic ring is attached on the
ad ustable stage. A resistive heather is placed under the ring. The device is placed in front of an
holographic plate.



olographic interferometry for measuring displacements of ARES satellite components
aolozzi, aris, Sindoni, empati, iufolini
To verify the effect of the heater, the temperatures on the ring and on the post were measured
using PT100 thermometer and an infrared thermometer. It was verified that maximum
temperature recorded on the lower part of the ring (closer to the heater) was 55 C, but at the
same time the upper part (farther from the heather) has a temperature of 44 C. The initial
temperature (the room temperature) was 2 C.
Considering the coefficient of thermal expansion of PCTFE, that is
10-5, and the thic ness
of the ring (t 1 mm), a temperature of 55 C gives a T
2 C with respect to initial
temperature, that shall produce a displacement of t t
T 2.2 m this is at the lower limit
of the range of displacement recognizable with this holographic setup. n the other hand,
considering an average temperature of the ring between the minimum and maximum values,
Tmean (55 44) 2 49.5 C, it will produce a displacement of only 1.8 m.
Since the maximum values of displacement that can be obtained with this material are near or
below the lower limit of the sensitivity range of this holographic interferometry setup, any small
disturbance or error of positioning can prevent to see the fringe patter. The setup was developed
as part of a graduation thesis wor and was not modified further because of the tight schedule.
The thermal displacement test will be repeated with a modified setup that shall provide a
displacement in the measurable range.
3

CONCLUSION

The availability of low-cost holography materials, such as the self-developing holographic
plates, ma es easy to perform experimental and didactic activities. In this wor a single beam
setup based on low-cost components was used to perform holographic interferometry.
The sensitivity of the setup was verified with a test using a platform that can be tilted by turning
micrometric screw: it was demonstrated that displacements in the range from 2 m to 5 m can
be measured.
Holographic interferometry has been performed on PCTFE mounting rings from a breadboard
of the mounting system of the CCRs of LARES 2 satellite. Fringe patterns could be obtained
for mechanical displacement, attaching a ring to the platform moved by micrometric screw. A
setup for measuring the thermal expansion of the ring was devised. The test, carried on as a part
of a graduation thesis wor , did not produced usable fringe patterns because the thermal input
was not enough to provide adequate deformation on the ring.
Future activities will focus on the improvement of the setup to ma e possible performing lowcost holographic interferometry tests on small aerospace components.
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ABSTRACT
Space-related patents represent a useful resource to understand the evolution of space sector
and to foresee long-term strategies and future trends.
Based on the above, the purpose of this research is twofold to analyse the current landscape
of space-related patents and to explore the relevant mar et. Indeed, this research aims to
answer these two questions
. hat is the state of the art of space-related patents - whether and to what extent the
transversal nature of space technologies is reflected in patenting activities, what is the
propensity to patent in certain countries than others, which are the main players, the most
prominent technology trends, and so on
. ow is the mar et for space-related patents how many assignments have transferred all or
part of the rights in a patent how many license agreements have been publicly reported.
The analysis will be conducted retrieving information contained in a well- nown and reliable
patent database, considering the period between anuary ,
and December ,
.
This evaluation will lead to study the structure of space sector and the diffusion of space
nowledge from a different point of view.
Keywords: space sector, space-related patents, technology transfer
1

INTRODUCTION

Economy is a big beneficiary of space sector, characterised by the ever-growing development
of R D activities, technology, innovations, services and products which often spill-over in
other industrial sectors 1 . There are many examples of space technologies stemmed in other
domains and in our daily life 2 , such as digital infrared thermometer, electric drills, freezedried food, artificial prostheses, tomography and radiography , whose legal exploitation is
possible through the protection of the intellectual property rights. Hence, the importance of
protecting intangibles, especially through patents, which represent the most effective tool to
protect technology innovations from possible infringements 4 .
Despite the transversal nature of space technologies, as well as their importance in terms of
economies of scope 5 , patenting in the space sector is not as prevalent as in other sectors.
According to recent studies 6 , even if the number of space patents is growing over time, there
are only a few hundreds of space patents a year .
These findings represent the starting point of this research, whose purpose is twofold: to analyse
the current landscape of space-related patents and to explore their relevant mar et.
2

EVOLUTION OF THE SPACE SECTOR

At the early stage, space sector was exclusively driven by government strategies: space
activities were highly complex, ris y and expensive with undeniable barriers to entry for
1

1

A landscape and mar et analysis of space-related patents
Bonventre
businesses and private actors 8 . However, this sector has overtime experienced evolutions and
transformations.
Nowadays, competition, new space capabilities and dynamic mar ets for space-based services
have become ey levers for the emergence of new actors and private operators 9 . Space sector
is now characterised for new entrants (i.e. SMEs, start-ups and business ventures), private
investments, new public procurement schemes, innovative paradigms of cooperation among
public and private actors, disruptive industrial approaches and mar et solutions (e.g. lower
prices, reduced time, lower complexity), new States investing in the space sector 10 .
All those factors contributed to the development of a new business model that comprises both
closed and open innovation paradigms. n one hand, a vertical hierarchy characterizes
governments, space agencies and leading companies with their traditional core competencies
11 . n the other, certain needs such as reducing time to mar et, cost cutting, ris
diversification, technological complexity, and international activities, lead to adopt horizontal
and long-term collaborations with many players, such as SMEs and start-ups, research centres,
universities, public institutions, etc. In this scenario, actors exchange different resources
vertically and horizontally 12 , creating an eco-system where socio-economic value is created
through research, novelty creation and traditional mar et activities 1 .
Although governments and space agencies still lead space innovation in a ma ority of
economies (they still are the main funders of long term R D activities and the main customers
for many space-related products and services), private actors, universities and business
enterprises start playing a significant role in space programmes of many countries 14 .
ith the result that significant outcomes from government-funded space activities as well as
private investments and contributions have consisted of space technology, commercial products
and services, spin-offs 15 and innovations, spread into different sectors (e.g. transport, health,
environment) 16 through technology transfer operations 1 .
3

TECHNOLOGY TRANSFER IN THE SPACE SECTOR

The first prodromal question to be answered is what technology transfer operations are. There
is not a uniform definition of this phenomenon. However, we can define technology transfer as
the passage of a given technology from one sub ect (the donor) to another (the receiver), with
a technology-push or a demand-pull approach. In both cases, technology transfer can be
completed directly between donor and recipient or through intermediaries such as technology
transfer offices, universities and research centres, bro ers and facilitators, etc. 18 .
There are many technology transfer operations in the space sector. This is partially due to the
cross-cutting capability of space technologies 19 , largely used not only in the space domain
but also in a broad range of areas (such as aeronautics and telecommunications) and applications
(in both military and civil fields) 20 . e can distinguish spin-out activities - which require
the adaptation of space technologies for alternative uses on terrestrial mar ets, and spin-in
activities - which require the integration of components or elements of terrestrial technologies
into more complex space systems. ith the result that sizable and lasting benefits to the
economy have occurred from space programs of all sorts 21 .
Technology transfer operations typically imply transferring of tangibles, such as products,
machines, and physical assets, and intangibles, such as patents, trademar s and other
intellectual property rights. Excluding others from using protected ideas and technologies,
intellectual property rights have been traditionally used as mere legal instruments to protect
inventions, wor s of art and literature, industrial designs, trademar s, etc. 22
Protection for inventions and technology innovations is basically provided through the granting
of patents 2 to inventors and their successors in title.
A patent is a legal document granting its holder the exclusive right to control the use of an
invention, as set forth in the patent s claims, within a limited area and time, by stopping others
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from ma ing, using or selling the invention without authorization. Patents may be granted to
protect only inventions that are new, involves an inventive step and are capable of industrial
applications 25 . At the same time, patents represent the most effective tool to quantify and
qualify the performance of technology transfer activities in a certain industrial sector.
4

STATE OF THE ART OF SPACE-RELATED PATENTS: METHODOLOGY &
RESULTS

Assuming that patent data analysis is a valuable resource to foresee technology and investment
trends, innovation capacity and potential mar ets, I carried out an empirical research on spacerelated patents 24 . I retrieved data contained in rbit Intelligence - uestel database. I focused
on family patents published in the last 15 years, and namely in the period between January 1,
2004 and December 31, 2018.
To identify and classify patent files uniformly, I selected patents through the International
Patent Classification (IPC), that is a hierarchical system of classification of patents, established
by the Strasbourg Agreement 19 1. It is based on 8 technological main sections: A (Human
necessities),
(Performing operations, transporting), C (Chemistry, Metallurgy), D
(Textiles Paper), E (Fixed Constructions), F (Mechanical Engineering Lighting, Heating
eapons, lasting), G (Physics) and H (Electricity), which are further divided into classes
and subclasses. I included all these codes. Then, I customised the query by restricting the
research area to patent files containing the eyword outer space in TITLE, A STRACT,
DESCRIPTI N, CLAIMS,
ECT F IN ENTI N, C NCEPTS and FULL TE T. The
results obtained were 49,626 family patents 26 . A patent family is a set of patents ta en in
various countries to protect a single invention.
I extracted the results 2 to conduct a quantitative and qualitative analysis 28 , using
bibliographic information contained in patent files such as legal status, geographic distribution,
IPC classification, publication trends, top active applicants and technology domains.
4.1.1 Legal Status
Firstly, I analysed the legal status of space-related patents, retrieving number and percentages
of alive and dead patents. Patents with no terminal events within their predicted term are
considered alive . Patents that pass their expiration date and those with a terminal event (i.e.
failure to pay maintenance fees) are considered dead . A family remains alive as long as it
contains at least one record with an alive status.
The following pie chart shows that 32,849 (66.2%) space-related patents are alive, while
16,777 (33.8%) are dead.

Fig. 1: Legal Status
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4.2

Geographic distribution

The following map shows the geographic distribution of space-related patents. Data is
represented in a world heatmap . Intense colours indicate geographic areas with a high number
of protected patents. Less intense colours represent a low number of protected patents.
The most active countries are China (15,6 0), Japan (11,895), USA (9,440), Europe (6,5 1),
and Republic of Korea (5,816). There is still a significant patenting activity in countries
traditionally engaged in space activities, such as Germany (5,601), United Kingdom (2,659),
France (2,628) and Russia (2,215). Patenting activity in developing countries is still quite
irrelevant.

Fig. 2: Geographic distribution

4.3

IPC Classification

The following pie chart shows the percentage of IPC groups among the patents retrieved. Each
slice shows the percentage of patent families and a description of the corresponding IPC code.
The highest percentages for space-related patents are:
- 11.76% corresponding to 986 family patents included into B64G-001 Class
(COSMONAUTICS; VEHICLES OR EQUIPMENT THEREFOR)
- 10.35% corresponding to 868 family patents included into H01L-021 Class
(SEMICONDUCTOR DEVICES; ELECTRIC SOLID-STATE DEVICES NOT
OTHERWISE PROVIDED FOR).
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Fig. : Patent families by Main IPC group

4.4

Activity - Publication date

The following graph shows the number of patent families for each year, considering the time
from the oldest publication date appearing on patent files. These values are computed by
assigning to each year the oldest publication date between documents that populate the same
patent family. In line with the previous research, reporting a growing trend of patenting activity
in space sector, we can see a strong increase in the last years, with a pea in 2017 (4,677
publications) and in 2018 (6,042 publications). Note that the number of publications in the last
15 years has almost quadrupled.

Fig. 4: Publication date
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4.5

Top active applicants

The following graph shows the relationship between the number of patents and the most active
applicants, mainly large corporations and multinationals from Southeast Asian countries such
as Republic of Korea, Japan and China. This data is a good indicator of the level of
inventiveness of the active players. Note that 6% of the patents retrieved is owned by top 10
players (LG electronics, Panasonic, Denso, Mitsubishi Electric, Toyota Motor, Sharp, Robert
osch, etc.). Another interesting point is that large players from different industrial sectors are
involved in space activities, providing significant contributions also in term of economic
investments.

Fig. 5: Top active applicants

4.6

Technology domains

The following graph shows the technology domains in which space-related patents are included.
This visualization is based on the International Patent Classification (IPC) codes that have been
grouped in 5 technology fields.
The most prominent technology groups are ELECTRICAL MACHINERY, APPARATUS,
ENERGY (6,723 patent families), TRANSPORT (5,667 patent families), CIVIL
ENGINEERING (4,352 patent families) and MEASUREMENT (4,197 patent families). This
graph is particularly useful not only in identifying patents in a certain technology domain, but
also in identifying possible new uses and applications for patents already filed.

Fig. 6: Technology domains
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5

MARKET FOR SPACE-RELATED PATENTS

ne way to understand the importance of space-related patents and their contribution in
fostering innovation and technology transfer is to analyse their mar et.
The first question to be answered is what a mar et for patent stands for. It comprises all the
transactions related to patents.
Indeed, we can distinguish among licensing agreements, sales and transfers. In patent sales,
ownership is assigned - in whole or in part - for a certain price in licensing agreements,
ownership is retained whereas rights are transferred for a certain amount of time for a fee or
royalty in patent transfers, ownership is assigned through alliances, such as R D activities,
partnerships and agreements. Furthermore, patents may be transferred for other reasons, such
as after ban ruptcy filings or through mergers and acquisitions 29 .
The second question is why patent mar et contribute to innovation and technology transfer.
The answer is quite evident. n one hand, by acquiring patents, companies can introduce a new
technology relying on outside resources. n the other hand, by selling out patents, companies
can increment returns of their R D activities, rather than focusing on internal exploitation, and
share technologies that they do not use 0 .
The third question is why there is still a low number of transactions and a large number of
unexploited patents. The answer is a little bit more complex. Indeed, in the last decades we have
assisted to a growth of patenting activities, and to a consequent growth of patent mar et 1 .
However, the reasons of under-exploitation of patents could be manifold, and related to the age
and revenues of patents, the transaction costs, the size of companies, the inability to exploit
resources and evaluate technology, the low level of nowledge, myopia or incompetence, etc
2.
There are still not many studies related to these topics and to patent transactions in general
.
Some literature has focused on patent licensing activities whereas little is nown about patent
sales there are many theories regarding the reasons to license out, whereas much less emphasis
has been placed on the reasons to engage in patent sales. Little is nown also about the
importance that companies assign to individual factors and why they prefer to engage in
licensing rather than in sale transactions.
6

STATE OF THE ART OF MARKET FOR SPACE-RELATED PATENTS:
METHODOLOGY & RESULTS

In this research, I gave a contribution examining space patent transactions and detecting if - and
how many - patent assignments have transferred all or part of the rights in a patent and if - and
how many - license agreements have been publicly reported. The identification of licenses and
reassignments in a pool of patents is a critical element and a starting point to study more in
depth whether and which domain is conducive to transactions between players.
To analyse patent mar et, I used the same database and the same research methodology. I
focused on family patents licensed reassigned in the last 15 years, and specifically in the period
between January 1, 2004 and December 31, 2018.
To identify and classify patent files uniformly, I selected patents through the International
Patent Classification (IPC) system for technologies. I included all codes. Then, I customised
the query by restricting the research area to patent files containing the eyword outer space
in TITLE, A STRACT, DESCRIPTI N, CLAIMS,
ECT F IN ENTI N, C NCEPTS
and FULL TE T.
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6.1

Reassignments

A reassignment is an agreement where a party owning intellectual property rights (the assignor)
transfers all or part of them to the receiving party (the assignee). Assignments are generally
public, and they should be reported in all patent databases. Considering that, I have found that
17,077 of space-related patents have been reassigned in the last 15 years. That corresponds to
34,4% of family patents, as shown on following pie chart. It is a remar able result, also in light
of the technology transfer operations that could be derived. It might be interesting to investigate
this finding and understand if and how many patents have been reassigned in the space sector
or in other industrial sectors.
Reassignments

Total

34%

66%

Fig. : Patent Reassignments

6.2

Licensing agreements

A license, usually set forth in a contract called licensing agreement, is a grant of permission
from a party owning intellectual property rights (the licensor) to allow another party (the
licensee) to perform acts that otherwise would constitute infringement of those rights.
Typically, a licensing agreement allows the licensee to commercialize certain intellectual
property rights for a specified purpose in exchange for something of value, such as royalty
payments, cross-licenses and development licenses, or some other valuable asset 5 .
Reporting licenses is a voluntary process and large part of licensing agreements is confidential
or veiled in secrecy 4 . For that reason, there is often no trace in patent databases. Considering
that limit, I found that only 34 family patents have been publicly licensed from anuary 1, 2004
to December 1, 2018. That corresponds to 0,06% of the total amount of space-related patents
retrieved. As already anticipated, this ind of data is obviously not comprehensive.
Total

Public Licenses
0%

100%

Fig. 8: Public Licensing Agreements
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7

CONCLUDING REMARKS

Patents have been extensively studied and examined in the economic and legal literature.
However, space-related patents remain a rather unexplored field.
This research is an attempt to shed light on this topic and analyse the evolution of the space
sector from a different point of view. Indeed, space-related patents represent an interesting
source to understand the evolution of this sector and to foresee long-term strategies and future
trends. And, as emerged from this research, patents have a lot to teach.
An interesting point is about global patent filing in the space sector. It is still not as prevalent
as in other industrial sectors, nevertheless it is significant, as shown by the great amount of the
extracted patents (49,626). Patenting activity has increased in the last few decades and it has
quadrupled in the last 15 years. This clearly suggests the ever-growing interest in developing
space technologies and applications.
Another interesting point is that previous research reported USA, Europe, Russia and China as
the world s largest active patent holders. However, the current scenario has changed and new
States, such as apan, India, Republic of orea and Taiwan, traditionally not connected to space
activities, emerged.
In addition, new actors have appeared alongside the large traditional leading companies and the
ran ing list of top active players changed over the years. Multinationals and companies from
different technology industries are now involved in space activities, and they are capable to
provide significant investments also in this sector.
Findings from this study show that patenting is not a prerogative of governments, space
agencies, universities, research institutes, and SMEs. It does not mean that they are inactive
this data only suggests that they are scarcely inclined to patent. This is probably due to several
reasons, such as high costs, needs of discretion, little interest, awareness or propensity to invest
in patenting activities.
ith respect to patent mar et, it is undisputed that patent transactions contribute in fostering
innovation and technology transfer however, data and statistics on this topic are very scarce
. Patent reassignment contributed – and still contributes - to the development of both space
and non-space activities, technology transfer operations and open innovation processes,
broadening business areas and re-focus space technologies and systems to serve several
different fields. The same goes for patent licenses, whose increasing importance is supported
by ample anecdotal evidence, rather than accessible data.
This research certainly requires further study and additional contributions it represents a rough
estimate and it could be refined in the future. For instance, many other databases could be
consulted in order to compare facts and findings. The search field could be extended by entering
additional eywords and considering a longer period. Research method could be focused on a
single region (e.g. Europe) or single companies. Reassignments could be analysed more in
depth, focusing on the second life of assigned patents.
This research shows several other limitations. It could have excluded potentially interesting
patents and technologies and included others that could be irrelevant to the space sector. The
patent database could contain some errors and misspellings. The IPC Patent system could
contain patent files that have barely any relevance with space domain or - by converse - could
exclude patent files that may be related to space domain.
Finally, patent data has limitations itself, li e most data sets. f course, patents give an idea of
the state of the art of space technologies and their relevant mar et. Nevertheless, they measure
innovation up to a point: they obviously exclude non-patented innovations (such as trade
secrets) as well as patented innovations that don t result in commercialization.
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ABSTRACT
Through Trajectory-Based Operations (TBO) the Federal Aviation Administration (FAA) aims
to more efficiently manage air traffic, optimizing flight trajectories and maximizing throughput.
We describe the FAA’s new fast-time simulation capability for modeling both TBO and
traditional traffic management procedures. We demonstrate model validation and verification,
as well as outline next steps for model enhancement and analysis applications.
Keywords: trajectory-based operations, fast-time simulation, modeling
1

INTRODUCTION

Trajectory-Based Operations (TBO) is an Air Traffic Management (ATM) method for
strategically planning, managing, optimizing, and safely spacing flights throughout the
operation [1]. TBO, an integral part of the Federal Aviation Administration (FAA) Next
Generation Air Transportation System (NextGen) modernization efforts, combines time-based
trajectory management, information exchange between air and ground systems, and the
aircraft’s ability to fly precise paths in time and space.
The main component of TBO is Time-Based Flow Management (TBFM), an
automation system to meter arrival flows into an airport by defining specific times for aircraft
to cross boundaries or fixes [2]. For each metering point (MP) along the trajectory, TBFM uses
a trajectory model to calculate a scheduled time of arrival (STA) for an aircraft from a freeze
horizon (FH), a boundary arc earlier in the trajectory after which the aircraft STA and
sequencing at the MP is fixed. Recent enhancements to TBFM include extended metering,
which assigns initial times as far as 600 nautical miles (nmi) from the arrival airport, and
coupled metering, which integrates multiple flows before top of descent. This allows for
improved scheduling and sequencing of aircraft into the Terminal Radar Control (TRACON)
airspace. Figure 1 is a notional depiction of a FH at 120 nmi from the arrival airport and a MP
at 40 nmi from the airport. Note that multiple FHs and MPs may be generated for a trajectory,
depending upon the distance of the flight and the congestion level of the flow into the arrival
airport.

Figure 1: Notional depiction of flight phases, freeze horizon, and metering point.
1
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Several systems assist pilots and controllers with meeting the STAs given the variability
and uncertainties of actual flight times. Performance Based Navigation (PBN) procedures along
with flight management systems help aircraft fly precise arrival and approach paths into
congested airports [3]. Ground Interval Management (GIM-S) improves the accuracy of
meeting scheduled arrival times to the terminal area boundary by suggesting speed adjustments
between the FH and MP. If speed advisories are not sufficient, the “path stretch” capability in
TBFM provides lateral path extensions or shortenings that may be needed for aircraft to meet
metering schedules. With the use of these tools and procedures, TBO will provide more
predictable and conditioned flows, resulting in fewer and shorter ground delay programs, better
use of existing capacity, and more efficient delay distribution.
The FAA’s Office of Systems Analysis and Modeling supports strategic decisionmaking through operational analysis and modeling to value opportunities, measure constraints,
and prioritize implementation plans. In particular, the office conducts historical data analyses
to identify performance shortfalls and applies analytical methods to estimate the benefits of
future capabilities. To estimate future benefits from TBO capabilities, we developed a fast-time
simulation model to simulate a full day of arrivals to an airport. The model simulates the
essential metering functionality of TBFM and its interaction Traffic Flow Management System
(TFMS). For this preliminary study, we did not consider convective weather activity.
2

BACKGROUND

The FAA has several fast-time simulation models, including System-Wide Analysis Capability
(SWAC) and Advanced Airfield Delay and Simulation Model (ADSIM+). SWAC is a NASwide discrete-event simulation model that runs a day of traffic with airspace and airport
constraints and estimates flight delays in each phase of flight. SWAC does not enforce aircraftto-aircraft separation and does not model detailed arrival and approach procedures. ADSIM+
is a discrete-event, Monte Carlo simulation of terminal area operations. ADSIM+ includes a
detailed representation of the airport surface (runways, ramps, and taxiways) and final approach
fix (FAF), but it does not model flight trajectories outside of the FAF. The proposed new model
will bridge the gap between these legacy models, incorporating current day tactical flow
programs (such as miles-in-trail), future TBO concepts (such as extended metering), and will
model aircraft flight to the runway threshold to ensure required spacing is maintained.
This paper describes this new model, which integrates strategic and tactical flow
management. Several studies have investigated the delay trade-off that occurs when strategic
and tactical programs are run independently versus dependently, as well as how various tactical
efforts affect delay distributions [7-11].
3

MODEL DESIGN

The FAA’s new fast-time model simulates a full day of flight arrivals to a single airport,
including aircraft separation and time-based flow management applications. The model uses
historical flight plans to obtain route, waypoints, fix names, and terminal arrival route. The
model adds the approach procedures and runway assignments using historical runway
configuration information. Trajectories are modeled using the BADA aircraft performance
model [4] and RAPT 13 kilometer gridded wind data files [5]. The model time step is an input
parameter, with a default of 5 seconds. At each time step, the model considers each aircraft and
flight path to identify the leader and follower and to ensure standard separation. For the
scenarios described in this paper, only one arrival runway is in use, 27R at Philadelphia
International Airport (KPHL). The model uses the same day schedule of airport acceptance rate
(AAR) for the airport from historical Aviation System Performance Metrics (ASPM) data [6].
Flight delays accumulate at each time step of the model based on separation and arrival slot
constraints.
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The model has two modes: MIT mode (today’s operation) and TBO mode (future
operation), as described in the following subsections.
3.1

Miles-In-Trail (MIT) Mode

MIT mode simulates the traditional traffic flow management techniques. MIT is a standard
tactical flow control initiative whereby fixed distances are used to separate aircraft along
congested flows. We extracted historical MIT applications for the day modelled from historical
National Traffic Management Log (NTML) data. An example of historical NTML MIT
restriction information is as follows: (Fix, Start time, Duration minutes, Separation nmi) =
(BUNTS, 1415, 120, 10). At each time step, for each aircraft, the model determines the leader,
follower, current separation, and any MIT delay required to satisfy MIT constraints. If two
aircraft are on separate but merging streams with a MIT restriction at the merge point, the
aircraft are not separated until the first aircraft arrives at the MIT merge point. As a
simplification, the model applies MIT restrictions instantaneously rather than applying the
restriction to the next aircraft to arrive at the MIT point. Figure 2 (a) shows a graphical
representation of MIT procedures along converging flows.
20 nmi
20 nmi
10 nmi
10 nmi
XFH
@ 600 nmi

10 nmi

(a)

XMP & CFH
@ 250 nmi

CMP & FFH
@ 120 nmi

FMP
@ 40 nmi

(b)

Figure 2: Graphical representation of (a) MIT; (b) extended and coupled metering

3.2

TBO Mode

In TBO mode, the model simulates TBFM through metering at user defined MPs and
corresponding FHs. For this work, we consider three MPs and associated Fhs. As shown in
figure 2 (b), we define the final metering point (FMP) to be approximately 40 nmi, the coupled
meter point (CMP)/FMP freeze horizon (FFH) to be 120 nmi, the extended metering point
(XMP)/CMP freeze horizon (CFH) to be 250 nmi, and the XMP freeze horizon (XFH) to be
600 nmi from the destination airport. The specific adaptation for TBFM at an airport will
depend on the existing design of arrival and approach procedures, merge points, and arrival
flight characteristics. Figure 3 (a) shows the typical flight plans for arrivals to KPHL, (b) shows
the four FMPs: SPUDS, JIMS, PAATS, and BUNTS, and (c) shows the variability of the actual
flight tracks inside the terminal based on demand (short cuts in low demand and extended downwinds during high-demand).
The TBO strategy is to assign arrival slots for each aircraft, determine the delay that
must be absorbed by each aircraft, and transfer the delay to a more efficient phase of flight (or
to the ground). However, due to inaccuracies of meeting metering times exactly, leaving some
delay inside the TRACON is necessary to maintain pressure on the runways and ensure that no
slots are missed. The model user first defines the amount of delay (if any exists) to be left inside
of the TRACON. The user then defines the maximum (target) of delay to be absorbed between
each FH and the corresponding MP. Note that with the future implementation of terminal
metering, the TBO community projects target delays to be one minute inside the TRACON and
an additional one minute between the TRACON boundary and top of descent (roughly 100 to
120 nmi from the airport). Any remaining delay should be absorbed prior to top of descent
(either in the air or on the ground). During the simulation, the delay will be absorbed by systemdirected speed changes and, if necessary, vectoring (i.e. path stretch).
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(a)

(b)

(c)

Figure 3: Geographic depiction of (a) arrivals to KPHL with notional metering rings; (b) KPHL arrival
fixes and routes within 40 nm; (c) actual arrivals to KPHL inside 40 nmi

Determining the initial STA at each MP is handled differently for flights originating
outside the XFH and those departing inside the XFH (called internal departures). When a flight
that is not an internal departure crosses the XFH, the model calculates the estimated time of
arrival (ETA) to each MP and the arrival runway. The scheduler uses the ETA at the runway,
the airport AAR, and the anticipated arrival demand (those flights that have already been
scheduled arrival slots) to determine the next available arrival slot at the runway. We define the
delay for that flight to be the difference between the next available arrival slot and the ETA.
During periods of low demand, this may be zero and no delay exists. During periods of high
demand, many aircraft ETAs may coincide. These aircraft will need to be delayed. The model
attempts to schedule the flight at each MP while distributing the delay according to user defined
target delays inside the TRACON and in each metering zone. If at an MP the scheduler cannot
find an open slot at the delayed ETA (i.e., another flight has already been assigned that slot),
the model starts over with a further delayed ETA at the runway. That is, it finds STAs at each
MP that simultaneously satisfy the delay and the metering zone target delays.
For example, if a flight is determined to have 10 minutes of delay prior to landing and
the user defined target delay is 3 minutes inside the TRACON and 1 minute in both the coupled
and extended metering zones, the scheduler will try to find STAs with 10 minutes of delay at
the arrival runway, 7 minutes of delay at the FMP (absorbing 3 minutes inside the TRACON),
6 minutes of delay at the CMP (absorbing 1 minute between the CMP and FMP), and 5 minutes
of delay at the XMP (absorbing 1 minute between the XMP and CMP). If those slots are
available, all the STAs will be assigned. If not, the flight will be delayed further at the arrival
runway and new STAs will be found.
For departures inside the outermost FH, thirty minutes prior to the scheduled departure
time the scheduler calculates the estimated unimpeded time to the arrival airport and follows
the same delay distribution process as described above. For any arrival delay remaining after
distributing in the metered zones, the model assigns the flight departure delay. As the simulation
runs, aircraft progress from FH to MP. However, due to variability (such as wind and speed
prediction errors – described in more detail below) and maintaining separation, the actual time
of arrival (ATA) of an aircraft at a MP will vary from the STA. After the initial assignment of
STAs, when an aircraft crosses a subsequent FH, the model evaluates whether the flight can
still achieve the next STA. If the aircraft has experienced too much delay upstream and cannot
realistically meet the next STA, then the scheduling algorithm is re-run and the aircraft is reslotted at the airport, resulting in new STAs. Otherwise, the model simulates TBFM tactical
delay programs. The flight delay for this segment is absorbed, preferably using speed control
with a user defined maximum speed change (10 percent) and, if necessary, path stretch.
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Model Variability

To best simulate real world operations, the model incorporates variability in several places. The
model includes ETA calculation error due to variability of ground speed caused by wind
prediction errors and airspeed reporting errors. The model also includes variability between
STA and ATA to reflect error inherent in system-assigned and executed delay strategies. The
model also includes an error factor in actual versus TBFM scheduled departure time. Aircraft
spacing en route and landing at the airport is composed of a minimum separation value and
stochastic spacing buffer. To validate and verify the model’s MIT and TBO modes, the initial
model runs described in the remainder of this paper do not include these variability parameters.
3.4

Model Diagram

Figure 4 diagrams the major components of the model: model inputs, simulation engine, and
model outputs.

User selects LOCID and adaptation

User selects scenario
MIT Mode:
Historical
MIT data

NFD (STARS)

OR TBO Mode:
Define Meter Arcs and Freeze Horizons. E.g:

NTML

Arrival
Airport

Rnwy Layout
Approach
plates

MF
CMP/MFH
XMP/CFH
XFH

Define error distribution. E.g:

User selects Day
(YYYYMMDD)
Flight data (O-D,
route, AC type)
Qtr hour aprt
(AAR, config)
Wind field (XX
sec, 1-2-6 hr)

Simulation
TFMS

Trajectory Modeler
ASPM

Model Output
Flight by flight:
Time, distance, fuel, path stretch imposed
Airport by hour
- Throughput
- AAR
- Demand
TBO
- Delay per flight per segment
- Delay per flight from path stretch per segment

Scheduler
Wind

TBFM

Figure 4: Model diagram.

Model output includes detailed operational characteristics for each flight. These include ETAs,
STAs, ATAs, and TBO assigned delay for each MP. In addition, output includes path extension
distance, time, and fuel burn for each flight segment.
4

MODEL VALIDATION AND VERIFICATION

4.1

Model Validation: MIT Mode

The FAA conducted a comprehensive TBO shortfall study to better understand the benefit
opportunity for full TBO compared to today’s operations. While not the focus of this paper, the
TBO shortfall study provides a rich source of historical operational data with which we validate
our model. This initial effort for the shortfall and model applications focuses on nominal
weather days; therefore, we do not address delay caused by variable conditions like convective
weather.
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The TBO shortfall study analyzed three full years of trajectory data for all IFR flights
into over 40 large U.S. airports. Arrivals at an airport were grouped by arrival runway and
corner post. Delay for a flight was defined as the actual distance flown within 40 nmi less the
15th percentile distance flown from the same normalization group (corner post and arrival
runway), not considering negative delay. The same process was repeated to normalize and
calculate delay for flights between 120 nmi and 40 nmi, as well as between 250 nmi and 120
nmi of the arrival airport (while adjusting the normalization groups based on origin airport).
For the model validation, we ran all arrivals to KPHL for September 6, 2018, one of the
FAA’s 16 recommended representative days for 2018. We compared the MIT mode with the
TBO shortfall data. Historical MIT data from the NTML log was used for setting MIT
restrictions throughout the day. The average flight distance for the empirical data compared to
the model were as follows: 68 compared to 74 nmi from MP to the runway, 90 compared to 91
nmi from MFH to MP, and 139 compared to 140 nmi from CFH to CP. The results show that
the MIT mode baseline model run matches current day operations very closely with the
exception of inside the TRACON, where our results are within 10 percent of current day
operations. Figure 5 (a) shows the distribution of the actual flight distance and MIT mode
modeled flight distance within 40 nmi. The empirical data shows evidence of short cuts, while
the model enforces adherence to approach procedures. The empirical data also has a wider tail,
due to inherent variability that is not captured in this initial model run.
Distance Flown From 40 nmi

Actual versus Modeled Arrivals by Quarter Hour
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Actual
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Modeled
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Figure 5: Actual and modelled (a) distance flown within 40 nmi; (b) arrivals per quarter hour

We also found agreement between the modeled to actual arrival throughput from ASPM, as
shown in figure 5 (b). The model’s MIT mode appears to replicate today’s operations
accurately.
4.2

Model Verification: TBO Mode without Variability

For TBO mode verification, we compared the baseline run (MIT mode) for the simulation day
to three TBO scenarios: a) FMP only; b) CMP and FMP; c) XMP, CMP, and FMP. We defined
the target delay to be 3 minutes inside the TRACON and 1 minute, 3 minutes, and 8 minutes in
the final, coupled, and extended metering zones, respectively, assuming no metering inside the
terminal and only speed control between CMP and FMP. Figure 6 (a) shows the total flight
delay for each scenario by arrival phase of flight. For the MIT mode, almost all arrival delay is
absorbed inside of the FMP (dark blue), indicating that airport capacity is the main driver of
delays. With TBO, the arrival delay is shifted farther upstream (to lighter blues) with each
additional metering ring, as shown in scenarios A-C.
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Figure 6: (a) Total delay by flight phase and scenario; (b) ATA-STA distribution at MP by arrival flow

A major source of arrival scheduling uncertainty comes from internal departures, flights
that originate from a point inside the outermost FH. Successful TBFM adaptation at an airport
must consider the arrival demand characteristics. From the TBO shortfall data, we determined
that over 30 percent of the arrivals to KPHL originate within 400 nmi and the average originto-destination great circle distance is less than 800 nmi. For the simulation day, 25 percent of
the arrivals originate inside the CFH and 64 percent originate inside the XFH at 600 nmi.
Therefore, departure scheduling and TBFM tuning for internal departures is a critical
component of TBFM success at KPHL. The initial model does not include departure scheduling
for flights originating outside of the outermost FH. Therefore, only scenario C, with farthest
freeze horizon at 600 nmi, shows a significant portion (30 percent) of the arrival delay taken at
the gate (see figure 6 (a)).
When comparing total delay, the TBO scenarios show an overall increase. This is due
to TBFM over-constraining the arrivals. Through additional sensitivity analysis, we expect the
ability to tune the TBFM target delays within each metering region and the metering slot
intervals to more efficiently sequence and redistribute delay. Future model enhancements will
also include dynamic traffic management capability to trigger TBFM during periods when
demand is expected to exceed capacity.
Another important metric for TBFM verification is to compare the STA and ATA for
each flight at each metering point. As shown in figure 6 (b), the median difference between
ATA and STA is less than 5 seconds and the interquartile range is less than 10 seconds. The
southwest and southeast flows have more outliers, but the distributions are similar regardless
of arrival flow and metering ring. This variability results from the static interval width for
slotting STAs and TBFM assigned delay for any ETA less than STA, even if the ETA is within
the STA slot interval. In future enhancements, the ATA will include variability parameters.
These initial model runs and results show that the TBO mode successfully sequences
and schedules arrivals to an airport, redistributing arrival delay to earlier, more efficient phases
of flight.
5

CONCLUDING REMARKS

Future model enhancements include additional tuning, stochastic uncertainty, and dynamic
features. The model currently runs a full day of arrivals to KPHL in less than 5 seconds.
Additional testing will include running the 15 remaining representative days and comparing the
model results to the wealth of empirical data captured in the TBO shortfall data. With a broader
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base of model results to compare with empirical data we can run sensitivity analyses and better
tune the TBFM adaption.
We will also use empirical data analyses to determine the inherent variability in today’s
NAS. The empirical data will inform the error distributions for ETA calculation, STA
determination, assigned tactical delay, and scheduled departure times. Aircraft spacing en route
and landing at the airport is composed of a minimum separation value and stochastic spacing
buffer. For example, we aim to include additional ATA-STA errors caused by variability in the
TBFM calculated, assigned, and executed speed adjustments representing variation in ground
and true airspeed. Finally, we will incorporate dynamic MITs, strategic ground delays, and
TBFM. This will allow modeling of future year traffic scenarios. Each model enhancement will
be applied to several representative days.
The FAA has built a robust, extensible fast-time simulation model that accurately
simulates tactical traffic flow management programs. With future enhancements, we will be
able to quantify TBO arrival-related benefits at the 40 large U.S. airports where we have
quantified the shortfall opportunities.
6

ACKNOWLEDGEMENTS

The authors wish to thank everyone who helped with this work, especially Martin Durbin.
7

REFERENCES

[1] Federal Aviation Administration, “Trajectory-based Operations (TBO) 2025 Vision," Tech.
rep., Washington, DC, 2017; https://my.faa.gov/org/staffoffices/ang/reports_plans.html.
[2] Federal
Aviation Administration,
https://www.faa.gov/go/storyboard/.

“TBFM

Animated

Storyboard,”

URL:

[3] Federal Aviation Administration, “Performance Based Navigation (PBN) NAS Navigation
Strategy 2016,” Technical Report, Washington, DC, 2016.
[4] A. Nuic. User Manual for the Base of Aircraft Data (BADA) Revision 3.13. EEC
Technical/Scientific Report, No. 15/04/02-43, Project BADA (May 2015).
[5] S. Benjamin, et al. A North American Hourly Assimilation and Model Forecast Cycle: The
Rapid Refresh. Monthly Weather Review, Vol. 144 No. 4, pp. 1669-1694 (2016).
[6] FAA Aviation System Performance Metrics (ASPM) https://aspm.faa.gov/.
[7] M. Pollock, L. Weitz. Time-Based Delivery Accuracy Requirements for Achieving
Performance Based Navigation Objectives. Thirteenth USA/Europe Air Traffic
Management Research and Development Seminar, Vienna, Austria, (2019)
[8] R. Christien, E. Hoffman, K. Zeghal. Enroute traffic overflows versus arrival management
delays. Thirteenth USA/Europe Air Traffic Management Research and Development
Seminar, Vienna, Austria, (2019)
[9] J. Jones, D. Lovell, M. Ball. En Route Speed Control Methods for Transferring Terminal
Delay. Tenth USA/Europe Air Traffic Management Research and Development Seminar,
Chicago, Illinois, USA (2013)
[10] H. Arneson, A. Evans, J. Li, M. Wei. Development and Validation of an Automated
Simulation Capability in Support of Integrated Demand Management. National Aeronautics
and Space Administration (2017)

13 2

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

A DYNAMIC DEPARTURE INDICATOR TOOL ALLOWING
OPTIMISED SPACING DELIVERY
. Cappellazzo1 , . Treve1, . Toussaint2 , I. De isscher2
1
2

EUR C NTR L, Airport Research, russels -11 0 elgium

a e Prediction Technologies ( aPT), Louvain-la-Neuve -1 48 elgium
valerio.cappellazzo@eurocontrol.int onathan.toussaint@wapt.be

ABSTRACT
The scope of this paper is to present a separation delivery support tool to manage all applicable
departure separation and spacing constraints in the Terminal anoeuvring Area between
outbound traffic. The Dynamic Departure Indicator (DDI) tool computes distance- or timespacing indicators that support the Tower ontroller clearance in order to accurately and
safely deliver the applicable time- or distance-based separation or spacing minima between
departing aircraft. It uses models for the aircraft performances (speed and climb profiles)
developed and calibrated based on Radar and ode-S data. The use of the DDI tool has been
assessed through a Real-Time Simulation campaign emulating the harles De Gaulle airport
environment with Air Traffic ontrollers from the Direction des Services de la navigation
a rienne. The tool development and assessment has been performed in the framewor of the
SESAR
Research programme. Results tend to demonstrate that the use of the DDI tool
increases Air Traffic ontroller s performances by improving runway throughput still
managing safe separations and wor load.
Keywords: departures, T S, DDI, SD
1

INTRODUCTION

The traffic growth in the recent years put significant pressure on the European Airports
capacity 1 . Extensive research in the wa e vortex domain (see e.g., 2, ) has tac led capacity
constraints in the Terminal Manoeuvring Area (TMA) by designing new concepts for reducing
wa e separations for approach and departing aircraft. The main two concepts now deployed in
Europe are the Time- ased Separation (T S) and RECAT-EU
a e Turbulence Recategorisation scheme 4, 5 . hile RECAT-EU updates the ICA wa e turbulence regulations
and can be operated on a procedural basis 6 , this is not true for T S which is a concept for
arrivals and must rely on a separation delivery tool for being used by Approach and Tower
Controllers. A first version of the separation delivery tool has been deployed at Heathrow
Airport in 2015 and then updated in 2018 to include RECAT-EU separations and a more
accurate refinement of aircraft behaviours on final , 8 . ased on the design logic of the
separation delivery tool for approach, this paper presents a separation delivery tool to manage
all applicable departure separations and spacing constraints in the TMA between outbound
traffic. The Dynamic Departure Indicator (DDI) tool computes distance- or time- spacing
indicators that support the Tower Controller clearance in order to accurately and safely deliver
1
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the applicable time- or distance-based separation or spacing minima between departing aircraft.
It uses models for the aircraft performances (speed and climb profiles) developed and calibrated
based on Radar and Mode-S data. In analogy to separation delivery tool for approach, safety
buffers are added in the DDI to account for model uncertainty and allowing the Controller to
mitigate the ris of separation infringement (due to aircraft catch-up). The use of such buffers
allows the separations to be correctly delivered up to a certain error rate equivalent to what is
currently observed at airports while still providing capacity benefits with a better spacing
management by the Controller for the different constraints.
The paper is organised as follows. Section 2 describes the separation and spacing
constraints applicable to departures and how the tool computes the appropriate separation and
spacing indicators to comply with those constraints. Section illustrates the tool HMI. Section
4 describes the results of the Real-Time simulation campaign to validate the concept with
licensed ATC from Charles De Gaulle airport. Finally, Section 5 gathers some conclusions
and presents the potential next steps for the development of the departure tool in the next phase
of the SESAR2020 Research Programme.
2

DEPARTURE SPACING SUPPORT INDICATOR

From one airport to another, different separation and spacing constraints have to be applied for
successive departures. Some are expressed in distance (called Distance- ased Separation-D Sin what follows) whereas others are time-based (called Time- ased Separation-T S- in what
follows). The applicable delivery point also varies with the applicable constraint. The DDI
tool was designed to account for all those different constraint types and to support Controllers
in their accurate delivery.
2.1

Departure spacing and separation minima

The most common constraints applied between departures is related to the Minimum Radar
Separation (MRS) and ertical Separation ( S). Those constraints are such that, at any moment
in flight, both the leader and follower aircraft must either be horizontally separated by at least
the MRS distance and or vertically separated by at least 1000 feet. Another constraint is related
to the wa e separations, which is most of the time expressed in time, and applied at ta e-off.
The Reduced Runway Separation (RRS) constraint states that, for two consecutive departures,
the follower can only begin its ta e-off roll when the leader aircraft is airborne and at a certain
distance from the position of the follower. Note that the RRS minimum value varies from one
airport to another. The Standard Instrument Departure route (SID) constraint imposes a certain
distance spacing between leader and follower if both follow specific departure routes and with
a delivery point which can be, depending on the airport, at the ta e-off point or in altitude.
2.2

Dynamic Departure Indicators (DDI)s

To assist the controllers in delivering consistent and precise separations between departures,
regardless of the prevailing constraint, two DDIs have been developed. The first one, expressed
in distance (DDI-D), represents the distance minimum to be observed between the leader and
the follower before the follower can be cleared to ta e off. The second indicator, expressed in
time (DDI-T), corresponds to the time separation minimum to be applied between the leader s
ta e-off roll start and the follower s ta e-off clearance.
. .

arameters definition

In order to compute the different indicators, some inputs, related to both the leader and the
follower aircraft (respectively denoted with subscript letters l and f in what follows) , are
required:
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The acceleration point ( , where an aircraft begins its ta e-off roll) and the ta e-off
point ( T ), both measured from the runway threshold,
The rolling time (Rt) and rolling distance (Rd), representing the time and distance
between the ta e-off roll start and the actual ta e-off,
The Time-to-Fly profile (T ), defined as the time required for the aircraft to fly a
certain distance from its ta e-off position. It is related to the aircraft groundspeed
through:
T2F( )

•
•
. .

∫

T

1

+

GS(x)

T

dx,

(1)

The Time-to-Travel profile (T T), defined as the sum of the rolling time and the Timeto-Fly,
The reaction delay (treac), defined as the delay between the time at which the aircraft
receives the ta e-off clearance and the time it actually starts rolling.
Dynamic Departure Distance Indicator (DDI-D)

For a D S constraint to be applied when the follower reaches a delivery altitude (A T), the
DDI-D is obtained by solving Eq. (2) (illustrated in Figure 1 (a)):
T2Tl ((

0,f -

0,l )

DDI-D)

T2Tl ((

0,f -

0,l )

Rdf distALT,foll D S) -treac -Rtf -tALT,foll ,(2)

with distA T,foll the distance flown (from T ) by the follower to reach the altitude A T and
tA T,foll the corresponding flying time. Note that, for the case of a D S constraint to be applied
at ta e-off, distA T,foll and tA T,foll shall be set to zero in Eq. (2).
The DDI-D computation related to a RRS constraint is different, as the separation has to be
applied when the follower aircraft begins its ta e-off roll acceleration. The corresponding
DDI-D is computed by solving Eq. ( ).
T2Tl (

0,f

DDI-D)

T2Tl (

0,f

RRS)-treac,

( )

For a T S constraint, the DDI-D is computed according to Eq. (4).
T2Tl ((

0,f -

0,l )

DDI-D)

T2Tl (max(

T ,l ,

T ,f ) -

0,l )

T S-treac -Rtf ,

(4)

Note that the maximum value between T ,l and T ,f is ta en into consideration for the
calculations of the DDI-D, so that the leader s wa e is in all cases at least T S seconds old at
the point where the follower lifts off.
. .

Dynamic Departure Time Indicator (DDI-T)

Following the same principles as for the DDI-D, the DDI-T are obtained for the various types
of separation and spacing constraints.
For a D S constraint to be applied when the follower reaches a delivery altitude (A T), the
DDI-T is computed according to Eq. (5) (illustrated in Figure 1 (b)):
DDI-T treac Rtf tALT,foll

T2Tl ((

0,f -



0,l )

Rdf distALT,foll D S).

(5)
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(a)

(b)

Figure 1: DDI calculation algorithms for D S constraint (delivery point in altitude): (a): DDI-D (b):
DDI-T

The DDI-T related to the RRS constraint reads:
DDI-T

T2Tl (

RRS)-treac .

0,f

(6)

For a T S constraint to be applied when the follower ta es-off, the DDI-T is computed
according to:
DDI-T
. .

T2Tl (max(

T ,l ,

T ,f ))

T S-treac -Rtf ,

( )

ertical Separation constraint

In most cases, during the first phase of climb, the leading aircraft is faster than the following
one, ensuring that if the MRS constraint is satisfied at a point along the climb phase, it will still
be the case for the rest of the climb phase. This is however not the case when considering
vertical separation constraint, since the climb performances significantly vary depending on
several factors (aircraft type, type of flight, ). oth the MRS and S constraints have
therefore to be considered simultaneously, so that at least one of them is at any time satisfied.
The problem hence consists in finding the first leader altitude along the climb phase for which
the vertical separation constraint will not be met and thus for which a horizontal separation of
MRS shall be applied. This altitude, noted Altsep,leader, is obtained through:
leader (Altsep,leader )-

follower (Altsep,leader -1000)

MRS,

(8)

where (z) is the distance between the aircraft and the runway threshold when at a prescribed
altitude z. If a solution to that equation does exist, the DDI-D and DDI-T shall be computed in
order to satisfy a MRS D S constraint with a delivery point at altitude Altsep,leader feet.
Alternatively, the DDI-D and DDI-T shall be computed considering as delivery point the
follower s ta e-off point.
3

DDI TOOL HUMAN MACHINE INTERFACE

To assist the ATC in the compliance of those aircraft separations, the separation delivery tool
enables both types of DDI expressed either in distance (DDI-D) or in time (DDI-T). It is
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possible for the ATC at any time to select neither, one, or both of the DDI-D and DDI-T
options to be visible in the HMI. The tool also contains a toggle on off option if the ATC
wishes to not compute some specific constraints. For departure operations, the DDI tool
supports all separation and spacing rules detailed in Section 2. The indicators are computed
from a sequence input to the tool in using the formulae detailed in Section 2. The computation
process is summarized on Figure 2.

Figure 2: Summary of SD support tool functionality

The DDI-D is displayed in the HMI of the C Ps as a blue line on the departure route (SID) of
the leader aircraft. nce the leader crosses this mar , the follower can be cleared to ta e off.
y the time the follower ta es off (or reaches the delivery altitude), the separation between both
aircraft shall be satisfied.

(a)

(b)

Figure : DDI representations: (a): DDI-D (b) DDI-T

The DDI-T is displayed in the HMI of the C Ps as a countdown TIMER which indicates to
the controllers when to clear the follower for ta e-off. y the time it ta es off (or reaches the
delivery altitude), the separation between both aircraft shall be satisfied.
The values of the DDIs are displayed on the C P when the leader aircraft is cleared for
ta e-off, if two or more constraints are applicable, the DDI will display the maximum value.
The timer starts the countdown when the leader aircraft is detected to start rolling. n the timer
there is a countdown in seconds, the ATC can start the clearance before the time is 0 but must
end the clearance when the time is 0 (or later). If next ta e-off clearance is given before the
time expires, the timer stays loc ed on the previous separation pair until it reaches 0. After, it
displays the next countdown.
The DDI-T has been designed to include also the following information: Runway for which
separation is in use (top), Leader and Follower callsign and aircraft type ( ottom), Countdown
Time (Center), riginal time computed (Left), Nature of the prevailing separation between
leader and follower ( ottom-Left). The DDI includes also a pairing feature to allow the Tower
Air Traffic Controller to quic ly identify for which pair the separation is applied, hoovering the
mouse over the DDI-T identifies the two aircraft of the pair for which the separation was
computed and displayed.
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Figure 4: DDI-T representation on C P in ienna airport environment

4

EXAMPLE OF APPLICATION AND INITIAL VALIDATION

4.1

DDI input computation

The DDI computation requires a model for the aircraft time-to-fly and climb profile. Data from
ienna airport were used to design and calibrate the DDI tool.
. .

Database description and processing

The ienna database includes RADAR and Mode-S trac s as well as the corresponding
anemometer surface wind data, covering the ienna operations from uly 201 to anuary 2018
(195 days). It contains a total of about 65,000 trac s. After filtering (e.g. excluding rolling ta eoffs, outlier trac s, ) and processing, around 0,000 trac s were ept for the model
development.
The radar trac s, coupled with the anemometer data, were used to characterize the ta e-off
roll characteristics (rolling distance and time (Rd and Rt), True Air Speed at lift-off (TAS )
and distance from threshold at acceleration ( )), whereas the Mode-S data were used to model
the speed, Time-to-Fly and Distance-to-Fly profiles.
. .

Ta e-off roll characteristic models

For each aircraft type, the ta e-off roll characteristics were correlated to the used runway and
runway entry and to the headwind values at ta e-off. From this analysis, a continuous model
was built providing, for each aircraft type, each runway and each runway entry, the rolling time
and distance and the TAS as a function of the headwind (see Figure 5 (a)). The
is
characterized per runway entry and ta en as the median of all observed values.
. .

Time-to- ly (T

) and Distance-to- ly (D

) models

The T2F and D2F models are obtained in two steps. First, a speed profile model, as a function
of the altitude, is derived from the Mode-S data averaging the observations at several altitudes.
The second step consists in deriving the climb altitude profile as a function of time. The climb
profile model was here obtained based on the performances equations and parameters from the
ADA model 9 , with the mass at ta e-off for each aircraft type further calibrated using the
Mode-S data, ranging between 80 and 90 of Maximum Ta e- ff eight (MT
). The
Time-to-Fly and Distance-to-Fly profiles are then obtained by integration of the speed and
climb profiles.
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(a)

(b)

Figure 5: DDI inputs: (a) rolling distance model (as a function of headwind) (b): CAS model (as a
function of altitude)

4.2

Initial validation through Real-Time Simulation

The use of the DDI tool was assessed through a five days Real-Time Simulation (RTS) session.
oth DDI-D and DDI-T were tested by licensed controllers from DSNA in the
EUR C NTR L RTS facility, emulating the Paris-CDG airport environment under very
strong traffic pressure conditions. Eight runs were performed to assess the DDI tool usage. Four
were conducted as in current CDG operations (called baseline in what follows), without DDI
and using Time ased-ICA wa e separation rules, whereas four others were run with DDI
and applying Time ased-RECAT Categories (CAT) separation rules 10 , allowing the
reduction of some of the wa e separation minima. After several prototyping sessions prior to
the RTS, Controllers indicated the DDI-T as the favourite tool to display the separations as the
timer is widely used in current practice.
ased on the RTS results, the observed benefits related to the DDI-T usage (compared to
the baseline scenario) include a reduction in under-spacing rates and an improvement in the
observed conformance to the separation spacing minima (i.e. reduction of separation buffer
values). In particular, on average, less than 2 of the departure pairs were observed to be underspaced when using the DDI-T compared to almost 8 for the baseline exercises. In terms of
separation buffer values, a reduction of up to 885 m was observed for pairs for which the RRS
constraint prevailed.
Regarding the impact on throughput, when combined with the RECAT CAT departure
scheme, for a series of consecutive departures in segregated mode, RTS results showed an
increase of up to 6 aircraft per hour for the solution scenario compared to the baseline.
5

CONCLUSIONS

The recent solutions for reducing separations on approach allowed the development of
separation delivery tool for controllers that have been deployed (or under deployment) at
European airports. uilding on the design of those tools for arrivals this paper presented a
separation and spacing delivery tool for departures called DDI. The tool computes the
applicable time- or distance based separation minima and provide other information supporting
their correct delivery by the Tower controller. To deliver safe separations the tool predicts the
expected time-to-fly and climb profile of each aircraft type, derived from Radar and Mode-S
data extracted from current operations. As not all the operational variable that impact the
aircraft performance can be now in advance by the system (e.g. exact weight of the aircraft),
the tool ma es uses of buffer to compensate those deviation.
The DDI tool was successfully tested by Air Traffic Controllers during a RTS campaign
at CDG Airport. The observed benefits related to the DDI-T usage (compared to the baseline
scenario) include a reduction in under-spacing rates, an improvement in the observed
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conformance to the separation spacing minima and an increase on runway throughput. In
particular, less than 2 on average of the departure pairs were observed to be under-spaced
when using the DDI-T compared to almost 8 for the baseline exercises and the throughput
increased up to 6 aircraft per hour for the solution scenario when the DDI-T was used in
combination with the RECAT CAT departure wa e scheme. The tool allows ATC s to easily
apply new wa e separation minima with higher number of categories than ICA .
In the next phase of the SESAR2020 ave 2, there are planned activities to improve the
DDI tool capabilities with the computation of additional departure constraints, to extend the
datasets used for the modelling of aircraft type and to improve the prediction of the time-to-fly
and climb profiles and computation of safety buffers by using machine learning techniques.
Finally the goal is to integrate the DDI tool with departures systems as the DMAN to enhance
the predictability of the departure flows and extending the benefits observed at runway
threshold further in the TMA and the networ .
6
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Atmospheric turbulence constitutes a hazard to aviation and has the potential to
cause injuries to crews and passengers and structural damage to aircraft. For these
reasons, turbulence avoidance is in focus of operational decision makers alongside other
safety-relevant aspects. This study represents a benefit analysis for an early flight
planning application of the Eddy Dissipation Parameter developed by the German
Weather Service. Plan trajectories from the European network management process are
applied, which are optimized using a continuous optimal control approach in order to
avoid turbulence areas exceeding a given intensity. Additionally, fuel consumption is
compared to costs associated with a flight entry into turbulence . Potential to reduce
flight time is assessed on the basis of specified intensity levels of moderate, severe and
extreme turbulence. Benefits of lateral pre-flight re-routing in case of avoidance of
extreme turbulence are provided. Total residence time of flights in such areas can be
reduced by about 80% at a fuel increase below 5% in average.
Keywords: clear air turbulence, flight planning, trajectory optimization, meteorology
1

INTRODUCTION

Apart from a major decrease of comfort, aviation turbulence can represent safety risks for
aircraft crews and passengers. There are many studies on the impact on aviation, concerning
climatological relationships, prediction as well as the application of turbulence information in
an operational context [7], [8], [1]. Due to complex forecasting of aviation turbulence, in-situ
turbulence reports play an important role, whereas mostly pilots act on turbulence by
requesting and reporting in-flight trajectory adaptation.
The integration of turbulence information into flight planning and flight execution
today has not yet been fully realised regarding common transparency of intensities and
location. On the one hand, this is due to the fact that turbulence information is currently not
available in the required quality and, on the other hand, no standardized process has been
defined and certified that covers all possible options for the use of turbulence data. The
German Weather Service (DWD) is therefore developing advanced turbulence information
which should be made available for improved use. This Clear Air Turbulence (CAT) data is
calculated based on the Eddy Dissipation Rate (EDR) representing the dissipation rate from
Turbulent Kinetic Energy (TKE) to internal energy (heat). TKE as a direct measure for
atmospheric turbulence is computed using an additional prognostic equation in the ICONGlobal model [10]. This equation has been supplemented with additional source terms (e.g.
wind shear) for improved turbulence prediction. As a result, the Eddy Dissipation Parameter
(EDP) maps the turbulence intensity in a suitable way, including further meteorological
1 01
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processes. Turbulence areas created on the basis of the EDR will be subjected to a benefit
analysis within the scope of this study by evaluating possible integration scenarios into the
flight planning process. The pilot's decision to choose between lateral and vertical flight
around turbulence areas and a combination of both is subject to a variety of influences, such
as air traffic control boundary conditions, flight performance aspects, individual mission
parameters and finally the turbulence distribution itself. Within the scope of the present study,
the avoidance of turbulence areas by lateral bypassing is considered exclusively.
2

EVALUATION FRAMEWORK

The following chapters provide information on operational use of turbulence data, and
moreover the evaluation framework describing the optimization concept developed within this
study. It is distinguished between qualitative and quantitative aspects for the integration
within an operational flight planning environment.
2.1

Evaluation Framework

In Germany, the German Weather Service continuously publishes turbulence data in
order to support flight planning and flight operations. Related weather products are
continuously updated to cover new aspects of operational application and to be adapted to
individual specifications. Flight planning today demands XML-based as well as GRIB2-based
turbulence (EDP) and meteorological data and is generally pre-processed in order to
guarantee consistency with user-operated visualization systems. EDP data is specified to
specific values on grid resolution, update rate, etc.
EDP data:
Data acquisition

Grid resolution 0.25°
Vertical coverage over 28FL
Update rate 12h
Time granularity 1h
Forecast horizon 36h

XML data

XML-based
turbulence
polygons

GRIB2 data

Met data
visualization

Processing:
Lateral Scaling
Propability density functions
Vertical allignment

Figure 1: Data processing of turbulence/meteorological data.

The provided data service can be called individually to update local databases.
Turbulence data updates are in most cases less frequent than those of meteorological data
types like e.g. wind data. Fig. 1 provides an overview on (turbulence) data processing.
More information on EDP data is provided in ch. 3.1.
2.2

Trajectory Optimization Concept

The optimization concept is based on the lateral flight route optimization during the
en-route flight segment. The focus is not on vertical avoidance, i.e. on tactical changes in
cruising altitude. This is based on two main reasons: i) in highly congested European airspace,
there is usually hardly any possibility of implementing short-term vertical re-routings. Such a
change of the flight profile would increase traffic complexity considerably in some cases, and
ii) the dependence on flight performance requirements, especially when flying over
turbulence, can prevent the feasibility of such a profile change. If necessary, fuel planning
would have to be adapted.
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Fig. 2 shows the
vertical section (about FL120 FL400)
of
an
exemplary
turbulence field and represents an
example in which a vertical
avoidance would not be possible
due to the large vertical extent of
the turbulence field. Lateral
turbulence avoidance is dependent
from different performance related
parameters during flight operations
like e.g. climb rate. On the cost
side, turbulence mitigation can be
accompanied by an extension of
Figure 2: Exemplary vertical turbulence section.
the mission distance. However,
this depends on trajectory design as well as on the extent and shape of the turbulence field. A
corresponding increase in fuel consumption and time is required accordingly. The benefit
side is represented by the reduction of effective flight time in a turbulence field. Within the
context of this study, we speak of "reduced EDP minutes", which in turn can be associated
with increased flight safety, increased passenger comfort and reduced maintenance and repair
costs.
Fig. 3 provides the applied trajectory optimization approach describing thelateral
routing concept with regard to turbulence avoidance. In an initial step, ToC (top ofclimb)
and ToD (top of descent) are determined using the reference trajectory from the DDR2 flight
plan trajectories (see ch. 3.1). Subsequently, a lateral optimization takes place on thecruise
flight segment between these two points to avoid turbulence areas.
The cost functional used is determined as the weighted sum between fuel consumption
and flight time in turbulence areas (see ch. 2.3). For the analysis of the sensitivities, the
respective weighting factors for fuel consumption and residence time in turbulence areas are
varied within wide limits.

fuel consumption [kg]

Origin
Fuel ↑ EDP ↓

Climb
Descent
EDP intensity areas

Destination
Cruise

X Reference
O Pareto-optimal

Reference
Pareto-optimal

EDP, integrated [m^(2/3)]

a) lateral route optimization

b) Pareto front

Figure 3: Schematic visualization of a) lateral route optimization and b) schematic visualisation of expected Pareto results.

Figure 3b) shows the expected results in the form of a Pareto front. The more
importance is assigned to turbulence avoidance, the higher the corresponding detour and
therefore also fuel consumption. Since the reference trajectory considers flight planning
constraints while optimized trajectories are determined using a continuous approach, the
reference trajectory does not necessarily have to be Pareto-optimal. In the shown case, flying
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the great circle between ToC and ToD would lead to both, a reduction of EDP minutes and
reduced fuel consumption. On the selected days (ch. 3.2), it is not possible to avoid turbulence
completely and efficiently by lateral re-routing measures due to large areas of low EDP
intensities. Instead, the EDP value is individually integrated along the trajectory and included
in the cost functional. The evaluation takes place on the basis of the defined EDP intensity
levels.
2.3

Trajectory Optimization Model (TOM)

This chapter describes the modeling of EDP optimized trajectories using the
Trajectory Optimization Module (TOM). For this purpose, an optimal control problem is
presented, which is adapted to the scope of this study. Finally, the solution generation of the
resulting optimization problem is briefly described. More information, e.g. on dynamic
constraints and additional boundary conditions is described in detail in Lührs et al. (2016) [4].
2.3.1 Optimal Control Problem
The movement of an airplane is described with the help of state variables x(t) and can
be influenced by control variables u(t). A trajectory is regarded as optimal if the temporal
course of the control variable u(t) results in the cost functional J being minimized according to
eq. (1). At the same time both, the dynamic boundary conditions according to eq. (2) and
restrictions with regard to the state and control variables (eq. (3) to (6)) have to be satisfied.
For further adaptation of the optimization problem, additional adjustments of a path vector
p(t) can be made according to eq. (7).
(1)
(2)
(3)
(4)
(5)
(6)
(7)

2.3.2 Cost Functional
The general cost functional according to eq. (1) contains a penalty function , which
can be a function of the start and end time
as well as the initial and final state
of the aircraft. Furthermore, depends on the time integral of another penalty
function
. Using the scaling factors
and , the penalty functions and
can be weighed against each other. Within the scope of this study, the cost functional
according to eq (8) and (9) is applied.
(8)
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2.3.3 Solution of the optimization problem
The resulting optimal control problem, which is described by the cost functional, the
dynamic constraints, initial and final boundary conditions and the limitations of the control,
state and path vectors (see eq. (1) to (7)), is solved using the MATLAB Toolbox GPOPS-II [6].
Based on a direct approach, GPOPS-II transforms the continuous optimal control problem
into a discrete nonlinear optimization problem and solves it using the solver IPOPT [9].
3

RESULTS AND DISCUSSION

This chapter describes the selected scenarios including an overview of the applied
data. Turbulence evaluations and related results on trajectory optimization are presented.
3.1

Data Base

3.1.1 Turbulence Data
The EDP predictions generated from the global ICON model are available globally
and are updated with a rate of six hours (00:00z, 06:00z, 12:00z and 18:00z). The forecast
period is 36 hours with one-hour forecast time steps. The vertical coverage comprises 28
flight levels between 150 hPa and 700 hPa with a vertical resolution of approx. 1200 ft. The
lateral grid resolution of the EDP map is 0.125°. The output of the EDP product can be either
in the form of continuous data fields or in the form of polygons. Regardless of this, a
threshold value definition is required for the application of the data, which allows different
turbulence intensity levels to be assigned. For this purpose, the EDP was re-scaled to adapt it
to the climatological "log-norm"- distribution of the EDR of a 5-year period from about 10
million measurements. This resulted in the following intensity levels:
-

EDP for moderate turbulence [m2/3/s]:
EDP for severe turbulence [m2/3/s]:
EDP for extreme turbulence [m2/3/s]:

=> 0.22
=> 0.34
=> 0.45

3.1.2 Traffic Plan Data
Operational flight plan data from the Eurocontrol Demand Data Repository (DDR2) [2] is
used. It contains mission-relevant information as well as flight profiles. These 4D-plantrajectories are divided into individual segments for each of which the corresponding
boundary points are defined. The data is generally available for network planning for capacity
control purposes. Principles of European capacity management are described in Lau et al.
(2014) [3]. Flight plan data of selected flights of the Airbus A320 family departing at
Frankfurt/Main (EDDF) had been made available for this study.
3.2

Scenarios

The selection of representative scenarios is based on both, meteorological and traffic
information, whereby the evaluation period with the months June, July and August 2016
refers to the summer season. Due to specific atmospheric properties, there is an increased
probability of turbulence occurring during this period, which is caused in particular by wind
shear and air mass movements over mountain ranges. Based on historical Significant Weather
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Charts (SigWx), five days were qualitatively selected on which turbulence areas exist from a
defined intensity level 4 in the upper airspace. Turbulence areas mainly cover Central Europe
and can reach a lateral extent of several hundred kilometers. Fig. 4 provides flight planroutes
and turbulence intensity levels on FL360 at 12:00z for two of the selected days.

a) 12.08.2016

b) 19.08.2016

Figure 4: Representative traffic scenarios and turbulence intensities on FL360 at 12:00z

There are hardly any similarities in the occurrence and location of turbulence areas
with high EDP intensities above 0.34 m2/3s-1. Moreover, there is no increased turbulence
activity over mountain regions. A qualitative examination of the EDP distributions suggests
that turbulence areas occur along atmospheric currents. Circulation areas are recognized,
which correspond in geometric form and scaling to high and low pressure areas.
3.3

Fuel Consumption and Turbulence Conditions

Tab. 1 provides turbulence statistics along the selected routes and days. Each of the
selected days included approximately 280 flights with about 11.000 cruise flight minutes. The
time weighted average EDP is between 0.037 and 0.073 m2/3s-1 and thus well below the EDP
threshold for the classification of moderate turbulence (0.22 m2/3s-1).

Parameter

Unit

09.06.2016

2/3 -1

mean EDP
EDP standard deviation

[m s ]
[m2/3s -1]

# total trajectories
# total trajectories moderate
# trajectories severe
# trajectories extreme

[-]
[-]
[-]
[-]

flight time
flight time
flight time
flight time

[min]
[min]
[min]
[min]

cruise total
cruise moderate
cruise severe
cruise extreme

16.07.2016

12.08.2016

19.08.2016

20.08.2016

0,037
0,022

0,040
0,042

0,040
0,041

0,054
0,048

0,073
0,061

293
3
1
0

278
27
13
5

276
11
7
4

276
45
10
1

274
61
23
4

11.169
3
0
0

11.187
114
26
8

11.310
78
25
11

11.089
201
15
0

11.422
400
44
4

Table 1: Turbulence statistics (cruise)

In addition to tab. 1, fig. 5 shows detailed bar charts of a) the relative number of
trajectories as a function of the maximum EDP value along the trajectories and the associated
cumulative values as well as b) the relative and cumulated flight time within turbulence areas
represented by the EDP value. Both diagrams show results for the selected flights on
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cumulated relative flight time [-]

relative flight time [-]

relative no. of trajectories [-]

cumulated relative no. of trajectories [-]

20.08.2016. Compared to the other days, there is a clear shift in EDP distribution towards
higher EDP maximum values.

max EDP [m2/3s-1]

EDP [m2/3s-1]

a) Rel. no. of trajectories over max EDP

b) Rel. flight time over EDP

Figure 5: Exemplary EDP statistics for 20.08.2016

Of the total of 1.397 routes considered, the 14 trajectories with extreme turbulence
along the flight path during cruise were optimized. Fig. 6a) provides the results for all 14
routes optimized in consolidated form, whereas fig. 6b) shows the optimization results for
a flight trajectory between Frankfurt and Rome on 16.07.2016. According to theapplied
optimization concept, the cruise flight segment of the planned route (black trajectory)between
ToC and ToD was first identified. To determine the maximum savings potential andthe
savings efficiency, a group of optimized trajectories is determined for each flight
connection (blue trajectories). The weighting factors for fuel consumption and turbulence
intensity are varied in small steps between the fuel minimum (
and the
turbulence minimum case (
. Results balance the avoidance of turbulence
and the associated additional fuel consumption (Pareto front, fig. Figure 6b). For each optimized
trajectory, the resulting fuel consumption during cruise and the integrated turbulence intensity
are normalized to the respective value of the reference trajectory with minimum fuel
consumption. Moreover, the corresponding EDP profiles c) to f) are provided.

a) Pareto fronts for all optimized flights

b) Exemplary results for route EDDF-LIFR

Figure 6: Trade-off between fuel consumption and EDP impact

In addition the fig. 6a), tab. 2 provides consolidated numerical values for
integrated EDP values along all optimized flight trajectories within airspaces exceeding EDP
thresholds. Fig. 6a) shows that a maximum savings potential of up to 65% of the
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integrated turbulence intensity can be achieved on individual routes (green stars). In contrast,
an unfavorable location of turbulence-intensive fields relative to the great circle connection
can lead to very low EDP savings potentials in the order of a few percent on some routes (red
stars). The saving efficiency also differs greatly between the routes, which are characterized
by the slope of the Pareto fronts: the flatter the Pareto front (starting from reference point 1/1),
the higher the saving efficiency. For example, the integrated EDP for the routes considered in
this study can be reduced between 1% (grey plus) and 27.5% (green stars), depending on the
route, by accepting an additional fuel consumption of 1%. In the second case, the savings
efficiency is 27.5 times higher.
Additional fuel
consumption

Integrated EDP

Flight time in turb.-fields
with EDP > EDPmod

Flight time in turb.-fields
with EDP > EDPsev

Flight time in turb.-fields
with EDP > EDPext

1,0 %

-13,02 %

-42,05 %

-27,87 %

-39,78 %

2,0 %

-17,73 %

-45,65 %

-40,43 %

-64,89 %

3,0 %

-20,82 %

-46,51 %

-45,08 %

-76,84 %

4,0 %

-22,65 %

-50,41 %

-51,83 %

-79,16 %

5,0 %

-23,71 %

-54,90 %

-61,77 %

-79,16 %

7,5 %

-25,85 %

-58,44 %

-66,25 %

-79,16 %

10,0 %

-27,64 %

-63,40 %

-66,72 %

-79,16 %

Table 2: Additional fuel consumption vs. reduced EDP flight time

In summary, an increase in fuel consumption of around 3 % can reduce flight time by
almost 80 % in areas with extreme turbulence. The flight time in areas with severe turbulence
can be reduced by approx. 65 % with an additional fuel consumption of 5.5 %.
4

CONCLUSION AND OUTLOOK

The present study provides the quantified efficiency potential for selected flight plan
routes, evaluated by measuring the relative fuel consumption increase through lateral rerouting to reduce en-route flight time in turbulence areas. The turbulence measure used for
this purpose is the EDP provided in the form of a continuous map. 14 turbulence-affected
flight routes were identified and examined in detail. The results show that the average
integrated EDP value can be reduced by a maximum of approx. 36% with an additional fuel
consumption of approx. 60%. The potential for reducing flight time was determined by the
specified intensity levels of moderate, severe, and extreme turbulence. Great benefit is evident
for the avoidance of extreme turbulence as the flight time in such turbulence areas can be
reduced by about 80 % already with a fuel increase of approx. 3 %. The flight time in areas
with strong turbulence can be reduced by approx. 65 % with an additional fuel consumption
of approx. 5.5 %. These results show that the use of EDP data permits the calculation of
detailed fuel saving potentials and can therefore be an essential component of flight planning.
The possibility of representing defined EDP intensity levels for EFB applications supplements
an efficient applicability for flight execution.
In order to exploit the efficiency potential in preliminary planning, it might make
sense to also apply an optimisation procedure for the three-dimensional adaptation of plan
trajectories for a larger number of turbulence-affected flights. The continuous optimization
can be supplemented by the integration of air traffic control boundary conditions in order to
achieve the most realistic trajectory possible. Such boundary conditions are mainly a result of
flying at certain pre-defined flight altitudes in the cruise flight segment ('step climbs') in order
to meet separation requirements. Another possibility is to specify certain cruise flight levels
along the trajectory, avoiding severe turbulence. However, it would have to be examined to
what extent flying on these flight levels over longer segments would influence fuel
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consumption and whether it would make sense to implement such a flight plan adaptation.
This question must be answered individually, but can only be answered with a larger number
of trajectories over a longer period of time.
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Abstract— Air Traffic Flow Management (ATFM) is the set of strategic and tactical activities
with the objective to balance demand and capacity at busy resources in the air transportation
system. This paper provides overviews of ATFM techniques in three of the most developed
ATFM systems in the world: US, Europe and Australia. Although similar in general principles,
there are distinct differences in application of ATFM techniques due to different airspace,
demand distribution, and policies. Through this comparison, best practices and potential
opportunities for further studies to improve ATFM techniques are identified.
Keywords-Air Traffic Flow Management, Collaborative Decision-Making, Network
Management, Traffic Management Initiatives.
1

INTRODUCTION

Strategic Air Traffic Flow Management (ATFM) and more tactical Air Traffic Control (ATC)
work together to allocate and utilize the airports, airspace, and other resources of the air
transportation system to achieve safe and efficient traffic flows. Various decision makers with
different information and sometimes competing goals coexist in a system characterized by high
levels of uncertainty. A distributed, hierarchical decision-making process is applied in layers of
control where the overall network manager is at the top, then ATC en-route, terminal and airport
tower control centers. Airline Operations Centers (AOCs) and other stakeholders (such as
military) participate in the decision-making process as well [1][2].
The objective of the ATFM process is to optimize overall traffic flows in order to try to balance
forecasted aggregate demand and capacity within the system. When imbalances are expected,
either because of excessive demand, or reduced capacity (e.g., adverse weather, construction)
Traffic Management Initiatives (TMIs) can be employed to match demand with capacity, as
shown in Figure 1.

*

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited. This material is
based upon work supported under Air Force Contract No. FA8702-15-D-0001. Any opinions, findings, conclusions
or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of
the U.S. Air Force.
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Figure 1: Basic Function of Air Traffic Flow Management.

The network manager’s role is especially important in the context of the overall system
operation because of their purview over large-scale traffic flows and role in coordination
between facilities. In general, TMIs initiated at the network manager level are required when
traffic management across multiple en-route centers are required. However, TMIs can also be
initiated at the en-route center level when more facility-specific traffic controls are required,
and resulting restrictions can then propagate back to adjacent upstream facilities.
This paper compares and contrasts the ATFM environments and common techniques between
the US, European and Australian regions. Note that data availability is different between the
regions and, as a result, identical comparisons were not always possible. Section II provides
high-level system comparisons between the regions to provide context for the more detailed
ATFM descriptions of the regions presented in Section III. Finally, Section IV discusses the
insights gained from these system comparisons, together with recommended next steps for
further studies based on the findings of this study
2
2.1

HIGH-LEVEL SYSTEM COMPARISONS
United States of America

The US air transportation system is the largest in the world, with approximately 6 million
scheduled domestic airline flights (Figure 2) and 850 million passengers carried in 2017,
accounting for around 30% of total global flights and passengers. The top 5 airports in terms of
aircraft movements are shown in TABLE I. Flight densities are highest in the triangle of
airspace from “northeast corridor” (encompassing the Boston, New ork and Washington DC
regions) to Chicago in the west and Atlanta in the south (see
Figure 3). Other high
traffic densities are observed in the airspace around major airline hubs in Atlanta, Chicago,
Dallas, Denver, Houston, Miami, New ork, Los Angeles, Phoenix, San Francisco and Seattle.
TABLE I.
Airport
Atlanta (KATL)
Chicago (KORD)
Los Angeles (KLAX)
Dallas (KDFW)
Denver (KDEN)

Top-Five US Airports 2017 [3].
A g. Dai y
Mo ement
2,409
2,375
1,918
1,793
1,596
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Figure 2: US Domestic Flight & Delay Statistics. [3]

Figure 3: US Flight Densities. [4]

The network manager in the US is the ATC System Command Center (ATCSCC) located
outside Washington DC, which flows strategic TMIs down to twenty air route traffic control
centers (ARTCCs, or “centers”) shown in Figure 4, all operated by the Federal Aviation
Administration (FAA).
In the US, the average flight delay (recorded only if greater than 15 mins difference between
actual and scheduled departure or arrival time) is around 12 minutes per flight, which has
remained similar over the years despite delay reduction initiatives (see Figure 2). One of the
major challenges for strategic air traffic management is that impactful aviation weather (e.g.,
summer convection, winter snow) exists in the regions of highest traffic densities, especially
the northeast corridor, as will be shown in Section III.

Figure 4: Air Route Traffic Control Center/ATCSCC Map.

The FAA has recently embraced the Plan, Execute, Review, Train, Improve (PERTI) paradigm
as the operating model for strategic Air Traffic Management (ATM) decision-making. It
provides a best practice framework for a formal, holistic collaborative decision-making process
for stakeholders as follows:
Plan 1-3 days ahead for a given event, such as determining which subset of TMIs might be
appropriate given the long-range weather and demand forecasts and prior experience.
Execute refined plans that build from the prior step based on updated demand, capacity and
other relevant information available on and during the operational day.
Review the effectiveness of the ATM decisions through a formal process in the immediate
aftermath of an event in order to identify good and bad plan elements and lessons learned
with relevant stakeholders while the institutional memory of the event is still fresh.
Train to promote identified best practices and eliminate less effective strategies with
appropriate ATM and airline personnel in a formal setting each year (e.g., at the end of the
convective weather season).
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Improve system outcomes in a continual fashion using the steps above, requiring the
definition and tracking of appropriate operational performance metrics from year to year.
ATFM decision support technologies that map to and support the execution of the different
PERTI phases are likely to be most impactful in the US system in the future.
2.2

Europe

The European ATM network is characterized by a higher number of acting stakeholders
compared to other regions, comprising 43 national states with a total of 68 air traffic control
centers. In 2017, on average there were approximately 30,000 flights per day carrying 3.49
million passengers between 530 airports. Over the year, 10.6 million flights were completed
representing an increase in traffic of 4.4% compared to previous years. The top five airports in
terms of Instrument Flight Rules (IFR) movements are given in TABLE II. Figure 5 shows
their locations along with the major ATC regions and air routes.
TABLE II.

Top-five European airports 2017 (IFR movements)

Airport
Amsterdam Schiphol
Paris Charles-de-Gaulle
London Heathrow
Frankfurt/Main
Istanbul Ataturk

A g. Dai y Mo ement
1393
1322
1304
1303
1236

de ta ref. 2 16
3.9
1.0
0.5
3.0
-0.6

The European ATM network (EATMN) is managed by ANSPs locally and the Network
Manager Operations Center regionally. The latter is operated by Eurocontrol and executes the
ATM network management functions for the European Commission. It is located in Brussels
and in Br tigny-sur-Orge near Paris and addresses network performance issues on all planning
levels. Its priority is to foster pan-European collaborative network operations. In addition to
route network design, its functional responsibilities lie in the central allocation of frequencies,
the coordination of beacon code allocation and the execution of the ATFM function.

Figure 5: European Route Network Map.

2.3

Figure 6: Australian Flight Densities.

Austra ia

The Australian ATM Network, like the US, comprises of a single state (although in the US,
some Canadian airports participate in TMIs to control flow into US airports) with operations
managed by Airservices Australia. The airspace assigned by the International Civil Aviation
Organization (ICAO) to Australia covers 11% of the earth’s surface, divided into two Flight
Information Regions (FIRs) controlled from two major centers as shown in Figure 6. The
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Melbourne FIR ( MMM) covers the southern part of the Australian continent and large parts
of the Indian and South Pacific Oceans, the Brisbane FIR ( BBB) covers the northern part of
the Australian continent and half of the Tasman Sea (with the other half administered by New
Zealand).
Due to vast travel distances and population concentration to only a few metropolitan areas, air
transportation is the major form of inter-city travel in Australia, with approximately 1.4 million
flights and 156 million passengers per year. While these numbers are a lot lower compared to
the US and Europe, relative to Australia’s smaller population, it represents an air transportation
system roughly twice the size per capita. Despite its large airspace, the Australian ATM
Network has a unique characteristic in that a relatively high proportion of air traffic occurs
between just three major airports within a relatively short flying time: Sydney, Melbourne and
Brisbane, often referred to as “The Triangle”. Approximately 30% of the flights from these
three airports departs towards the other two. These three city pairs are in the top 15 busiest city
pairs in the world (by aircraft movement), with a flight taking off between Sydney and
Melbourne (and vice versa) approximately every 10 minutes during peak hours.
TABLE III.

Top-four Australian airports 2017 (IFR movements)
Airport
Sydney ( SS )
Melbourne ( MML)
Brisbane ( BBN)
Perth ( PPH)

A g. Dai y Mo ement
953
662
588
357

Due to runway configurations and constraints on airport layout, particularly Melbourne and
Sydney airport can experience large fluctuations in declared capacity. Even in visual conditions,
wind can have a significant impact on capacity dropping the maximum arrival rates from 50
and 40 for dual runway operations, to 23 and 22 for single runway operations at Sydney and
Melbourne respectively, essentially halving the available capacity. Demand and capacity
challenges in the Australian ATM Network therefore generally originate from capacity
reductions at any of three major airports, which quickly propagate to the other two and affect
the flow of traffic in and out of The Triangle. The Airservices Network Coordination Centre
(NCC) in Canberra manages the day-to-day demand for Australia’s airspace and airports in
close collaboration with all relevant stakeholders.
3

STRATEGIC ATM COMPARISONS

3.1

United States of America

As discussed in Section II, large-scale Air Traffic Management in the USA is primarily
managed at the ATCSCC which monitors demand-capacity imbalances at various resources in
the National Airspace System (NAS) and implements and/or approves TMIs [5][6][7]. In order
of growing restrictiveness, US TMIs are:
1. Altitudes (Tunneling and Capping) are utilized to segregate different traffic flows in
order to increase overall capacity. Tunneling refers to descending traffic prior to the
normal descent point, capping to the fact that aircraft will be cleared to an altitude lower
than their requested altitude.
2. Miles-In-Trail (MIT) restrictions are used to space flights based on distance to control
the arrival rate into a region or fix. MIT are used in increments of five nautical miles. A
MIT of 15 miles means that each aircraft within the flow in a jet route must maintain a
distance of at least 15 miles with the aircraft in front of it. MIT restrictions are usually
placed at the boundaries of sectors or centers to control the incoming flow.
3. MINutes-In-Trail (MINIT), similar to MIT but the restriction is enforced by time, they
are usually used in non-radar environments.
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4. Fix Balancing refers to assigning an arriving or departing flight to a fix other than the
one filed in the flight plan to redistribute demand.
5. Airborne Holding is applied when flights need to be delayed temporarily from entering
a downstream region and the operating environment supports it. Usually, it is used when
the capacity constraint causing it is expected to improve shortly.
6. Sequencing programs can affect flights from multiple airports and are designed to
achieve a specified interval between flights at some fix. They include:
Departure Sequencing Program (DSP) assigns a departure time to achieve a
constant flow of traffic over a common point. Normally, this involves
departures from multiple airports.
o En-route Sequencing Program (ESP) assigns a departure time that will facilitate
integration in the en-route stream.

o

o Arrival Sequencing Program (ASP) assigns fix-crossing times to aircraft
destined to the same airport.
o Time-Based Metering (TBM) assigns metering point (or arcs) scheduled crossing
times while aircraft are airborne. Controllers provide advisories (either lateral,
vertical, or speed) to aircraft metering to meet the scheduled time of arrival at the
designated meter point (or arc).
7. Reroutes assign routing to traffic flows of multiple aircraft to routes other than their filed
flight plan in order to avoid regions expected to be constrained by either adverse weather
or congestion.
8. Ground Delay Programs (GDP) impose arrival slots to pre-departure flights destined to
an airport with restricted capacity. Each flight is assigned an Expected Departure
Clearance Time (EDCT), which ensure the ability of the destination airport to accept the
delayed flights. Each aircraft estimated to arrive during the GDP time horizon is assigned
to an arrival slot or Controlled Time of Arrival (CTA). From the CTA, the EDCT is
calculated by subtracting the estimated flying time. A GDP usually reflects the
deterioration in airport conditions that affect the Airport Acceptance Rate (AAR). The
GDP is used to bring the predicted demand at the airport within the declared AAR.
9. Airspace Flow Programs (AFPs) are similar to GDP but applied to entry times to Flow
Constrained Areas (FCAs) in the en-route environment. There are standard FCA regions
used in the NAS or they can be constructed by drawing boundaries on the map around
congested areas. Each boundary has an associated acceptance rate that impacts the entry
time of the flights predicted to fly through those boundaries. Each flight scheduled to
traverse the AFP boundaries is assigned an EDCT to ensure that the flow rate is
controlled.
10. Ground Stops are the ultimate TMI where all the flights destined to the affected airport
have to remain on the ground until the TMI is lifted. A Ground Stop is usually a shortlived, tactical control applied to mitigate highly unpredictable and disruptive events,
such as convective weather.
Geographically, TMIs can impact a single airport (GDP or Ground Stop) or multiple centers
(such as Reroutes or FCAs). Moreover, depending on the length of the restriction, they can
require coordination between multiple centers and eventually with the ATCSCC. For example,
if a 10 MIT restriction is necessary, the requesting facility has to coordinate only with the
providing facility. If instead, a 25 MIT or greater is necessary, the requesting facility has to
coordinate with the ATCSCC for approval immediately because it would likely impact multiple
upstream facilities.
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TMI Usage and Impact

As described above, TMIs are implemented at a national level by the ATCSCC and at a regional
level by TMUs at ARTCC, Terminal Radar Approach Control (TRACON) and Towers. All of
them are recorded into the National Traffic Management Log (NTML) [8]. This database was
used to identify the distribution of TMIs in the USA in 2017 presented in this section and Figure
.

Figure 7: Summary of TMI in the US Applied in 2017.

For each TMI, the number of entries in NTML were counted . The most used TMIs in the US
in 2017 were Miles-in-trail (72%) and Ground Stops (9%). In 2017, GDPs (4%) were less
frequent than Ground Stops, showing that when measures were taken to limit traffic flows into
an airport due to reduced AARs, it might have been too late. Alternatively, the AAR might have
been set incorrectly, underestimating the impact of the capacity shortage. The non-negligible
use of Metering (7%) shows that Traffic Managers are willing to use more advanced, timebased approaches, to control flows at metering points envisioned by the trajectory-based
operations paradigm [9]. Less frequent TMIs are Holding (2%), Reroutes (1%) and AFPs
( 1%). All the other TMIs combined are used less than 1% of the times.

Figure 8: TMI Distribution and Planning Horizon in US in 2017.

Although this approach is coarse, it represents a good first order approximation to the frequency of TMIs.
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Figure 8 presents the same data of Figure but mapping them to an approximate planning
horizon scale. It is clear that relatively short planning horizon tactical TMIs, such as Ground
Stop (GS), MIT and GDPs, are more heavily used than longer planning horizon strategic ones,
such as Reroutes or AFPs (combined in Figure 8). This is also due to the fact that, strategic
TMIs are implemented only by the ATCSCC, whereas MIT can be applied by any Traffic
Management Unit (TMU) in facilities across the US.

Figure 9: Ground Stops in US in 2017
by ARTCC.

Figure 10: Ground Delay Program Distribution at Major
US Airports.

Ground Stops are the TMI of last resort when other initiatives have failed to manage demand
in a more surgical manner. Figure 9 shows the distribution of Ground Stops by center in 2017.
It is seen that 43% affected flight going to airports in the Northeast in Washington (ZDC), New
ork (ZN ) and Boston (ZBW) centers. On the other hand, the impact of Ground Stops, is also
spread across the NAS as 57% of the flights affected, were traveling to the remaining ARTCCs.
Figure 10 presents the distribution of the number of Ground Delay Programs due to weather
among major US airports and a breakdown of their causes. Five of the top six airports in terms
of GDP exist within the northeast corridor. Wind, low ceilings and thunderstorms are the most
frequent causes of GDP.
3.2

Europe

In Europe, a complicated collaborative decision-making process is applied to balance ATFM
decisions on the regional (network-wide) level with those decisions being made at the local
level. The aim is to provide all stakeholders the opportunity to influence decisions that in turn
will affect their operations in order to conduct Demand-Capacity-Balancing (DCB) activities.
The DCB process in Europe includes three sub-processes. Each can be assigned to individual
stakeholder operations and DCB-related functions: i) Airspace User Operations, ii) Airspace
Organization Management, and iii) network-oriented DCB. These processes are conducted in
an integrated process chain.
Airspace users (AU) start the process sharing their flight intentions represented by Shared
Business Trajectories (SBT) available for collaborative planning purposes. These trajectories
are subject to several validation steps during the demand-planning phase to define acceptable
airspace utilization schemes and demand patterns. SBT design may be adapted due to external
restrictions, such as airspace management (ASM), slot allocation, and target-time management
(TTM). Subsequent AU-internal initiatives are mainly represented by prioritization of specific
flights to stabilize fleet operations. The final form of the SBT becomes the Reference Business
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Trajectory (RBT). Airspace Organization and Management constitutes the implementation and
the refinement of possible airspace configurations on the one hand and refinements of route
network usage rules on the other hand. An airspace capacity plan including all activated
airspaces is updated regularly and is then forwarded to the DCB core-process.
The DCB process constitutes the identification of local demand-capacity-imbalances and the
appropriate selection of DCB measures. The process itself is executed over time in four
execution phases [10]: i) The strategic phase covers at least 6 months before the day of operation
and includes flight plan processing and predictable imbalances. In this phase, network
bottlenecks are identified within the EATMN. ii) The pre-tactical phase applied during the six
days before the day of operation allocates a range of medium-term DCB measures like routing
scenarios according to capacity regulations [11]. iii) The tactical phase conducted repeatedly
throughout the day of operation is characterized by regular demand (traffic count) updates for
individually defined traffic flows and DCB solution implementation together with
corresponding network impact estimates. This phase is characterized by the application of preflight slot allocation in assigning departure slots of calculated take-off times (CTOT). This is
similar to GDP in US and Australia. These slots are designed to be in line with maximum
demand rates along the planned trajectory en-route and at the destination airport. Finally, the
ad-hoc phase iv) involves collaborative activities between all main actors (Network Manager,
ANSPs, AUs and airports) to stabilize traffic flows in order to meet specific target times of
departure or arrival at congested network segments such as airports. The application of Traffic
Flow Management (TFM) measures (TMIs in the US) in daily operations is based on local and
regional network operational planning. Thereby, sequencing based on (extended)
arrival/departure management (AMAN/DMAN) support is applied plus extended sequencing
accounting for constraints of ground-based airport infrastructure.
The Network Manager (NM) is a facilitator of local decisions and therefore needs to integrate
these decisions (pre-) tactically into the collaborative decision-making process. This constitutes
the basic motivation for the generation of the daily plan, which is drafted two days prior to the
operational day and is further revised one day prior. Flow Management Positions (FMPs) can
disagree to pre-tactical solutions or provide alternatives. These solutions contain measures like
re-routing and level-capping. The negotiated plan results in the Initial Network Plan (INP) from
which the daily plan is generated for tactical operations.
Tactically, rolling over time, network-based ATFM measures are applied to be able to facilitate
trajectory-adaptations as a reaction on short-term hard to predict capacity shortfalls (e.g.
weather). One measure is departure slot allocation conducted by the NM. This measure can be
applied until two hours before. Apart from tactical slot allocation, short-term flight routing is
applied to avoid large delays and entries into capacity violated traffic volumes. In this case,
alternative lateral flight profiles are proposed by the NM, which need to be confirmed from the
corresponding AU.
The overall objective of the integrated DCB-process is the seamless implementation of DCB
solutions to network capacity shortfalls [11]. Three sub-goals of the DCB-process can be
described as:
1. Optimal utilization of available capacities:
a. Sector management: adaptation of airspace configurations according to predicted traffic
patterns plays a central role prior to trajectory-related DCB measures. The aim is to adapt
the configuration of sectors through the staffing of active controller working positions
and therefore adjusting individual sector capacity.
b. Reduce traffic complexity: the resulting complexity of the total number of impacting
trajectories within one airspace may increase according to their temporal and local
distribution. Pre-tactical separation management and other flight-plan processing
initiatives may reduce the level of complexity. However, external factors that can affect
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the complexity of the network, such as convective weather, are handled on a short-term
basis.
c. Negotiate extra capacity: monitoring values related to demand prediction are applied to
estimate upcoming traffic patterns to be able to adapt capacity values according to (pre)
tactical needs. Generally, this is performed at the local level and in collaboration with
active controllers and the local FMP as an interface between local and regional network
operations. The decision is also based on actual occupancy counts of the controlled
airspaces and arrival/departure rates at airports.
Other measures to optimize network capacities are flight list assessments, which
represents the constant evaluation of the predicted workload for each sector. Lastly,
utilization of holding patterns and balancing of arrival/departure capacities are also used.
2. Utilize other available capacities:
a. Rerouting: rerouting scenarios can either be applied to individual flights or to traffic
flows. They are applied pre-tactically and tactically, whereas the NM proposes individual
alternative routes in case of a high risk of ATFM delay assignment. These alternative
routes avoid defined areas with delay-inducing demand-capacity imbalances imposing
the potential costs of route extensions. Therefore, AUs may reject route proposals based
on internal flight prioritization needs and cost structures.
b. Flight-level management: the assignment of flight-levels on specific trajectory segments
is comparable to lateral route assignments in order to lower traffic demand on flight
levels with critical imbalances.
3. Regulate demand:
a. Regulation: a capacity restriction for a defined period of time and traffic volume imposes
constraints to traffic (flows) being assigned to this regulation. It is generally proposed in
collaboration between FMP and NM, whereas the decision for implementation or
cancellation and ownership is with the FMP. Regulations may be implemented pretactically and tactically with a given regulation reason in order to provide transparency.
b.Local (FMP) Air Traffic Flow and Capacity Measures (ATFCM): local measures are
intended to maximize available capacity. They comprise internal routing and FL-capping
as well as Minimum Departure Intervals (MDI) and Miles-In-Trail (MIT). MDIs are
coordinated between ATC area control centers (ACCs), FMPs and adjacent airports, and
do not alleviate the adherence requirements of estimated off-block time (EOBT) and
calculated take-off time (CTOT) representing the ATFM departure slot. MIT are basically
comparable with application rules in the US and are coordinated between adjacent sectors
in an ACC and adjacent ACCs.
There are additional DCB measures, especially dependent on local procedures around airports,
such as airborne holding, sub-rate definitions and capacity protections. The majority of active
and planned measures as well as airspace configurations and additional data to support
collaborative network operations are published via the Network Operations Portal (NOP) to
which each operating actor has access.
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TMI Usage & Impact

The following figures provide information on ATFM impact related to the number of ATFM
restricted flights, regulation types at airports and delay throughout the year 2017. Figure 11
provides daily demand for each day of 2017 and the number of regulated flights. Average daily
demand rates in the middle of the year during the summer period exceed demand rates during
winter by a couple of thousand flights per day. The main traffic flows during summer take place
between central Europe to Greece, Turkey and the Balearic Islands, whereas during winter
airports located near or in the Alps are heavily utilized.

Figure 11: European Daily Demand & Regulated
Flights in 2017.

Figure 12: European Airport Regulation Share
in 2017.

Figure 12 provides the share of different regulation reasons at coordinated European airports.
The main reason for ATFM regulations at airports is aerodrome capacity. Weather is related to
this and represents another important reason for aerodrome regulation.
Figure 13 provides ATFM delay statistics for 2017, where total delay, mean delay and the
number of delayed flights per day are provided. During winter months, the mean delay per flight
is higher, up to about 30 minutes per flight, which is due to de-icing and weather impact at
airports. Total delay during summer rises due to higher flight counts throughout the day. This
also causes more flights to be impacted by regulations.

Figure13: European ATFM Delay Statistics in 2017.
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Austra ia

The role of the NCC is similar to that of the Network Manager in Europe but very different to
the ATC System Command Center in the US. Operational control authority remains with the
terminal control units and en-route centers; the role of the NCC is to coordinate collaborative
decision making between the different stakeholders and ensure that the right decision makers
have the right information at the right time.
1)
Common TMIs used
Due to the different traffic characteristic in comparison to the US and Europe, a more limited
set of TMIs are commonly used in Australia, namely:
1. Ground Delay Programs are the most common TMIs as demand and capacity balancing
challenges generally relate to airport capacity. GDPs are used on a daily basis and
planned one day in advance as will be discussed next.
2. Airborne holding is used to balance the tactical arrival demand against actual runway
capacity through the use of an arrival management (AMAN) system. In case of
significant increases in airborne delay, a common practice is to revise an active GDP.
3. Departure spacing/sequencing can be applied tactically if convective weather is
impacting en-route airspace on The Triangle, or to regulate flows between certain city
pairs to relieve pressure on en-route sectors.
4. Ground Stops are used in situations where conditions have deteriorated rapidly, and flow
of traffic needs to be stopped immediately.
Australia has a mature implementation of Collaborative Decision Making (CDM) between
ATC and the major domestic airlines to mitigate the impact of disruptions across the
Australian ATM Network. In principle, therefore TMIs are preferred that provide a high level
of predictability and airline collaboration like the GDP.
2)
Pre-tactical ATFM Daily Plan
Planning for the GDP occurs the day prior to operations to provide airlines early notice of any
constraints that may be present for the day of operations through the publication of the ATFM
Daily Plan. This allows the airlines to take actions to mitigate any likely delays and start
informing their passengers prior to them departing for the airport.
As the first step in this planning process, airlines send their flight schedules to the NCC the day
prior to operations to inform of the demand for the following day. At most major airports a form
of schedule coordination occurs preventing more flights from being scheduled than the airport
can accept in nominal Visual Meteorological Conditions (VMC) conditions.
In the second step, the NCC establishes available capacity through a collaborative process with
major domestic airlines and the Australian Bureau of Meteorology, in a process referred to as
Meteorological Collaborative Decision Making (MET-CDM). The major aim of the METCDM process is to assess any weather risks that may affect capacity of the network and mitigate
operational impact. As previously explained, capacity at Australia’s major airports is very
sensitive to weather. With flights concentrated in The Triangle, adverse weather at one of the
airports can ripple through the Network and impact airline businesses.
In the third step, the NCC publishes a GDP to balance the demand with the available capacity,
as established in the first two steps. Sometimes the available capacity can be reduced to such
an extent, that airlines make the decision to cancel some of their flights. Flight cancellations are
careful commercial and logistic considerations by airlines, outside of the control and influence
of Airservices. Often airlines will try to combine flights on the busy triangle to get passengers
to their destination with as little disruption as possible.
Through the application of CDM, all stakeholders have a buy-in to the decisions made to
mitigate against disruptions. Being too conservative can mean under-delivery due to high GDP
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delays and potential cancellations, while being too optimistic leads to over-delivery of demand
causing airborne delays and potential disruptive GDP revisions as en-route sectors and tactical
arrivals management (AMAN) cannot safely deal with the high demand.
3)
GDP Revisions
Throughout the day of operations, the NCC monitors the ATM Network and collaboratively
works with the major domestic airlines to update GDPs when required. As the original GDPs
are set up the evening prior (to provide predictability of slot assignment), revisions of the GDP
during the day of operations can occur as conditions may change:
A Level 1 GDP revision is a standard revision for when conditions have changed and the
planned arrival rates need to be amended, flights with a departure slot within 30 minutes
of the revision time are not subject to updated GDP slots.
A Level 2 GDP revision is used when circumstances are deteriorating rapidly and/or
airborne holding is unsustainable, flights that have not yet pushed from the gate need to
comply with updated GDP slots.
A Level 3 GDP revision is used when an arrival airport is unable to accept any flights for
a period of time, and as result significant airborne holding and airspace congestion is
occurring in en-route airspace (for example due to runway/pavement failures or storms
overhead); all flights not-yet departed need to comply with updated GDP slots (including
flights that are taxiing for departure).
Due to the concentration of traffic on a few city pairs, GDP revisions are an effective means to
capture sufficient traffic and manage unforecasted capacity and demand imbalances. However,
GDP revisions have significant impact on airline operations; the use of GDP revisions over
more tactical TMIs is therefore a trade-off between operational risk management and service
delivery.
4)
Development
The introduction of parallel runways at Brisbane (2020) and Melbourne (2023) and a second
Sydney Airport (2026) will see strong capacity growth capable of accommodating future
demand. The introduction of this additional capacity will likely see a focus shift for ATM
Network Management from airports to airspace. This combined with a strong growth in
international traffic, will see the current application of GDPs to domestic flights become a less
effective means to balance capacity and demand. Given the size of its airspace, Australia is
therefore investigating the application of Long Range ATFM (LR-ATFM) where international
flights are slowed down to meet a time several hours from arrival. A small change in cruise
speed over several hours will negate the requirement for inefficient holding closer to the
destination.
Further, the introduction of a networked Airport CDM solution across Australia’s major airports
(2019/2020) will provide additional network control levers in the form of surface management
(SMAN) and departure management (DMAN).
The ultimate aim is to provide a CDM approach to ATM Network Management where different
controls (i.e. TMIs) are enacted to unlock latent system capacity in terms of airspace, runways
and gate infrastructure as shown in Figure 14.
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Figure14: LR-ATFM and A-CDM System of Controls in Australia.

4
4.1

DISCUSSION
Simi arities between systems and ATM initiati es

It is clear from the previous sections that the ATFM systems of the United States, Europe and
Australia are very different. Local geography, regulatory environment and network distribution
present few similarities. Nonetheless, all three have developed well-defined ATFM procedures
and, to some extent, philosophical approaches to it.
Common TMIs are used in all three systems as the basic tools to manage demand/capacity
imbalances but are applied differently. An interesting similarity is the presence of “hot spots”
for air traffic: the northeast corridor in US, The Triangle in Australia, and the quadrilateral area
created by the first four busiest airport in EU: Amsterdam, Paris, London and Frankfurt. In all
three systems, these hot spots generate a large share of the traffic but also of the delays, which
then propagate through the wider system. All three systems embrace some form of CDM
concept, however practical implementations are different.
4.2

Differences between systems and ATM initiati es

A fundamental difference between the three ATM systems is where the bottlenecks are located,
which occur in the en-route airspace in Europe, compared to at airports in US and Australia.
This is partly caused by the regulatory environment, in Europe where many busy airports have
some level of slot control. In the US this practice is very limited to a handful of airports. On the
other hand, European airspace is characterized by very limited route flexibility [12]. This is
caused by multiple concurring factors: first, the European airspace is constrained by multiple
military airspaces that, when active, limit the actual usable airspace. Second, reroutes can cause
traffic to shift from one Air Navigation Service Provider (ANSP) to another. This causes an
additional level of negotiation that does not exist in US or Australia. ANSPs sometimes can be
reluctant to take the additional workload, unless the shift is perceived to be absolutely
necessary, for example due to weather conditions. This is the reason why at the Network
Manager there is a representative of each ANSP, therefore also increasing the overall number
of staff but also the complexity of the CDM process compared to the other two systems.
Europe’s CDM basically has an additional layer of coordination and negotiation necessary.
As shown in Section III, there is also a difference in the philosophical approach to ATFM, with
more proactive approaches in Europe and Australia (24-48 h in advance) compared to the US.
Historically the US ATFM technique has been more reactive, with TMI plans being developed
at the start of each day. However, it is interesting to note that the recent PERTI initiative in the
US is evolving ATFM decision making closer to the European and Australian approach with
more formal longer look-ahead ATFM planning. Moreover, section 3.2 described the very
granular process where Eurocontrol evaluates flight plans up to six month in advance and has
the authority to suggest flight schedule modifications to airlines. This seldom happens in US.
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Although, the focus of this paper is not on the CDM process per se, it should be noted that the
three systems present some significant differences in this aspect as well. Generally, in EU and
Australia the CDM process is very significant. Especially in Australia, facilitated by the limited
number of major airlines, there is a constant effort by the ANSP to have airline buy-in to setting
airport acceptance rates and accept associated (service) risks. Similarly, the role of the network
manager in Australia and Europe is more of a facilitator and coordinator than of a decision
maker. Decisions about TMIs are made at the two centers in Australia and by the local (national)
centers in Europe. This is partly true in the US as well, but it depends more on the type of TMIs.
Large scale reroutes and AFPs are decided at the ATCSCC and flowed down to the airlines,
whereas MIT, GDP and GS rates are set in a more collaborative way, often involving the
ATCSCC, centers and airlines converging on a plan through the two-hourly strategic planning
telcon (SPT) process. Lastly, due to the additional layer of stakeholders involved, Europe’s
CDM is by far the most complex and staff-intensive.
4.3

Recommendations for High Va ue Additiona Ana yses

The ATFM systems studied in this paper are presented separately, but air transportation is a
global system. A natural follow-up to this paper, would be the study of how the three ATFM
systems are interconnected and how TMIs applied into one affect the other, for example for
GDPs. Although, the impact of the exemption radius for GDP has been studied [13][14] airportspecific TMIs (GDP, GS) do not affect international flights. A flight from Rome to Boston, is
not affected by a GDP in place at Boston. This practice often penalizes regional traffic
compared to international. A study on the benefits of an “international” ATFM that could
encompass all three systems in a more integrated manner would be very valuable. This study
could potentially look at very strategic controls, such as long range speed control [15] and CTA
[16], that can be more easily managed in an integrated fashion.
Lastly, significant differences in the CDM approaches have been shortly described in this paper,
but a specific study that compares CDM practices across US, Australia and Europe could
provide more insight and valuable lesson learned on how to improve from other region’s
experiences.
5

SUMMARY

Comparison of the three different ATFM environments of the US, EU and Australia has
demonstrated that the type of TMIs applied is very much dependent on the core capacity
problem (airport and/or airspace). In addition, depending on the characteristics of the traffic
flows (concentrated to few city pairs or dispersed, domestic or international) there is an
opportunity to apply more strategic TMIs allowing for CDM with major stakeholders, though
this requires a high level of maturity by both ATC and airlines.
Each of the investigated ATM Networks have their strengths and weaknesses; there does not
exist a one-size-fits-all approach. Other regions aspiring to develop a Network Management
function should study these different networks to assess which approach suits best their unique
operating environment. There are also opportunities for the US, European and Australian
ATFM participants to learn from each other in terms of what techniques employed in one of
the other systems could be adapted for their usage.
6
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ABSTRACT
Recognizing that the General Aviation will play a growing role in the development of
transportation of people in the coming decades, the GRADE project aims at demonstrating
that the exploitation of the GNSS technology could allow GA aircraft to perform advanced
precision approach procedures thus facilitating their integration with commercial aviation
and improving current airport operations. In particular, based on SBAS and GBAS
technologies, affordable avionics equipment are tested in the GRADE project to support the
execution of approach paths to runways that use radius-to-fix and continuous descent
procedures. The project plans to achieve its aim by carrying out real-time simulations with
human (pilots and air traffic controllers) and hardware in the loop, and by carrying out flight
trials using a suitable equipped experimental aircraft. The paper will discuss the results
achieved in the already performed real-time simulations, together with details about the
performed procedures, the technological solutions and the real-time test facility used for the
tests carried out so far. The preliminarily analysis confirms that the proposed solutions for
GA will positively impact airport capacity and environmental friendliness of air transport in
Europe, without negatively affecting safety and human performance.
Keywords: general aviation, GNSS-based Navigation, TMA operations, Human-in-the-Loop
simulation
1

INTRODUCTION

General Aviation (GA) aircraft will play a growing role for the coming decades in the
transportation of people and goods across Europe (private and business travels, commercial
on demand transport) and in other wide range of uses (leisure, sport, training, law
enforcement, fire-fighting, medical services, agriculture, parcel service, aerial wor and
others). The integration of these aircraft into airspace used by Commercial Aviation is a tough
challenge and is one of the topics recognized in the SESAR research initiatives 1 , especially
for what concerns the operations close to the airports in the terminal phase of the flight. In
fact, GA aircraft usually have a basic on board equipment and often fly according to visual
flight rules, performing non-precision approaches (NPA) that ta e long runway occupancy
times and require large spacing between arriving aircraft affecting significantly the operations
of the other airspace users. The exploitation during the approach phase of navigation solutions
based on the Global Navigation Satellite System (GNSS) technology could allow GA aircraft
to overcome the above listed limitations and, consequently, it could facilitate the integration
of such aircraft in an efficient and non-discriminatory manner with the faster and betterequipped commercial aircraft into the terminal manoeuvring area (TMA). Indeed, GNSS
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based navigation enables GA aircraft to perform Localizer Performance with ertical
guidance (LP ), Radius to Fix (RF) curved legs and continuous descent approach procedures.
These procedures are characterized by:
geometrical vertical guidance, more accurate positioning of the aircraft and increased
predictability of its behaviour, thus improving safety and reducing arrival aircraft spacing
reduced approach minima with respect to conventional NPA procedures, that improve
airport accessibility and enable successful approaches also in bad weather conditions that
may otherwise cause a disruption event, such as delay, diversion or cancellation
flexibility in procedure design, allowing shorter approach paths that result in fuel savings,
and may be also used for avoiding environmentally sensitive areas (e.g. populated areas
with noise restrictions).
The above considerations led to the definition of SESAR Solutions 51 2 , 55
(which
exploit S AS GNSS technologies for the initial and intermediate approach segments and the
final approach segment, respectively) and Solution 10 4 (which enables precision
approach Category II III procedures relying on G AS GNSS signals). These SESAR
Solutions were developed and validated on commercial aircraft. Their validation for GA
aircraft, equipped with affordable instrumentations, are yet to be performed as well as proving
the deriving benefits. As a matter of fact, the GRADE pro ect 5 , a SESAR 2020 ery Large
Scale Demonstration pro ect, aims at addressing this topic and this paper will present some of
its preliminary results.
Specifically, this paper will present the results of test campaigns aimed at demonstrating the
applicability of S AS G AS GNSS technologies for the initial and intermediate approach
segments and final approach segment to General Aviation aircraft, performed through realtime simulations (RTS) with human (professional pilots and air traffic controllers) and
hardware in the loop. The results presented in the paper include the evaluation of several ey
performance indicators extracted from the real-time simulation data for capacity, punctuality
and pilot and controller acceptability of tested procedures and HMIs. The performed
procedures, the technological solutions and the real-time test facility used for the tests carried
out are also described in detail in the paper, in order to provide proof of soundness of the
results achieved. This preliminarily analysis confirms that the implementation of GNSS based
solutions to GA will contribute to positively impact airport capacity and environmental
friendliness of air transport in Europe, without negatively affecting safety and human
performance, thus contributing to the achievement of the European Flightpath2050 goals.
2

OPERATIONAL SCENARIOS AND PERFORMANCE METRICS

To fully analyse the feasibility of the proposed solutions, specific perational Scenarios have
been defined for the tests. These scenarios reflect as much as possible the general
characteristics of operations, as discussed and depicted in Section 1. In our study, a total of
different scenarios have been built and simulated, as resulting from the various combination
of a number of relevant factors and parameters characterizing the scenarios themselves. The
airport considered for the RTS and for the in-flight tests to come, is the Capua airport, (ICA
code LIAU) with four possible RNA approach procedures (R
08N R
08S and
R
26N R
26S). These approach procedures have been used for the simulated IFR
traffic. n the contrary four specific GNSS curved and continuous descent procedures
(GNSS08Nb, GNSS08Nc, GNSS26Na, GNSS26Nb) have been defined for the GA aircraft
equipped for precise approach operations. In Figure 1, one of such procedures is reported, as
an example, identified as GNSS08Nc procedure.
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Figure 1: Horizontal and ertical profile of GNSS R

08Nc approach procedure for LIAU.

Furthermore, a number of conditions, which significantly affect the procedures execution,
have been changed to differentiate operational scenarios.
Table 1 reports all the parameters considered and the values they could assume in defining the
diverse simulation settings.
GA Pilot Mode a) automatic (with throttle manually controlled)
b) manual with Flight Director
c) manual with Tunnel in the S y

IFR Traffic Density in TMA a) medium

b) medium-high

Wind a) absent,

b) wind speed 10 ts, wind direction 0 deg

Visibility a) visibility extent to

b) visibility extent to 200 ft

GNSS Failure Mode a) nominal condition

b) Satellite Fail mode
c) Iono Fail mode
d) Navigation lost mode

Table 1: Possible Mission Settings for the real-time simulations.

Feasibility of the proposed solutions within these operational scenarios are then measured in
terms of technical, operational and human performance. Real-time simulation exercises (and
future flight trials) allow the analysis and evaluation of a number of performance indicators
that can be mapped to several ey Performance Areas of the SESAR2020 Performance
Framewor 6
. Specifically, it was estimated that the impacted PAs for these inds of
operations are those reported in Table 2. uantification of the expected performance progress
in all of these PAs is carried out through the introduction of quantitative metrics that ma e
use of data collected (or inferred) from the observation of the real-time simulation exercises.
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Safety Impact on this PA is assessed by demonstrating that LP in terminal
operations and G AS-based precision approach allow improving the navigation
accuracy of GA. The performance metric used to quantify the impact on this
area is the measurement of the Total System Error (TSE).
Capacity This PA is assessed through the evaluation of airport arrival throughput.
Cost- Impact on this area can be assessed considering the number of aircraft managed
efficiency by the ATC in a considered time period. Since in the RTS only one controller
managed the arriving aircraft for each exercise session, the arrival throughput is
considered as an indirect performance metric for cost-efficiency.
Environment Impact on this PA is assessed by evaluating noise reduction and average fuel
consumption for both the RNA approach and the GNSS approach.
Equity This PA can be seen as the capability of giving equal treatment to all airspace
users. This is evaluated by verifying that the proposed solution gives access to
GA without penalizing the nominal access of the commercial traffic.
Human This PA is evaluated through the assessment of the acceptability of the tested
Performance procedures and HMIs from the point of view of both pilots and controllers.

Table 2: Impacted PAs and related performance metrics.
3

REAL-TIME SIMULATION

The operational scenarios discussed in the previous section were accurately modelled and
implemented in a detailed and realistic simulated environment that allowed the execution of
the tests and the collection of quantitative data.
3.1

Simulation Facility

Real-time simulations have been carried out ta ing advantage of the Integrated Simulation
Facility (ISF), an experimental simulation infrastructure developed at the Italian Aerospace
Research Centre (CIRA) 8 . The ISF interconnects several simulation modules and allows to
carry out research activities in a variety of realistic operational scenarios. The simulation
facility allows the development and validation of prototypical hardware and or software in
support of the full integration of RPAS and General Aviation in the future ATM system.
All of the simulation modules are connected through the ISF networ protocol, a flexible data
exchange protocol that was developed by CIRA that allows all simulation agents to
communicate in real time during all of the simulation phases (configuration, initialization and
runtime phases). As a matter of fact the ISF facility is scalable, reconfigurable and
customizable, allowing adding and or removing simulation emulation agents. If necessary, the
facility also allows the connection to simulators physically located in places other than the
CIRA laboratory.
For the purposes of the proposed test, the ISF architecture is made of 4 main modules:
General Aviation oc pit Simulator: a simulator of a coc pit of a twin-engine GA aircraft
(inclusive of out of window virtual view) used by the test pilot co-pilot to fly the approach
procedures under test. It includes a GNSS receiver emulator covering S AS, GAST-C
and GAST-D types of service in both nominal and off-nominal conditions 9 10 . This
aircraft also integrates a Navigator System connected to the AP that is able of steering
automatically the aircraft along the selected approach procedure, leaving in any case to the
pilot the full authority on the throttle command. The overall system supports the pilot in
flying the selected approach procedures in either fully Manual or Automatic mode.
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Scenario Simulator: this is a H S environment for the management of the ISF facility
scenario data, which includes an air traffic simulator, GPS constellation simulator,
weather conditions simulator inclusive of atmospheric hazards, no-fly zone simulator,
ground navigation system s (TIS- ) simulator.
Air Traffic seudo- ilot
I: a wor station that implements a complete set of functions
to command the air traffic generated by the Scenario Simulator. It is used by the pseudopilot(s) to steer the traffic according to the controllers indications.
ontroller or ing osition (
): this is an emulator of an air traffic controller
wor ing position, which includes a customized HMI prototype. It is used by the
controllers to monitor and manage the incoming traffic in the terminal area.
Additionally, some utility modules are also connected to the facility for the collection of data
useful to analyse the overall behaviour and performance of the system under test (i.e.
engineering data logging, voice communication system, audio-video recording).
Figure 2 presents the functional architecture of the ISF facility. Figure shows some of the
simulation modules.

Not required
for this test

Not
required
for this
test

Figure 2: Functional architecture of the ISF.

3.2

Simulation Approach

Two RTS sessions, each lasting one wee , have been carried out, for a total 5 GNSS
precision approach procedures completed. Several professionals have been involved for a
sound significance of the tests, namely:
2 experimental pilots, alternating in flying the virtual GA simulator
4 Air Traffic Controllers, alternating at the C P during the simulation sessions
1 ATC Supervisor
2 human factors experts, observing the pilot and the controllers behaviour and interaction
with the HMIs
2 pseudo-pilots, managing the virtual IFR traffic in the scenario according to the
controllers commands
6 engineers.
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Figure : (a) GA Coc pit Simulator (b) Controller

or ing Position (c) Pseudo-Pilot HMI.

4

PERFORMANCE ANALYSIS AND TEST CAMPIAGN RESULTS

4.1

Collected Data

The outputs of each real time simulation test are of four inds and are briefly discussed below.
Engineering data: The state information for all the aircraft involved in the simulation are
recorded on different ISF components. Table specifies the data logged for each entity.
Name
Description
TIME
Simulation time
UTC Time
UTC time in which have been registered the data
T A
ADS- message time of applicability
ENTIT
Symbolic name of the simulated aircraft
LAT
GPS latitude of the aircraft
L N
GPS longitude of the aircraft
AR ALT
Measured barometric altitude of the aircraft
GE ALT
Measured Geometric altitude of the aircraft
TRAC
Measured trac angle of the aircraft
GR UNDSPEED
Measured ground speed of the aircraft
ERTICALSPEED
Measured vertical speed of the aircraft
Table : Engineering data collected from all the aircraft involved in the RTS.

Audio- ideo Recording: both voice communication and C P and GA coc pit HMIs are
stored using a dedicated video acquisition system.
Briefing Debriefing Notes: efore and after each simulation run, a briefing session involving
pilots, controllers and engineers too place to asses test conditions and ob ectives. riefing
notes were then written by the Facility Test Manager reporting the main events and comments
made by the actors that too part to the simulation. Debriefing sessions focussed on
comprehensive discussion and explanation of feedbac provided by ATC s and Pilot, in
order to gather inputs on requirements for procedures and technical systems.
uestionnaires: The involved pilots and controllers filled post-mission questionnaires after
each simulation test and post-session questionnaires at the end of each RTS session.
These questionnaires together with the observations of the human factor experts allowed the
collection of several human factors related measures aimed at assessing:
pilot and controller wor load during the execution of tested procedures
acceptability of such procedures by pilot and controller
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situational awareness and shared situational awareness for ATC s and Pilot
usability of the pilot HMI to support the execution of the approach procedures with a
sufficient level of confidence and precision.
4.2

Data Analysis and Results

As reported in Section 2, performance metrics have been defined for the 6 impacted PAs.
Some preliminary results obtained using these performance metrics are discussed below.
Safety: The overall TSE in all of the executed approaches, was always lower than 0. NM
guaranteeing sufficient navigation performance for procedure adherence and safe
execution.
apacity: Preliminary results, still not statistically significant but nonetheless relevant to
identify qualitative trends, highlighted that the presence of the GA approaching the airport
immersed in a commercial traffic, does not change the airport throughput significantly,
especially when executing GNSS approach procedures. This is evident in both medium
and medium-high density scenarios (see Table 4 and Table 5).
Time between two consecutive landings
Mean [minutes] Standard Deviation [minutes]
2.
1.4
Only traffic
2.9
1.0
Traffic + GA using RNAV procedure
2.
0.6
Traffic + GA using GNSS procedure
Table 4: Mean time between two consecutive landings for medium density traffic.
Medium Density Traffic

Time between two consecutive landings
Mean [minutes] Standard Deviation [minutes]
1.9
0.4
Only traffic
2.5
1.5
Traffic + GA using RNAV procedure
2.
1.1
Traffic + GA using GNSS procedure
Table 5: Mean time between two consecutive landings for medium-high density traffic.
Medium-High Density Traffic

ost-Efficiency: As stated in Table 2, the PI used to assess capacity is also an indirect
measurement of the number of aircraft managed by the ATC in the considered period.
Therefore, the same considerations discussed above also apply to the cost efficiency PA.
Environment: RTS data analysis has shown that the GNSS procedures allow a reduction
of the fuel consumption than s to continuous descent (even if there is no significant range
reduction with respect to the RNA procedure). In addition, the GNSS procedure is also
beneficial for noise reduction. As a matter of fact the feasibility of the GNSS curved
procedure offers more flexibility to the design of approach procedures, thus allowing the
avoidance of noise-sensitive areas in a more efficient way.
Equity: During the RTS, ATC s observed that the inclusion of the GA following a GNSS
approach procedure did not penalize the remaining commercial traffic.
uman erformance: Exercise results demonstrate that the tested procedures do not have
negative impacts on ATC s and Pilots in normal and abnormal operating conditions and,
due to simulation technical constraints, more significant benefits can be expected in the
reality. or load and situational awareness levels were considered satisfactory and also
overall cooperation between pilot and ATC was good with no negative impact on overall
traffic management even in case of simulated technical failures. Pilot experience with the
tested HMI provided valuable design suggestions to improve the suitability of HMI in a
wider range of use cases and potential users, especially for what concerns alarms display
and cartography.



GNSS-based Solutions for GA perations
5

alumbo et al.

CONCLUSIONS

This paper presents some preliminary results of the GRADE Pro ect, as emerging from the
real-time simulation campaign, addressing the feasibility of applying to General Aviation
aircraft, equipped with affordable instrumentations, some of the GNSS based approach
procedures, already developed in the SESAR program for large commercial aircraft. The realtime simulations too advantage of the Integrated Simulation Facility (developed by CIRA)
which includes several simulation modules (including a GA virtual coc pit, an air traffic
C P, and a traffic scenario simulator) that allow to recreate a variety of realistic operational
scenarios to test and analyse the potential benefits of the proposed solutions.
Although the results collected so far are mainly qualitative, nevertheless it is possible to draw
some significant conclusions. The performance analysis on the six impacted ey Performance
Areas has shown that in real-time simulations the execution of the GNSS procedures by a GA
aircraft is feasible and acceptable by both pilots and controllers. Curved and continuous
descent approach reduces the overall environmental impact on noise and emissions. The
integration of the GA in a medium to medium-high density commercial traffic does not
degrade the arrival throughput. These results will finally be confirmed in the next phase of the
pro ect, which will include an actual flight test campaign.
6
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ABSTRACT
This paper presents a status update on the work that MIT Lincoln Laboratory is performing for
the FAA Office of Commercial Space Transportation in support of the development of the Space
Data Integrator (SDI) concept. SDI will support the FAA in managing the increasing number
of commercial space launch and reentry operations more efficiently and equitably and to
reduce the impact on commercial air traffic. Two main areas of active research related to SDI
will be presented in this paper: 1) the development of a risk analysis tool to create safe areas
of protected airspace used to segregate space operations from air traffic and, 2) the
methodology to evaluate first order benefits of a real-time Aircraft Hazard Area generation
capability to support FAA traffic managers.
Keywords: Commercial Space Operations, Benefits Analysis, Air Traffic Modeling
1

INTRODUCTION

The number of commercial space operations is increasing and is expected to continue to do so
in the future [1]. New launch and reentry sites are becoming operational increasing the potential
extent and frequency of activation of restricted Aircraft Hazard Areas (AHAs) which other
airspace users, such as commercial aircraft, need to avoid, as illustrated in Figure 1.
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Figure 1: Commercial Space & Aircraft Operations Interactions

There is also rapid evolution in the operating concepts for launch and reentry vehicle operators,
which currently include conventional rocket launch and re-entry, rocket launches with multistage fly-backs and captive carry air launched payloads. As a result of all these factors, the need
to develop tools to safely, efficiently and equitably coordinate air and space launch and reentry
operations will grow over time. This paper introduces a modeling framework designed to assess
aircraft risk from commercial space launch and reentry operations so that suitable decision
support tools can be developed for the Federal Aviation Administration (FAA) in their
management of airspace. As a result of all these factors, the need to develop tools to assist air
traffic managers to safely, efficiently and equitably coordinate air and space launch and reentry
operations will grow over time. In the United States, the Federal Aviation Administration is
developing the Space Data Integrator (SDI) which will integrate real-time data from
commercial space launch and reentry vehicles and will ultimately facilitate decision support to
help set AHAs and manage air traffic around them. MIT Lincoln Laboratory is supporting the
FAA’s Office of Commercial Space Transportation in developing the SDI system, specifically
in the areas of dynamic AHA generation approaches and evaluating first order benefits of the
introduction of these capabilities into the National Airspace System (NAS).
The paper first introduces the SDI concept, and then presents the MIT Integrated Risk Analysis
Tool (MITIRAT) approach that is foundational to a dynamic AHA generation approach. The
methodology to evaluate the benefits of SDI is then presented along with some preliminary
results. The paper ends with a discussion on the status of the work and planned next steps.
2

SPACE DATA INTEGRATOR PHASE I

SDI is going to be the foundational capability to assist the FAA in the process of safely
managing air traffic with space launch and reentry operations. Moreover it provides the FAA’s
Joint Space Operations Group (JSpOG) with automated situational awareness by monitoring
launch and reentry missions from the time the data link is established from the launch and
reentry vehicle to the termination of the data flow, including the full transition through the NAS.
Finally it allows for detection and response to abnormal events [2]. The SDI will receive realtime data, process it, display it, and distribute it to tools that perform real-time computations to
determine the location, extent and duration of closed airspace that the vehicle will effect. A
prototype of the main SDI display is presented in Figure 2, but the efforts reported in this paper
are supporting the requirements for and development of the final deployed system that builds
upon this prototype.
1 3
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Figure 2: SDI Enhanced Space Data Display Prototype [2].

3

MIT INTEGRATED RISK ANALYSIS TOOL MITIRAT MODELING
FRAMEWORK

In Phase II of its development, SDI’s real-time AHA generation capability will need to rapidly
calculate the location and size of AHAs which are large enough to maintain safety of non-space
airspace users while minimizing disruptions to their operations. In order to evaluate the risk of
different launch and reentry operations, and their impact on airspace to protect from commercial
air traffic, MIT LL has developed the MIT Integrated Risk Analysis Tool (MITIRAT). This
software provides a tool to capture the key aspects needing to be considered to assess aircraft
risk from commercial space launch and reentry operations in terms of what data is available
and when, as illustrated in Figure 3. It is comprised of the following elements:
Vehicle Trajectory Model which captures the mission type (e.g., launch, reentry or
captive carry operation) and the characteristics of the vehicles involved in the mission.
This is the source of the “truth” data representing aspects such as the vehicle trajectory,
speed profile and major events involved in the operation used by the downstream
MITIRAT elements.
Vehicle Tracking Model which captures the characteristics of the systems used to
provide surveilled states for use by ground decision support systems. Tracking is
typically accomplished either via access to telemetry data from the vehicle (either
directly to a ground station or via a space-borne tracking system such as NASA’s
Tracking and Data Relay Satellite (TDRS) system) or via independent surveillance
systems such as space-borne assets or ground-based radar or optical systems.
Space Operator/FAA Network Model captures time lags and drop-outs that may occur
in the networks of the space launch and reentry vehicle operator and/or FAA in the
transmission of data to a ground decision support tool.
Risk Analysis Model where the risk to commercial aircraft which may be in the vicinity
of a debris field in the event of an off-nominal space launch and reentry operation is
calculated. This includes modeling of the characteristics of off-nominal space launch
and reentry events (e.g., aerodynamic vs. explosive off-nominal events) as well as
specifics of different risk metrics (e.g., persistent presence vs. 4D debris/aircraft
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trajectory intersection considerations, size of AHAs used to protect aircraft from
different volumes of airspace to a given Acceptable Level of Risk (ALR), etc.).

Figure 3: MIT Integrated Risk Analysis Tool (MITIRAT)

MITIRAT is designed to assess the impacts of different assumptions in any of its elements in
order to determine their effect on aircraft risk. Typical configurations of the MITIRAT elements
already implemented at MIT LL entail:
Vehicle Trajectory Model:
o Telemetry data from a representative reentry mission.
o Assumptions of quality of telemetry data based on “nominal”, “intermediate”
and “ideal” inertial measurement unit (IMU) performance from representative
industry product specifications [3][4].
Vehicle Tracking Model:
o Assumed telemetry data provided to ground system from NASA TDRS system
[5].
Space Operator/FAA Network Model:
o Total system lag times of 0-250 secs to include effects of a range of space vehicle
operator and FAA network lags
o Additional 268 secs in some cases to include effect of Loss of Signal (LOS) of
telemetry data in the ionospheric black-out period.
Risk Analysis Model:
o Off-nominal event debris based on Space Shuttle debris catalog [6].
o Debris propagation using Stanford Range Safety Assessment Tool (RSAT) [7].
o AHAs consistent with reentry mission being considered at 10-7 ALR.
o Aircraft risk metric being considered: % of debris outside assumed AHA.
Varying these configurations, sample AHAs can be created for different types of missions.
Currently, this process is computationally intensive but current work is exploring how its
execution can be significantly shortened such that it can be used for dynamic AHA generation
during real time operations.
4

SDI PHASE II BENEFITS ANALYSIS METHODOLOGY

In order to motivate the introduction of the real-time AHA generation capability of SDI Phase
II, it is also necessary to estimate the benefits that this could enable. The primary benefit
mechanisms being explored are in the following areas:
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1. Reduced commercial aircraft fuel burn and passenger delay due to less commercial
aircraft deviations enabled by:
a) Smaller size of the AHAs due to better information in the planning and execution
stage,
b) Faster release of the AHA airspace as the launch/reentry mission transpires due
to real-time data into SDI,
c) Reduced number of cancellations, diversions and adverse interactions with other
Traffic Management Initiatives (TMIs),
2. Improved response to off-nominal events,
3. Reduced workload for ATC, launch/reentry operators, and
4. Reduced launch/reentry operators’ costs.
This section focuses on how to identify first order benefits in the first of these categories given
this is expected to be the primary benefit mechanism.
The methodology developed by MIT LL to identify these benefits is illustrated in Figure 4.
MITIRAT can be used to identify appropriately-sized AHAs given operational needs. The
impact of these AHAs can then be assessed by exploring which flights enter the AHA region
by comparing to Traffic Flow Management System (TFMS) track data. Those flights would
then need to be re-routed using a re-route model. uantifying the impact of these re-routes in
terms of extra track miles and time of flight incurred by all those flights can then be calculated.

Figure 4 Benefit Analysis Block Diagram.

Figure 5 shows representative AHAs (in pink) overlaid on traffic density maps created from
TFMS [8] historical data.
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Figure 5: Traffic Density Map and Example Locations (adapted from [9]).

Overlaying representative AHAs of different sizes and durations, in locations consistent with
current launch facilities across the NAS and calculating the number of flights that cross the
AHAs, provides a proxy of the number of flights impacted by the commercial space launch or
reentry operation. Using real-time data, SDI will reduce the size and duration of these AHAs
therefore reducing the impact of space launch and reentry operations on air traffic. For a first
order analysis, the sizes/length of activation analyzed were based on scaled sizes of current
AHAs. Later analyses will use MITIRAT to create different AHA sizes for different initial
conditions, system lag, etc. The number of impacted aircraft, excess track distance and extra
flight time for different AHA locations will be evaluated. The cost of the reduced extra distance
and flight time will be converted into US Dollars using standard FAA approaches (Aircraft
Direct Operating Costs/Passenger Value of Time values) [10]. The final analysis will
parametrically vary the size and the duration the AHA are in place. Moreover the location of
the AHA in the NAS will impact the number of impacted flights (see Figure 5).
To calculate the extra distance incurred by the flights impacted by the AHA, a simple heuristic
was developed and represented in Figure 6 for an illustrative flight from Atlanta to the
Caribbean Islands. The heuristic identifies the closest corner of the AHA to the entry point of
the TFMS track into the AHA. This defines which side the flight is going to turn to avoid it.
The additional distance flown is calculated by subtracting the leg of the original track between
the turn and the turn back (AB) to the additional distance (AC CB).
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Figure 6: Additional Distance Flown Heuristic.

To test the methodology, preliminary analysis of the impacts of a historical AHA used during
an actual launch operation from Cape Canaveral Air Force Station is presented. The impact was
calculated using TFMS historical data for the entire day of June 4 2019 and, for the hours of
9:00 AM to 10:00 AM Eastern Standard Time of the same day. On that day, TFMS tracked
66,019 flights in continental US (CONUS) airspace. The summary of the results for the two
data sets is presented in Table 1. The tracks are presented in Error Reference source not
found..
Table 1: Sample Launch AHA Impact Summary Results.

Impacted F ights
Tota E tra Distance KM
A erage E tra Distance KM

June 4 A Day
768
12,618
16.4

June 4 -1 AM
46
741
16.1

Figure 7: TFMS Tracks Impacted by Sample Launch AHA.

1

Decision Support Tools for Commercial Space

Enea, Jones, McMillon, Pawlak, Reynolds

The total number of impacted flights would have been 768 for the entire day and 46 if the launch
window was between 9:00-10:00 AM. The total amount of extra kilometers flown would have
been 12,618 and 741 respectively. Similar average reroutes around the AHA of approximately
16 kilometers per flight were observed in both cases. To monetize the amount of reroutes caused
by this particular AHA, the total number of additional kilometers could easily be converted into
extra travel time which can then be multiplied by the standard ADOC or PVT dollar values.
5

CONCLUDING DISCUSSION AND FUTURE WORK

This paper described some of the ongoing work that MIT LL is performing for the FAA Office
of Commercial Space in support of the SDI Phase II program. This system is envisioned to
support decision support tools that will manage the projected growth of commercial space
launch and reentry operations. Currently, MIT LL is continuing the refinement of the benefits
analysis and is also developing an algorithmic approach to create AHAs in real time to support
the FAA during the execution of launch and reentry operations from space.
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ABSTRACT
This paper compares the use of three technologies for recision Agriculture IoT devices, airborne
and satellites. After creating a sample with more than
data-based startups, they were classified
according to different dimensions, among which location, funding, technology used for data
collection. The paper highlights that all the three technologies are self-sufficient they do not need to
be complemented by other technologies to provide farmers with useful practical indications. Airborne
and IoT support several agricultural activities (Irrigation, ertilization, ield orecast, ests and
Diseases detection and management). Satellite technologies are self-sufficient for all the
abovementioned activities, except for the detection and management of ests and Diseases.
or what concerns possible adopters, a survey was distributed to
Italian farmers. The
survey shows that even if awareness and diffusion of Agriculture . are still low, farmers trust
toward technologies is high. Simplicity of use and cost are the two main variables on which
innovators need to wor in order to diffuse precision tools in the Italian primary sector.
Keywords: Precision Agriculture, Internet of Things, Drones, Remote Sensing
0. INTRODUCTION
The goal of this paper is to compare the possibilities offered by the three main data-collection
technologies used for Precision Agriculture: IoT sensors, airborne and satellites. In Section 1, using
past research, the typical functioning of these three technologies is explained. Moreover, Section 1
analyzes their main advantages and disadvantages. Section 2 describes the ecosystem of data-based
Precision Agriculture startups, clustering them according to several different classifications (location,
hardware software, technology, functionalities). ne of the main goals of Section 2 is to analyze the
functionalities offered by each technology, to understand if the three technologies are self-sufficient
or if Precision Agriculture software must use more than one technology to provide a complete and
useful service for farmers. After focusing on the supply side in Section 2, Section studies possible
adopters awareness and opinions about Precision Agriculture. Through the analysis of the answers
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to a survey distributed to Italian farmers, this Section will focus on the demand side. The goal of this
Section is to identify the main problems preventing farmers from adopting Precision Agriculture
tools. Finally, Section 4 will reconcile the two views (Supply and Demand) drafting practical
conclusions about the perspectives of the sector.
1. LITERATURE-BASED COMPARISON OF THE THREE MAIN TECHNOLOGIES
FOR DATA COLLECTION FOR PRECISION AGRICULTURE
1.1 Introduction to Section 1
Using previous research on this topic, Section 1 compares IoT, satellite and airborne-based
technologies for agriculture. For each technology, a dedicated subsection describes the processes of
data collection and fruition. Moreover, each subsection analyzes advantages and disadvantages of the
technology, highlighting technology-specific issues.
1.2 Satellite ima es for Precision A riculture
. .
opernicus for agriculture
Agriculture has been one of the first sectors to utilize Earth bservation (E ) technologies for
decision ma ing. Given its high environmental impact, it has been one of the focal points for
development tac led by EU policies. 1 End users are given a choice among commercial or free
public sources of data (e.g. Copernicus).
Copernicus has been demonstrating a big potential for the development of precision farming,
initiating an agricultural pro ect on a global scale (Global Agriculture Sectoral Information System
Pro ect). 2 enefits from Copernicus are reported to increase the expected average annual revenue
growth rate by 20 in agribusinesses.
Targeted final users along the value chain differ in profiles,
from start-ups to SMEs, from large companies to scientific actors (research organizations and
universities) and public authorities. Copernicus can provide these actors with timely and continuous
input for farm management and forecasting, supporting the identification of crops health and needs.
Farmers can obtain information about agricultural land use and trends, crop conditions and yield
forecasts. E -data also supports input management, farm management recording and irrigation
management. Furthermore, seasonal mapping of cultivated areas, water management, drought
monitoring and subsidy controls are possible domains for Copernicus. 1 Sentinel-2 can be a suitable
data source for most of the agricultural applications (especially large-scale commodity production).
4 However, for some precision high-value applications, such as vineyard monitoring, a higher
resolution ( -5m) is needed.
verall, Copernicus with its three Sentinel platforms, forms a unique
European system for agricultural mapping and monitoring. Copernicus Atmosphere and Climate
Services are considered relevant for providing users with meteorological information, since climate
changes significantly affect crop growth conditions. Sentinel 1 and 2 can be very useful even at a
parcel scale (nearly real-time monitoring on-site), where the quality of agricultural products can be
extracted from data about crop conditions (e.g. pests and phenology), soil conditions (e.g. moisture,
surface conditions, farming practices). 5
. . Satellite-based applications for agriculture
Earth bservation (E ) data contributes mostly to the upstream phases of the agri-food supply chain:
selecting crop area, sourcing, planting and growing. Table 1 (source: PwC for European
Commission, 2019) describes the main agricultural applications for satellite data.
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Application

End users

Benefits

SMART
PRECISI N
AGRICULTURE

ield mapping
Input management
Farm management
recording

Farmers
Agricultural cooperatives

More efficient and appropriate use of inputs
Increased productivity, cost efficiency
and profitability

CR P
M NIT RING

Seasonal mapping
of cultivated areas
Support to subsidy
controls

Public authorities (focused on food
security or those providing the
subsidies)
Farmers (performing the control)

Assess crop location changes
etter monitor food security issues
More efficient controls, limiting chec s
on-site
Reduction of the ris s during controls

ATER AND
DR UGHT
MANAGEMENT

etness indicators
Soil moisture
indicators
Crop mapping
Input management

Decision ma ers
(national public authorities and
international bodies)

Prevention of polluted water systems
Determination of irrigation needs
Improved monitoring of droughts
Support in tac ling food security

Table 1: Agricultural activities that can be supported by satellite technologies Source: PwC for European
Commission, 2019

Smart agriculture practices can provide users with digital data in the form of advisory, which allows
farmers to boost productivity and profitability. Suggestions can arise in the fields of fertilization,
irrigation and pest management, to reduce input requirements (such as water, fertilizers and pesticides
usage). In general, the main benefit of satellite-based precision farming is the reduction in the input
level (water, fertilizers, pesticides). Such practices enhance farmers compliance with the EU
agriculture related regulation.
However, these techniques are estimated to have effects also on
productivity ( 10 ).
. . Barriers for adoption
Even though the first E -based applications for farming emerged in the 1990s, there are still some
barriers preventing end users from adoption. First, there is a lac of local experts and understanding
of the technology, calling for capacity-building initiatives regarding E programs. 6 Users who
could benefit the most from E data (e.g. farmers) struggle to afford such services thus, data is
usually distributed through cooperatives, on a larger scale, since farms can be highly fragmented. 6
A study within the Indian agricultural mar et has identified further barriers for precision agriculture
adoption, such as lac of success stories from E -data implementation.
The main benefits of E data implementation arise in the long run than s to trend analysis and this enhances s epticism among
farmers toward adoption, worsened by cultural barriers and conservativeness
. Further
collaboration among communities is needed within the sector (farmers, cooperatives, advisory and
machinery services, food processing and agribusiness) to increase awareness and accelerate the
development of innovative downstream services, by using the full potential of Copernicus and other
free datasets. 5
. . Technical analysis of satellite-imagery services currently on the mar et and comparison with
agricultural technical requirements
In literature, many studies are present about remote sensing application in agriculture, mainly
for crop field and bi-dimensional yields. Several case studies have shown the potentialities of satellite
imagery. Exploiting the bac scatter effect and recording data on different spectral bands, using
vegetation indexes many authors showed the effectiveness of precision agriculture application
despite that, being at an early age of satellite farming, few studies are available concerning costoptimization of satellite imagery features and accuracy of model obtained.
Among the others (spectral band available, spatial resolution), temporal resolution is a critical
parameter for precision agriculture application. In general, a desirable frequency could be obtained
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using a constellation of satellites from a single provider, opportunely interspersed, in order to acquire
images on a target area with the desired frequency.
According to Sozzi et. Al 8 , who surveyed the mar et of satellite imagery providers, the most
common imagery services available are resumed in Table 2 :
Satellite Pro ider
Sentinel-2 (Copernicus, EU)
Landsat- 8 (NASA, US)
Dove (Planet, US)
RapidEye (Planet, US)
ompsat-2
A (SIIS, R)
Pleiades-1A 1 (Airbus, FR)
Spot-6 (Airbus, FR)
orld iew 2 4(Digital Globe
US)
GeoEye-1 (Digital Globe US)

Spatial
resolution
m pi el
10
15

Spectral resolution
nm

Re isit time
days

5
0.55-1
0.5
1.5
0. -0.5

458-680 85-900
450-690 0-900
420- 00 0-900
440-685 690-850
450-690 60-900
4 0- 20 50-950
455-695 60-890
450-690 0-1040

5
8
1
5
-6
1
1
1

0.5

450-690 80-920

Table 2: Resume of commercial imagery providers 8

As clear from Table 2 , all charged services provide high spatial resolution (equal or lower than 5
meters) and revisit frequency higher than one image per five days. The worst performances are shown
by Landsat- 8 and Sentinel, which are free-of-charge services.
For what concerns the needs of precision agriculture applications, it is difficult to state an
ideal revisit time. roadly spea ing, nothing can be stated about an ideal revisit time without
nowing which culture is being analysed and which precision level is needed by the agronomical
model used. Theoretically, at least one image would be requested for each growth stage of the plant,
so that the model used to represent the behaviour of the crop would not be poor of data. In addition,
atmospheric conditions need to be considered: not necessarily a satellite passage means usable images
for crop modelling due to cloud coverage and atmosphere reflectance.
Precision agriculture with remote sensing is usually based on the following process: from
satellites, through many inds of models (empirical based on regression, stochastic, deterministic,
etc.), eventually integrated with meteorological data, the biophysical variable (such as leaf area index,
fraction of vegetation cover, fraction of absorbed photosynthetically active radiation) is obtained and
then, nowing the ind of cultivation, agronomic variables can be determined (water and azote
balance, biomass, expected yield, etc.). Using the latter, it is possible to ta e decisions about harvest
management (sowing dates, irrigation, fertilization) and to optimize yields and expenses. Thus, the
revisit time must be such that crop modelling is precise and it is possible to ta e decisions between
different measurements. This aspect establishes a lower bound for revisit time: a revisit time of less
than one day would be exaggerated (most cultures do not show relevant changes during this interval).
In the same manner, it is possible to set an upper bound for revisit time. intil et al. 9
studied the errors made in modelling LAI (Leaf Area Index) with a varying revisit: they considered a
field in which LAI were measured and compared the LAI calculated from satellite images with
different frequencies (1,2, , ,15 and 0 days) with a mathematical model based on measured values.
The result is shown in Figure 1 : the root mean square deviation obviously grows with revisit time
but the study concluded that for PA application revisit times lower than days are suitable.
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Figure 1: RMSE on LAI compared with revisit satellite time

nce established the ideal frequency it is important to remind that quasi-real-time images are
required for useful applications of information. Indeed, to be useful, farmers must be able to act on
the crop before the crop state changes again. Another (banal) constraint is that the transmission time
(interval between collection of the image and availability to the farmer) must be lower than the revisit
time.
To conclude, given that most applications offer revisit times lower than days and nearly
real-time availability, most commercial services comply with these requirements and are suitable for
Precision Agriculture applications without any ind of trade-off.
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1. Drones
Aircraft have been used in agricultural applications for more than a century. The obvious advantages
of aerial agriculture come from an aircraft s ability to cover large areas quic ly without damaging the
growing environment. However, this ind of applications has become more and more widespread in
the last years, because of the steep growth in the diffusion of drones. Drones have been used since
the early-1980s. The mar et stood at 69 bn in 201 and is expected to grow at a CAGR of 11 in
the next five years. 11 In the early phases of their commercialization, drones had high prices (100 ) and required expensive computer hardware for processing the collected images. In addition to
this, there was a competency gap preventing farmers from using these technologies on their fields:
reading the results of the aerial survey and analyzing the images required high-level programming
s ills. Today, drones have more affordable prices and the regular internet speed for domestic usage
has increased. Using cloud technologies, the collected images can be processed without any
programming or technical s ills. Nowadays, the main issue to be dealt with is the size of the datasets.
Indeed, the size of datasets grows along with accuracy and information precision, generating up to
140 G of data for a single square ilometre with ground sampling distance (gsd) of 1 centimetre .
12
. . Drones-based observation
UA s can observe the crop determining different indices and are able to cover up hectares of fields
in a single flight. For this observation, thermal and multi spectral cameras are used to record the
reflectance of vegetation canopies. They are mounted on the downside of the drone. The camera ta es
commonly one capture per second, stores it and sends it to the ground. The pictures are captured at
least in the four visible wavelengths and the NIR (Near Infrared avelength) 1 :
•
lue wavelength 440-510nm
• Green wavelength 520-590nm
• Red wavelength 6 0-685nm
• Red edge wavelength 690- 0nm
• Near infrared wavelength 60-850nm.
. . Drones-based data collection for agriculture purposes
Drones are used for several other agricultural activities (i.e. Planting, crop spraying, irrigation) 14 ,
but drones main agricultural applications are related to data collection:
• Soil and field analysis: drones produce precise D maps for early soil analysis, useful for
planning seed planting activities. After planting, drones-driven soil analysis provides data for
irrigation and nitrogen management.
• Crop monitoring: data collected by drones and converted in time-series animations can show
the precise development of crops and reveal production inefficiencies.
• Health assessment: by scanning a crop using both visible and near-infrared light, dronecarried devices produce multispectral images that trac changes in the plant s conditions and
indicate its health.



L. PI

ANI ET AL.

P TENTIAL ENEFITS F SATELLITE DATA IN PRECISI N AGRICULTURE

1.4 IoT
Internet of Things (IoT) is the networ of physical ob ects embedded with electronics, software,
sensors and networ connectivity, that enables them to collect and exchange data . 15 According
to the United Nations, the global population will amount to 9,6 n by 2050 16 , thus requirements
for food will increase. The main aim of the application of IoT in the agricultural sector is to empower
farmers with decision-ma ing tools and automated technologies, enabling the integration of products,
nowledge and services for higher productivity, quality and profit. There are several examples of IoT
applications in agriculture (e.g. crop and livestoc management, irrigation and water quality
monitoring, weather monitoring, soil monitoring, disease and pest control). It is predicted that IoT
device installations in agriculture will increase from 0 million in 2015 to 5 million in 2020, with a
CAGR of 20 . 1
. . Description of the technology
From a technological point of view, there are four ma or components for IoT applications 18 :
• IoT Devices: often referred as IoT sensors, they monitor different variables (e.g. soil nutrients,
temperature, wind direction, chlorophyll).
• Communication technology: there are several possibilities: short-range or long-range
communication standards, licensed or unlicensed, with sensors acting as nodes or as bac haul
networ . 18
• Internet: it enables IoT data to be available everywhere in the orld. IoT middleware and
connectivity protocols are being developed 18 to favor the connectivity of heterogeneous
systems and devices.
• Data Storage and Processing Units: IoT systems collect enormous quantities of data in
different forms. Agriculture management information systems (e.g. nfarm Systems,
Farmobile, Cropx) have been developed to manage various forms of data. 18
. . imitations of IoT with respect to competing technologies
There are three main groups of limitations when considering the application of IoT in agriculture
18 :
•
usiness Limitations: the profitability of farms is an issue for the sector. etween 2004 and
201 , only 24 to 5 of farms had a positive farm net income higher than the estimated
opportunity cost, meaning that around two in three farmers could ma e better use of their
resources in another economic activity 19 . These low profit margins ma e it difficult to
invest in high-tech solutions. The main classes of costs related to IoT solutions are:
1. Setup costs (purchase of hardware)
2. Subscription costs (subscription for the centralized services offered by IoT platforms)
. Maintenance costs
4. Learning costs (opportunity cost for learning how to deal with IoT technologies)
• Technical Limitations: limitations related to data collection and storage, but also to hardware
problems. For this category, the main class of problems are:
1. Interference problems: possible if the deployment of IoT devices is massive. It can
lead to data loss and reduce the reliability of the entire ecosystem.
2. Data security and privacy problems
. ulnerability to physical attac s and damages
4. Technical limitations related to the product itself (e.g. limited memory)
• Sector-specific Limitations: regulatory challenges concerning the need for a legal framewor
regarding the ownership of farm data (e.g. between farmers and data companies). Countryspecific regulations can harm the diffusion of IoT for international supply chains.
• Problems related to data specificity: IoT devices collect data about a limited area. Especially
for large fields, a massive deployment is needed. Moreover, this type of data acquisition
(punctual and not continuous) does not allow to fully exploit all the potential of modern
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agricultural technologies (e.g. water or fertilizer spreading with GPS-guided agricultural
machines) that reduce waste (and therefore input costs). 20 21
. . Advantages of IoT
Advantages from using IoT include:
• Low costs for adapting the existing infrastructure: IoT devices are generally powered through
batteries or through small integrated solar panels. Farmers do not need to use electric cables
for power-supply purposes.
• Local information: IoT devices provide farmers with specific information. They give a
punctual insight on the conditions of a small area. This feature enables highly specific
agricultural practices, particularly useful especially for high-value-density products.
• Farmers are passive users: IoT devices are connected via wireless to a control unit which
transmits the acquired data to the farmer (e.g. ia cloud, internet ). Unli e with other
technologies (e.g. Drones, cameras), the farmer receives information without directly
participating to the data collection.
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2 STATISTICAL ANALYSIS OF DATA-BASED STARTUPS FOR PRECISION
AGRICULTURE
2.1 Introduction to Section 2
The goal of this section is to study the diffusion of data-based Precision Agriculture startups and to
ma e a comparison between the practical limitations of the three technologies under analysis (IoT,
satellites, airborne) in terms of functionalities supported. Section 2.2 summarizes the methodology
followed in this Section. Section 2. .2 analyzes the diffusion of data-based Precision Agriculture
startups from a geographical point of view. Section 2. . studies geographical trends concerning
funding for the companies of the sample. In Section 2. .4, the sample is clustered depending on the
technologies employed for data collection. Section 2. .5 aims at answering the following question:
ith reference to the sector of Precision Agriculture, are there any differences in terms of funding
between solely-software startups and hardware-based startups . Section 2. .6 studies which
agricultural activities (Fertilization, Pests Management, Irrigation, ield Forecast) can be supported
by each of the three data-collection technologies.
2.2 Methodolo y
To perform this part of the analysis, the selected database was Crunchbase, a platform for finding
business information about private and public companies 22 . According to Dalle et al. (201 ),
numerous wor s have started using it (Crunchbase) as a source of relevant data for their research,
some of which is already published in top-tier ournals 2 . In theory, users searching for a company
on Crunchbase.com should be able to access the following information:
•
asic Info (e.g. rganization name, headquarters location, headquarters regions, estimated
revenue range, description, founding date, closing date, number of articles, description)
• Categories (i.e. category groups, categories)
• Team (e.g. number of founders, number of employees, founders, current employees, past
employees)
• Funding (i.e. number of funding rounds, last funding date, last funding amount, last funding
type, last equity funding amount, total equity funding amount, total funding amount, last
funding round, funding rounds)
• Investors (e.g. number of lead investors, number of investors, lead investors, investors)
• Acquisitions (e.g. number of acquisitions, acquisition status, acquisitions
• IP (i.e. IP date, money raised at IP , valuation at IP , stoc symbol, stoc exchange)
However, not all the companies provide complete information.
The goal of the search was to create a sample of startups operating in the Agricultural sector and
founded in the period between anuary 1 st, 2014 and December 1 st, 2018. To do so, the filters used
were the following:
•
perating status: includes any Active
• Founded date: between 01 01 2014 and 1 12 2018
• Category Group: includes Agriculture and farming
The result was a sample of 1 6 active startups, founded in the period 2014-2018 and belonging to
the Category Group Agriculture and Farming . For all the 1 6, the following information (when
available) was collected:
• Name
• Founding date
• Location
• Total funding amount
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The following step was to analyze each of the 1 6 startups to cluster them according to the NACE
classification. NACE, French acronym for Nomenclature statistique des Activit s conomiques
dans la Commonaut Europ enne , is the statistical classification of economic activities in the
European Community, published by Eurostat. The version used was the Revised 2 version, adopted
in 2006. 24 Table , 4, 5, 6 and report the NACE classes relevant for the agricultural sector 25 :

Input
companies

Code
01. 0
01.64
10.91
20.15
20.20
46.12

Description
Plant propagation
Seed processing for propagation
Manufacture of prepared animal feeds
Manufacture of fertilizers and nitrogen compounds
Manufacture of pesticides and other agrochemical products
Agents involved in the sale of fuels, ores, metals and industrial chemicals

Table : NACE classification for Input Companies (only codes relevant for the Agrifood supply chain)
Source: own elaboration

Growth of
crops

Farmers,
reeders
and
Fishers
Animal
breeding

Fishing
and
aquaculture

01.11
01.12
01.1
01.14
01.19
01.21
01.22
01.2
01.24
01.25
01.26
01.2
01.28
01.50
01.61
01.6
02. 0
01.41
01.42
01.4
01.44
01.45
01.46
01.4
01.49
01.62
0 .12
0 .21
0 .22

Growing of cereals (except rice), leguminous crops and oil seeds
Growing of rice
Growing of vegetables and melons, roots and tubers
Growing of sugar cane
Growing of other non-perennial crops
Growing of grapes
Growing of tropical and subtropical fruits
Growing of citrus fruits
Growing of pome and stone fruits
Growing of other tree and bush fruits and nuts
Growing of oleaginous fruits
Growing of beverage crops
Growing of spices, aromatic, drug and pharmaceutical crops
Mixed Farming
Support activities for crop production
Post-harvest crop activities
Gathering of wild growing non-wood products
Raising of dairycattle
Raising of other cattle and buffaloes
Raising of horses and other equines
Raising of camels and camelids
Raising of sheep and goats
Raising of swine pigs
Raising of poultry
Raising of other animals
Support activities for animal production
Freshwater fishing
Marine aquaculture
Freshwater aquaculture

Table 4: NACE classification for Farmers, reeders and Fishers (only codes relevant for the Agrifood supply
chain) Source: own elaboration
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Technology 25.
suppliers
28. 0
28.9
46.61
. 1

Manufacture of tools
Manufacture of agricultural and forestry machinery
Manufacture of machinery for food, beverages and tobacco processing
holesale of agricultural machinery, equipment and suppliers
Renting and leasing of agricultural machinery and equipment

Table 5: NACE classification for Technology suppliers (only codes relevant for the Agrifood supply chain)
Source: own elaboration

Support
activities

Transportation

51.21 Freight air transport
52.10
arehousing and storage
52.21 Service activities related to water transportation
52.22 Service activities related to air transportation
52.2
52.24
ther transportation support activities

Table 6: NACE classification for Support Activities (only codes relevant for the Agrifood supply chain)
Source: own elaboration

Service-toconsumer

Service
providers

62.01
6 .12
9.12
9.90
6 .11
2.11
2.19
.10
.20
4.90
5.00

Computer programming activities
eb portals
Tour operator activities
ther reservation services
Data processing, hosting and related activities
R D on biotechnology
ther R D experimental activities on natural sciences and
engineering
Advertising
Mar et research and opinion polling
ther professional, scientific and technical activities
eterinary activities

Table : NACE classification for Service Providers (only codes relevant for the Agrifood supply chain)
Source: own elaboration

Each startup was assigned one and only one of the codes reported in Tables , 4, 5, 6,
The
assignment of the code was based on the information reported on the startup s website. If more than
one code were applicable, the startup was assigned the code considered more representative for the
company s activities. If a startup s website was not accessible (e.g. inactive or absent website), the
startup was excluded from the sample. In case of erroneous assignment to the Category Group
Agriculture and Farming (e.g. the firm does not operate in the same sector as reported on
Crunchbase), the startup was excluded from the sample. The goal of this paper is to analyze databased startups involved in Precision Agriculture. Not only software companies (e.g. startups involved
in activities such as data processing and analysis), but also hardware companies (e.g. startups
manufacturing and or selling devices for data collection) were considered. Since we were loo ing
exclusively for data-based business models, using the abovementioned NACE classification, startups
not associated to the following codes were excluded:
Technology 25.
suppliers
28. 0
46.61
. 1

Manufacture of tools
Manufacture of agricultural and forestry machinery
holesale of agricultural machinery, equipment and suppliers
Renting and leasing of agricultural machinery and equipment
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62.01
6 .12
6 .11
2.11
2.19
.20
4.90

Computer programming activities
eb portals
Data processing, hosting and related activities
R D on biotechnology
ther R D experimental activities on natural sciences and engineering
Mar et research and opinion polling
ther professional, scientific and technical activities

Table 8: NACE codes considered for the analysis Source: own elaboration

The remaining startups (the ones associated to the codes reported in Table 8 ) were analyzed
furtherly. Subsequently, the startups whose business models were neither inherent to Precision
Agriculture nor based on data collection, processing and analysis were eliminated from the sample.
The result was a sample of 225 startups. These 225 startups constituted the final sample of startups
suitable for the purpose of the paper. For each of them, the following information was retrieved from
Crunchbase:
• Founding year
• Location (country) of the headquarters
• Total funding amount
The following information was added manually:
• Location (country) for startups which did not provide this information
• Location (continent) of the headquarters (North America, South America, Africa, Asia,
Europe, ceania)
Subsequently, since not all the Total funding amounts were expressed in the same currency, it was
necessary to convert these data into the same currency (US dollars). To do so, the considered
exchange rates were calculated as in Table 9 26 . The exchange rate USD RL was calculated
differently from the others due to the absence of less aggregated data from the chosen source 26 .
E chan e rate
USD AUD
USD RL
USD CAD
USD CHF
USD EUR
USD G P
USD N D

Value
0, 88209
0, 0251
0,800 04
1,040182
1,1
29
1,444088
0, 15

Calculated as
Daily average in period 2014-18
early average in period 2014-18
Daily average in period 2014-18
Daily average in period 2014-18
Daily average in period 2014-18
Daily average in period 2014-18
Daily average in period 2014-18

Table 9: Exchange rates used for the calculations Source: own elaboration

It is important to underline that startups add self-describing data on a voluntary basis. Therefore,
some data about funding were missing. For this reason, it was not possible to analyze funding data
for all the 225 startups in the sample.
The following step was to cluster the 225 startups according to the following categories:
1. Type of agricultural activity performed
•
nly agriculture
•
nly animal breeding
•
oth agriculture and animal breeding
2. Type of product service offered
• Solely-software: the product service system offered consists of an app website platform.
No physical devices related to the data-based activities performed by the
app website platform are commercialized by the startup.
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• Hardware-based: the company commercializes physical devices for collecting data.
. Data sources
• Sensors (IoT weather)
• Airborne data
• Satellite data
• Direct contact with experts
•
ther sources (or not specified sources)
4. Functionalities of the product service
• Identification of pests and diseases
• Recommendations about fertilization
• Recommendations about irrigation
•
ield forecast
• Information about weather conditions
•
ureaucratic guidance
• Managerial guidance (farm s organization cost reduction optimization of labor and
other resources)
• General guidance (not better specified solution for the agricultural sector)
After the collection of data about the startups, a statistical analysis of the sample was performed. Its
results are shown in Section 2. .
2. Results
. . Introduction to Section .
This Section has the goal to identify factors that drive the success of data-based Precision Agriculture
startups. Section 2. .2 and 2. . analyze the topic from a geographical point of view, investigating
the differences in number of startups and funding across macro-areas. Section 2. .4 provides an
overview about the diffusion of different technologies for data collection (with focus on IoT sensors,
drones and aircraft, satellites). Section 2. .5 studies the differences in funding between hardware and
software Precision Agriculture startups. Finally, for each technology Section 2. .6 studies which
agricultural activities can be supported, evaluating the three data-collection methods in terms of
operational completeness.
. . Geographical distribution of data-based precision agriculture startups
Table 10 and Figure 2 describe the distribution of Precision Agriculture startups across
geographical macro-areas.
Continent macro-area

Number of startups

Africa
Asia
Europe
North America
ceania
South America
Un nown

25
58
6
16
Total

1
20

Table 10: PA data-based startups by continent Source: own elaboration
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Data-based Precision Agriculture Startups: Distribution by
continent
Unknown
1%

South America
18%
Oceania
8%

North America
30%

Africa
3%
Asia
12%

Europe
28%

Figure 2: PA data-based startups by continent Source: own elaboration

According to our sample, Europe (28 ) and North America ( 0 ) represent the two main macroareas in terms of innovative startups for data-based precision agriculture. South America (18 ) and
Asia (12 ) lag behind. Despite being a small continent, ceania hosts a significant number of
companies in the sample (8 ). Finally, Africa ( ) is a minor area for what concerns innovation for
Precision Agriculture. It is interesting to underline that these figures are consistent with the level of
automation of agriculture across the macro-areas. To ma e a proper comparison, the following index
was calculated:
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑠

𝑆𝑖𝑧𝑒 − 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑠 = 𝑀𝑎𝑐𝑟𝑜𝑎𝑟𝑒𝑎′ 𝑠 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

(1)

The value of this indicator for each macro-area is reported in Table 11 .
Macro-area
North America
Europe
Asia
Africa
ceania
South America

Population Mn people
5 9
41,4
446
1216
6
422,5

Si e-ad usted number of startups
0,1088
0,0 82
0,0056
0,0058
0,4444
0,08 6

Table 11: Size-ad usted number of startups Source: own elaboration

The Size-ad usted number of startups can be interpreted as the number of innovative startups in
Precision Agriculture per capita, for each of the six macro-areas identified in this paper. Given the
size of the sample and the heterogeneous economic and social conditions across the macro-areas, the
values assumed by the abovementioned index are not significant by themselves. Nevertheless,
considering their orders of magnitude, they are useful for comparing population-ad usted innovation
rates across continents. e discover that South America (0,09), North America (0,11) and Europe
(0,08) have similar values in terms of PA-startups per capita. n the other hand, the indices calculated
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for Africa (0,0056) and Asia (0,0058) are lower by several orders of magnitude, meaning that these
two macro-areas tend to be less sub ect to the creation of innovative ventures in the sector. ceania
is a particular case its size-ad usted number of startups is 0,4444, by far the highest. Previous research
has underlined the peculiar aspects of agriculture in ceania (and especially in Australia, where the
dimensions of farms appear to be an outlier in comparison with farms from every other country in the
orld) 2 . Given the relevance of agriculture for the country s GDP (12 ) 28 and the size of
Australian farms 29 , the high number of PA startups in relation to the population is understandable.
The values regarding PA-startups per capita are consistent with the automation of the agricultural
sector across macro-areas ( Table 12 ). Territories where agriculture is less labor-intense tend to have
a higher degree of automation and therefore a stronger sensibility toward precision techniques. For
all the six macro-areas, Table 12 shows the comparison between the number of PA-startups per
capita and the percentage of population wor ing in the primary sector 0 . The column Employment
in agriculture reports all the employment data relevant for the macro-area. This has been necessary
because of the differences between the macro-areas considered in this paper and the ones utilized by
the orld an .
Macro-area

North America
Europe

Si e-ad usted
number of
startups
startups person
0,1088
0,0 82

Asia

0,0056

Africa

0,0058

ceania
South America

0,4444
0,08 6

Employment in a riculture
employment

of total

1
4 (European Union)
9 (Europe and Central Asia)
21 (Arab orld)
26 (East Asia and Pacific)
9 (Europe and Central Asia)
1
(Middle East and North Africa)
44 (South Asia)
21 (Arab orld)
1
(Middle East and North Africa)
55 (Sub-Saharan Africa)
(Australia)
6 (New ealand)
14 (Latin America and Caribbean)

Table 12: Size-ad usted number of startups, comparison with employment in agriculture Source: own
elaboration
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. . unding distribution for data-based precision agriculture startups
Figure shows the number of startups in the sample for which data about funding are available and
different from zero. For each macro-area, Figure 4 displays the percentage of funded startups with
respect to the total number of startups belonging to the macro-area.

Number of funded startups [data expressed in
number of startups]
35

32

30

25

25
20
15

10

10
5

8

9

Oceania

South America

2

0

North America

Europe

Asia

Africa

Figure : Funded startups by continent Source: own elaboration

Percentage of funded startups [data expressed in
percentage of the total]
60.00

50.79
50.00

50.00
43.10

40.00

40.00
28.57

30.00

24.32

20.00
10.00
0.00
North
America

Europe

Asia

Africa

Oceania

South
America

Figure 4: Percentage of funded startups by continent Source: own elaboration

The percentage of funded startups is not significantly different across the six macro-areas. North
America and ceania have the highest percentage of funded startups (respectively 50, 9 and 50 ),
but the values regarding Europe and Asia (4 ,10 and 40 ) do not differ much. As for South
America and Africa the percentages are considerably lower.
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Figure 5 shows the average and median funding by macro-area.

Average and median funding by macro-area [data expressed in
Mn$]
16
14
12
10
8

Average funding
Median funding

6
4
2
0
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America

Europe

Asia

Africa

Oceania

South
America

Entire Sample

Figure 5: Average and median funding by continent Source: own elaboration

oth in terms of average and median, Asian startups receive higher funding amounts in comparison
to other macro-areas. In reality, given the low number of available data, no conclusion can be drafted
regarding Asia, Africa, ceania and South America (respectively 10, 2, 8, 9 startups considered).
Even if still scarce, the available data for North America ( 2) and Europe (25) are more numerous
and allow for some considerations about the two financing landscapes. North America s average
funding is 4,21 Mn , while Europe s average funding is 2,02 Mn . In terms of median, the difference
is slightly less noticeable (1,425 Mn for North America, 88,8 with respect to Europe s 0, 5
Mn ) but still very significant. This difference between North America and Europe is well- nown
and consistent with previous literature, newspaper articles and mar et reports. According to Finistere
entures 1 , the US venture community plays a dominant role in financing the AgTech sector.
According to Maarten Goossens (Anterra Capital, a Dutch agrifood tech fund), in 201 Europe
accounted for only 15 of global investment in Agrifood tech startups. 2 This trend is not an issue
exclusively for the Agrifood supply chain. In 2018, Europe invested around 2 n in venture capital,
while the U.S. invested 1 0 n and China 92 n
4
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. . recision Agriculture startups distribution by technology for data collection
Figure 6 displays which type of data the startups in the sample use for their operational indications
IoT+Airborne+Satell
ite
2%

Precision Agriculture startups: distribution by
technology

Other/non specified
29%

Only IoT
32%

Only IoT
Only Satellite
Only Airborne

IoT + Satellite
IoT + Airborne

Satellite +
Airborne
2%

Satellite + Airborne
Other/non specified

IoT + Airborne
1%
IoT +
Satellite Only Airborne
16%
2%

IoT+Airborne+Satellite
Only Satellite
16%

Figure 6: PA data-based startups, distribution by technology Source: own elaboration

Almost two out of three companies in the sample (64 ) use a single type of technology for data
collection. Applications based exclusively on IoT are the largest group ( 2 ), while the other two
single-source groups (Airborne-data-based and Satellite-data-based) are equally spread (16 ). n
the other hand, startups collecting data from two different sources (IoT and Airborne data, IoT and
Satellite data or Airborne data and Satellite data) represent 5 of the sample. Startups using all the
three technologies are very rare (2 ). This result is significant from an economic point of view: it is
possible to draft complete business models collecting data with only one of the three technologies.
This result is particularly important for satellite data. Indeed, drones and IoT sensors allow to collect
hyper-local information. They are more flexible than satellites and their use can be customized more
easily according to the farmer s needs. Moreover, high-precision data-collection tools tend to be
appealing for niche high-value-density productions, ustifying the existence of startups completely
devoted to such technologies. The same does not hold for satellite-based services. Satellite data are
less precise but provide decision ma ers with huge quantities of information. During their orbit, they
collect data on bigger areas in comparison to drones. Moreover, they cannot be controlled by the
farmer according to his daily need. Therefore, satellites are less utilizable for niche high-value density
applications and more suitable for mass services. The significant presence of PA startups based solely
on satellite data is meaningful from a business point of view. It means that despite the
abovementioned characteristics of satellite technologies, innovators seem to believe that it is possible
to draft profitable satellite-based business models for Precision Agriculture.
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. . recision Agriculture startups differences in diffusion and funding between startups
proposing exclusively software products and hardware-based startups
The goal of this section is to analyze if there are differences in funding between purely-software
startups and hardware-based startups. Purely-software startups have been defined as startups that do
not commercialize any type of physical device. Data are collected, processed and sold to customers.
Hardware-based startups have been defined as startups involved in data collection processing and
commercialization, but whose business model is (at least partially) based on the commercialization
of physical devices. First, this Section will analyze the topic considering the entire sample. Then it
will focus on the technology (airborne-data-based products) in which the dualism between these two
categories (purely-software and hardware-based) seem to be more relevant. Indeed, satellite-based
startups offer almost exclusively purely-software services (100 of the startups based exclusively on
satellite data does not commercialize any hardware product). n the other hand, IoT solutions are
strongly based on the presence of devices such as sensors (81 of IoT-based startups is hardwarebased). Airborne-data-based startups (in particular drones-based) present a more even balancing
between hardware and software. Therefore, it is a suitable subsample for studying which of the two
categories of products services (hardware and software) is more attractive for PA investors.
Table 1 shows the number of hardware and software startups in the sample. Figure
compares the percentage of funded startups between the two categories.
nly software
Hardware included
Total

Number of startups in the sample
14
8
225

Number of funded startups
4
9
86

Table 1 : Number of solely-software and hardware based startups Source: own elaboration

Percentage of funded startups
60%
50%

50%
40%
32%
30%
20%
10%
0%
Purely-software

Hardware-based

Figure : Hardware vs Software, percentage of funded startups Source: own elaboration

Hardware-based companies constitute 5 of the sample, while purely-software startups account for
65 of the analyzed startups. In percentage, hardware-based startups receive funding more often
(50 ) than solely-software startups ( 2 ).
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Figure 8 describes the difference in funding received by purely-software and hardware-based
startups. The two blue (left) columns display data about purely-software startups, the orange (right)
columns display data about hardware-based startups.

Differences in funding between solely-software startups and
startups offering also physical products [data expressed in Mn$]
5.00
4.50
4.00

4.29
3.93

3.50
3.00
2.50
2.00
1.50

1.17
0.81

1.00
0.50
0.00
Average funding

Median funding

Figure 8: Hardware vs Software, average and median funding Source: own elaboration

Even if the difference is small ( 9 ), on average solely-software startups receive more funding in
comparison to hardware-based ones. If we consider the medians, the difference is larger ( 44 ).
The findings of this section are consistent with the trends of the financing mar et. Software
startups are more because they are easier to launch, since they require lower initial investments 5 .
Moreover, their cost structure tends to be leaner, as the cost of inputs for purely-software startups is
not comparable with the expenses for component and materials (e.g. semiconductors) which have to
be sustained by high-tech hardware startups. For what concerns funding, in our sample hardware
companies are funded more often than software companies but on average they receive less money
from investors. A possible explanation lays in the different variability within the two subsamples
(software and hardware). The subsample composed by solely-software companies is homogeneous.
Two main clusters of business models can be identified:
1. Data-based generic consultancy for several sectors (among which agriculture): the startups
collects satellite aerial data and analyzes the collected information depending on the customer s
needs
2. Data-based applications for agricultural management: the information collected is transformed
into operational insights accessible real-time by the farmer.
n the other hand, hardware products are more differentiated. They tend to be less comprehensive
and more specific. They address a particular need (e.g. water control for smart irrigation) rather than
giving operational recommendations on several farming activities at the same time.
Higher homogeneity implies lower recognizability and therefore less possibilities to gain a significant
diffusion within the sector. This could be one of the reasons for the high percentage of non-funded
purely-software startups. For what concerns funding amounts, the reason of the discrepancy between
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the two categories could be that software companies are less difficult to scale up. They become viral
more easily, their R D costs are lower and the cost of errors is inferior.
As explained above, the same analyses were performed considering the subsample composed
by drones-based startups.
Number of startups in the sample
nly software
28
Hardware included
14
Total
42

Number of funded startups
11
18

Table 14: Number of solely-software and hardware-based startups, an overview of the mar et of drones
Source: own elaboration

Differences in percentage of funded drone-based startups in
relation to the physicality of the product/service offered
60.00%
50%

50.00%

40.00%

39%

30.00%

20.00%

10.00%

0.00%
Drones-based solely-software startups

Drones-based startups with hardware products

Figure 9: Hardware vs Software drones-based startups, percentage of funded startups Source: own
elaboration

Data about funding rates are very similar to the ones obtained with the entire sample. The same
conclusions drafted for the entire sample apply also to the subsample composed by drones-based
startups.
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Differences in funding between solely-software startups and
startups offering also physical products: the case of drones [data
expressed in Mn$]
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Purely-software

2.50
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2.00
1.50
1.00
0.50
0.00
Average funding

Figure 10: Hardware vs Software drones-based startups, average funding Source: own elaboration

Data about average funding are consistent with the results obtained with the entire sample. The same
conclusions drafted for the entire sample apply also to the subsample composed by drones-based
startups.
. . Differences in functionalities offered across data-collection technologies
This Section explores the differences in functionalities offered across data-collection technologies.
Given a number of agriculture-related activities (fertilization, irrigation, management of pests and
diseases, yield forecast), the aim of the section is to identify which data collection technologies are
compatible with each activity. The analysis will be divided in three subsections, one for each of the
data collection technologies analyzed in this paper.
The first subsample to be analyzed has been the one composed by satellite-based PA
applications. The goal of the analysis is to understand how compatible satellite-based applications
are with four agriculture-related activities (fertilization, irrigation, management of pests and diseases,
yield forecast). For each activity, Figure 11 shows how many satellite-based startups in the sample
offer functionalities related to the activity. Each column is divided into four areas. The blue (lower)
area represents the number of startups based solely on satellite data that offer functionalities related
to the activity. The orange and grey areas show the number of startups based on two data-sources
(one of which satellites) offering functionalities related to the activity. The yellow (upper) area shows
the number of startups based on all the three data sources that offer functionalities related to the
activity. The idea upon which this Section is based is that the higher the blue column, the more selfsufficient the technology for what concerns the activity under analysis. The same applies for airbornedata-based startups and IoT-based startups, which will be discussed below.
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Functionalities offered: satellite-based startups
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Figure 11: Analysis of the functionalities for satellite-based startups Source: own elaboration

For fertilization, irrigation and yield forecast, the sample suggests that satellite data can be selfsufficient. In fact, for all the three activities, the blue portion of the column is predominant over the
others (respectively 58 , 58 and 66 of the total height of the column). n the other hand, for
what concerns the management detection of pests and diseases, few satellite-based startups offer
functionalities related to this activity, despite the high number of solely-satellite-based startups ( 2).
As noticeable in Figure 11 , when it comes to pests and diseases, satellite technologies are often
complemented by at least one of the other data collection technologies.
The same analysis has been carried out for airborne-data-based startups. The results are shown
in Figure 12 .

Functionalities offered: airborne-data-based startups
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Figure 12: Analysis of the functionalities for airborne-data-based startups Source: own elaboration
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This category of startups seems to be self-sufficient for all the four considered activities. Differently
from satellite-based startups, here pest management is the most commonly offered functionality (26
startups) and it is also the functionality for which airborne-data-based startups demonstrate the
highest self-sufficiency (69 ). e can conclude that, in general, airborne-data-based startups (with
differences from startup to startup) are suitable for dealing with all the four agricultural activities
considered in this paper.
The same analysis has been carried out for airborne-data-based startups. The results are shown
in Figure 1 .

Functionalities offered: IoT-based startups
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Figure 1 : Analysis of the functionalities for IoT-based startups Source: own elaboration

This category shows the highest level of self-sufficiency among the three technologies analyzed in
this paper. IoT products services are suitable by themselves for giving procedural recommendations
for the processes of fertilization, irrigation, pest management and for forecasting yields.
In the last years, scholars and academicians have studied the possibility to use these three
technologies to collect relevant data for agriculture. These researches have given positive results in
terms of predicted benefits for farmers. The aim of this paper is to analyze whether the world of hightech startups has been able to translate these scientific findings into coherent business models. The
problem of technology transfer is a relevant issue in several sectors. The goal of this Section is to
understand whether the PA research community suffers from this ind of problem. 6
The results of the analysis confirm that startups have been able to translate into business
activities researches carried out in controlled scientific environments. Irrigation, Fertilization and
ield Forecasting are supported by startups regardless the data source. For what concerns Pest
Management, it depends on the type of pest disease under analysis (and in particular to its
symptomatology). The use of satellite images for pest management and detection depends on the
level of resolution required for an accurate diagnosis. For the other three activities, the level of
resolution currently available for satellite images is more than sufficient for providing farmers with
procedural indications.
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. DEMAND ANALYSIS: ITALIAN FARMERS AWARENESS OPINIONS AND TRUST
TOWARD DIGITAL AGRICULTURAL TOOLS
.1 Introduction
Section aims at describing the point of view of potential adopters of these three technologies,
farmers. Their opinions are explored with a survey that interrogates them about their habits and about
what they thin of Precision Agriculture tools. Section .2 describes the survey and how it was
diffused. Section . analyzes the most significant results of the survey.
.2 Methodolo y
To perform this part of the analysis, a short questionnaire was drafted and distributed to Italian
farmers through several Faceboo groups. e chose not to distribute the questionnaire through
specialized Faceboo groups (e.g. groups for agronomists, groups for students in Agricultural
Sciences) in order not to distort the sample in terms of level of competencies. The questionnaire was
distributed through generic agricultural Faceboo groups. The questionnaire was composed by the
following questions, shown in Table 15.
uestion
1) How old are you
2) In which Italian region do you live
)
hat is your main ob
4)
hat is your level of education
5) Do you own a farm
6)
hich products do you cultivate
) How many wor ers are employed in your
farm
8)
hich social media do you use more than
wee ly
9) Have you ever heard about Agriculture
4.0
10) hich digital instruments do you use in
your farm
11) Do you use sensors in your fields If yes,
which ind of sensors
12) Have you ever used drones on your fields
If yes, for which activities
1 ) hich of the following sentences describe
your opinion about the use in agriculture of
digital tools such as sensors, apps and
software
14) In Italy, only 1 of farmers uses high-tech
tools. In your opinion, what are the main
reasons for the low diffusion of technology
in agriculture
15) hat is your level of trust toward
technology
16) For you, what would be the main decision
driver for the adoption of precision tools
on your fields

Type of uestion
Single choice
Single choice
Single choice
Single choice
Single choice
Multiple choices possible
Single choice
Multiple choices possible
Single choice
Multiple choices possible
Single choice
Multiple choices possible
Multiple choices possible

Multiple choices possible

Single choice
Single choice

Table 15: Survey Source: own elaboration
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After the survey, the 1 5 answers were analyzed. Results are shown in Section . .
. Results
This section describes the results of the questionnaire described in Section .2. This Section is split
into five subsections. Section . .1 analyzes Italian farmers awareness about Agriculture 4.0. Section
. .2 describes Italian farmers level of familiarity with Precision Agriculture technologies. Section
. . is about the level of trust Italian farmers demonstrate toward technology. Section . .4 evaluate
their opinions about the diffusion of Precision Agriculture. Section . .5 investigates the drivers for
adoption of Precision Agriculture techniques, methods and tools.
. . Agriculture . farmers awareness
Figure 14 shows the farmers awareness about Smart Agriculture (the so-called Agriculture 4.0 ).

"Have you ever heard about Agriculture 4.0?"

23%
"Yes and I use digital tools
applied to agriculture"

36%

"Yes but in my fields I do
not use digital tools"
"No, I have never heard
about Agriculture 4.0"
41%

Figure 14: Awareness among Italian farmers about Agriculture 4.0 Source: own elaboration

The most stri ing result exposed in Figure 14 is that more than one farmer out of three does not
have nowledge about Agriculture 4.0. The low awareness demonstrated by the respondents shows
that, to diffuse Smart Farming among farmers, it is necessary to inform and educate them about the
possibilities opened by new technologies.
Nevertheless, a positive signal for the growth of Agriculture 4.0 in the Italian context is that
2
of the interviewed farmers states that he she uses digital tools applied to agriculture. This figure
is hard to evaluate in terms of past research: according to Politecnico di Milano ( sservatorio Smart
Agrifood), 55 of the farmers use techniques oriented to Agriculture 4.0
8 . n the other
hand, according to Agronotizie, the percentage of Italian fields cultivated with Precision Farming
techniques is lower than 1 . 9
The two abovementioned data deliberately refer to different levels of depth for the diffusion
of precision agriculture techniques. The generic locution use of techniques oriented to Agriculture
4.0 does not imply 1) that the considered farmers use these techniques on all the fields they cultivate
2) that, even where these techniques are adopted, the field is cultivated with Precision Farming
techniques. Indeed, Precision Farming is a comprehensive approach that includes several techniques,
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tools and methods. The simple use of a single technique oriented to Agriculture 4.0 is not sufficient
for the applicability of the definition Precision Farming .
Having said this, the 2
obtained in our survey is exactly in the middle of the interval
between the two abovementioned data. In theory, given the genericity of the definition digital tools
applied to agriculture , it would have been natural to hypothesize a percentage closer to Politecnico
di Milano s value.
. . armers familiarity with recision Agriculture techniques and tools
This Section has the goal to investigate farmers familiarity with techniques and tools typical of
Agriculture 4.0. Figure 15 shows the answers to the question n your fields, have you ever used
sensors If yes, which ind of sensor .

On your fields, have you ever used sensors? If yes, which kind
of sensor?

IoT sensors for
precision
agriculture
7%

Temperature
and weather
sensors
18%

No sensor used
75%

Figure 15: Use of sensors among Italian farmers Source: own elaboration

The diffusion of sensors among Italian farmers is very low. Three in four farmers have never used
sensors on their fields. 25 of the sample has used some sort of sensors on his her fields, but only
has used IoT sensors at least once. The abovementioned numbers show that despite a growing
mar et ( 2 0 last year)
8 the adoption rate is still low. 40
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An analogous question was posed about the use of drones. Figure 16 shows the answers to the
question Have you ever used a drone on your fields If yes, for which purposes

Have you ever used a drone on your
fields? If yes, for which purposes?
Drones used for irrigating crops

Drones used for spraying fertilizer

Drones used for analysing (via images) the state of crops

Drones used for spreading pesticides or biological control
agents

Never used a drone
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40
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80

100

120

140

Figure 16: Use of drones among Italian farmers Source: own elaboration

Figure 16 shows that drones are still niche products, with a low diffusion among Italian farmers.
ut of 1 5 answers, 124 were negative: the respondents have never tried drones on their fields. For
the small minority of farmers that tried (at least once in their lives) to use drones on their fields, the
most common application is the analysis of images to assess the health of their crops.
Even if both the numbers are low, drones present more relevant barriers for adoption in
comparison to IoT sensors. Indeed, as explained in Section 1, IoT sensors do not modify drastically
the farmers daily wor ing routine. nce installed, they require periodical maintenance, but the
farmer is a passive user that receives insights and can directly apply them. n the other hand, the
great ma ority of drones-based applications and services requires a s illed operator to manage the
flight (at least in the launch phase). This is a drastic change in the farmer s methods. Thus, apart
from the cost for training the operators, drones require more extensive changes in the procedures to
follow. Therefore, change management is a more relevant issue for drones and therefore a relevant
barrier in comparison to IoT technologies.
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. . armers trust toward new technologies
This section aims at analyzing possible problems of trust toward new technologies, hypothetically
preventing the adoption of Precision Agriculture techniques. Figure 1 shows the answers to the
question: From 1 to 10, which is your level of trust toward new technologies .

From 1 to 10, which is your level of trust
toward new technologies?
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Figure 1 : Italian farmers level of trust toward new technologies Source: own elaboration

Figure 1 shows high levels of trust toward technology. These answers disprove the common
stereotype: Italian farmers are not a bac ward class, suspicious toward novelties. bviously, a good
attitude toward technology is not sufficient by itself: farmers need to be provided with user-friendly
tools that can be easily used without high-tech s ills of any sort.
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. . armers opinion about recision Agriculture tools (and more in general digital tools)
Figure 18 describes the opinions of the interviewed farmers about the use of digital tools in
agriculture. Farmers could choose more than one answer.

Which sentences better describe your opinion about digital tools
in agriculture?
5

"Digital technologies are totally useless for my crops"
"Digital technologies cannot improve the productivty of my
crops"

10

"Digital technologies in agriculture are a fad that will wane in
the future"

1

"I do not have the competences to use digital tools in my
crops"

17

"Digital technologies require an excessive investment given
their effective value"

38
84

"Digital technologies can help small-medium italian farmers"
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None of the previous answers
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Figure 18: Italian farmers opinions about digital tools in agriculture Source: own elaboration

ut of 1 5 respondents, 84 (62,22 ) answered that technology can be useful not only for big farmers,
but also for small-medium farmers. The truthfulness of this sentence has been demonstrated by
several research articles in the last years
. However, the problem is mostly operational, as
these scientific results struggle to be transformed into virtuous practices. Fountas et al. 4 underline
that the main problem determining smallholders low adoption rate is not the cost. Farmers tend to
be s eptical about the results of digital-based precision techniques. This is also demonstrated by the
8 farmers (28 , second highest value) that answered Digital technologies require an excessive
investment given their effective value . This is a problem not only in terms of purely monetary costs,
but also for what concerns opportunity costs. Indeed, Fountas et al. state that precision techniques are
highly time-demanding in comparison to other innovations that were introduced more easily and
quic ly on the mar et (i.e. Genetically Modified Crops).
Figure 19 investigates the farmers opinions about the low diffusion of PA techniques. The
main difference from Figure 18 is that in this case farmers are as ed to provided information about
the entire sector, referring not only to their personal experience.
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What are the reasons for the scarce diffusion of digital
technologies in agriculture?
8

"Traditional agriculture leads to better results"
"Digital tools cannot be integrated with the tractors owned
by Italian agriculture"

30

"Benefits linked to the use of digital tools are smaller than
their cost"

41

37

"Technology tools are too complex to be used"

72

"Technology tools are too expensive"
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None of the previous answers
0

10

20

30

40

50

60

70

80

Figure 19: Italian farmers opinions about digital tools in agriculture Source: own elaboration

According to the survey, costs constitute the main barrier for the diffusion of Precision Agriculture.
The investments needed for purchasing technology tools are considered a problem for a wide adoption
Precision Agriculture ( 2 answers out of 1 5). Moreover, 41 1 5 answered that it is not simply a
matter of financial availability. According to them, the problem is that enefits of the use of digital
tools are smaller than their cost . Complexity ( 1 5) and difficult integration with existing
machinery ( 0 1 5) are other relevant barriers highlighted by the respondents.
Furthermore, almost nobody (8 1 5) answered by stating that Traditional agriculture leads
to better results . This is consistent with Section . . , where the respondents showed high levels of
trust toward new technologies.
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. . Drivers for the adoption of digital tools for recision Agriculture
Figure 20 shows the farmers answers to the question
hat would be your main decision driver
for the adoption of precision tools on your fields . The aim of the question was to study the point of
view of Italian farmers, understanding which characteristics they would appreciate in a PA-service.

What would be your main decision driver for the adoption of
precision tools on your fields?

8%

32%

38%

22%

Cost

Precision

Simplicity of use

Effort required for maintenance

Figure 20: Italian farmers main drivers of choice for adopting precision tools Source: own elaboration

Respondents split almost equally between Simplicity of use ( 8 ) and Cost ( 2 ), the two most
common answers. This is coherent with the findings of the previous Sections.
It must be noted that 95 of the respondents use Faceboo at least wee ly, more than 50
use other social media (Instagram, Lin edIn etc.). Moreover, 6 use generic agriculture-related
applications for smartphone, 8 use generic agriculture-related applications for tablet and 26 use
computers for eeping trac managing their tas s. The level of simplicity requested is therefore a
normal interaction typical of mainstream applications and software.
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4. CONCLUSIONS
European Precision Agriculture data-based startups are disadvantaged in terms of funding in
comparison to U.S. new ventures. However, this is a structural problem, due to the higher activity of
the North American C mar et.
Hardware-based business models are less in number and more frequently funded than solelysoftware business models. n average, solely-software startups receive more financing than
hardware-based new ventures.
The ma ority of business models in the sector utilizes a single technology. As they can be used
more easily for high-precision applications in high-value-density cultures, this consideration has
lower significance for IoT devices and drones. Nevertheless, it is meaningful for satellite data, which
offer massive quantities of data with a lower level of detail. The fact that a high number of innovators
relies exclusively on satellite data for Precision Agriculture business models demonstrates that this
technology is self-sufficient. The information retrieved by satellites can be used by farmers without
needing to be enriched with data from higher-level-of-detail sources. Moreover, this is a positive
signal for the level of adequacy of the technology transfer process, from research organizations
(where this topic has been being investigated for several years) to businesses.
As for the analysis of the agricultural activities that can be supported by satellite data, IoT
technologies and airborne-data-based services are useful, self-sufficient and exploited by startups for
a wider set of agricultural applications (Fertilization, Irrigation, ield Forecast, Pests and Diseases
Management). However, the same analysis shows that satellite technologies are useful, self-sufficient
and exploited by startups for activities such as Fertilization and Irrigation consultancy and ield
Forecasting. The same does not hold for activities of Pests and Diseases detection and management,
as the symptomatology is often undetectable with a macroscopic level of detail.
For what concerns possible adopters, Italian farmers highlight the importance of two factors
above the others, simplicity and cost. It is important to underline that the respondents use generalpurpose social media at least on a wee ly basis. Therefore, the desired level of user-friendliness must
not be researched far away. Several general-purpose social media and widely diffused applications
are already showing the way.
Farmers perceive costs as a big problem for the diffusion of high-level technologies.
bviously, this is a useful indication for all the three technologies. In the era of two-sided business
models, we have become accustomed to receiving services without paying monetary fees (but paying
with our data). Several startups have tried to replicate business models inspired to this trend, without
considerable success. This ind of business model would succeed in lowering costs for adopters,
allowing for a wider diffusion of Precision Agriculture tools. The scale needed by such business
models (and their gratuity for end users) ma es satellite technologies the natural choice for supporting
them. Indeed, satellites allow to collect massive quantities of data on a continuous basis. This ma es
satellite technologies the most naturally scalable technology among the three evaluated in this paper.
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ABSTRACT
Acoustic Diagnostics is an Italian Space Agency (ASI) biomedical experiment exploiting the
diagnostic potential of otoacoustic emissions ( AEs) to monitor the astronauts hearing health
on board the International Space Station (ISS). It will be executed on the ISS ( uly
ebruary
), during the BE ND mission sponsored by European Space Agency (ESA).
Italian astronaut uca armitano and American astronaut Andrew organ have been
subjected to Baseline Data collections before leaving for their mission, using a dedicated
scientific instrument developed by niversity of Rome Tor ergata, INAI , ampus Bioedico, and niversity of Roma a Sapienza (as science team), collaborating with Aerospace
ogistics Technology Engineering ompany (A TE ) for the payload development, test,
verification and acceptance. These data are then compared with the equivalent measurements
performed on the ISS, every month (or two months, dependent on crew time availability) during
the BE ND mission. inally, measurements are performed also post-flight, few days after
astronaut return on Earth. ASI, in the frame of its national mission of promoting and fostering
1
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the culture of space across the ountry, provides access to the ISS as a laboratory in space.
The utilization support services are provided than s to a contract, awarded by ASI, to
ARG TE Telespazio ( TISS Team).
Keywords: ASI, ISS Utilization, Astronaut health, Auditory study.
1

INTRODUCTION

Hearing impairment is one of the most relevant issues in ccupational Health. The International
Space Station (ISS) is a very special wor place, characterized by continuous ambient noise of
moderate level (typically 50-60 d A in the Columbus module), and (as an almost unique
feature) by micro-gravity conditions due to the free-fall nature of the ISS orbital motion. As it
is well- nown, micro-gravity conditions systematically deceive the homeostatic system that
normally ensures the correct pressure of intracranial fluids, acting against terrestrial gravity. As
a consequence, intracranial fluid pressure on the ISS is abnormally high, which may affect, e.g.,
the eye and the inner ear of the astronauts during long-term missions. Indeed, pressure
anomalies in the middle and inner ear could lead indeed to hearing damage. In that case, it
would be necessary to develop a mechanistic physiological model of the effect of micro-gravity
on the hearing structures, to design suitable countermeasures and protection strategies,
particularly for future longer-term missions. The possible synergistic adverse effect of microgravity and moderate noise exposure is another topic of interest.
In the past decades, ISS astronauts occasionally reported hearing loss 1-2 after long-term
missions is micro-gravity conditions. Although noise levels were generally higher (60- 0 d A)
than current levels, occupational health studies suggest that such noise levels alone can hardly
be responsible for any significant hearing loss. Therefore, if any adverse effect on hearing is
confirmed by audiological tests, they could be related to micro-gravity and or its synergistic
interaction with exposure to moderate noise levels. The Acoustic Diagnostics experiment is
dedicated to detecting and quantifying early symptoms, either temporary or permanent, of mild
hearing impairment as a function of time spent on board the ISS. In addition to its effect on
intracranial pressure, micro-gravity could also affect other mechanisms that protect hearing
against noise and improve the detection of speech in a noisy environment, as, respectively, the
stapedial reflex and the medio-olivocochlear mechanism. The results of this study should help
understanding whether hearing protection is a critical issue for the design of planned longerterm missions, and what countermeasures could be adopted, if necessary.
The Acoustic Diagnostics experiment will monitor the hearing function on board the ISS, by
measuring otoacoustic emissions ( AEs), which are particularly sensitive for the early
detection of mild hearing loss, as demonstrated by several audiological and occupational health
studies , 4, 5 . AEs provide a sensitive, fast, non-invasive way to test the auditory function,
because their generation mechanisms are directly related to the functionality of the cochlear
outer hair cells ( HCs), which are the active nonlinear physiological subsystem that is
responsible for the excellent sensitivity and frequency resolution of human hearing. For this
experiment, a dedicated advanced AE acquisition and analysis system has been designed,
which significantly enhances the sensitivity of AE-based diagnostic techniques. In particular,
time-frequency analysis techniques based on the wavelet transform 6 have permitted effective
unmixing of the AE components coming from different generation mechanisms (therefore, of
different diagnostic interpretation), based on their different group delay, as predicted by
theoretical cochlear models. AE component unmixing improves both the specificity of the
AE diagnostics and the signal-to-noise ratio (SNR), exploiting the randomness of the noise
phase (and phase-gradient). Due to the noisy ISS environment 1, 2, , advanced AE-based
tests are probably the best available option for accurate in-flight diagnostics of hearing, since
they use high-level stimuli (65-55 d SPL, much higher than the normal hearing threshold
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levels), which are only wea ly perturbed by ambient noise. Nevertheless, for Acoustic
Diagnostics, particular care has been necessary in the design of a two-stage noise-insulation
system that allows one to detect the wea
AE response signals (0-25 d SPL) with little
disturbance from ambient noise. Another advantage of the AE technique is ob ectivity, i.e.,
no active collaboration is required from the patient.
As the scientific goal of the Acoustic Diagnostics pro ect is to detect small changes of the
DP AE response during and after long term missions on the ISS, specific features have been
implemented in the proposed device that guarantee stability of the measurements, and limit
fluctuations of the outcome variables. First of all, a new type of calibration in the ear canal has
been implemented, based on the equalization of the forward pressure, which accounts for the
generation of standing waves in the ear canal, which is a resonant cavity closed at both ends.
Previous Th venin calibration of the sound sources (the ER-2 loudspea ers) allows one to
separate the pressure field measured by the probe microphone at the ear canal input into a
forward and a bac ward component, whose balance is a function of frequency sharply
dependent on the length of the ear canal (i.e. on the insertion depth of the probe). Charazia and
Shera 8 recently demonstrated that by equalizing the forward pressure component, the
resulting AE response is insensitive of accidental changes in the insertion depth of the probe
in the ear canal, because this procedure guarantees equalization of the stimulus that is actually
fed to the middle ear and the cochlea, where the AE generation occurs. Second, a swept-tone
signal (a slow chirp) is used as the waveform of the two DP AE stimuli, and on-line multiplewindowed Fourier analysis is applied to yield high frequency-resolution (20Hz) DP AE
complex spectra. High-resolution spectra allow one to separate DP AE components associated
with different generation mechanisms (nonlinear distortion and linear reflection) based on their
different group delay, using a new wavelet-based filtering procedure, which optimizes
unmixing compared to other time-domain filtering techniques 5 . This procedure yields
separate spectra of the two components, which have different physiological and diagnostic
meaning, and removes the spurious spectral amplitude fluctuations ( nown as the DP AE finestructure) due to alternately positive and negative interference between two components whose
phase relation is a monotonic function of frequency. Such fluctuations, which may reach 10-20
d , introduce additional uncertainty in low-frequency-resolution measurements, due to any
event capable of frequency-shifting the fine structure. High-resolution spectra also yield an
ob ective estimate of the frequency resolution of hearing, which is another quantity we wish to
monitor during the mission.
2

METHODS

The entire pro ect was submitted for udgment to and approved by the Ethics Committee of the
Sapienza University of Rome, to be implemented under the responsibility of Prof. Maria
Patrizia rlando. Every test is not invasive and does not imply any ris .
In order to compare flight results with ground based results, two baseline sessions (named as
aseline Data Collection, DC) are scheduled before and after the Astronaut launch and return
respectively:
Preflight: (from 0 to 50 days before the Astronaut launch) full set of audiological tests,
including DP AE tests performed with the same apparatus to be used in-flight.
Postflight: (from 5 to 15 days after the Astronaut re-entry on Earth): full set of audiological
tests, including DP AE tests performed with the same apparatus used in-flight.
The extensive audiological test session was designed by the team audiologist specialist,
following a specially designed protocol: Anamnesis: acquisition of clinical information ENT
visit, ob ective examination and administration of the Audiological uestionnaire audiological
instrumental diagnostics: Tonal Audiometric Test in the 125-16000 Hz range, Impedance Test,
Tubal Functional Tests, A R (Audiometry rain Response), using clic and chirp stimuli
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Psychoacoustic Tests on Temporal Perception. Some of these tests that are not included in
common audiological routine (A R CE-Chirp Eustachian Tube Test).
The following points are at the base of our choice: better evaluation of the auditory damage,
identification of a more precise auditory threshold and speeding up of the entire test. Using the
CE-Chirp model, the amplitude of -waves is bigger and the signal is clearer than that found
with the Clic response, and the wave remains recognizable down to the threshold limit. The
advantage of narrow-band chirp is above all in the evaluation of the low-medium frequencies
threshold.
The study of the Eustachian tube function allows early identification of possible alterations in
the ventilation, drainage and other physico-chemical mechanisms of the middle ear. In our
protocol, we perform several exams: asal tympanometry, Tympanometry with alsalva and
Toynbee tests, the Inflation-Deflation test. In the presence of a patulous (wider) Eustachian tube
a tympanogram is recorded both during breathing and while holding the breath. The oscillations
of the tympanometric line should coincide with the acts of breathing and should increase during
forced inspirations and expirations. The test is performed in a normal condition with an intact
tympanic membrane by measuring the variation of the stiffness of the tympano-ossicular
system, with reference to the tympanometric pea .
The Tuba-tests is performed to evaluate the normal function of the Eustachian tube, the function
the aerodynamic pressure (equipressure), clearance, one or more functions together.
Time-resolution of hearing is tested using a dedicated device, which evaluates the auditory
discrimination capability of distinguishing two pulses separated by a variable time interval. The
sub ect is as ed to communicate, either through the operator, or even automatically by a suitable
interface, the distinct perception of two separate pulses or of a single pulse, as the time interval
in changed in a pseudo-random sequence. The purpose of the experiment is to record the
minimum time interval that permits separate perception of the two tones. This innovative
apparatus permits a simple man-machine interaction and is fully programmable, thus it may
also be used for a variety of psychoacoustic experiments.
The in-flight monitor of the hearing function will be performed with a compact device dedicated
to the measurement of the distortion product AE (DP AE) response.
Three DP AE measurement sessions will be performed, in three of the six following windows
(L is the launch date and R that of the return to Earth):
1)
@ L 20 ( 10 days)
2)
@ L 50 ( 10 days) (desired)
)
@ L 80 ( 10 days)
4)
@ L 110 ( 10 days) (desired)
5)
@ L 140 ( 10 days) (desired)
6)
@ R - 20 ( 10 days)
The acquisition system will automatically perform a sequence of procedures: calibration of the
stimulus forward pressure in the ear canal, AE measurement, and data storage.
The Acoustic Diagnostics Payload consists of a miniaturized AE probe: Etymotic ER10
microphone two ER2 loudspea ers, a National Instruments compact-DA NI91 4 rac
equipped with NI92 4 and NI9260 modules. The AE probe cables pass through a 8mm
diameter hole drilled in one of the cups of a M ptime III hearing protection earmuff (see
Figure 1). The probe rubber eartip, if correctly fit into the ear canal, provides 15-20 d acoustic
insulation, while the earmuffs contribute an additional (frequency dependent) attenuation of
about 0 d . Two digitally generated linear chirp stimuli at frequencies f1(t) and f2(t), in a
constant ratio r f2 f1 1.22, are fed to the loudspea ers through the two analog output channels
of the NI9260. Stimulus levels of 65 and 55 d SPL will be used at frequencies f1(t) and f2(t),
respectively. The DP AE response evo ed at the intermodulation frequency fDP(t) 2f1(t)-f2(t)
is measured by the microphone in the ear canal, pre-amplified and converted into a digital signal
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by the ADC of the NI92 4. Each DP AE chirp waveform is analyzed to get high-resolution
complex spectra of the DP AE response. A vector average of DP AE complex spectra is
recorded as a response to N identical chirp stimuli to improve the signal-to-noise ratio (SNR).
The analysis is performed in real time by the Labview software, and the average DP AE
spectrum and noise floor are displayed on the laptop monitor, so the sub ect may verify that the
instrument is wor ing properly (see Figure 2). The automatic noise re ection system is capable
of discarding noisy data subsets in real time, to provide a clear diagnostic output to the
astronaut. The sub ect may interactively ad ust the noise re ection threshold and the target
number of averages during the measurement, to optimize the quality of the data displayed on
the screen. The raw data are also stored, so an optimized offline analysis will be performed by
the AUDI research group, independent of the sub ect s choices during acquisition.

Figure 1: The Probe-Earmuff assembly of the Acoustic Diagnostics payload.

Figure 2: Sample online output of the Acoustic Diagnostics DP AE device. The green line is a high
resolution (20 Hz) average (N 0) DP AE spectrum of a 5 years old normal-hearing sub ect. The
white line represents the noise floor. The raw data are stored for further offline elaboration, including
more effective noise re ection and time-frequency filtering, which typically improve the SNR by
approximately 10d
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PAYLOAD DEVELOPMENT

The experiment is part of the agreement between ASI and ESA, which signed a cooperation
agreement with a sharing of responsibilities. The payload has been completely designed in Italy,
based mostly on C TS components, assembled and qualified by the PD team, located between
Rome and Turin
The UTISS team (composed by Argotec in Turin and Telespazio in Napoli) has supported ASI
for the payload integration on board Columbus module of the ISS and flight and ground
operation product planning and development. The Acoustic Diagnostic payload is relying on
some ISS provided items, such power line for the CDA , and laptop for the data exchange and
download after each session.
4

RESULTS

4.1

Acoustic Diagnostics Test Campaigns

The Acoustic Diagnostics FM has been sub ected to formal functional and environmental
acceptance testing, according to the ECSS Space Engineering Testing (ECSS-E-ST-10-0 C).
The verification campaigns consisted of:
Mechanical tests, to chec that the payload withstands to the applicable launch loads
Electromagnetic Compatibility (EMC) and Electromagnetic Interference (EMI) tests, to
demonstrate that during the on-orbit operations the payload can be safely executed
inside the ISS Columbus Module Electromagnetic environment
Thermal test, to verify the touch temperature requirement.
b ectives of the mechanical tests are to verify that there are no visible or measurable damage
to the Acoustic Diagnostics structure and to its electronic units due to the applied launch random
vibration and shoc environments test levels and spectrum. During these tests, the payload is
contained into a foam box in a cargo transfer bag (launch configuration). The random vibration
test has been performed in order to measure and monitor the dynamic response of the payload
under the random environment along the three axes (x, y, z). The shoc test has been executed
to ensure that the payload withstands to the applicable pyro-shoc stress along the three axes.
After each mechanical test, the instrument has been visually inspected to detect that there were
no rupture or permanent deformation, therefore the quality of the DP AE measurements has
been verified by chec ing the data files generated during a dedicated functional test.
The EMC EMI test campaign has been executed to verify that the payload meets its functional
requirements in the ISS Columbus Module electromagnetic environment. The radiated
emissions test has shown that the payload does not exceed the limits in the E-field emissions in
the following frequency ranges: 14 Hz – 10 GHz for the narrowband emissions, 14 Hz – 1
GHz for the broadband ones. The payload did not exhibit any malfunction or degradation of
performance when irradiated with the AC magnetic field in the frequency range 0 Hz – 00
Hz and with the E-field emission in 14 Hz – 10 GHz. Finally, it has been chec ed that the
generated DC magnetic field does not exceed 1 0 d picotesla at a distance of cm from the
equipment.
The thermal test was considered successful, as the temperatures measured on the external
surface of payload were below the Maximum Permissible Material Temperature, i.e. 45 C,
during the execution of a functional test simulating the on-orbit operations. A maximum
temperature of about 26. C was detected on the Acoustic Diagnostics Power Adapter.
All these verifications have been successfully executed: Acoustic Diagnostics is ISS certified
and can be safely operated by the crew inside the ISS Columbus Module before, during and
after the DP AE measurement sessions.
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Figure : (a) pyroshoc test (b) random vibration test (c) EMC EMI radiated susceptibility test (d)
DC magnetic field test

4.2

Pre-flight BDC session

The pre-flight DC session was performed for both astronauts in Cologne (ESA) on May 1 th,
2019. oth the full set of audiological tests and the AE tests were performed without any
technical failure and the data have been safely stored and pre-analysed. Preliminary analysis
confirmed the quality of the data, in terms of SNR and absence of artefacts, and therefore, the
possibility of detecting subtle changes in the astronauts hearing during and after the mission
on the ISS.
DP AEs were measured using the Acoustic Diagnostics ground model (GM) which is an exact
replica of the flight model (FM) that will be used on board the ISS. The astronauts were as ed
to wear the earmuffs, fit the probe into the ear canal, and run the software by themselves, in
order to improve their familiarization with some of the operations they are requested to perform
in-flight. ther AE tests were also performed as part of the DC, using the Acoustic
Diagnostics engineering model (EM, almost identical to GM and FM). Stimulus frequency
AEs (SF AEs) were measured in the 1-5 Hz range using the suppressor method. Transient
evo ed AEs (TE AEs) were recorded in the 0.5-10 Hz range with 20Hz resolution as the
transient response to clic s, using the double-evo ed paradigm 9 . Spontaneous emissions
(S AEs) were measured in the 0.5-10 Hz range as the long-lasting synchronized average
response to identical clic s.

Figure 4: DC Pre-flight session, performed at Cologne on May 1 th, 2019
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CONCLUDING REMARKS

The Acoustic Diagnostics experiment will provide valuable information about the ris s for
astronauts hearing associated with their long-term residence in the noisy and micro-gravity
environment of the ISS. aseline data collection has been successfully conducted,
demonstrating the functionality of the payload and the possibility of getting high-quality data
from both sub ects.
6
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ABSTRACT
The significant increment in the use of composite materials led to the necessity of increasing the
knowledge of their mechanical and fracture behaviour to predict the capability of them to remain in
an acceptable amount of residual strength. In thick composite parts, with complex geometry and layups, delamination induced by out-of-plane stress components represent the most significant structural
risk. The main objective of this work is introducing a novel nonlinear modelling approach to model
the interlaminar damage evolution in thick composite specimens with multidirectional stacking
sequence, including the possibility of modelling the interaction with intralaminar damage. For this
purpose, a test based on a modification of an ASTM standard has been designed to study interlaminar
damage in different conditions. Numerical experimental correlations proved the capability of the
nonlinear innovative approach to represent delamination scenarios without any priori information
regarding to crack locations and to estimate with appreciable precision the residual strength of the
structure in the damaged state. Accordingly, such new technique has to be considered a promising and
valuable tool for a reliable virtual prediction of residual strength curves in thick composite elements
by considering the variability of material properties, loading and environmental condition and to
include interactions with intra-laminar damage phenomena.
Keywords: Delamination, Cohesive laws, explicit code, Finite element analysis
1

INTRODUCTION

Delamination induced by interlaminar stresses is the most common type of damage occurring in
composite materials. Furthermore, the experimental evaluation of the interlaminar strengths is not
straightforward. There are two significant parameters to be considered when this problem is faced,
which are the Interlaminar Tensile Strength (ILTS) and the Interlaminar Shear Stress (ILSS). The
increment in the use of composite materials in the last decades ma es detection and understanding of
delamination, one of the most interesting topics in composite failure study. A detailed review of the
mechanics of delamination in composites can be found in the paper by Tay 1 .
Numerical analysis got high attention as well as experimental study when cohesive modelling
technique reveals that it has the capability to efficiently simulated the nucleation and propagation of
single delamination in a generic composite laminate 2 . The cohesive modelling employs damage
mechanics and softening. Researchers used cohesive elements for simulating the debonding of highly
complex composite parts. Unfortunately, application of cohesive elements in quasi-static analyses of
multiple delaminations carried out by using explicit FE codes pose considerable numerical difficulties.
Explicit FE codes are suited to model high-velocity transient phenomena but can also be used in quasistatic analyses of delamination to model stable as well as unstable crac propagations and to predict
the transitions between the two regimes . In addition, Explicit eliminate all the converging problems
of Implicit 2 . esides of all the benefits of Explicit, the combination of Explicit and cohesive
modelling has the problem of very high computational time costs 4 . Such difficulties can be related
to the fact that traditional cohesive approaches are based on elements with zero or infinitesimal
thic ness and require high penalty stiffness values to avoid relative motion before the fracture onset
5 . Since the penalty stiffness of cohesive elements is inversely related to the thic ness of the
connected sub-laminates, the penalty stiffness will directly related to the number of cohesive elements
1
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layers in the FE model. It is well studied in literature 6-8 that high penalty stiffness values can
negatively affect both the response and the computational time cost of a FE model solved by means of
an explicit and cohesive approach, so that quasi-static analyses including a large number of cohesive
layers become very difficult to be performed.
Interlaminar normal and shear stresses in a curved region of structures were investigated through
analytical solutions by edward et al. 9 and Cui et al. 10 . An early numerical wor of isnom 2
investigated the stress distribution of a curved beam during bending through three-dimensional ( D)
finite element analysis. Stress variation was found along the width of the beam, indicating the
necessity of D analysis. ther researches on stress variation based on different evaluation methods
can be found in other wor s 11-14 . In other wor , G zl l et al. 15 investigated dynamic
delamination in curved composite laminates. The specimen was tested until a sudden load drop
occurred at the maximum load. Failure occurred with a loud brea ing sound associated with
instantaneous delamination.
In addition, some numerical modelling approach has been developed. Nguyen et al. 16 used the D
finite elements modelling by the mean of cohesive element to investigate multiple delamination in
curved specimen of Cycom 5 20-1 epoxy resin with IM bre system prepreg. In another wor ,
Airoldi et al.
,1 ,18 performed an efficient modelling technique to investigate complex
delamination scenarios in curved specimen.
In this wor , curved beam specimens of unidirectional Hexcel AS4 8552 pre-pregs sub ected to a
quasi-static traction load were considered as a significant test case to verify the behaviour of a generic
structural element characterized by a response that is mainly dominated by multiple damages. The
experimental test is based on modification of ASTM standard D6415 19 to study interlaminar
damage. The numerical modelling in this wor consists of initial statistical analysis to predict the
failure behaviour of specimen in design procedure and non-linear simulation to represent delamination
scenarios and to estimate the residual strength of the structure in the damaged state. Non-linear
analysis in this paper presents a novel modelling technique based on cohesive element to model the
interlaminar damage evolution in the tested specimens.
2

DESCRIPTION OF THE PROPOSED COHESIVE MODELLING APPROACH

The need of very high penalty stiffness levels for conventional cohesive elements in explicit time
integration scheme will directly affect the stable time step leading to very high computational costs
1 . To overcome such difficulty, the cohesive modelling approach based on the different roles that are
actually played by the in-plane and the out-of-plane stress components has been proposed 2 .

Figure 1- Stress resultants acting on a single lamina in bending conditions (A), and proposed finite element
scheme ( ).

y consideration of simple bending condition in simple lamina, the translational equilibrium of a sublaminate can be formalised as Eq. (1).
𝑑𝑁𝑥𝑥
(1)
= 𝜏𝑥𝑧 (𝑧 + 𝑑𝑧) − 𝜏𝑥𝑧 (𝑧)
𝑑𝑥
Hence, the area of the lamina cross-section is considered lumped at the lamina mid-plane and
represented by a bi-dimensional element, such as a membrane or a shell element and are connected by
bric elements as interface elements. The bi-dimensional elements ust carrying the out-of-plane stress
components however, conventional bric elements with a constitutive behaviour characterised by a
null in-plane response could be adopted as interface elements. Figure 1 presents the resulting finite
element scheme. y using relative displacement at the mid-plane, fracture process in mode I, II and III
(Eq. (2)) have been introduced in the interface elements in proposed cohesive zone model.
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∆ 𝑖𝑓
∆𝐼 = { 𝑧
0 𝑖𝑓

∆𝑧 > 0
; ∆𝐼𝐼 = ∆𝑥 ; ∆𝐼𝐼𝐼 = ∆𝑦
∆𝑧 ≤ 0

(2)

y conceptually replacing with the vector of displacement discontinuities 𝛿 and by relating to
average strain 𝜀 with the assumption of small strain, Eq. ( ) can be developed to convert a generic
traction-displacement law into a stress-strain law to be attributed to the solid element. In the elastic
range, such law will be calibrated by the out-of-plane stiffness of the composite material, without
requiring any penalty stiffness.
𝜀 = {𝜀𝑧𝑧

𝛾𝑥𝑧

𝛾𝑦𝑧 }𝑇 = ∆⁄𝑡𝑘

( )

Figure 2-Fracture process described in the proposed modelling technique

The scalar damage variable d, which is introduced in Eq. (4), is used to model interlaminar damage
onset and propagation, as it has been shown in Figure 2. The onset and the evolution of the damage
variable introduced in Eq. (5) can be set to model the strength and the toughness of the interlaminar
layers. Mixed mode processes are addressed by introducing the mixed-mode criterion proposed by
enzeggagh and enane (B-K criterion) .
𝜎𝑧𝑧
𝐸𝑧𝑧
{𝜏𝑥𝑧 } = [ 0
𝜏𝑦𝑧
0
∞

0
𝐺𝑥𝑧
0
∞

𝜀𝑧𝑧
0
0 ] (1 − 𝑑) {𝛾𝑥𝑧 }
𝛾𝑦𝑧
𝐺𝑦𝑧

(4)

∞

∞

∫ 𝜎𝑧𝑧 𝑑∆𝐼 = 𝑡𝑘 ∫ 𝜎𝑧𝑧 𝑑𝜀𝑧𝑧 = 𝐺𝐼𝑐 ; ∫ 𝜎𝑥𝑧 𝑑∆𝐼𝐼 = 𝑡𝑘 ∫ 𝜎𝑥𝑧 𝑑𝜀𝑧𝑥 = 𝐺𝐼𝐼𝑐 = 𝐺𝐼𝐼𝐼𝑐
0

0

0

(5)

0

The resulting cohesive law was implemented in a Fortran umat subroutine to be lin ed to the Abaqus
Explicit Code 1 .
y mean of this modelling technique, all the material can represent their physical properties without
introducing non-physical penalty stiffness. In addition, the proposed cohesive zone modelling does not
introduce free surfaces that do not exist at the beginning of the computation.
3

QUASI-STATIC TENSILE LOADING ON CURVED SPECIMEN

To study the interlaminar damages, in the absence of specific pre-damaged zone, curved specimen has
been sub ected to a quasi-static tensile loading condition. The specimen that has been considered for
this study is 48 plies with the layup of 45 0 -45 90 6S by unidirectional Hexcel AS4 8552 pre-pregs.
The National Center for Advanced Materials Performance (NCAMP) 1,2 provides a large database
containing all the properties of the Hexcel AS4 8552. In this study the material properties for Room
Temperature Dry (RTD) condition has been considered.
The available standard for the experimental measurement of ILTS, ASTM 6415
is developed to
determine the strength of a composite material using a 90 curved beam specimen, which consists of
two straight legs connected by a 90 bend with a 6.4mm inner radius. An out-of-plane (through-thethic ness) tensile stress is induced when load is applied. If a specimen with continuously
unidirectional fibers along the legs and around the bend is considered, this test method can be used to
measure the ILTS. The configuration of specimen in this study is based on ASTM D6415
however, the loading condition is different.
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To verify that the chosen layup sequence meets the purpose of this study, linear analysis has been
performed to investigate the failure criteria. The failure analysis by Hashin s failure criteria ,8
which is capable to discriminate the failure modes and Monte Carlo Simulation are performed by
applying the criterions from the material allowables. 600 samples have been considered for the Monte
Carlo Simulation. The procedure to compute the created linear FEM models in Abaqus Standard is
automatized by writing the necessary scripts in MATLA to run for every sampling. However, this
study ust gives the information about the first failure mode, the location of the first failure on a lamina
will give an idea about the experimental setup of measuring the strain variations and detecting the
failure mechanism for future correlation and verification.

Figure - Stress contours for quasi-isotropic linear model, (A) S11, ( ) S , (C) S22 and (D) S12

Figure 4- Probability Density Functions of failure

According to Figure 4, the first two types of damages that should occur in this laminate are Matrix
Tensile Cracking (MTC) and Delamination in Tension (DiT). The Means and standard deviations of
displacement and force for first failure has been reported in Table 1.

MTC
DiT

Table 1-Means and standard deviations of displacement and force
Displacement (mm)
Force (N)
𝜇
𝜎
𝜇
𝜎
1 .156
0.900
4 6. 9
25.154
21. 90
2.058
594.221
54.52

Three specimens with the mentioned configuration and material has been manufactured. Each of these
specimens have been equipped with strain-gauges with the positions that have been defined in
Figure 5-(A). The dimension of specimen is reported in the Figure 5-(A), as well. The tests have been
performed by the apparatus with special clamping that has been designed to give freedom on the
rotational degrees of freedoms around its transversal axis. The configuration of apparatus and
specimen connection to the fixture is shown in Figure 5-( ). The specimen was positioned on the
machine such that the length of the straight part between the constraints and the curvature was 80 mm.
The load was applied by slowly turning the threaded bar. The test contains of two loading cycle. The
first loading continued till the first crac (s) happened, then the specimen has been unloaded to
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measure the permanent deformations. The second loading happen to investigate the behavior of failed
specimen. In this case, the same as first loading scenario, after appearance of the crac (s) the
unloading has been started to assess the distortion of failure.

(A)

( )

Figure 5-Position of strain gauges on the curved specimen (A), apparatus of quasi-static tensile loading ( )

(A)

(C)

(E)

( )

(D)

(F)

Figure 6- Interlaminar crac evolution for specimen 1 (A)-( ), specimen 2 (C)-(D) and specimen

(E)-(F),

As it is shown in Figure 6, all the failures were caused by interlaminar fractures. The failure behaviour
of specimens 1 and , almost has the same approach, it started by two crac s close to each other in
one third of lower section in thic ness direction and in the second loading cycle, multiple crac s
occurred scattering in thic ness direction. Figure 6-(A), ( ) and Figure 6-(E), (F) presents the first
failure evolution and final configuration of specimen 1 and 2, respectively. However, failure in
specimen 2, started by 2 close crac s in the position of neutral axis and by second loading multiple
crac s scattered all over the thic ness direction, Figure 6-(C), (D).

Figure - Load vs. displacement of both loading for specimens
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Load and displacement as well as strains have been recorded in both loading cycles. The speed of
unloading was faster than loading phase to eliminate all the permanent distortion after failures. Figure
presents load versus displacement of all specimens in both loading cycles. The limit load level in
correspondence of the first failure evolution is about 1 N, 660 N and 6 4 N for specimen 1, 2 and
, respectively. As a matter of fact, in the case of failure, sudden drop of load occurred which are
visible in all the loading cycles. In the second loading cycle of specimen 2, two load drops have been
reported. The first drop in the second loading cycle is related to the nucleation of the crac in the
lower part of specimen which wasn t completely destructive, so instead of immediately unloading, it
has been decided to proceed with the loading till final failure.
4

NON-LINEAR MODELING APPROACH

The FE model of this activity developed based on the proposed numerical technique. As mentioned
before the specimen has 48 plies which has been modelled by means of 48 shell element (S4R) and 4
layers of solid elements (C D8R). Despite of previous activities 4,5 which ust modelled central part
of curved laminate, in this FE model all the specimen has been modelled in detail. In this way, the
crac has been allowed to propagate through the legs and won t be arrested by the lac of numerical
details. Solid elements were characterised by the material properties reported in Table 2. In addition,
the initial critical fracture toughness in mode I and mode II were considered as GIc = 0.3 kJ/m2 and GIIc
= 0.87 kJ/m2, respectively.

Figure 8- Detail of the hybrid mesh, (A) FE model of the curved beam specimen, ( ) in plane elements and (C)
solid elements.

In order to simulate the opening action of specimen, two reference points have been connected to the
clamp area of legs (20 mm). ne of this reference points has been clamped and the other one moved
by appropriate velocity. oth reference points had the freedom to rotate along their transversal axis.
However, the experiment contained to loading cycles, numerical modelling applied by one continues
loading till the complete failure of specimen. All the quasi static analyses were performed by means of
Abaqus Explicit code 6 .
The numerical result shows an acceptable agreement with experiments. Figure 9 presents the crac
evolution by non-linear numerical modelling with proposed cohesive model. As it is reported in Figure
9-(A) the first crac occurred in one third of lower section in thic ness direction as has been expected
from the experimental results. The analysis continued till the second failure and then has been stopped.
The results of load versus displacement of this numerical analysis has been reported in Figure 10.
Particularly, the first numerical modelling failure result shows high accuracy to experimental results,
specially with specimen 2. It reveals that this technique is capable of detecting accurately the first
failure loads and the residual strength and predict other failures as well. The value of the interlaminar
tensile strength was set equal to 6 .914 MPa in all the layers. The numerical non-linear model
correctly represents the linear response of the two curved specimens until a maximum load level of
about 661 N in agreement with the value measured for the specimen 2. In addition, it has been
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observed that the stiffness of the specimen after the load drops is in good agreement with the
experimental response after the delamination events.
The result of linear modelling is presented in Figure 10 for comparison with non-linear and
experimental results. It indicates that, however linear modelling underestimates the failure limit load,
it is a safe investigation for understanding the failure behaviour.
Property
𝐸11 (𝐺𝑃𝑎)
𝐸22 (𝐺𝑃𝑎)
𝐸33 (𝐺𝑃𝑎)
𝐺12 (𝐺𝑃𝑎)
𝐺13 (𝐺𝑃𝑎)
𝐺23 (𝐺𝑃𝑎)
𝜈12
𝜈13
𝜈23
𝑓−𝑏𝑎𝑟𝑒
𝐸
(𝐺𝑃𝑎)

Compression
111.488
9.860
9.860
4.826
4.826
4.826
0. 5
0. 5
0.
2 4.422

Tension
12 2
92 9
92 9
4826
4826
4826
0. 02
0. 02
0.
2 4422

Table 2- Properties at lamina level 1 2

Figure 9- Crac evolution in numerical modelling, (A) first crac appearance, ( ) final configuration

Figure 10- Numerical-experimental comparison of load vs displacement

5

CONCLUSION

The wor has been presented in this paper confirmed the importance of the numerical analysis in the
study of the main damage mechanisms that characterize composite materials. The initial statistical
analysis showed the benefit of this simple tool to investigate the interaction of different failure modes
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in the preliminary design phase. Such statistical approach was used to design the experiments and
allowed to choose the most interesting stac ing sequence.
During the tests, multiple delaminations were detected, showing a quite significant variability for what
concerns the failure loads. The presence of intralaminar damage was significant in the specimens and
absolutely had a great influence on the failure mode. The presence of intralaminar damage confirmed
the results of the statistical analysis.
The numerical technique has been subsequently applied to model the interlaminar fracture onset and
propagation within an undamaged curved laminate in a quasi-static tensile load condition. The
comparison between the wor developed by non-linear numerical modelling and experimental results
shows the capability of a novel methodology to model the interlaminar damage of the aforementioned
specimens under the specified loading conditions and quantitatively evaluate the residual strength of
the specimen. Furthermore, the evolution of the load as a function of the displacement shows the
capability to capture load level during the stable propagation of multiple delaminations and as a matter
of the fact the stiffness has a good correlation with numerical modelling.
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ABSTRACT
The increasing number of stratospheric missions and suborbital space transportation systems
suggests to improve the currently available surveillance and tracking systems. Some of the most
promising techniques are represented by the TDOA (Time Difference of Arrival) and Frequency
Difference of Arrival (FDOA). Stratospheric or suborbital tracking can be achieved by
maintaining a high-gain antenna pointed towards the target and by acquiring both the pointing
angles and the Doppler shift frequency. With a single station and without data or telemetry
exchanges with the target, it is possible to maintain the tracking information if the tracking
initial point is known with acceptable precision. STRAINS (Stratospheric Tracking Innovative
Systems) is a stratospheric experiment conceived by Sapienza University of Rome and ALTEC
(Aerospace Logistics Technology Engineering Company) for the 2018 call of the HEMERA
H2020 Balloon Launch Infrastructure. The experiment is aimed at testing the TDOA and the
FDOA for assessing the performances of such tracking systems with stratospheric flights.
Additionally, the single motorized antenna tracking will be tested as a complementary method
for stratospheric aviation The experiment has been accepted in early 2019 and a launch
opportunity will be provided in mid-2020 from the Esrange Space Center in Kiruna, Sweden.
Keywords: passive, trac ing, stratospheric, platforms
1

INTRODUCTION

The progressively increase of proposed and planned stratospheric missions imposes the need
for more performing surveillance and trac ing systems that will be able to support the rise of
the stratospheric aviation in the near future. Traditional aircraft trac ing is mainly performed
by radar systems, implying a low dependability with a high power consumption from the
radiating station. The extension of the aviation limit to stratospheric heights requires to maintain
acceptable safety levels, although considering systems with extended range and large capacity.
Some of the most promising trac ing techniques, already tested for commercial aviation and
suitable for stratospheric and even suborbital vehicles trac ing, are relying on the
implementation of passive Radio-Frequency (RF) sensors 1 – , able to integrate the collected
measurements to provide a precise estimation of the target position and velocity.
1
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Some of these techniques are the TD A (Time Difference of Arrival, 4 ) and the FD A
(Frequency Difference of Arrival, 5 ). Furthermore, a single station able to detect the Doppler
shift frequency from the target and to compute the pointing angles while autonomously remain
pointed towards the aircraft is capable of achieving a good precision in the position and velocity
estimation of an aircraft, stratospheric platform or suborbital vehicle 6 , .
The TD A is based on a networ of RF receivers at ground, receiving pulses from the target
and assigning to each received pulse a timestamp with the reception time, without any
information on the signal transmission time. y integrating the acquired information on the
arrival times of the signals, it is possible to triangulate the position of the transmitting target.
The FD A is based on the reception of signals from the target and on measuring the signal
Doppler shift frequency, which can be related to the radial velocity of the target with respect to
the ground station. A third technique to be mentioned is relying on a single motorized station
able to remain autonomously pointed towards the target, performing the so-called
autotrac ing technique, integrating the instantaneous pointing angles and the acquired
Doppler shift frequency into a tra ectory prediction model of the target. As obvious, the three
mentioned techniques are relying on a cooperative, transmitting target, increasing the
dependability of the trac ing system. However, the trac ing techniques are not requiring the
target to transmit information, while only dummy signals are sufficient to exploit these
methodologies.
These techniques have already been tested and applied for various typologies of vehicles.
TD A and FD A are usually applicable to aircraft trac ing. The TD A is more frequently
used as bac -up and support surveillance system for commercial aircraft in terminal air 4 , 8 ,
since the reduction of the method range allows to implement reduced cost solutions for the
receivers sensitivity and networ interconnection with the master station computing the aircraft
position. The FD A is more precise when applied to vehicles performing plane tra ectories,
especially if the tra ectory plane is parallel to the ground plane. For this reason, the FD A is
particularly promising for en-route air traffic control. The single motorized station trac ing is
often used to trac launch vehicles, missiles or re-entering vehicles.

2

EXPERIMENT OBJECTIVES AND OPERATING CONCEPT

STRAINS (Stratospheric Trac ing Innovative Systems) is a stratospheric experiment aimed at
testing the performances of the TD A, FD A and of the single motorized station trac ing
techniques for stratospheric vehicles. The experiment was conceived by the S5Lab (Sapienza
Space Systems and Space Surveillance Laboratory) team at Sapienza University of Rome and
by ALTEC (Aerospace Logistics Technology Engineering Company, located in Turin, Italy)
and proposed for the 2018 call of the HEMERA H2020 alloon Launch infrastructure. The
experiment was selected for a stratospheric launch opportunity from the Esrange Space Center
in iruna, Sweden, in mid-2020 and it is currently under development.
STRAINS will test the TD A, FD A and single motorized station trac ing techniques for a
ero Pressure alloon ( P ) flight performed by the Esrange Space Center. The STRAINS
mission ob ectives are:
•

To investigate the suitability and performances of the TD A, FD A and single
motorized station trac ing methodologies for stratospheric vehicles surveillance
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To perform stratospheric testing of an airborne TD A and FD A trac ing unit, to be
used as prototype for future stratospheric missions
To demonstrate the suitability of the proposed architecture of ground-based trac ing
stations for usage on future stratospheric balloon missions trac ing.

The experiment is based on a stratospheric segment and ground segment, cooperating for testing
the aforementioned trac ing techniques. The ground segment will be divided into a Master
Control Station (MCS) unit, which will integrate the data and control the experiment
performances, and multiple (at least five) Slave Portable Stations (SPS) units, which will
acquire signals from the stratospheric segment. The experiment concept scheme is depicted in
Figure 1.

Figure 1 : STRAINS Experiment concept diagram

The stratospheric segment will be mainly in charge of omnidirectionally transmitting signals
for allowing reception and trac ing from ground. The SPS will receive signals from the
stratospheric segment in different locations, analysing the received pulses in real time to extract
the Doppler shift frequency and by assigning a reception timestamp to each signal. The MCS
will control the whole experiment, receiving telemetry data from the stratospheric segment and
with the possibility to send telecommands to ad ust its performances. Moreover, the MCS will
control the single motorized station and acquire the received signals and computed positioning
data. Finally, the MCS will receive the timestamps and Doppler shift frequencies from each
SPS, integrate the data to exploit the TD A and FD A techniques.
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EXPERIMENT DESIGN AND OPERATIONS

The experiment design considers the implementation of Software Defined Radios (SDRs) for
the whole RF equipment needed to perform the investigation. A SDR is a device able to offer
a wide range of receiving and transmitting frequencies (often in the range between few Hz and
5-6 GHz). The SDRs will be integrated along with other data collection and processing
equipment, sensor, power delivery and control components in order to assure the wellfunctioning of the whole experiment. The experiment design, with details on the components
constituting each experiment segment and unit and on the interconnections, is schematized in
Figure 2.

Figure 2 : STRAINS Experiment Design bloc diagram.

As reported before, the stratospheric segment is mainly composed by a SDR in charge of
transmitting dummy signals omnidirectionally. The most suitable transmission band for the
stratospheric segment operations is the C band (5 GHz), in order to maximize the Doppler shift
amplitude while matching with most of the SDRs available on the mar et. In addition to
generating and transmitting pulses to ground, the stratospheric segment will collect positioning
and attitude data through a GPS (Global Positioning System) receiver and an IMU (Inertial
Measurement Unit). An n- oard Data Handling ( DH) will collect the data, command the
SDR, store the data and communicate with the MCS through the telemetry lin provided by the
P vehicle. Finally, a PDU (Power Distribution Unit) will deliver electrical power to all the
components, as well as monitoring the batteries voltage and current delivery and the
components power consumption. The PDU will allow also shutting off and on all the
components, both for the reliability (assuring the possibility to perform hard resets on
components in case of deadloc s) and safety (allowing to permanently shut down a component
in case of anomalies on its power consumption) of the experiment operations. The stratospheric
segment will be hosted in an aluminium box of approximately 0 x 0 x 50 cm, ensuring
sufficient volume for hosting the components and for the AI (Assembly, Integration and
erification) activities to be performed on the stratospheric experiment.
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The SPSs will receive pulses and dummy signals from the stratospheric segment by means of
SDR receivers. The SDR data will be both recorded and stored on-board, in order to allow postflight processing and analysis, and analysed in real time to exploit the trac ing algorithms to be
tested. The analysis of the single received samples will include :
• Recognition of received samples
• Evaluation of the carrier frequency
• Computation of the Doppler shift frequency
• Evaluation of the timestamp to be assigned to each RF sample.
For assigning a precise timestamp, the SPS will include a GPS receiver to synchronize the
operations. After the completion of the signal processing, the SPS need to communicate with
the MCS master station to perform the data integration. This will be probably done through
4G LTE communication. The operations of the SPSs will be managed by an on-board computer.
Internal batteries will assure perfect functionality of the ground stations throughout the flight.
The MCS will be the core of the experiment data acquisition. It will be connected to the
telemetry lin of the stratospheric segment, to receive house eeping data, monitor the
functionalities and possibly to ad ust the settings of each airborne component. It will
communicate with the SPS on ground through 4G LTE communication, receiving processed
data after the signals reception. It will integrate the received data to test the TD A and FD A
algorithms. Finally, it will control and monitor the exploitation of the single motorized station
trac ing method. A SDR will receive samples from the balloon, computing the Doppler shift
with the same procedure applied by the SPS. y basing on the pointing angles, which will be
maintained towards the balloon by means of the autotrac ing technique, and on the Doppler
shift, which will be autonomously calculated by the SDR, the station will compare the data to
the theoretical flight dynamics tra ectory prediction model and ad ust its pointing angles. If
providing a very precise estimation on the initial position (position at lift-off is nown with
very high accuracy), the method should be able to output very precise results throughout the
flight.
4

RESEARCH APPLICABILITY

If successful, the conducted research on the trac ing systems for new concept platform can be
applied to stratospheric platforms and vehicles. Affordable, reliable trac ing systems will be
ta en into account when dealing with stratospheric aviation vehicles. As first beneficiaries of
the conducted investigation, High Altitude Platform Stations (HAPSs) shall be mentioned.
These vehicles are permanent solar-powered aerostats which will be performing quasi-satellite
missions, such as Earth imagery, telecommunication lin establishment, or even for providing
temporary broadband communication lin s to areas hit by natural disasters. HAPSs can apply
such trac ing systems both to improve their traceability, and the overall safety of the
stratospheric operations, and to reduce the needed power consumption to perform the
surveillance operations, without the need for radar stations at ground to be applied during
nominal operations. The ma ority of the most important aerospace manufacturing companies
are investing on HAPSs for establishing fleets of stratospheric platforms. If the investigation is
successful, the design of the stratospheric and ground segments would be used as baseline for
a minimum trac ing unit pac age that could be implemented potentially on all typologies of
stratospheric vehicles and flight envelopes.



STRAINS: A Stratospheric Experiment
for innovative tracking systems testing

Paolo Marzioli et al.

Furthermore, the implementation of these trac ing systems can be extended to suborbital
vehicles. A rising interest has been put into commercial suborbital vehicles for human
transportation. The recently designed and built manned vehicles will require high safety levels
during all the flights phases, both inside and outside the commercial aviation air space. The
implementation of such trac ing systems would extend the reliability of suborbital vehicles
trac ing systems. In the highest flight phases, where a coarser precision (around 0 m) in the
position determination can be sufficient due to the absence of other aircraft operating at similar
altitudes, the proposed systems could be used as primary trac ing systems. Also, such trac ing
systems can be considered to integrate the functionalities of the ATC devices during the process
of establishing a regulatory system that allows execution of stratospheric and suborbital flights
within commercial air spaces
5

FUTURE DEVELOPMENTS

The STRAINS investigation success can suggest the extension of the tested innovative trac ing
systems to various fields of implementation. Nowadays, the emerging technologies for
aerospace are extending the possible mission profiles to new limits in terms of maximum height,
speed and environmental conditions.
In particular, in addition to suggest consideration for stratospheric flights, these three systems
may be applied to commercial suborbital flights trac ing . As for the stratospheric flights study
case, a suborbital mission needs to maintain a sufficient reliability of the trac ing systems
although considering higher distances from the trac ing stations at ground and a wider set (with
respect to general and commercial aviation) of elevation angles, which inherently influences
the design of the trac ing systems with remar able differences with the conventionally
implemented systems for aircraft trac ing. The three tested systems would need further testing
to be used as primary trac ing system for manned near-space, suborbital and space operations.
The implementation as bac -up systems would be useful both for increasing the trac ing
systems reliability and for allowing a sufficient maturity improvement. The latter improvement
would be obtained also with the on-going implementations for aircraft and UA (Unmanned
Air ehicles), that are increasing the utilization of such systems.
An evaluation of the performances of all the trac ing systems for suborbital spaceplanes
operations has been already carried out for the currently considered site of Grottaglie in Apulia,
Italy, and flights to be performed on the Ionian or Adriatic coasts of Apulia. The analyses
showed perfect compliance of such systems to a commercial manned spaceplane typical
mission profile 9 , 10 . hen acquiring a sufficient maturity and reliability, these systems
could be implemented as primary systems for suborbital vehicles trac ing.
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Figure : Evaluation results for trac ing systems applied to suborbital flight envelopes on the Ionian or Adriatic coasts of
Apulia, Italy. The evaluation considered the trac ing stations to be installed at the Grottaglie Airport, Italy. The results of
these analyses are presented in 9 , 10 .

6

CONCLUSIONS

ith the rising number of stratospheric missions and vehicles under design and development,
there is the need for specializing trac ing systems for high altitude platforms. The STRAINS
Experiment, proposed by Sapienza University of Rome and ALTEC for the 2018 call of the
HEMERA H2020 balloon launch infrastructure, is aimed at testing three promising trac ing
techniques for future stratospheric aviation. In particular, the experiment will test the
effectiveness of the TD A, the FD A and the single motorized station trac ing techniques.
STRAINS will be launched in mid-2020 from the Esrange Space Centre in iruna, Sweden.
The experiment will be aimed at testing the three aforementioned trac ing techniques for
stratospheric vehicles. Moreover, the developed stratospheric segment and ground segment
could be used as baseline for portable trac ing systems for future stratospheric platform
missions.
7
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ABSTRACT
After several year of development ST’s 6” SiC wafer production started in 2017, with the rampup of production helping to drive down costs and increase supply for the ever increasing list of
SiC applications, including solar inverters, industrial motor drives, home appliances, and
power adapters.
In this successfully story and following the path of More than Moore for HV Power technologies
ST joined ECSEL JU project WInSiC4AP in June 2017 participating with many R&D teams for
bricks development, front-end, package and system applications.
ST activities on the project focus on 1200V and 650V SiC device, design methodologies, Power
Module and Reliability.
Keywords: SiC, Package, Avionics, Reliability
1

INTRODUCTION

STMicroelectronics has been working with Silicon Carbide since 20 years. Introducing a new
technology in a semiconductor market demanding high quality, long lifecycles at competitive
costs is demanding. ST overcame the challenges of the industrialization of this wide bandgap
material and started to produce its first SiC diodes in 2004. In 2009 ST started to produce its
first SiC MOSFETs and since then we have added 1200V versions of both SiC MOSFETs and
power Schottky diodes to complement the original 650V versions.
The supply chain for SiC is becoming more robust, the cost of the basic material is decreasing
as supplier competition increases. ST has worked hard on the quality of the material and process
improvement. As the material and the products based upon SiC technology became more robust
ST created automotive-grade SiC power devices that are becoming a key enabler in vehicle
electrification.
The WInSiC4AP Consortium comprises 19 partners from 4 EU countries (Italy, France,
Germany and Czech Republic), including both large Industries, SMEs, Universities, and Public
Research Organizations. In this context, companies working in different domains (i.e.,
automotive car makers, avionics, railway and defense) and in the vertical value chain
(semiconductor suppliers, companies manufacturing inductors and capacitors) as well as
academic entities and research laboratories are collaborating to co-design solutions, solve
problems and exchange know-how, such that unforeseen results may also emerge. WInSiC4AP
1502
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core objective is to contribute to developing reliable technology bricks for efficient and costeffective applications addressing social challenges and market segments where Europe is a
recognized global leader as well as automotive, avionics, railway and defence. WInSiC4AP
approach is to rely on the strength of vertical integration allowing optimization, technologies
fitting application requirements, developing the full ecosystem and approach relevant issues as
reliability in the full scope.
2

MAIN CHARACTERISTIC OF SIC TECHNOLOGY

I1 Silicon Carbide is a compound semiconductor which in theory allows, thanks to some of its
fundamental characteristics, to make power devices with performances that are clearly superior
to those achievable with Silicon. This is possible thanks to the high value of bandgap, of the
critical electric field, and of the thermic conductivity. As shown in Table I, whatever the
polytype (3C, 4H, 6H), the differences with the silicon of the fundamental physical quantities
are considerable, with impressive consequences on the electrical characteristics of the devices
and on the workability of the material. Of course the comparison refers to the theoretical
performances that devices made with different materials can have; in reality the limitations due
to the quality of the material and the problems of interface with the oxide, change the terms of
the comparison considerably.

Eg (eV) band-gap
vs (cm/sec)
Electron saturation
speed
µ (cm2 N sec)
Mobilità elettroni
Ec (V/cm)
Critical electrical
field
k (W/cm K)
thermal
conductivity

Si
l.l

3C-SiC
2.3

6H-SiC
3

4H-SiC
3.3

l xl07

2.5xl07

2xl07

2x107

1350

1000

380

947

1l.8
2xl05

9.66
3x106

9.7
4x106

9.7
3x106

l.5

4.9

5

5

Table I: Main characteristics of Si and WBG SiC materials [6]
Peculiar physical characteristics of the semiconductor:
very low diffusion of the dopant,
complexity of the lattice
Small size of currently available wafers (150 mm)
Process steps not compatible with the normal layers used in the manufacture of semiconductor
devices (e.g. ion implantation, dopant activation, …)
A dedicated process line and special integration solutions will be developed in the project.
Fig.2 represents comparison between silicon and Wide Band Gap material (SiC, GaN). In
automotive and avionic applications, where switching frequency is not a key point, the SiC is
preferred to GaN due to excellent performances in driving and temperature.
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Figure 2: Comparison of the figures of merit of Si, SiC and GaN [Source: Yole Développement]

3

SIC TECHNOLOGY BRICKS IN WINSIC4AP PROJECT

3.1

SiC devices

The manufacture of SiC devices, due to the physical characteristics of the semiconductor (very
low diffusion of the dopants and complexity of the lattice) and the small size of the wafer
diameter currently available on the market (150 mm), requires the use of a dedicated process
line. In particular ion implantation, activation of the dopants processes, contacts, dielectrics,
etc. are not compatible with the normal layers used in the manufacture of silicon devices [1].
These peculiarities therefore require particular integration solutions.
Using these approaches, two versions of SiC power MOSFETs will be realized, capable of
sustaining a cut-off voltage higher than 1200V with a current capability of 70A and an output
resistance of less than 30mOhm.
The devices have been assembled in a new package, the H2PAK-7, specially designed for SiC
power devices to enhance their thermal capacity. SiC has a thermal conductivity three times
higher than that of Silicon [2] and the SiC MOSFET made by ST, reported in this paper as an
example, has efficient characteristics even over 200°C.
SiC MOSFET development activity for WInSiC4AP project were mainly completed in year
2018. Expected performances for a similar device are shown in Fig.3, Fig.4, Fig.5 and Fig.6: –
respectively –output characteristics, normalized Rdson, threshold voltage and breakdown
voltage.

1
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Figure 3 Output characteristics of current MOSFET in SiC SCTH100N120G2.
at 25 and 200 ° C.

The output resistance has a behavior enough constant with temperature.

Figure 4 Normalized Rdson of SiC MOSFET SCTH100N120G2 up to 200°C.

The threshold voltage value (Vth) is reduced by 700mV from 25 to 200oC while the breakdown
voltage (BV) increases by about 90V. The performances are significantly higher than silicon
MOSFETs.

Figure 5 Threshold voltage at 25 and 200°C of the MOSFET in SiC SCTH100N120G2

1
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Figure 6 Breakdown Voltage at 25 and 200°C of the MOSFET in SiC SCTH100N120G2.

It is relevant to observe, from other characterization data, that the dissipated energy in
switching, including the recovery time of the body drain diode of the structure, remains constant
as the temperature increases in the range 25 - 200 °C.
Similar or better performances will be achieved with new devices that will be developed in
project. The improvements of the Rdson is a key parameter of the developing SiC MOSFET. A
lowest Rdson will help final users optimize their prototype demonstrators. Taking into account
the fact that SiC is a relatively new material and that the SiC device can operate at temperatures
and power densities higher than silicon.
3.2

Power Module for SiC in WInSiC4AP Project

The WInSiC4AP project envisages innovation in the development of advanced packaging
options, utilizing the performance of new SiC devices capable of working at high temperatures
[3,4] and delivered current.
For the packaging technologies, WInSiC4AP will focus on introducing a breakthrough in the
robustness of the full assembly solution at high temperature on one hand, and on clamping the
temperature evolution in the Package on the other hand. The ultimate goal will be to break new
records in reliability:
more than 5 times the state of the art, and also in performance at high temperature;
ability to work at 200°C or above.
SiC is a relatively new material and the SiC device can operate at temperatures and powers
density higher than silicon. Hence, within the project it is necessary to develop new approaches
between the device and the package (compatibility between FE and BE) and optimization of
power modules, in order to not limiting the device performances with the package. For this
reason, dedicated metal stacks on both front side and back side have been developed [5],
evaluated and assessed from both a structural, electrical and reliability point of view. In
particular, novel and more reliable and efficient die attach but also top side connections are
needed to improve the efficiency of the system. As just example the back metal to be compatible
with Ag sintering (pressure and pressureless) and diffusion soldering, similar to the front side
integration of an additive metal stack to allow the solderability of copper clip, or to sinter.
Passivation and treatment need to be taken into account to permit a very robust adhesion of the
die top surface with encapsulant material of the final package.

1
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In fact, the powers required by the applications that will be developed need more SiC devices
(> 20) housed in a Power Module specially designed to ensure a balanced paralleling between
the devices, the minimization of losses in conduction, and minimal parasitic inductances to
ensure a good frequency switching (minimum 20kHz).
The Fig. 7 shows some Power Module that will be used in the project.

ACEPACK™ 2

ACEPACK™ SMIT

Figure 7: ACEPACK 2, SMIT - Power Modules suitable for automotive application.

ST’s ACEPACK 1 & 2 together with latest entry SMIT represent automotive power modules
option providing a compact platform for different applications in Hybrid and Electrical
Vehicle like auxiliary drives, DC/DC-converters, onboard chargers and heaters. This power
modules option with Silicon Carbide Power MOSFET on board, thanks to the outstanding
light load power energy losses, further benchmark power density improving system
efficiency.

4

SIC RELIABILITY

Reliability will be assessed particularly addressing the relevant standardization committees in
the Avionics and HEV fields. Different analysis will be carried on by exploiting Avionics and
HEV partners’ competencies and sharing and integration of different practices will be done to
explore opportunities for defining a standard approach for SiC.
Fulfilment of lifetime requirements for passive components is assessed for each demonstrator.

4.1

Analysis of failed devices

In the WInSiC4AP Project, University of Messina (in collaboration with
STMicroelectronics) investigated the effect of the thermo-mechanical stress on the
metal surface of a failed device by means AFM (atomic force microscopy), optical
microscopy, SEM, X-Ray analysis, Scanning Acoustic Microscopy analyses. The
investigated DUT is a SiC-based Power MOSFET (mod. SCT30N120) undergone to
approximately 21500 current pulses, after which the DUT is failed. After the failure,
metal layer appears characterized by many cracks and fractures, mainly distributed close
to the active area of the device. Figure 8 shows the optical image of the DUT surface,
after the failure. Noticeably, the optical image acquired with a magnification of 12 X
clearly shows a stressed area at the center of the DUT, which appears blackened. A
greater magnification allows seeing the detail of the damages of the metal surface: close
to the gate contact, the metal layer is still intact with a smooth surface; on the contrary,
the central area of the DUT is characterized by a higher roughness.
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Figure 8: SEM images of the DUT surface acquired in the good (close to the gate contact) and stressed
area (close to the source contact).

These observations are directly correlated to the thermo-mechanical analysis,
confirming that the area affected by the maximum mechanical displacement and by the
achieved maximum temperature values, due to the Joule heating, will fail. More
information are obtained analyzing the DUT surface with high spatial resolution
microscopy techniques.
4.2

Device FMEA analisys/report

The Device FMEA is an analytical technique used by a design responsible organization as a
means to assure, to the extent possible, that potential failure modes and their associated
causes/mechanisms have been considered and addressed.
5

CONCLUDING REMARKS

Thanks to the intrinsic characteristics of SiC materials, the new generation power devices
increase the efficiency of the applications, also increasing the working temperature.
The devices will be assembled in new packages specially designed for SiC power devices to
enhance their thermal capacity. SiC has a thermal conductivity three times higher than that of
Silicon and the SiC MOSFET reported in this paper as an example has efficient characteristics
even over 200°C.
From the point of view of the project, and in relation to the automotive sector, as the evolution
of thermal motor cars to hybrid and finally electric cars requires the use of efficient and
advanced electronics, we expect a positive economic impact with a use of SiC technology for
every new car placed on the market.
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ABSTRACT
A novel methodology for the preliminary sizing of pure-electric and serial hybrid-electric
airplanes is presented, which is general and capable of dealing with propeller-driven
airplanes of arbitrary configuration and size. The method ta es into account the wider design
space available to hybrid-electric aircraft compared to conventional ones, allowing to
consider varying degrees of hybridization , i.e. the share in power and energy between the
components of the powertrain. urthermore, the energy management strategy adopted for the
sizing flight mission is considered, by iteratively performing a thorough time simulation after
an initial estimation of the sizing. This allows to adjust the energy-storage-related masses in
order to optimize the results. Applications to - and -passenger aircraft and realistic
missions are shown, highlighting the impact of three possible energy management strategies,
including an optimized one.
Keywords: electric aircraft, serial hybrid-electric propulsion, environmentally-friendly
aviation, micro-feeder
1

INTRODUCTION

This paper describes a general methodology for the preliminary sizing of pure-electric (PE)
and hybrid-electric (HE) manned aircraft, a topic that is currently attracting much attention in
view of near-future applications in the quest of improved sustainability in aviation. A
significant body of scientific literature dedicated to the analysis of PE and HE has been
produced in recent years and a growing number of concepts and applications is undergoing
advanced development (see 1 for a recent review). Indeed, several prototypes and
demonstrators have already flown (examples cited in 2, ), while a few reached the series
production stage, starting with motor-gliders and currently pea ing with the 2-seater Pipistrel
Alpha Electro, an ultralight undergoing a certification process in the EU and USA.
Notwithstanding this impressive development, general methodologies for initial PE
and HE aircraft design are still far from the maturity achieved in tac ling conventional
machines. In particular, this applies to preliminary sizing, conceived as the determination of
the gross design mass and its brea down into its main components, the determination of the
total installed power and the performance of each powertrain component, and the
determination of the reference dimension (typically, the wing surface, or wing planform area).
The present wor concerns activities framed in the MAHEPA pro ect (Modular
Approach to Hybrid-Electric Propulsion Architecture), a Horizon 2020 EU-funded activity
developing new more sustainable powertrain architectures for aviation 4 . Among the
MAHEPA goals, scenario studies for a future environmentally-friendly air transportation
system are pursued, considering the application of HE powertrain technologies to short-haul
passenger aircraft. To this end, the present methodology has been developed by extending the
1510
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approach presented in 2, , aiming to the setup of a preliminary sizing framewor applicable
to the initial design of propeller-driven airplanes of arbitrary configuration and size. This is at
variance with respect to many recent contributions in the literature, where typically a
retrofitting approach is considered, by designing a pure-electric or hybrid-electric propulsion
system in substitution of the native thermal one for an existing aircraft. The presented method
ta es into account the energy management strategy adopted for the sizing flight mission.
Indeed, the various possibilities to exploit the two energy sources on board (battery and fuel)
in each flight phase may play an important role, leading to more or less optimized solutions.
2

SIZING METHODOLOGY

The proposed approach applies to the preliminary sizing of PE and serial HE propeller-driven
aircraft. The serial propulsive architecture implies the presence of an electric motor (EM)
driving each propeller, powered by a battery pac ( P) and an electric power generation
system (PGS) 1 . The latter is typically represented by a hydrocarbon-burning internal
combustion engine (ICE), being either a reciprocating engine or a turboshaft, coupled with an
electric generator. ther possibilities for the PGS include the case of a fuel cell system, as
discussed in 5 . In the present context, a PE aircraft is obtained as the case of a serial HE one
without a PGS.
The sizing procedure consists in a modification of an approach commonly employed
in the conceptual design of conventional aircraft, ma ing use of suitably adapted formulations
and tools. The first element which is at variance with conventional aircraft is given by the
design maximum ta e-off mass (MT M) 𝑀𝑚𝑡𝑜 brea down:
𝑀𝑚𝑡𝑜 = 𝑀𝑝 + 𝑀𝑎 + 𝑀𝑚 + 𝑀𝑏 + 𝑀𝑔 + 𝑀𝑓

(1)

where 𝑀𝑝 represents payload mass, 𝑀𝑎 non-propulsive airframe mass, 𝑀𝑚 electric motor
mass, 𝑀𝑏 P mass, 𝑀𝑔 PGS mass, and 𝑀𝑓 fuel mass. e remar that, here, non-propulsive
airframe mass ta es into account of all airframe masses (structure, on-board systems, landing
gear, etc.) except those related to the powertrain. Therefore, the sum (𝑀𝑎 + 𝑀𝑚 + 𝑀𝑏 + 𝑀𝑔 )
corresponds to the empty mass commonly referred to in a conventional aircraft. This is
typically estimated as a single term in the mass brea down through historical statistical
regressions based on similar existing aircraft, a process that is not applicable for PE and HE
aircraft, due to the lac of consolidated data for these new airplane types.
The mass estimation procedure is therefore crucial for a reliable sizing, and is
inherently coupled with power and wing surface estimation in a much more elaborate way
than in conventional aircraft. Indeed, one possibility to tac le conventional aircraft
preliminary sizing consists in finding the MT M by coupling a historical statistical regression
for the empty mass and a fuel-fraction procedure for the fuel mass, based on mission energy
requirements. Then, power and wing surface are determined by choosing the design point in
the feasible design space drawn according to the sizing matrix plot (SMP), which ta es into
account all point and terminal performance requirements 2, .
In the case of a PE or HE aircraft, power considerations apply directly to mass
estimation, as EM, P, and PGS masses inherently depend on their power output. Therefore,
starting with the choice of a design point on the SMP, which amounts to the determination of
the design power loading 𝑊𝑚𝑡𝑜 ⁄𝑃𝑏 and wing loading 𝑊𝑚𝑡𝑜 ⁄𝑆, being 𝑃𝑏 the shaft bra epower and 𝑆 the wing surface, the method derives the component masses of Eq. 1 starting
with an initial MT M guess and loops until convergence. In this process, all mission
requirements and performance specifications deriving from the applicable certification basis
or other design considerations are involved, as well as numerous parameters yielded by the
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mar et analysis and technology survey that are normally performed as an initial phase in
conceptual design.
Among these specifications, on-board energy management is of paramount importance
for HE aircraft. As an essential advantage of serial HE powertrains is the possibility of
operating in PE mode, this is often considered as an element to be included in the mission
profile, by requiring PE operations below a given altitude. This grants zero-emission and a
considerable noise abatement in the vicinity of airports, greatly contributing to ecofriendliness of future air transportation. ther energy management specifications, concerning
the amount of power from P and or PGS during the various phases of the flight profile and
the amount of residual energy stored on board at mission completion cannot be ta en into
account accurately at this level and is one of the main reasons for the subsequent refinement
of the preliminary sizing.
In fact, once the above discussed sizing is accomplished, a second process is deployed,
which involves the time-marching simulation of the sizing mission. In this process, the flight
profile is covered from ta e-off to landing by applying performance equations and
considering different modes of energy supply to the EM. These are the PE mode, in which
only the P provides motive power, and
the HE mode, in which the PGS is
switched on, providing power to either
the EM, the P or both. Also, energy
recuperation in gliding flight by
deriving battery recharging power from
the windmilling propeller can be
considered. This process corrects the
sizing previously achieved, through the
ad ustment of the components 𝑀𝑏 and
𝑀𝑓 of the mass brea down, according
to the actual needs observed in the
simulation.
The complete procedure was
implemented in the Hyperion (Hybrid
Performance Simulation) tool according
to the scheme seen in Figure 1 (FMS
stands for flight mission simulation). A
fully detailed account of the proposed
Figure 1: loc diagram of the Hyperion tool for
methodology and its implementation is
electric aircraft preliminary sizing.
presented in 6 .
3

IN-FLIGHT ENERGY MANAGEMENT

Given the possibility to draw power for flight from two independent power sources, i.e. the
P and PGS, in-flight energy management needs to be defined according to some criteria.
Here, a number of possibilities arises, which may have an impact on the overall energy
efficiency of the sizing mission and, therefore, on the optimal sizing of the aircraft as well as
on its operational efficiency.
Several parameters play a role in this regard, including P power energy and PGS
power performance specifications, requirements on the alternative or concurrent usage of the
two power sources, upper and lower threshold values of P state of charge (S C), P
charge discharge rates, and PGS throttle rating.
Hereinafter, we shall consider the following requirements for HE aircraft:
a. PE mode below a specified transition altitude
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b. EM sized to fulfil maximum mission power (ta e-off
climb) at its highest
(non-continuous) rating
c. P sized either to fulfil maximum mission power first, and then increased if
needed to provide energy for the flight phases below the transition altitude
d. PGS sized to fulfil the cruising power requirement, plus some extra power in
order to be able to recharge the P
e. Fuel tan sized to provide the required mission energy, except for the part
provided by the P at full charge
f. Minimum values for P S C and fuel remaining at mission completion.
The flight profile considered for the sizing mission is the typical transfer for a civil
passenger of freight airplane, composed by ta e-off, climb, cruise, descent, loiter (according
to applicable regulations), and landing. Apart from terminal ones, all phases are flown at
constant equivalent airspeed (EAS).
In the following, three relatively simple energy management strategies are considered,
in order to illustrate their impact on aircraft sizing.
A first strategy shall be indicated as strategy 1 and is represented by a cyclic
operation for the P. Indeed, in this case, the battery is discharged in the beginning of the
mission, up to the lower threshold and then recharged. As soon as the upper threshold is
reached, the P is again discharged, and so on. The activation of the PGS follows accordingly
to the current power requirement, so that it is ept off if the P power is enough, and then
turned on when the P cannot sustain the power required for flight.
A second strategy shall be indicated as strategy 2 and corresponds to operating the
P in a quasi steady S C for most of the time. In this case, after the completion of the
initial portion of the flight performed in PE mode, the P is recharged and ept as close to
full charge as possible during the remaining part of the mission. Consequently, the PGS is
ept running until the transition altitude is reached during descent.
It can be demonstrated that neither of the previous strategies is energy-optimal, under
the considered conditions 6 . Indeed, both of them cannot guarantee to complete the sizing
mission with the minimum amount of energy stored on board, nor to fly each segment at the
best possible efficiency, given that the aircraft mass changes in different ways. A study in
optimization reveals that the optimal strategy is very similar to the steady strategy ( 2).
This has the advantage of burning fuel, so reducing aircraft mass, as soon as possible, except
for the fact that towards the end of the mission, the PGS is switched off before reaching the
transition altitude and PE mode is established so that the residual energy on board at landing
exactly matches the requirements. This strategy shall be indicated as strategy .
4

NUMERICAL STUDIES

4.1

Preliminary considerations

The proposed methodology was applied to a number of example cases across several aircraft
categories, ranging from 4 to 0 occupants. Here, results concerning a light, 8-passenger
commuter airplane (named H8) and a 0-passenger regional liner (named H 0) are illustrated.
The interest in the light commuter is spurred by the fact that this type of aircraft may
fulfil the role of a microfeeder , i.e. a small liner intended to operate from a diffuse networ
of small airports and even airstrips in order to feed passengers to and fro regularly scheduled
flights at ma or airports. This concept, recently explored in
, is of primary concern in the
research carried out in the MAHEPA pro ect, as a possible ey component in the future
development of a more connected transportation networ . This is envisaged in the Flightpath
2050 document 8 , which calls for a continental transportation system capable of moving
people from any European location to any other in less than four hours, door to door. To do
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that, a novel class of environmentally-friendly, short-haul airliners is crucial to connect
smaller cities and open country territories to ma or airports.
The case of the large regional airliner is also of high interest, as regional air
transportation may benefit of substantial environmental advantages and thus contribute to
sustainability of civil aviation at large.
In the numerical studies that follow, we assume that the battery specific power is 1.50
g the battery specific energy is 0.50
h g the EM overrating is such that 25 extra
power can be exploited in ta e-off and climb the target final values for P S C and fuel
remaining are 25 and 10 , respectively the transition altitude is set at 1,000 m above
ground level (AGL).
4.2

Light commuter airplane

e consider a sizing mission with a range of 1, 0 m, plus a final loiter of 45 minutes below
the transition altitude (here at 00 m). The total ta e-off distance requirement is 654 m and
the cruising speed 150 n at 1,800 m.

Figure 2: Time histories of battery state of charge (blue), PGS throttle (red), fuel quantity (yellow),
and altitude for the H8 using the three energy management strategies (left: 1 center: 2 right: ).

Figure 2 shows the time evolution of the energy stored on board obtained by applying
the three energy management strategies. The P S C and fuel quantity are shown, together
with the PGS throttle level and altitude profile. The difference between strategies 1 and 2 is
apparent in the S C and PGS throttle time histories.
In case 1, the battery is partially discharged in PE mode up to transition altitude, then
the PGS is turned on, providing some extra power to climb up to cruising altitude. At the top
of climb, the PGS is turned off and the battery provides power for flight up to discharge at the
lower S C threshold. This is a consequence of the P being sized for power, which implies
extra energy at the end of climb. From then on, the PGS is turned on again at maximum
rating, providing both cruising power and P recharging power. attery S C increases until
hitting the upper threshold. There, the PGS is switched off and a segment of the cruise is
flown on battery only, up to discharge, which triggers again the PGS on. Descent ensues and
the PGS is turned off when crossing the transition altitude and the final loiter is flown in PE
mode.
In case 2, the battery is discharged only during the PE phases, while it is charged
throughout the rest of the flight. The PGS is ept running during the P charging phases
(without the need to operate at maximum rating) to provide the recharge, with a mar ed
reduction during descent, when at fully charged P, the PGS provides the power required for
flight in descent down to transition altitude.
The only difference between cases 2 and
lies in the full switching-off of the PGS
about 15 minutes before the start of descent for the optimal case, when the required residual
fuel is achieved. The following P usage insures the required residual S C at mission
completion.
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Figure : Time histories of shaft power (green), P power (blue), PGS power (red), and altitude for
the H8 using the three energy management strategies (left: 1 center: 2 right: ).

The P is sized to provide 616
and 290.5
h, while the PGS is sized to 50
.
Figure shows the time evolution of the power delivered by the two power sources on board,
contrasted with the shaft power required for flight and the altitude profile. P and PGS
activities clearly follow trends corresponding to those seen in Figure 2. Negative values of the
P power output corresponds to battery charging.
The mass brea down obtained in the three cases is shown in Table 1. It is readily seen
that for the cyclic and optimized strategies we get almost identical results, due to the fact that
the final P S C and fuel remaining values happen to be extremely close to the target values
in case 1, as seen in Figure 2. ith respect to the cyclic strategy, the optimized strategy
yields a reduction in MT M 1.0 , and fuel consumption by 1. . This corresponds to a
saving of 6 g of fuel for the same mission. If compared to the steady strategy, the MT M
reduction is 1.0 and fuel consumption reduction is 6.1 or
g.
1
Maximum Ta e-off Mass
Empty mass
ccupant mass
attery mass
Fuel mass

g
,254
1, 4
819
581
4 9

100.0
42.2
25.2
1 .9
14.

2
g
,285 100.0
1, 4 41.8
819 24.9
581 1 .
510 15.5

g
,248 100.0
1, 4 42.
819 25.2
581 1 .9
4
14.6

Table 1: Mass brea down for the H8 according to the three energy management strategies.

4.3

Large regional airplane

e consider a sizing mission with a range of 800 m, plus a final loiter of 45 minutes above
the transition altitude (here at ,000 m). The total ta e-off distance requirement is 1, 0 m
and the cruising speed 1 5 n at ,000 m..

Figure 4: Time histories of battery state of charge (blue), PGS throttle (red), fuel quantity (yellow),
and altitude for the H 0 using the three energy management strategies (left: 1 center: 2 right: ).
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Figure 4 shows the time evolution of the energy stored on board obtained by applying
the three energy management strategies. Again, the difference between strategies 1 and 2 is
apparent in the S C and PGS throttle time histories. The difference between cases 2 and
is seen in the final part of the mission, with the PGS on during loiter and final descent for case
2 and mostly off in case . Indeed, with the optimized strategy, the P sizing allows to fly
most of the loiter and the subsequent final descent in PE mode, even if above the transition
altitude.

Figure 5: Time histories of shaft power (green), P power (blue), PGS power (red), and altitude for
the H 0 using the three energy management strategies (left: 1 center: 2 right: ).

The P is sized to provide 5,252
and 1,829
h, while the PGS is sized to 4,524
. Figure 5 shows the time evolution of the power delivered by the two power sources on
board, contrasted with the shaft power required for flight and the altitude profile. It is seen
that for this specific aircraft, the power required for cruise is significantly lower than the
power for ta e-off and climb. P and PGS activities clearly follow trends corresponding to
those seen in Figure 4. It is apparent the similarity of the loiter and final descent phases in
cases 1 and 2, and the similarity of the rest of the mission in cases 2 and .
The mass brea down obtained by applying the three energy management strategies is
shown in Table 2. Also in this case, we get identical results for the cyclic and steady
strategies, since the final P S C and fuel remaining values happen again to be almost
identical, as seen in Figure 4. However, for the optimized strategy, the MT M is reduced by
1.2 and fuel consumption by 19 . This corresponds to a saving of 401 to 410 g of fuel for
the same mission, compared with 1 and 2, respectively. This appears a significant result,
ustifying an investment in the consideration of optimized energy management early in
conceptual design.
1
Maximum Ta e-off Mass
Empty mass
ccupant mass
attery mass
Fuel mass

g
1, 06
18,969
6,955
,658
2,125

100.0
59.8
21.9
11.5
6.

2
g
1,69 100.0
18,969 59.8
6,955 21.9
,658 11.5
2,116
6.

g
1,29 100.0
18,969 60.6
6,955 22.2
,658 11.
1, 15
5.5

Table 2: Mass brea down for the H 0 according to the three energy management strategies.

5

CONCLUSION

This wor contributes to the EU-funded H2020 MAHEPA pro ect, encompassing scalability
studies in aircraft design and analysis of future scenarios for GA and regional air
transportation by exploiting hybrid-electric aircraft, based on both thermal and fuel-cell
systems. A general methodology for the preliminary sizing of pure-electric and serial-ICE
hybrid-electric aircraft has been developed, which can be applied to vehicles of arbitrary
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weight category. The methodology allows to consider the effect of all mission requirements,
certification specifications, and other design constraints, as in conventional aircraft initial
design, and to include the peculiar aspects of electric propulsion. Among them, an important
role is played by the degree of hybridization in power and energy, i.e. the share between the
output capabilities of the electric and thermal components of the powertrain. In addition, the
energy management strategy during the mission implies variations in the overall energy
efficiency and, therefore, on the needed masses of battery and hydrocarbon fuel. As such, this
can have an impact on the optimal sizing of the aircraft. The application to the preliminary
sizing of two passenger aircraft designs is presented for realistic sizing missions, considering
three different energy management strategies. It is shown that significant advantages in fuel
efficiency may be achieved with an optimal energy management, in contrast to simpler
strategies, leading to significant fuel savings. This motivates the interest in considering energy
management strategies from the very initial phases in conceptual design, in order to identify
the most promising design configuration. A detailed discussion of the method, together with
its validation and further applications are found in 6 .
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ABSTRACT
The study of the interaction between Space Environment and Space components is one of the
most important topics of the Aerospace Engineering. To have a full test chain thus represents
a great advantage in basic research, design and realization of Space Systems and Structures.
The Aerospace Systems aboratory ( SA) of Department of Astronautic, Electrical and
Energy Engineering at Sapienza niversity of Rome can perform all the Space Environmental
tests, such as utgassing, Atomic xygensynergistic degradation effects on space
materials and Thermal ycling. oreover the materials and systems characterization is
completed by the evaluation of the Thermal Expansion oefficient, the echanical roperties
and the Electromagnetic behaviour of such materials. An important part of the research
activity is the study of the interaction between structures and Space Systems with the ars
Environment, both on orbit and on the Red lanet Surface, by mean of the hemical,
ressure and Temperature haracteristics of the ars perative Environment.
ver the years many subsystems and space systems operative in Space have been successfully
tested at SA, such as ESA Exomars arachute, ESA Galileo
Navant, - NS
,
niversity of Nairobi Nanosatellite supported by ASI, A A and SA, and many joined
research projects have been carried out, such as ASA hase B of ASI, ESA- IST project on
Advanced oating and ASI project on Advanced Thermal and Environmental rotection
System.
To achieve these goals important collaborations have been also carried out with relevant
Research enters, such as the Department of hemistry and the Section of uman Anatomy
of the Department of Anatomical, istological, orensic and rthopaedic Sciences both of
Sapienza niversity of Rome.
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INTRODUCTION

In the last decades the human aim to reach the stars produced a continue run, focused on both
research and exploration, and the commercialization of space. The conquest of space has
enabled the technological and commercial development of many countries in many areas of
engineering, but on the other hand has caused the rising of a new problem, i.e. the facing of
all the hazards due to the space environment 1 . Therefore when a mission to space is
planned, it is necessary ta e into account the environment in which the instrumentations and
the satellite that carries them will go to wor . About 25 of operating anomalies are in fact
due to the space environment that affects the control and management systems of the
spacecraft and of the instrument. In order to use space for these purposes it is mandatory to
guarantee the compliance with the low earth orbit (LE ) space environment that degrades the
performances and functionality of materials with phenomena such as atomic oxygen (A ),
ultraviolet (U ) radiation, plasma, micrometeoroids and orbital debris (MM D), as well as
severe temperature cycles. In this frame the Aerospace Systems Laboratory of Department of
Astronautic, Electrical and Energy Engineering at Sapienza University of Rome can perform
all the Space Environmental tests, such as utgassing, Atomic xygen-U synergistic
degradation effects on space materials and Thermal Cycling. Moreover the materials and
systems characterization is completed by the evaluation of the Thermal Expansion Coefficient
and the Mechanical Properties and the Electromagnetic behaviour of such materials, as well
as the study of the interaction between structures and Space Systems with the Mars
Environment, both on orbit and on the Red Planet Surface. In this paper an overview of ASL
Laboratory research activities is given, with particular emphasis on the complete test chain
achievable with the Laboratory facilities.
2

GROUND TEST FACILITIES FOR SPACE ENVIRONMENT INTERACTION
ENGINEERING

In order to utilize space for scientific and commercial purposes it is necessary to understand
the Low Earth rbit (LE ) space environment where most of the activities are now, and will,
be carried out. LE environment includes severe hazards such as Atomic xygen (Ao),
Ultraviolet (Uv) Radiation, Ionizing Radiation, High acuum, Plasma, Micrometeoroids And
Debris, Severe Temperature Cycles. At the Aerospace Systems Laboratory, except for
Ionizing Radiation, every aspect is ta en into account, bot for single tests and a complete
qualification test chain, considering the synergistic effects of all the hazard a spacecraft shall
face and the thermomechanical properties of space components.
As a first step, thermomechanical properties of all the material involved in the design of a
component or a structure are evaluated by mean of mechanical test and thermal expansion
coefficient (CTE) evaluation: every component shall be compliant with the nominal values
given by the designers.
Then, for a complete space characterization, and the certification of spaceability of such
components, the first step is the utgassing test 2
, that gives at first glance the
possibility to use or not a material in space. In fact when utgassing test give rise to a failure,
any other test lose importance, since outgassing effects are to damage and contaminate the
structures themselves and the other components of a spacecraft.
Then a parallel examination of the effects given by Thermal Cycling and Atomic xygen
U
4 interaction is ta en into account, considering as a result, respectively, the
morphological and mechanical properties changes, and the chemical and morphological
properties changes.
Finally, and in parallel, the electromagnetic behaviour, such as Radar Cross Section and
Absorption Cross Section 5 6 of all the components can be performed at different
frequency ranges.
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Every single test is performed in accordance with the respective reference standard, that could
be given by ASTM, ECSS or a combination of them
8 9 10 11 . Thus, for a precise
evaluation of CTE, Atox U effects and utgassing properties, all these facilities wor
inside an IS
Certified Clean Room, while for Thermal Cycling and Electromagnetic
behaviour a temperature humidity controlled room is used.
2.1
Thermomechanical characterization: the evaluation of Thermal Expansion
Coefficient (CTE)
The dilatometer tests are performed by the use of the horizontal dilatometer L 5H 1600.
The facility is equipped by an outer tube for samples and a pushrod as required by the ASTM
E228D. the temperature range of the facility is RT-1600 C. The measuring head, which is
connected with the pushrod, measures the sample dilatation and the software is demanded to
process data and evaluate the CTE.

Figure 1: The Dilatometer

Figure 2: Example of CTE trend

2.2

Thermomechanical characterization: the evaluation of Mechanical Properties

The tensile tests are performed using Schenc Trebel Tester. The mechanical testing device is
equipped by two clamps dedicated to every single test. The testing machine is equipped with a
2 N – TR 200 transducer, a 20 N – H M U2 transducer and a 100 N – 4 transducer.
The acquisition system is a Metrocom proprietary system. The Tester wor s using a
controlled displacement speed whose maximum is 900 mm min.
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Figure : Grab clamps mounted on the facility

(a)
(b)
(c)
Figure 4: Load transducers (a) 2 N – TR 200 (b) 20 N – H M U2 (c) 100 N – 4
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Outgassing

The test facility consists of the following components: A vacuum oven, the outgassing
simulator, composed by two parallel copper plates for samples and collectors, a set of Sample
holders an collectors, a Micro-balance, a chiller for cooling the collector plate, a set of a dry
pump and a Turbomolecular pump. The reference standards are ASTM E-595 Standard Test
Method for Total Mass Loss and Collected olatile Condensable Materials from utgassing
in a acuum Environment and ECSS- -ST- 0-02C Thermal vacuum outgassing test for the
screening of space materials . Images of the test facility follow:

Figure 5: utgassing facility and components

This test method covers a screening technique to determine volatile content of materials when
exposed to a vacuum environment. Two parameters are usually measured: total mass loss
(TML) and collected volatile condensable materials (C CM). An additional parameter, the
amount of water vapor regained (
R), has also been obtained after completion of exposures
and measurements required for TML.
TML is calculated from the mass of the specimen as measured before and after the test and is
expressed as a percentage of the initial specimen mass.
ater vapor regained,
R is the mass of the water vapor regained by the specimen after an
additional reconditioning step.
R is calculated from the differences in the specimen mass
determined after the test for TML and again after exposure to a 50 relative humidity
atmosphere at 2 C for 24 h.
R is expressed as a percentage of the initial specimen mass.
This test method describes the test apparatus and related operating procedures for evaluating
the mass loss of materials being sub ected to 125 C at less than , 10 Pa (5, 10 5 torr) for
24 h. The overall mass loss can be classified into non condensables and condensables. The
latter are characterized herein as being capable of condensing on a collector at a temperature
of 25 C.
The criteria used for the acceptance and re ection of materials is determined by the user and
based upon specific component and system requirements. Historically, TML of 1.00
and
C CM of 0.1 have been used as screening levels for re ection of spacecraft materials.
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Atomic Oxygen / VUV ageing

The S-PRE Plasma Source, which is manufactured by xford Scientific Instruments, is a
radio frequency Inductively Coupled Plasma Source (ICPS) it is a device in which the
ionization of the oxygen molecules occurs, coupling the energy from a radio-frequency Power
Source (1 .56MHz) to an ionized gas. The energy is transmitted to an inductive circuit
element (a copper coil) ad acent to a discharge region. The molecular gas changes in a plasma
and the plasma eeps itself in a limited zone of the chamber because of the high vacuum
pressure. The reference standard is the ASTM E2089 Standard Practices for Ground
Laboratory Atomic xygen Interaction Evaluation of Materials for Space Applications .

Figure 6: The plasma chamber simulate the Atox and U

Plasma composition
Neutral species
xygen
Operating conditions
or ing pressure
Distance between sample and emission
aperture
Energy of the neutral species
Flux
Atomic oxygen Fluence
Plasma Fluence
eam Temperature

99 (60
1 ions

atoms

- 40

molecules

2

)

1E-5 mbar
50 mm
5-25 e
2.5E15 ns cm2 s
Up to 1.46 E21 atoms cm2
Up tp .11E21 neutral species cm2
200 C

Table 1 The plasma composition and the operative conditions
U lamp and U controller the U generator is a highly stable mercury-xenon lamp
produced by HAMAMATSU (model LC8 Lightning Cure). The system have high-intensity
U line spectra with an elliptical reflector (U cold mirror) having reflectivity higher than
90 in the U range and a quartz light guide with U transmittance. The lamp wor s in a
horizontal position in order to have an optical system with low light loss. The spectral
emittance field range is 200 to 600 nm with a maximum emission value of 65 nm. The
radiation intensity of the lamp system is 410 m cm2 ( 10 Suns) at 60 mm distance with an
aperture size of 20 mm.
Atomic oxygen test all samples are positioned inside a Clean Room and conditioned for 48h
at a pressure of 260 mbar as required by ASTM E2089 for atomic oxygen tests. After such
treatment the samples are exposed to A , until the final exposition time, expressed in
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Equivalent Sun Hours (EHS) at a maximum effective fluence of 1.5 10 21 A cm2. For the
weight measurements, the experimental apparatus is equipped by a high precision
microbalance (Mettler-Toledo, sensitivity 0.002 mg). The maximum sample geometry is of
25x25x10 mm, but it can be adapted to custom requirements. The sample can be oriented at
different angles of attac , regarding both A and U fluxes.
2.5

Thermal Cycling

Two thermal cycling facilities are operative at LSA. oth facilities can be also used for the
simulation of the Mars atmosphere, by the use of C 2 and N, that can be connected to a gas
mixer, that allows the correct mixing of gases at the mean surface pressure of 00 Pa also
with the help of the vacuum system.
All the facilities complies with the reference standard ECSS - 0-04A: Thermal testing for
the evaluation of space materials, processes, mechanical parts and assemblies.
. .

SAS System I

T ES R

D

The SHR UD is a system that is able to simulate the characteristics temperature trend of a
LE orbit due to the different phases of sun light-shadow during the orbital period. The
characteristics temperature range is between 150 C and -150 C with a nominal pressure
P 10-6 mbar (10-4 Pa) that is reached putting the SHR UD inside the SAS. The hot and cold
phases for sun light-shadow simulate is realized than s to a pipe circuit for nitrogen flow
(cold phase ) and electrics heaters ( hot phase ). The cylindrical layout with one external
shield and one internal shield, allow a good isolation during all wor phases and an
homogeneous distribution of radiation. The frame is constituted of two main rings (frontal and
rear) and three secondary rings for maintain the geometry during wor . The two rings are
connected by 60 nitrogen flow copper pipes, while the secondary rings eeps the heaters still
during the operation. The heaters and copper pipe configuration scheme ensures a uniform
distribution of radiation.

Figure : Shroud test system for thermal cycling
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Figure 8: Shroud test system for thermal cycling: example of thermal cycling

. .

SAS System II

T ES R

D II

IT

ARA

E

ATES

The 80x80x 4 cm vacuum chamber has two internal plates with dimensions 50x50x0.8 cm in
which heaters and liquid nitrogen coils are present. The chamber can operate either in vacuum
or in a nitrogen atmosphere. According to the operating principle, cooling is carried out in the
following ways.
In a vacuum, pmin 10-4 mbar: cooling with liquid nitrogen, which flows into coils that are
welded inside the two plates.
In a nitrogen gas atmosphere N2: cooling by liquid nitrogen, which flows in coils welded
inside the two plates and by blowing in gaseous nitrogen, thermos-regulated at the inlet,
inside the chamber.
The number of thermocouples present is 4 for the monitoring and control of the plates, and 9
for the monitoring and control of the samples, plus two safety and control thermocouples
placed respectively in the boiler and on one of the plates.

Figure 9: Shroud II test system for thermal cycling
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Figure 10: Shroud II test system for thermal cycling: example of thermal cycling on 1- UNS PF
Nanosatellite.

2.6
. .

Electromagnetic Environment
Absorption ross Section

The Reverberation Chamber used for the study of ACS is of cylindrical shape. The
fundamental mode resonance frequency is f0 8 . MHz, giving a lower usable frequency
(LUF) of about 5f0 4168 MHz. A vertical stirrer is placed inside the chamber. The stirrer is a
combined -folded copper paddle the bottom part with height of 1 cm and width of 1 cm
and the upper part with height of 1 cm and width of 6 cm. The stirrer is moved in a stepped
mode by a stepper motor, which assure a 1 degree resolution. Transmitting and receiving
antennas are two A-Info wor ing between 50 GHz and 0 GHz. A NA (Anritsu Model
MS464 ) is used to measure the transmission coefficient between the two antennas, after an
adequate calibration able to compensate for the antenna cable attenuation. A 1000 Hz IF
bandwidth was set for the NA to reduce noise and a 5 seconds sweep time was set for each
range. In this way, a sufficient frequency resolution (1.25 MHz) was reached to allow a good
frequency stirring. Moreover, measurements are usually repeated in 60 stirrer independent
positions (1 degree steps) to add also a mechanical stirring process for a better
factor
evaluation. Figure 11 show photographs of the system. The absorbing material sample was
placed over a polystyrene foam support and oriented avoiding any alignments along the
chamber Cartesian axes.
A second RC is available. It is a modified version of SAS I acuum chamber where also
atmosphere (temperature, composition, pressure) and U IR irradiance rate could be modified
for material testing in space environment conditions. It has the following characteristics. The
Chamber has a volume of 5 m and is of cylindrical shape (Figure 1 ). The fundamental
mode resonance frequency is f0 200 MHz, giving a lower usable frequency (LUF) of about
5f0 1000 MHz. A vertical stirrer is placed inside the chamber. The stirrer is a -folded
aluminum paddle with height of 5 cm and width of 40 cm. The stirrer is moved in a stepped
mode by a stepper motor, which assure a 1 degree resolution. Transmitting and receiving
antennas are two A-Info wor ing between 800 MHz and 8 GHz. A NA (Anritsu Model
MS2026C) is used to measure the transmission coefficient between the two antennas in the
microwave range from 500MHz to 6GHz, after an adequate calibration able to compensate for
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the antenna cable attenuation. A 1000 Hz IF bandwidth was set for the NA to reduce noise
and a 5 seconds sweep time was set for each range.
A third RC has been available adapting the large Space Simulator once used for the San
Marco satellites and available at the Department of Astronautics, Electrical and Energy
Engineering in order to obtain a big reverberation chamber. It ma es use of the space
environment simulator, with an internal volume of 40 m where also atmosphere
(temperature, composition, pressure) and U IR irradiance rate could be potentially modified
for material testing in space environment conditions. Moreover an anechoic sub-chamber can
be inserted inside the Simulator. The resonance frequency of the fundamental mode is f0 50
MHz, giving a LUF of about 5f0 250MHz. A vertical stirrer is placed inside the chamber: it
is a combined -folded copper paddle 2m high and 1.4m wide.
The RC field power can be statistically analyzed over the angular steps by computing the S21
ensemble average over the stirrer rotation for each value of frequency the ACS is then
calculated by averaging the quality factors of the chamber loaded with samples and empty
chamber over the desired stirrer positions, subtracting the second from the first.

(a)

(b)

(c)

(d)

Figure 11: RC measurement setup: (a) the chamber closed and connected to the NA, (b) the
mechanical rotating stirrer, (c) details of the horn antennas arrangement, (d) image of the closed RC
inside, with a foam sample placed on the bottom polystyrene support.

Figure 12: Example of Absorption Cross section (ACS) measures
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Figure 1 : Configuration of the RC measurement setup inside the SAS Chamber

Figure 14: Configuration of the RC measurement setup inside the San Marco acuum Chamber

. .

Radar ross Section

The facilities used for the determination of the Radar Cross Section allow us to study the
stealthness of the materials 12 . e can use the transmission line theory in order to find the
microwave reflection coefficient (RC) at the air-composite material layer interface.
Measurements setup consists of a vector networ analyzer ( NA) Agilent PNA L wor ing up
to 20 GHz, wave guide calibration it in the -band (8.2-12.4 GHz), sample holder hosting
the material under test (MUT) of 9.
mm thic ness. Permittivity results give wave
impedance values. Some pictures of the system follow.
Radar cross-section is used to detect planes or ob ects in a wide variation of ranges. For
example, a stealth aircraft (which is designed to have low detectability) will have design
features that give it a low RCS (such as absorbent paint, smooth surfaces, surfaces specifically
angled to reflect signal somewhere other than towards the source), as opposed to a passenger
airliner that will have a high RCS (bare metal, rounded surfaces effectively guaranteed to
reflect some signal bac to the source, lots of bumps li e the engines, antennas, etc.). RCS is
integral to the development of radar stealth technology, particularly in applications involving
aircraft and ballistic missiles. RCS data for current military aircraft is most highly classified.
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Informally, the RCS of an ob ect is the cross-sectional area of a perfectly reflecting sphere
that would produce the same strength reflection as would the ob ect in question. ( igger sizes
of this imaginary sphere would produce stronger reflections.) Thus, RCS is an abstraction:
The radar cross-sectional area of an ob ect does not necessarily bear a direct relationship with
the physical cross-sectional area of that ob ect but depends upon other factors.
Somewhat less informally, the RCS of a radar target is an effective area that intercepts the
transmitted radar power and then scatters that power isotropically bac to the radar receiver.
More precisely, the RCS of a radar target is the hypothetical area required to intercept the
transmitted power density at the target such that if the total intercepted power were re-radiated
isotropically, the power density actually observed at the receiver is produced 12 .
Stealthness (RCS) research activities consists in design and optimize multilayer structures.
The aim is to reduce as much as possible the Microwave Reflection Coefficient and the
Microwave Transmission Coefficient, in other words target is to miximize the loss factor of
the strucutre. Simultaneously the total thic ness of strucutres must be minimized. These target
must be satisfied in the frequency band and for all of the electromagentic wave incidence
angles. The immediate consequence is a reduction of the radar corss section (RCS) when the
ob ect is covered or builted using such type of materials.
The microwave characterization is carried out performing scattering measurements and
extracting the electrical permittivity through canonical algorithms.. e adopted and compared
Nicholson-Ross and New Non Iterative algorithms.

Figure 15: Design of a Radar Absorbing Material

Figure 16: The RCS system
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RESEARCH ACTIVITIES PROJECTS JOINED AND COLLABORATIONS

The basic research at LSA is about the design and the performing of tests, as said, but also the
design and realization of Nanosatellites, Thermal Protection Systems for re-entry applications,
High Thic ness Carbon Carbon Composites and Space Environment Protection Systems are a
crucial part of our wor .
Thermal Protection Systems have been studied for years in collaboration with the Italian
Space Agency in the frame of ASA Phase 2 Program.
High Thic ness Carbon Carbon Composites have been studied in collaboration with A I ,
starting from the preliminary study of materials involved and producing several CC samples,
tested in the way described in the previous sections.

Figure 1 : High thic ness CC for re-entry applications

Many of the samples produced in this pro ect have been also used to produce brand new
Space Environment Protection Systems, designing a new ind of coating in order to protect
space structures from the Space Environment. As an example the coating material created at
LSA was a solution of 1 in weight of Si 2 nano-spheres (produced by Sigma-Aldrich),
mixed in a pyro-paint liquid varnish. The pyro-paint (produced by AREMC ) is an
Aluminium xide refractory coating which can be used in application with wor ing
temperature up to 1800 C. After the mixing of the two components, the coating was applied
on the samples reaching 0.5mm in thic ness.

Figure 18: High thic ness CC coated with Space Environment Protection System
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ver the years many subsystems and space systems operative in Space have been successfully
tested at LSA, such as ESA Exomars Parachute, ESA Galileo F C Navant, 1- UNS PF,
University of Nairobi Nanosatellite supported by ASI, A A and SA, and many oined
research pro ects have been carried out, such as ASA Phase 2 of ASI, ESA-LIST pro ect on
Advanced Coating and ASI pro ect on Advanced Thermal and Environmental Protection
System.
To achieve these goals important collaborations have been also carried out with relevant
Research Centers, such as the Department of Chemistry and the Section of Human Anatomy
of the Department of Anatomical, Histological, Forensic and rthopaedic Sciences both of
Sapienza University of Rome.
ith the Department of Chemistry, the chemical properties of space materials such as evlar
and Nylon have been investigated.
The molecular structure of the examined materials was studied by C-1 Nuclear Magnetic
Resonance (NMR) spectroscopy at solid state. NMR is a non-destructive, multiparametric ,
multinuclear and in the solid state non-invasive technique, extremely sensitive to any change
in conformational, configurational and constitutional features of molecules and
macromolecules.
Samples were pac ed into 4 mm zirconia rotors, and sealed with el-F caps.
Solid-state 1 C CPMAS NMR spectra were performed at 100.6 MHz on a ru er Avance
III

Figure 19: 1 C CPMAS spectrum For evlar and Nylon

ith the Section of Human Anatomy of the Department of Anatomical, Histological,
Forensic and rthopaedic Sciences both of Sapienza University of Rome the SEM EDS
analysis of coated Carbon Carbon Samples produced at LSA have been performed.
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Figure 18: Morphological surface and chemical identification of the coated C C samples

4

CONCLUDING REMARKS

All the activities performed at LSA of Sapienza University of Rome have been listed and
described in this paper, considering both the complete test chain achievable at LSA and the
research activities conducted by LSA personnel even in collaboration with National and
International Agencies over the years.
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ABSTRACT
ini-E S is an imaging detector expected to be launched on the International Space Station
on August
with an unmanned Soyuz spacecraft. It will observe the Earth in a multispectral
range comprising
(
nm), visible (
nm) and NIR (
nm). iniE S will be accommodated on board the Russian vezda module, facing on a
-transparent
window in Nadir direction. The telescope main optics comprise two resnel lenses focusing
light onto an array of
amamatsu multi-anode photomultiplier tubes, each of
channels
for a total of
pixels. In addition to the two ancillary cameras, ini-E S contains an x
array of ulti- ixel hoton ounter Si . The ini-E S main research objectives are the
study of ltra igh Energy osmic Rays above
e and the search for Strange uar
atter, even though, with its large field of view ( ), it will map an Earth ground area of
x
m every . s, allowing to study several atmospheric event such as Transient
uminous Event (T Es), meteoroids and marine bioluminescence.
Keywords: U telescope EM-EUS
1

International Space Station cosmic rays.

INTRODUCTION

The EM-EUS collaboration aims to bring to space the observation of Ultra-High Energy
Cosmic Rays (UHECRs) 1 . Several detectors have been realized (fig.1): EUS -TA 2 , a
ground-based detector located at the Telescope Array site in Utah (201 -) EUS - alloon
(2014) and EUS -SP 1 4 (Super Pressure alloon) (201 ) two balloon-borne detectors
launched respectively from Canada and New ealand. EUS -SP 2 5 is under construction
for a long duration flight in 2022. Additional synergies of purposes and equipment are with
TUS 6 a Russian mission with an array of photomultipliers and a mirror optics placed onboard
the Lomonosov satellite on April 28th 2016.
Mini-EUS (U -Atmosphera in Russian program) is a telescope which will be hosted onboard
the ISS (∼ 400 m altitude), on a nadir-facing U transparent window, inside the Russian
15
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vezda module. It is expected to be launched with the Soyuz spacecraft (in an unmanned cargo
configuration) from the ai onur Cosmodrome ( aza hstan) on August 2019. Mini-EUS is
a mission supported by ASI (Italian Space Agency) and R SC SM S (Russian Space
Agency). The EM-EUS collaboration and the respective funding institutes have contributed
to the construction of the detector. In this paper we discuss the mission ob ectives, describe the
payload and the tests performed in the qualification phase.

Figure 1: Roadmap of the EUS telescopes: a) EUS -TA: Ground detector installed in 201 at
Telescope Array site, with focal surface installed in 2015. b) EUS - alloon: 1st balloon flight from
Timmins, CA (French Space Agency) August 2014 c) NASA Super Pressure alloon (SP )
flight:201 d) TUS on Lomonosov satellite, 2016 e) MINI-EUS (2019) inside of International
Space Station (ISS) f) -EUS
g) P EMMA 8 .

2

MISSION OBJECTIVES

The Mini-EUS 9 main ob ective is to observe UHECRs by measurement of the U
fluorescence and Cheren ov light in the Earth atmosphere. The light is produced by the
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interaction of the nitrogen molecules with EAS (Extensive Air Shower) caused by the primary
incident particle. A simulation of an UHECR event signature on the Focal Surface (FS) made
with ESAF (the EUS Simulation and Analysis Framewor 10 ) is shown in fig.2.

Figure 2: Left: U Photon counts observed in the Mini-EUS focal surface for a simulation of an E
1 x 1021 e with an inclination of 80 to the nadir. Right: Light curve for the same event as a function
of time in units of GTU (1 GTU 2.5 s). 11

The low cosmic ray flux at these energies requires to observe the largest area possible. After
the mirror-optics TUS, Mini-EUS will perform these observations with a refractive, Fresnel
lens optics.
The detection efficiency of Mini-EUS as a function of energy and corresponding aperture
are shown in fig. .

Figure : Detection efficiency (Left, blac ) and geometric aperture
(Right, red) as a function of the EAS energy in e . 10

As it is possible to see in the above figure, the 25 cm diameter lens allows to detect primary
cosmic rays with energy above than 1021 e threshold. At this energy no particles are expected
to be observed, therefore Mini-EUS will place an upper limit for UHECR showers. According
to Auger and TA measurements we shouldn t expect to see UHECRs due to the very high
(G ) suppression 12 , so we expect to provide, at least, an upper limit for a null detection
also for highly inclined showers. Having a larger exposure than the TUS detector, Mini-EUS
might be able to shed light on the nature of extreme energy EAS-li e event recently reported
by TUS 6 . Moreover, Mini-EUS will produce a high-resolution map of night-Earth U
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emission, focusing on terrestrial emissions 9 (fig.4). Mini-EUS will observe many other
phenomena: marine phytoplan ton bioluminescence, meteoroids with magnitude of M
5,
TLEs such as blue ets, sprites and elves events that occur in the upper atmosphere. Also, MiniEUS will test space debris detection to investigate the possibility of using laser ablation for
debris removal 1 . Mini-EUS will also search for Strange uar Matter (S M) or
Strangelets 14 , which is one of the Dar Matter (DM) andidates. According to the strange
matter hypothesis, these particles can have cosmological origin, being produced during the
CD confinement phase transition or can be generated inside the neutron stars and even after
UHECR interaction in Earth s atmosphere. The absolute magnitude M of S M should depend
only on their mass and should be constant, according to the relation 15 :
𝑀 = 15.8 − 1.67 log(𝑚)
where m is the mass expressed in

(1)

g. The energy emitted should follow the blac body

Figure 4 : The Italian island of Sicily as it
will loo from the Mini-EUS U
measurements (simulated data).

Figure 5 : Upper limit to Strange uar
Matter with Mini-EUS after 24 h
observation as compared to other
measurements.

radiation, so inside the Mini-EUS wavelenght range. Strangelets are expected to move at
galactic speeds (up to 5 0 m s), higher than a meteor but still in the detector timescale range.
Mini-EUS will be able to set a new lower limit on the detection of Strangelets or provide the
first experimental evidence for their existence as shown in fig.5.
3

THE TELESCOPE

Mini-EUS is a compact telescope with dimension
62 cm and 28 g weight. It
consists of two main subsystems: ptics and Photo Detector Module (PDM).

Figure 6: Telescope mechanical body with subsystems.



Figure : Mini-EUS focal surface.

ini-E S on ISS

G. ambi

Mini-EUS optics consists of two PMMA Fresnel lenses (25 cm diameter, one of them double
sided) which will focus light onto the Focal Surface (FS) with a large field of view (44 ). MiniEUS total FS observable area on Earth correspond to 26
26 m2. The FS consists of an
array of 6 Hamamatsu 64 channels Multi-Anode Photomultiplier (MAPMT) divided into 9
Elementary Cells (EC), for a total of 2 04 pixels. Each MAPMT is powered by a Coc roftalton high voltage 16 power supply board placed inside a ceramic pad and present a G
U filter on the entry window. Together with FS, the signal and data handling electronics form
the PDM chain: 6 SPACIR C 1 (Spatial Photomultiplier Array Counting Integrated
Read utChip) ASIC boards, a ilinx ynq C 0 0 system on chip containing a intex
FPGA with an embedded dual core ARM9 CPU processing system and a PCIe 104 form factor
CPU which represent the front end electronics. In addition to the main detector, Mini-EUS
contains: two ancillary cameras for complementary measurements in the near infrared and
visible range, three single pixel U sensors used as switches for day night recognition read by
an Atmel 2560 10-bit microcontroller board. Furthermore, Mini-EUS mounts a 64 channels
Multi-Pixel Photon Counter (MPPC) 18 Silicon PhotoMultiplier Tubes (SiPM) C1 65 array
module provided by Hamamatsu Photonics consisting of the photosensitive array, a high
voltage power supply DC-DC converter, a microcontroller for the bias ad ust and temperaturecompensation tool. A multiplexing board was developed and built on purpose for the MPPC
read out while, is involved on the ancillary sensor read-out. The Low oltage Power Supply
(L PS) boards, consisting of three PC modules mounting different icor DC-DC converter,
stabilize the 28
input voltage coming from ISS providing power for all subsystems and
preserving the entire instrumentation from spi e and polarization inversion. Moreover, the
L PS contains three main bistable relais as house eeping for the main subsystems connected
to a board driven by the CPU. Mini-EUS power consumption is around 55
and a scheme
of the subsystem s power distribution is shown below.

Figure 8: Mini-EUS main power distribution

4

SPACE QUALIFIED TEST

The implementation of the oint Mini-EUS space experiment requires tests to be carried out
on the instrument nown as General Technical Requirements for Experiment, Equipment and
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board
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Those

can

be

summarized

as

follows:

Electro-Magnetic Interference and Conductive (EMC EMI)
ibrational and shoc
High and Low pressure functionality test
Thermal and humidity

Pressure tests requirements involved the instrument to be placed inside a special chamber at
450 mm Hg and 9 0 mm Hg for two hours each. Several thermal cylces inside a thermal
chamber were made, reaching threshold of 55 . Requirements were satisfied once by
switching on the instrument or a functional run after each test.
4.1

EMC/EMI Tests

The aim of the tests is to verify that Mini-EUS Instrument does not produce any undesired
electromagnetic radiated emissions and that is capable to withstand different irradiations from
external sources. Mini-EUS engineering model has been sub ected to emission and
susceptibility tests to demonstrate its electromagnetic compatibility requirements listed as
follows:
• Low and High Frequency (LF HF) Conductive Interference
• Electrical Field Intensity Produced by HF Emissions
• Pulse Interference
• Inrush Current
The test equipment is composed of a M E EMI receiver and spectrum analyzer by
Agilent Technologies with a frequency range between 20 Hz 26.5 GHz, a Line
Impedance Stabilization Networ placed on the power supply for inrush current
measurement, ESD Generator, three different types of antennas: biconical, horn and rod.
Mini-EUS , together with antennas were placed inside an anechoic chamber as shown
below.

Figure 9: Mini-EUS EMC EMI qualification
tests inside the anechoic chamber

Figure 10: Mini-EUS Conductive Interference
spectrum response in range (200 1000 MHz)

During tests antennas have been rotated to obtain the interference spectrum for both vertical
and horizontal polarization. All tests have been succesfully passed. In fig.10 are shown the
results of the conductive interference in a selected frequencies range. In all frames it is visible
a solid line indicating the conductive interference limits, which is measured in d
.
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Vibration and shock tests

The Mini-EUS equipment will be launched into Russian launcher (Soyuz) in hard- mounted
configurations. This qualification procedure required to demonstrate that Mini-EUS payloads
are able to sustain the random vibration launch loads. In the following will be described the
ualification ibration Test ( T) and the shoc test applied. Those tests can be divided into
two branches, Random ibration Tests and Shoc Tests:
• Random vibration in the three orthogonal axis , and over six different frequencies
width
➢ Resonance survey before all test sessions
➢ Random Insertion (120 seconds) with an overall strength of .42 g
➢ Random Insertion (480 seconds) with an overall strength of .58 g
➢ Random rbital Flight (600 sec) with an overall strength of .84 g
•

Shoc
➢ Seven shoc

with

ms duration

40 g strength over

,

and

axis

The criteria for successful testing include a visual inspection after ualification ibration and
Shoc Test to show no evidence of ruptures or damages. Also functional chec and resonance
comparisons, before and after each test session are required to displacement of natural
frequencies lower than 5 .

Figure 11: Mini-EUS
for

5

ibration set-up scheme
axis

Figure 12: Mini-EUS accommodation on the
sha er - direction

CALIBRATION AND SIMULATION

Mini-EUS is intended to wor in a single photoelectron counting mode which has advantages
over analog measurement in terms of signal-to-noise ratio. Furthermore, PMT response has to
be as uniform as possible. For this reason, the 64 signals from MAPMT anodes are fed through
the SPACIR C preamplifiers which offer ad ustable gain to correct the gain non-uniformity
of the MAMPT. These signals are digitized and discriminated to count photon triggered pulses
and to measure the photon intensity, thus, allowing to set a threshold for the PMT single
photoelectron detection. If the PMT efficiency and the threshold to separate photon pulses from
noise are nown, then the number of single photoelectron counts is a measurement of the
number of single photons incident on the PMT. The charge or pulse-height spectrum ta en at a
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extremely low light level, such that the response of the PMT to a single photon can be measured
with high accuracy, is nown as a single photoelectron spectrum which is shown for a single
pixel in fig.1 . This show number of discriminated counts per channels corresponding to
different pulse height. Each channel is a 8 bit threshold increment, so that we can distinguish
the typical noise pedestal (right) from the rising slope (left) corresponding to the single
photoelectron production needed. isualizing all MAPMT s single photoelectron spectrum
response, it is possible also to ad ust the gain noting that the pedestals are shifted along different
channels (fig.14). Indeed, the width from the single photoelectron production and the pedestal
represent the PMT s gain, thus all pedestals should occur at the same ADC value to have a
uniform PDM.

Figure 1 : Top: Single pixel S-curve showing counts over a
discriminated ADC threshold value. ottom: S-curve derivative in
logarithmic scale. In order to figure out the threshold for the single
photoelectron production it is needed to recognize where the
derivative grows and show the plateau before increasing again due
to the pedestal. In this case our wor ing point falls between 400 and
500 ADC value.

In fig.15 we are showing a field test, which represent a night s y frame ta en in zenith position
at latitude N 42 05 55 and longitude E 1 05 18 19 . e had also the possibility to detect
a meteor burning in the s y as showed below. The event lasts 60 ms as one can see in time
reported on the top of each frames.
6
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Figure 15: Mini-EUS focal surface during a night field test. ars show photoelectron counts reaching
the pixel of PDM. The time elapsed between each frame is 40,96 ms. It is visible a meteor in the right
upper side burning in the Earth atmosphere in a totl of 60 ms.
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ABSTRACT
In the present work an optimization procedure is proposed for the design of morphing devices
based on the distributed compliance concept. Starting from the outcome of an existing twolevels approach, the integration of a mathematical toolbox with a finite element solver allows
to refine morphing solutions but also to adapt topologies to different materials. Another
optimization tool is employed to get the numerical solution closer to the manufacturing
process stage. The procedure is applied to the design of a morphing droop nose to be
installed on a reference regional aircraft. The same steps are then repeated using a
superelastic material as alternative to the aluminium alloy for the compliant ribs. The results
show an improvement of shape quality, but only the superelastic material allows to
completely satisfy stress requirements. Finally, a detailed finite elements model is used to
verify the obtained solution.
Keywords: morphing, optimization procedure, compliant mechanisms, superelastic material
1

INTRODUCTION

Morphing devices for aircraft wings represent a promising technology to improve the
performances, enabling the achievement of more efficient aircraft thanks to the capability to
adapt the aerodynamic shape during the mission. Indeed, the possibility to modify the airfoil
geometry depending on the flight condition allows to increase the lift/drag ratio. Moreover,
the replacement of classical high lift devices with adaptive ones results in lower drag and
airframe noise reduction. Unfortunately, the design of morphing wings is complex due to
conflicting requirements, since high deformability is requested to accomplish the shape
change but at the same time the load-bearing function of the structural components mustn’t be
compromised [1].
One of the most promising concepts is the active camber morphing, whose aim is the
variation of the airfoil camber in order to increase the aerodynamic performances, especially
in take-off and landing. Different implementing solutions have been evaluated during the
years. The typical concept is based on a flexible skin coupled to a rigid mechanism having
levers and kinematic joints, as in SADE and SARISTU projects [2]. However, this approach
suffers from the issues related to rigid mechanisms, such as high stress concentrations, wear
and backlash.
An alternative to the rigid kinematics approach for the realization of variable camber
wings is based on compliant structures, mechanical devices that achieve motion via elastic
deformation, thanks to an efficient implementation of flexibility inside the structure [3]. The
distributed compliance concept was originally proposed by Kota [4] as an alternative to the
distributed actuation one. The major issue in the design of compliant structures is that
15
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conflicting kinematic and structural requirements must be simultaneously satisfied. Therefore,
dedicated design procedures must be developed and specific tools like multi-objective
optimization are required, in order to achieve a feasible design according to the requirements.
In this paper an optimization procedure for the design of morphing wings is proposed
following the active camber concept, limited to leading and trailing–edge deflections, with an
internal compliant structure. The proposed procedure is general for leading and trailing–edge
devices. Since the criticalities concerning leading–edge morphing solutions are higher,
application to droop nose will be shown. Many difficulties are encountered when designing a
droop nose and also compliant structures can be characterized by high stress level. In this
work the problem is overcome adopting superelastic Nitinol as material of the internal
mechanism.
The working environment for the application of the procedure is the contribution of
POLIMI in the framework of the EU funded Clean Sky 2 REG-IADP AG2 project.
2

DESIGN PROCEDURE

The aim of this work is the development of a procedure for the optimal design of morphing
devices. The general framework can be outlined in four phases:
1. An aerodynamic shape optimization with structural constraints for the definition of the
optimal shape according to the performance requirements.
2. A multi-objective genetic algorithm optimization for the definition of the topology of
the internal compliant structure.
3. An SQP optimization to optimize the sizing variables of the selected topology.
4. A shape optimization of the compliant mechanism to reduce local peaks of stress.
The background of the procedure is the two-levels approach proposed by De Gaspari [5],
whose capabilities are expanded here developing dedicated tools whose potentialities are:
• the possibility to change the materials or the geometric scale even if the topology has
already been defined;
• the versatility of FEM simulations, in terms of material constitutive laws and
modelling;
• the achievement of a solution almost ready for manufacturing process.
2.1

Morphing shape optimization

The first level of the procedure consists in an aero–structural optimization of the morphing
shape to obtain the most efficient aerodynamic shape while minimizing the strains in the skin.
The morphing shape optimization is performed by means of a Knowledge-Based Engineering
(KBE) framework that revolves around an object-oriented code named PHORMA [6].
2.2

Multi-objective Genetic Algorithm

The topological synthesis of the internal compliant mechanism is based on the Load Path
Representation method [7] and aims at obtaining the best internal structural configuration able
to achieve the target optimal shape. The main tool used in the second level is SPHERA [5,8].
Topology and size design are simultaneously faced. The compliant mechanism must be able
to satisfy the kinematic and structural requirements, for all the considered load conditions.
This is a multi–objective problem that can be incorporated into the genetic algorithm. The
optimal solution is a trade–off between the objectives of deformability and load-carrying
capability.

1
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SQP optimization

The third step is a sizing optimization aimed at the specialization of the topology to the actual
structural configuration, in terms of materials or geometric scale. The problem is formulated
as the minimization of the Least Square Error (LSE) between the deformed shape and the
target shape, subject to: i) a stress constraint on the actuated mechanism; b) a constraint on the
skin deformation under the aerodynamic loads of a non-morphing critical condition. The
design variables are the widths of the mechanism, the thicknesses of the skin, the position of
the internal points of the mechanism. The optimization problem is set up in Matlab with
fmincon function, and Sequential Quadratic Programming (SQP) algorithm is chosen.
Objective function and constraints are evaluated as results of non-linear finite element
analyses performed by Abaqus. The model consists in a beam-elements rib located at the
middle of a plate-elements skin whose spanwise length is equal to the rib pitch. Two different
analyses are required:
1. analysis of the model when the compliant mechanism is actuated, under the
aerodynamic loads of the morphing condition, for instance take-off or landing;
2. analysis of the model when the compliant mechanism is fixed, under the aerodynamic
loads of a critical flight condition, such as Cruise or Dive Speed condition.
The model is the same in the two cases, apart from loads and boundary conditions. A
dedicated Python script automatizes model generation during the optimization analysis.
2.4

Compliant mechanism shape optimization

The last step faces the transition from a beam-elements model to the actual drawing of the
device, performing a shape optimization of the compliant mechanism aimed at the
minimization of local stresses. A CAD model of the mechanism is created, exhibiting the
actual internal points positions and the load path thicknesses of the found optimal solution. A
planar sketch is imported in Abaqus and it is finely meshed with two-dimensional solid
elements.
The optimization analysis is implemented by means of Tosca shape. It is used to find
the optimal position of the surface nodes for the minimization of the maximum principal
stress. The static analysis performed at each iteration consists in imposing the displacements
and the in-plane rotation at the points of the rib attached to the skin and applying the actuation
force at the input point. The displacement history is extracted from the output of the previous
step.
3

DROOP NOSE

3.1

Reference wing

In the framework of EU funded Clean Sky 2 REG-IADP AG2 project, one of the developed
concepts is a morphing Leading Edge able to guarantee high lift requirements as well as
Natural Laminar Flow (NLF) wing. The reference aircraft is a 90 pax, twin prop Regional
Aircraft. The reference wing has been provided by ONERA. The adoption of a morphing LE
is needed to delay the stall in take-off and landing. In order to achieve this goal a seamless
and smoothed surface is required so that no anticipated loss of laminarity occurs.
3.2

Topological synthesis results

After the definition of the optimal shape able to satisfy the performance requirements, the
topological synthesis of the compliant ribs takes place. The solution is selected as good
compromise between the conflicting kinematic, structural and stress requirements. This
solution, shown in Figure 1, is the starting point for an example of application of the last steps
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of the procedure. The purpose is the validation of the benefits in terms of solution
improvement.

Figure 1: Topological solution

The selected solution, when actuated, displays a maximum stress of 550 MPa. The choice of
accepting such high level of stress was dictated by the need of achieving the 16° droop angle
of the aerodynamic target. However, this stress value is not allowable for the aluminium alloy
of the mechanism. This fact suggests the need of materials able to provide high recoverable
strains, a potentiality found in the superelastic behaviour of Nitinol. Both aluminium elastic
material and superelastic Nitinol will be subjected to the proposed optimization tools.
3.3

Nitinol

NiTiNOL is the most common among shape memory alloys. In addition to the shape memory
effect, another property they show is superelasticity: at relatively high temperatures it can
happen the recovery of large deformations due to mechanical stress induced transformation.
A numerical model to simulate superelastic behaviour is available in Abaqus. The
required data characterize the start and the end of the phase transformations. Some parameters
(Young moduli and Clausius-Clapeyron coefficients) are taken from Qidwai and Lagoudas
[9]. The other values result from setting the transformation temperatures so that
superelasticity occurs for an operative range between 263 K and 313 K. Computations will be
performed at the reference temperature T0 = 293 K. Then verification at limit temperatures
will be executed.
4

RESULTS AND DISCUSSION

In this section, starting from the result of genetic algorithm, an optimized solution is found by
means of the SQP optimization. Then, the new compliant mechanism is subjected to Tosca
shape optimization. The whole procedure is applied twice, for different materials of the
mechanism: aluminium alloy (E = 72 GPa, ν = 0.33) and Nitinol. In both cases, the skin is
made of composite material, modelled as an equivalent isotropic material (Eskin = 40 GPa,
ν = 0.12).
4.1

Aluminium alloy

4.1.1 SQP optimization
First, the features of the model and the set-up of the optimization are discussed. The rib pitch
is equal to 130 mm and it is used as spanwise length of the skin. The rib thickness is equal to
35 mm. The chord extension of the model is 467 mm. The actuation force has vector
components (-468.2 N, -40.96 N). The aerodynamic conditions for the evaluation of objective
and constraints are landing condition (α = 10°, qd = 2561 Pa) and dive speed condition
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(α = 0°, qd = 5000 Pa) at sea level. The model corresponding to the initial solution is depicted
in Figure 2. It shows the starting design variables, that are the result of the genetic algorithm.

Figure 2: Abaqus model corresponding to the initial variables

Concerning the admissible stress for aluminium, the 550 MPa value already discussed is
considered. The sizing variables must belong to [0.5 mm, 7 mm]. The internal points position
can vary of ±5 mm. The optimization analysis converges to an optimal solution, decreasing
the LSE from 10.2 mm to 2.2 mm. Maximum stress in the rib is 549.9 MPa. Figure 3
illustrates the initial shape, the optimal shape and their comparison with the target.

(a)

(b)

Figure 3: Aluminium alloy: SQP optimization. (a) Initial solution; (b) Optimal deformed shape

The results show the improvement of the kinematic requirement. The optimal solution shows
a greater droop angle and a smoother skin surface with respect to the initial solution.
Concerning the stress constraint, it is satisfied within the optimization analysis; however, it
must be remembered that the selected admissible value is overestimated. Therefore, the
obtained solution isn’t feasible, in the absence of elastic materials with a sufficiently large
elastic range.
4.1.2 Shape optimization
Shape optimization of the compliant mechanism is applied to the optimal solution previously
found. First, a static analysis with imposed displacements at the boundary is performed to
observe the mechanism behaviour and to identify the most critical regions. The result is
shown in Figure 4. In addition to the global deformation, the most stressed regions are
highlighted.
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Figure 4: Aluminium alloy: static analysis of the compliant mechanism

The maximum Von Mises stress is 1200 MPa, higher than the value obtained from the beams
model. Indeed, a beams model can’t give accurate estimates of the stress in singular points
like its extremities or the intersections. The application of shape optimization to the region on
the right decreases maximum stress from 877 MPa to 598 MPa, however it is still too high. A
similar analysis is carried out on the left region but failing. Therefore, the optimization tool is
able to modify the junction region in such a way to reduce stress peaks, however it can’t
overcome the intrinsic limitation of a conventional linear material for the compliant
mechanism.
4.2

Nitinol

4.2.1 SQP optimization
Nitinol is adopted in the same optimization analysis previously performed with the aluminium
material. 500 MPa is considered as admissible stress: this value is just below the stress level
at the end of the loading plateau. The SQP optimization converges to an optimal solution,
decreasing the LSE from 10.2 mm to 1.4 mm. Figure 5 illustrates the comparison between the
optimal shape and the target one, and the stress level inside the mechanism.

(a)

(b)

Figure 5: Nitinol: SQP optimization. (a) Optimal deformed shape; (b) Von Mises stress in the rib

The results show a significative LSE reduction, better than with aluminium. The maximum
stress is 462 MPa and the corresponding strain is 0.018, which is in the range of the
recoverable strains. These results reveal that materials able to provide large strains are
preferred for compliant structures. Moreover, the existence of the stress plateau allows to limit
the stress values. Therefore, the use of Nitinol in combination with the SQP optimization,
allows a meaningful enhancement of the aerodynamic performance. Moreover, the following
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results will show that Nitinol may assure the structural feasibility that aluminium alloy can’t
guarantee.
4.2.2 Shape optimization
The 2D solid elements model of the optimal compliant mechanism made of Nitinol is created.
The result of the static analysis with imposed displacements is shown in Figure 6.

Figure 6: Nitinol: static analysis of the compliant mechanism

Also in case of Nitinol the refined finite element model shows stress concentrations and the
critical regions are the same of the previous case. Shape optimization is applied to the left
region, where maximum stress is 1052 MPa. The optimization provides a redistribution of
stress reducing it to 541 MPa. The comparison between initial and optimized solutions is in
Figure 7.

(a)

(b)

Figure 7: Nitinol: shape optimization for the left region. (a) Initial solution; (b) Optimum solution

The transformation strains are significantly reduced. The stress-strain relationship for the
loading history is reported in Figure 8. It shows that the initial solution is not acceptable since
the plateau is fully exploited and then the stress reaches the critical value for slip: permanent
deformations would remain upon unloading. Differently, the optimized solution shows an
acceptable behaviour: deformations can be recovered. Therefore, shape optimization is crucial
to achieve a feasible structural solution, as well as the adoption of a superelastic material.

(a)

(b)

Figure 8: Nitinol: stress-strain curve in the left region. (a) Initial solution; (b) Optimum solution
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4.2.3 Verification at limit temperatures
The analyses of the optimal solution at the limit temperatures do not show substantial
differences in terms of deformed shape with respect to what obtained at reference
temperature.
4.2.4 Detailed verification of the optimal solution
At the end of the procedure, the designed optimal morphing device must be verified. A 3D
solid elements model of the compliant mechanism coming from shape optimization is
realized. It is coupled with the shell elements skin and the displacement at the actuation point
is imposed. Figure 9 shows the deformed shape and its comparison with the target.

(a)

(b)

Figure 9: Nitinol verification. (a) 3D verification; (b) Deformed shape and target shape

The maximum stress in the mechanism is 477 MPa and the corresponding strain is 0.026,
hence the structural feasibility of the solution is confirmed. Concerning the aerodynamic
requirement, the LSE is 4.4 mm. Despite the worsening, the achieved result can be considered
acceptable.
After the numerical design phase, manufacturing and testing are required to assess the
real feasibility of the conceived solution. This includes studies of characterisation for the
material and the investigation of manufacturing technologies. This is especially true for
Nitinol. Due to the dependence of its mechanical characteristics on alloy composition,
manufacturing process, thermal treatments and operative temperatures, a lot of work is
required to understand better how to achieve the actual application of Nitinol in aeronautical
structures.
5

CONCLUDING REMARKS

This paper has described an optimization procedure for the design of morphing devices. Its
application to the design of a droop nose has shown the benefits in terms of fulfilment of the
requirements. Sizing optimization applied to a topological solution allows an improvement of
the device. Moreover, even adopting the same topology, the use of a different material is
possible, and the results demonstrate a further enhancement if Nitinol is selected. Indeed, it
has permitted to achieve a better kinematic requirement, as well as the withstanding of the
loads within the material strength limit. The last steps of the procedure can be considered
validated since they are able to improve the solution, decreasing the LSE and then reducing
the stresses.
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ABSTRACT
Long-term manned space-exploration missions and the permanence of human colonies on
orbital stations or planetary habitats will require the regeneration of resources onboard or
in-situ. Bioregenerative Life Support Systems (BLSSs) are artificial environments where
different compartments, involving both living organisms and physical-chemical processes, are
integrated to achieve a safe, self-regulating, and chemically balanced Earth-like environment
to support human life. Higher plants are key elements of such systems and Space greenhouses
represent the producers’ compartment. Growing plants in Space requires the knowledge of
their growth responses not only to all environmental factors acting on Earth, but also to
specific Space constraints such as altered gravity, ionizing radiations and confined volume.
Moreover, cultivation techniques need to be adjusted considering such limitations. The type
and intensity of environmental factors to be taken into account depend on the mission
scenarios. Here, we summarize the experience of our research group, which have been leader
in studies aiming to cultivate higher plants in Space to regenerate resources and produce
fresh food onboard. Both biological and agro-technological issues have been chased with
both experiments ground-based on Earth and in Space.
Keywords: agro-technology, Bioregenerative Life Support Systems, artificial ecosystem,
Space biology
1

INTRODUCTION

The realization of long-term manned space-exploration missions and the permanence of
human colonies on orbital stations or planetary habitats will require Bioregenerative Life
Support Systems (BLSSs). BLSSs, also known as Closed Ecological Life Support Systems
(CELSS), are systems capable of regenerating large parts of the essential resources for
humans survival (i.e. H2O, O2, food), solving the constrain of the unfeasible complete resupply from Earth [1].
BLSSs will be likely based on the harmonization of compartments involving both living
organisms and physical-chemical processes to achieve a safe, self-regulating, and chemically
balanced artificial ecosystem to support human life. (Photo) bioreactors have been widely
explored to grow micro-algae for food, waste treatment, and production of biomaterials.
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However, among biological components, higher plants are the most promising because, as
every photosynthetic organism, they regenerate the atmosphere by CO2 uptake and O2
production, can recycle nutrients derived from human wastes and provide not only food tastier
and more complex than algae, but also non-nutritive benefits. Indeed, higher plants play a role
in psychological support against conditions of isolation, which are recognized to elicit
behavioral changes in crewmembers [2].
To realize Space greenhouse modules, and even more in the case of BLSSs, there is common
agreement on the need for the integration of different disciplines and approaches to achieve a
deep knowledge of both plant biological processes and crop production techniques under
Space constraints [3].
The literature about Space experiments with plants clearly demonstrated that plants can be
cultivated in Space (in microgravity conditions on Low Earth Orbit spacecraft) even
achieving the seed-to-seed cycle. However, the main Space factors, namely microgravity and
ionizing radiation, can alter many physiological processed in direct and indirect ways (e.g.
through the interaction with physical processes including liquid and gas behavior) [4, 5]. Such
alterations during plant growth must be taken into account in the design of cultivation
chamber modules, because they in turn influence plants’ activity as bioregenerator elements.
As well, cultivation protocols and procedures are species- and cultivar-specific and need to be
defined once the response of plants to cultivation factors is unraveled. Therefore, groundbased experiments are needed for understanding how growth efficiency and yield (considering
all plants’ output as oxygen, biomass, etc.) is affected by cultivation and simulated Space
factors, in order to establish the requirement specifications for all subsystems, including a
nutrient delivery system and the lighting system.
Here, we summarize the experience of our research group which, for long time, has been
involved in studies aiming to cultivate higher plants in Space to regenerate resources and
produce fresh food onboard. Both biological and agro-technological issues have been chased
with both experiments ground-based on Earth and in Space. Special attention has been
dedicated to agro-technologies applied to BLSSs in order to identify cultivation protocols to
maximize plant resource efficiency, yield and to provide edible products with suitable
nutritional quality. The output of our studies is also applicable for the sustainability of crop
production on Earth.

2

THE SPACE FACTORS AND THE EFFECTS ON PLANTS

The traits of higher plants on Earth are the result of a long evolution process by which the
organisms achieved adaptation to specific ecological factors such as light, temperature, water
and nutrient availability. The different combinations of these ecological variables have
determined the success of plants in different Earth biomes in the different geographical areas.
The potential of plant survival and reproduction in extra-terrestrial environments is controlled
by the same factors that act on Earth (e.g. light, pressure, temperature and relative humidity)
at different levels and by additional factors, typical of Space, such as altered gravity and
ionizing radiation.
All environmental factors, alone or interacting each other, exert an influence on plant growth
at different levels on various processes, from molecular to the whole organ functioning and to
the whole plant metabolism. Depending on species-specific plasticity, plants adapt to
changing environmental conditions, thus altering their structure and physiology, and
ultimately their interaction with the environment itself. Consequently, growth requirements
and resource use under nominal conditions on Earth can be very different from those of plants
growing in extra-terrestrial environments. Therefore, in order to realize sustainable plant
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cultivation in Space, and eventually optimize the use of resources, it is necessary to know the
effects of space factors on plant growth processes to evaluate possible changes in cultivation
requirements and estimate possible changes in yield and quality of products.
2.1

Plant growth in altered gravity

An increasing number of Space biology studies are focused on factors and processes involved
in root orientation aiming at the improvement of plant cultivation in altered gravity conditions
as those of the International Space Station (ISS), Moon or Mars. Apart from Space
applications, understanding root growth strategy and tropism interactions can provide
valuable insights to optimize fertilization and irrigation in plant cultivation on Earth.
As for animals, plant growth and morphogenesis are fundamentally regulated by a genetic
program. However, plants are sessile organisms and their processes of growth and
morphogenesis are strongly influenced by many environmental factors among which gravity
is unique, because it is always present in a constant direction and magnitude on Earth. During
the long processes of evolution, plants have utilized gravity as the most stable and reliable
signal for their growth. Consequently, weightlessness conditions affect plant biological
processes at different stages of their seed-to-seed cycle [5].
On Earth, true microgravity conditions can be produced by free fall or parabolic flight but
they are generally too brief to induce changes in plant growth and morphogenesis. Uniaxial
clinostats have been widely used to simulate microgravity and their use is often considered
basic to plan experiments in real microgravity [6, 7]. Nevertheless, uniaxial clinostats can
cause undesired variations and side effects due to the chronic stimulation of the lateral sides
of the biological samples. To avoid such effects, three-dimensional (3-D) clinostats are also
used to continuously rotate plant material. Considering that clinostats can counteract only
dynamic gravistimulation (direction of gravity) while are unable to eliminate static
gravistimulation (magnitude of gravity), deeper studies on the effect of weightlessness on
plant growth must be done in real microgravity conditions such as those on the ISS.
The cell wall plays a central role in the regulation of growth and morphogenesis in plants and
is involved in the modifications of these events in space. The stimulation of elongation
growth in space is caused by cell wall loosening, which is brought about by diverse changes
in the metabolic turnover of cell wall constituents [8, 9].
As for the stem, the automorphic curvature in space may be caused by the inherent difference
in the cell wall extensibility between the convex and concave sides, which is induced by the
uneven modification of the metabolism of cell wall constituents. In space, the expression of
the genes encoding the proteins responsible for cell wall metabolism, cytoskeleton formation,
and plant hormone metabolism is greatly modified [10,11], which may induce changes in cell
wall properties.
Regarding roots, organ response to directional growth responses, referred to as tropism are
driven by directional stimuli [12].
Although roots have also evolved other specific tropisms to explore the soil in search of
beneficial conditions of water and nutrients availability [13], root gravitropism is dominant on
other tropisms on Earth.
The basis for our understanding of the reliable downward movement of plant roots has been
shaped by the Cholodny-Went theory [14]. Despite some criticism on the original draft, the
central premise that a differential localization of auxin causes differential elongation on the
upper- and lower side of the root still stands firm. In the root tip, higher accumulation of
auxin on the lower side causes a decrease in cell elongation within the central elongation
zone, which make the root bend towards gravity. An important elaboration on the CholodnyWent theory is the auxin fountain model. Most of the auxin in plant roots in synthesized in
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and around the columella cells [15]. The model proposes a normal state flow of auxin from
these synthesis sites, moving upward through the epidermis and partially flowing back
through the cortex, endodermis and pericycle to the vasculature where it returns to the root
tip. When the root is not positioned in the direction of gravity this normal flow is altered to
increase the amount of auxin flowing to the lower part, while decreasing the flow to the upper
part.
To better understand the role of gravity in the signaling pathways of root growth orientation
space experiments have been performed. Most of them are aimed at deepening the gravitropic
reactions investigating the interactions with secondary tropisms (such as phototropism,
hydrotropism and chemotropism) in absence of the gravitropic stimulus in space [16, 17].

2.2

Plant growth after exposure to ionizing radiation

The protection of organisms, especially humans, from the action of ionizing radiation is one
of the main challenges to realize Space exploration. Results from experiments aiming to
evaluate the effect of radiation on plants are often contrasting and not easily comparable
because plant response depends on many factors including radiation type and dose, plant
species/cultivars and plant developmental stage. Generally, the radiation-induced damage
increases with increasing doses; at same dose, the discriminant among different deleterious
effects becomes the radiation quality: high-LET (Linear Energy Transfer) is more dangerous
than low-LET radiation in inducing genetic mutations [18, 19]. Even if plant response to
ionizing radiation is not yet fully understood at the different plant levels (Fig. 1), the issue
becomes more complicated considering that some species exhibit an intrinsic resistance to
radiation due to molecular and biochemical mechanisms [4,20,21]. Generally, the exposure to
ionizing radiation increases embryo lethality induces dwarf architecture and modification of
floral elements [4, 19, 22]. However, radiation has also been reported to increase growth (e.g.
taller plants), yields, reproductive success (e.g. formed seeds) and increase the ability to
endure water shortage [23-26].
At the morphological and anatomical levels, the effect of ionizing radiation is also tissuespecific and depends on tissue architecture: complex tissues seem less sensitive to damage
[27, 28]. Radiation-induced modifications of cell size in both mature and developing tissues
may be ascribed to alterations in cell wall and consequently in resistance during the turgordriven enlargement. Indeed, there is evidence that irradiation with cosmic and γ-rays affects
cell wall traits in so far as radiation increases the activity of enzymes responsible for the
degradation of pectins, the dissolution of middle lamellae and the separation of cells [29].
At functional level, ionizing radiation affects photosynthesis, one of the most critical
biological processes for plant destined to cultivation in BLSSs [30]. It has been demonstrated
that photosynthetic process may be altered at any step by ionizing radiation: electron transport
carriers, light-harvesting pigment-protein complexes and enzymes of the carbon reduction
cycle [18, 20, 31]. In particular the light phase of photosynthesis seems to be particularly
sensitive to γ- radiation. Flight experiments conducted on cyanobacteria showed that
photosystem II (PSII) is impaired by radiation which targets the pigment–protein complex in
the chloroplast. The degree of PSII damage under ionizing radiation is influenced by the level
of light, being more pronounced at high light conditions, which favor the photoinhibition of
the photosynthetic apparatus [32]. The X-rays induced increased synthesis of phenolics,
accumulated along chloroplast membranes in the mesophyll of leaves of different age, seems
a mechanism to protect the photosynthetic machinery [18, 27, 28]. However, the increased
amount in antioxidant compounds has also been detected in tomato fruits from plants growing
from seeds irradiated with high-LET ionizing radiation [26]. On-going studies are also
demonstrating a strong interaction between radiation and light quality.
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Figure 1: Scheme summarizing the action of ionizing radiation on different traits at various plant
levels.

3
CULTIVATION IN PROTECTED CONDITIONS TO IMPROVE RESOURCE
USE EFFICIENCY
So far, various species (i.e., tuber crops, cereals, fruit and leafy vegetables) have been tested
as potential candidates for food production in BLSSs in Space [33]. Both technical and
dietary requirements are taken into account in the selection of candidate crops. Technical
requirements are linked with biological and agro-technological issues, as the choice of a
species or cultivar firstly depends on its suitability to grow in a closed controlled
environment. Generally accepted requirements are short cultivation cycles from seed-to-seed
or tuber-to-tuber, reduced plant size, good adaptability to Space factors, high productivity,
and resistance to diseases [3]. These properties originate from the typical constraints of Space
missions, namely reduced availability of resources in terms of time, volume and energy, as
well as from the need for sanitary safety. In parallel, dietary issues are linked with the need to
support the astronauts’ health, providing food with high nutritional value and low levels of
anti-nutritional factors.
On these bases, energy- and/or protein- rich crops (e.g. bread and durum wheat, potato,
soybean) are evaluated in the current research programs, such as the ESA (European Space
Agency) project MELiSSA - Micro-Ecological Life Support System Alternative. For instance,
in the framework of this project, a two-step approach has been applied by to select the most
suitable European cultivars of soybean for hydroponic cultivation: a) the development of an
objective theoretical procedure for a preliminary identification of four candidate cultivars and
b) the evaluation of the plant behavior of the selected cultivars in an on-purpose designed
soilless system under controlled environment (reviewed in Paradiso et al. [2]). The overall
analysis of results indicated a good performance in hydroponics of the four cultivars [34],
chosen in the theoretical selection phase [35], and showed that hydroponic cultivation
improved the nutritional quality of soybean seeds and its products (sprouts, soymilk, okara)
compared to soil cultivation [36], also suggesting that specific cultivars could be selected to
obtain the desired nutritional features of the soybean raw material depending on its final use.
Furthermore, the possibility to optimize the plant growth and yield of soybean in hydroponics
by applying specific symbiotic bacteria [37, 38] or a selected consortium of beneficial
microorganisms [39, 40] has been demonstrated.
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Experiments on the effect of light

As primary source of energy, light is one of the most important microclimate factors along
with air temperature for plant growth and quality. Maximizing the productivity of fresh food
and minimizing energy consumption are of major importance in Space food production
systems and considered as selection criteria for candidate crops [41, 42]. Several researchers
from the University of Naples Federico II conducted a series of experiments in a phytotron
open-gas-exchange growth chamber aiming to evaluate a wide range of lettuce cultivars
(Lollo rossa, red oak leaf, red Salanova, baby Romaine, green Salanova and Lollo verde) of
different types and pigmentation under optimal (420 µmol m-2 s-1) and suboptimal (210 µmol
m-2 s-1) light intensity and to identify the most promising candidates for BLSSs. The authors
reported that cultivation of assorted Lactuca sativa L. cultivars is the optimal scenario for
space farming, where baby Romaine could provide adequate amounts of fresh yield owing to
its high radiation use efficiency (RUE), whereas red pigmented lettuce cultivars in particular
red oak leaf and red Salanova could contribute to the daily dietary requirements for bioactive
compounds such as phenolic acids and carotenoids (unpublished data). Red butterhead
Salanova lettuce reached maturity faster that its green counterpart at the chosen daily light
integral (18.144 mol m-2 d-1), implying a shorter harvest schedule to attain final weight and
maturity stage requirement [43]. This latter is an important parameter for maintaining better
quality characteristics after harvest, in case storage of the commodity is an option in human
life support systems.
In the last decade, advanced light-emitting diode (LED) technology had gained increasing
interest in space farming since it provides optimal management of light intensity and
especially spectral quality which can effectively increase the productivity as well as the
biosynthesis of phytochemicals in candidate crops. Paradiso and co-workers [44] studied the
effect of two light sources, white fluorescence tubes and red blue LEDs with a ratio 8:1 on
two potato cultivars (Avanti and Colomba) and observed a significant increase of yield under
RB light, due to a better photosynthetic activity, with no beneficial effect on tuber quality
(starch and glycoalkaloids). In a similar experiment, the effects of white light fluorescent and
red-blue LEDs 90:10 on growth and nutritional quality of lettuce were compared (Shen et al.
2014). The former authors reported, that the red: blue LED produced nearly same fresh
biomass with far less energy consumption relative to white light fluorescent (higher RUE). In
addition the LED treatment incurred a significant increase in nutritional and functional quality
parameters such as higher soluble sugar and vitamin C content and lower anti-nutrient
(nitrate) accumulation [45].
Notwithstanding possible interaction with species/cultivars, the former studies demonstrated
that by managing light intensity, spectral quality and photoperiod the fresh yield and target
phytochemicals could be altered [46-48]. In this respect, future researches should focus on
elucidating the genotype × light conditions × management interaction to select the best
combination for growing fresh food on future Space missions.
3.2

Issues related to the cultivation system

Most of the studies aiming to characterize crop production under controlled conditions, in the
sight of their use in BLSS, have been conducted in soilless (or hydroponic) culture
techniques, with recirculating nutrient solution (closed system) [30]. In the recirculating
nutrient film technique (NFT), which is one the most common in Space-oriented experiments,
plants are suspended in a slightly sloping channel, in which the nutrient solution flows by
gravity through the roots and is recovered and reused, after the needed adjustment (Fig. 2)
[34]. This kind of system allows to minimize the amount of substrate and its influence on
plant growth and to guarantee root hydration and oxygenation, in order to prevent anoxic
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conditions at the root level. On the other hand, NFT requires a continue monitoring and
control of pH, electrical conductivity (EC) and volume of the recirculating nutrient solution,
because of the limited water volume and buffering capacity, and is risky in case of
malfunctions (e.g., loss of circulating pumps).

Figure 2: Plants of Lactuca sativa L. ‘Salanova’ cultivated in hydroponics in NFT.

Within the experiments performed on soybean in the framework of the MELiSSA project, the
NFT system and the nutrient solution management adopted proved to be efficient in growing
healthy soybean plants, with no nutrient deficiency or other kind of stress, e.g. anoxic
condition for the roots [34]. However, when plants were inoculated with Bradirhizobium
japonicum, a root symbiotic bacterium which contributes to plant nutrition in soil providing
ammonium through the bacterial fixation of atmospheric nitrogen, cultivation on inert media
(i.e. rockwool slabs) positively influenced root nodulation and plant growth and yield, without
affecting the proximate composition of seeds, compared to NFT [37].
Regardless of the presence of the substrate, hydroponic systems used in Earth-based
experiences still needs to be tested in Space, where weightlessness (e.g. Space flights
conditions) or reduced gravity (e.g. Space colonies or outposts on Moon or Mars) alter liquid
and gas behavior, making the distribution of water and the control of moisture in root zone
problematic [49-51]. Indeed, gravity-independent watering systems, such as porous tubes and
membrane hydration systems have been developed for microgravity conditions but still need
to be improved to be used on board the International Space Station or other spacecraft [52].
On these bases, within the activities of the ESA project MELiSSA, we are working to realize
a prototype of a modular food complement production unit for cultivation of edible tuberous
plants (i.e. potato and sweet-potato) in microgravity. Specifically, the objective is to design
and to assemble a breadboard to be tested in spaceflight experiments in microgravity [53].
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SPECIFIC ISSUES RELATED TO MISSION SCENARIOS

In order to design space greenhouses, it is fundamental to keep in mind which is the target
mission. The requirements for life support surely change depending on the characteristics of
the mission, and especially the duration and distance from Earth. With increasing duration and
distance (exploratory-class missions), there is an increase in the need for reducing
refurbishment from Earth and augmenting the regeneration of resources on-board. As regards
food, there is also a shift in the choice of species to be cultivated. For short-duration missions
fresh food produced on-board can be only a complement to the astronauts’ diet that is still
mainly based on ready-to-eat food taken from Earth. In such a case, the species choice
regards vegetal systems easy-to-cultivate such as microgreens and salads, mainly providing
vitamins, minerals, antioxidants. For long-duration missions, such as the one to Mars, it is not
feasible to rely on food furnished from Earth: therefore, other species need to be cultivated
such as potato, soy, wheat and other staple crops in order to provide the needed amount of
carbohydrates, lipids and proteins.
4.1 Microgreens as complement to diet
In a recent review paper, Kyriacou and co-workers [54] proposed, for future space missions, a
new class of specialty crops, called microgreens, valued for their nutrient-dense and
functional quality. Microgreens, also known as ‘vegetable confetti’, are defined as ‘tender
immature greens produced from the seeds of vegetables, herbs, or grains, including wild
species’ [55]. Candidate microgreens are expanding based on sensory and functional
properties, however, currently exploited are mostly species from the Amarillydaceae,
Amaranthceae, Apiaceae, Asteraceae, Brassicaceae, Chenopodiaceae, Lamiaceae, and
Malvaceae families [56]. They are normally harvested at the soil level upon appearance of the
first two true leaves stage, usually between one to three weeks from seed germination,
depending on species and/or cultivars [57].

Figure 3: Different species of microgreens from the Brassicaceae family: Pack choi, Mizuna, Mibuna,
Komatsuna.
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Microgreens have been proposed as ideal candidates for astronauts’ functional salad due to
their high concentration in secondary metabolites also known as phytochemicals such as
polyphenols, glucosinolates, polyamines and carotenoids [55]. Their production can be
implemented on inert, shallow substrates with little or no nutrient solution, and this alleviates
problems of poor crop performance associated with low oxygen and nutrient solubility in
microgravity soilless cultivation [58]. Recently, Kyriacou et al. [59] examined nutritive and
phytochemical variation across thirteen microgreens species representing Apiaceae
(coriander), Brassicaceae (cress, kohlrabi, komatsuna, mibuna, mustard, pak choi, radish and
tatsoi), Chenopodiaceae (Swiss chard), Lamiaceae (green and purple basil) and Malvaceae
(jute) in fully controlled environment.
Antioxidant activity was highest in brassicaeous microgreens, while the highest phenolic
profile was recorded in Lamiaceae microgreens. The obtained information in the former study
is crucial for selecting new species/cultivars of microgreens that may satisfy astronauts
demand for both taste and health-promoting properties. Although microgreens are
characterized by a high harvest index, these specialty crops are also characterized by low
biomass fixation and consequently low oxygen generation [54]. Therefore, the need for higher
oxygen generation can be met by growing microgreens along with larger candidate crops in
particular tubers and fruit vegetables characterized by higher biomass fixation but, usually,
lower harvest index.
4.2 Mission scenarios: constraints and resource availability
Whatever the species to be cultivated, it should be taken into account that the type and levels
of environmental factors affecting plant growth changes depending on the mission scenario.
For missions on orbiting platforms, microgravity and low-dose chronic radiation are the main
constraints. Whereas for planetary missions, microgravity and low-gravity issues should be
taken into account respectively during the travel and the permanence on the satellite/planet.
Also the radiation type and dose is extremely variable in Space. Notwithstanding all the
uncertainties still linked with the levels of environmental factors in exploratory-class
missions, there is also the possibility to use resources present in situ (in-situ-resourceutilization) which seems a promising opportunity to reduce the need to transport material from
Earth. This is the case of Lunar and Martian soil which could be used as shielding material,
or, opportunely amended, as substrate for cultivation as is being tested in current experiments.
5

CONCLUDING REMARKS

The knowledge achieved and agro-technologies realized within space-oriented research at the
Departments of Agricultural Sciences and of Biology of the University of Naples are useful
and applicable on Earth. Indeed, for sustainable permanence of humans in Space
environments, one of the main targets is to achieve a complete regeneration of resources in
BLSSs. Within this context, for Space applications, the cultivation technologies, to be applied
in higher-plant-compartments, have to point towards specific targets such as yield
maximization, energy saving and waste reduction. These are also target of nowadays
agriculture and especially urban horticulture. Therefore, all agro-technologies developed for
Space application can be transferred to Earth to achieve targets of sustainability of cultivation
in the general context of actions directed to the mitigation of climate change-related issues.
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ABSTRACT
Aim of this paper is the preliminary design of an harmless fixed-wing nmanned Aerial System.
To improve application fields, endurance has been selected as fundamental performance and
the blended wing configuration has been chosen. So the fuselage has the same airfoil of the
wing and contains all the payload. In this way the drag has been reduced.
Because of the blended wing arrangement, to control pitch and roll elevons have been
introduced. To guarantee the directional stability, winglets have been used besides winglets
increase the equivalent aspect ratio and consequently reduce the drag and improve the
endurance.
The selected propulsion system has been based on an electrical brushless engine with a i o
battery and a pusher propeller. According to ENA
-NA guidelines, propeller is
made of flexible materials. The selected engine needs of limited electrical power.
The propulsion system and the power distribution unit have been chosen optimizing both
performance and safety. According to EAN guidelines, the electrical system has been
provided with a fire protective case, in this way ris s for people or infrastructures in the remote
case of a crash have been reduced.
A prototype has been realized with medium density E S, according to ENA guidelines.
Keywords: inoffensive, safety, UAS, fixed-wing
1

INTRODUCTION

Drones are a growing business in Europe, delivering services in all environments, including
urban areas.
Mapping, infrastructure inspections, precision agriculture, delivery of goods and e-commerce
are ust some of the services possible using drones.
Following the increase of availability of UAS, the civil aviation authorities are wor ing
together, to establish a well defined regulation bac ground for safer use of this ind of systems.
A clear framewor at EU level would allow the creation of a truly European mar et for drone
services and aircraft, thereby harnessing potential for obs and growth creation in this new
sector of the economy.
In this context, U-space is a set of new services relying on a high level of digitalisation and
automation of functions and specific procedures designed to support safe, efficient and secure
access to airspace for large numbers of drones.
In support of this initiative, in 201 the SESAR oint Underta ing drafted the U-space blueprint,
a vision of how to ma e U-space operationally possible.
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Inoffensivity is a fundamental requirement to insert drones in a safe, efficient and secure way
into the ATM.
All European Regulation Agency are wor ing together to define inoffensivity rules. Among
these, ENAC issued 2016 00 -NA guidelines 1 to define requirements for inoffensive UAS.
This paper is inserted in such a field, it describe the preliminary design, according to ENAC
2016 00 -NA rules, of a fixed-wing unmanned with better performances than other
commercial ones.
2

AIRCRAFT PRELIMINARY DESIGN

As it is well nown, the purpose of each aircraft design is to obtain the maximum lift with the
lowest possible drag. This can result in high load capabilities, maintaining a low energy
consumption. The conventional aircraft design consists of specific components to perform each
specific action, but the best option would be to have the minimum number of components
performing the maximum number of actions. The flying wing concept is a solution to this
problem, not yet integrated in the civil aviation, yet still in development in the military aviation.
Since efficiency, simplicity and safety were the ey aspects during the development of this
pro ect, the flying wing concept met all the requirements of the concept. This philosophy of
design is covered by the ENAC 2016 00 -NA guidelines. In fact, since safety is the ma or
concern in such a guidelines, such ind of configuration matches perfectly with the ENAC
requirements.
2.1

Design constraints
The preliminary design can be carried out via the Matching Plot approach, as suggested by 2 ,
, 4 . The approach is iterative, for each change made in the design, the design plot changes,
leading to the final configuration. The ing Load ( S) and the Specific Power ( d ) are
the two parameters for describing each performance requirement. Depending on the desired
performance, a relationship between the two parameters can be obtained, narrowing the design
space for each set requirement. An initial guess on the aircraft mass has to be made, in order to
generate the plot. Since each UAS is highly specific, it is difficult to determine a class, such as
in the civil or military field 2- , so a state of the art analysis has to be made. After this first
research phase, the T
guess is set to be:
𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠 = 7.85 𝑁

(1)

Ta ing into account the ENAC guidelines, which set a limit on the maximum inetic energy,
the set limit shall not be exceeded:
𝐸𝑘 =

1
(𝑇𝑂𝑊/𝑔) ∗ 𝑉 2 ≤ 𝐸𝑘∗ = 122 𝐽
2

(2)

This inetic energy limit results in a speed limit, considering also the maximum allowed wind
speed.
𝑉𝑚𝑎𝑥 ≤ √(2 ∗ 𝐸𝑘∗ )⁄(𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠 /𝑔 ) = 17.46𝑚/𝑠

( )

The inetic energy limit results also in a wing loading limit:
𝑊/𝑆 = (𝐸𝑘∗ 𝜌 𝐶𝐿 )/(𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠 /𝑔)



(4)

reliminary design of an inoffensive fixed-wing
nmanned Aerial System

Grillo,

ontano, a Rocca

esides, to determine design point, other performance constrains had been imposed. The chosen
performance requirements result from a state of the art research phase, comparing the desired
design with the existing UA of the same category. The vision is to design an UA with a long
flight time without compromising flight performances. Considering the other UA s belonging
to the same category, the endurance ranges from a minimum of 0 minutes of flight time, up to
2 hours, but with heavy power systems and beyond the limits imposed by the ENAC guidelines.
The ob ective for this pro ect is to design an UA capable to perform missions that might last
one hour, being agile enough to perform fast turns (mapping mission requirements), but capable
to fly slow enough to respect the ENAC guidelines. The climb speed is chosen to minimize the
time to reach the mission altitude without requiring a high propulsion power.
Previous mentioned performance requirements are expressed by:
•

Stall Speed Vms

7 m/s
2
𝑊/𝑆 = 0.5 ∗ 𝜌𝑉𝑚𝑠
𝐶𝐿 𝑚𝑎𝑥

•

Range ptimization Vcruise = 12 m/s
1
3
𝑊𝑚
𝑊 1 3
=√
22 𝐶𝐷0 4 (𝜋 𝐴𝑅𝑒 )−4
𝑊
𝑆 √𝜌

•

•

(6)

Endurance ptimization Vloiter = 10 m/s

𝜂
•

(5)

1
3
𝑊𝑚
𝑊 1 3
=√
22 𝐶𝐷0 4 (𝜋 𝐴𝑅𝑒 )−2
𝑊
𝑆 √𝜌

Climb VZmax = 0.2 m/s
2
𝑊 1
𝑊𝑚
= ∗ [𝐸 √𝐶𝐿 √𝜌 (𝜂
− 𝑉𝑧𝑚𝑎𝑥 )]
𝑆
2
𝑊

( )

(8)

Turn ψ̇turn = 1.5 rad/s , nturn = 1.82
𝜂𝑝
𝑉𝑐𝑟𝑢𝑖𝑠𝑒
𝑊
=
𝑆

∗

2
𝜂𝑝
𝑊𝑑
𝑊 2 4𝑛𝑡𝑢𝑟𝑛 𝐶𝐷0
± √(
∗ 𝑑) −
𝐴𝑅𝑒
𝑊
𝑉𝑐𝑟𝑢𝑖𝑠𝑒
𝑊
𝜋

(9)

2
2 𝑛𝑡𝑢𝑟𝑛
/(𝑞 𝜋 𝐴𝑅𝑒 )

The design point on the matching plot is chosen as:
𝑾𝒅
𝑊
= 17
𝑾
𝑁

(10)

𝑾
𝑁
= 30 2
𝑺
𝑚

(11)
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In addition to the performance constrains, it is necessary to ta e into account the requirements
in 1 . In the remote case of a crash, in fact, the UA could cause serious damage to people or
infrastructures. Considering also the energy source (LiPo batteries), the crash could result in a
fire. Having these issues in mind, the most suitable material for the airframe and the fuselage
has to be selected.
In particular, according to 1 :
1) The fuselage, wings and other main UA components shall be manufactured in soft and
low-density material, such as EPS, balsa wood and tissue
2) The airframe covering materials shall be flexible enough to transmit the stress of an
impact to the inner structure. Metal and fiber reinforced composites are not allowed
) No sharp parts shall be used in the airframe
4) Spinning parts shall be adequately protected
5) Protection against accidental fire shall be provided
6) The UA components shall be assembled preventing detachment during flight
2.2

Wing Design Optimization
The wing is designed in a blended configuration with the fuselage, for better aerodynamic
performances.
inglets are used to enhance stability characteristics and aerodynamic
efficiency. Elevons are designed as the only control surfaces.
To select the airfoil, both aerodynamic efficiency and safety have to ta e into account 5 . No
sharp edges have to be used in the design, as previous stated. The airfoils studied for the design
belong to the MH class, specifically designed for flying wing aircrafts flying at low speeds.
The MH 61 airfoil is chosen, being a good compromise between aerodynamic performances,
housing space and safety. In Table 1 the chosen airfoil characteristic are reported 6 .
Name
MH 61

𝒕𝒎𝒂𝒙
10,2 @ 2 ,6

𝒄𝒂𝒎𝒃𝒎𝒂𝒙
1,4 @ ,

𝑬𝒎𝒂𝒙
4 ,6

𝑪𝑫𝟎

𝑪𝑳𝒎𝒂𝒙

𝑪 𝑳𝜶

0,020

1,0

4,58

Table 1: MH 61 Airfoil Characteristics

The wing parameters are optimized starting from the values obtained in the performance
requirements optimization. The following hypotheses are made on the wing:
• The wing structure does not contain holes
• The wing taper ratio is a linear function of the y coordinate
The first optimization concerns the weight of the airframe. Considering the model proposed in
, the area inside the airfoil can be written as follows:
𝐴(𝑦) =

(𝑘 + 3) 𝑐(𝑦) 𝑡(𝑦)
6

(12)

2 𝐶𝑟
(1 − 𝜆) 𝑦
𝑏

(1 )

here:
𝑐 (𝑦) = 𝐶𝑟 −

𝜆 = 𝐶𝑡 /𝐶𝑟

(14)

And 𝑘 is the location of the airfoil s maximum thic ness as a fraction of the airfoil s chord.
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The weight trend is plotted in Figure 1, as a function of the taper ratio and for different
wingspans. The mass corresponding to a wing with 𝑏 = 1.2 𝑚 and 𝜆 = 0.7 is less than
0.15 𝑘𝑔. The value of the weight will be updated in the following iterations.

Figure 1:

ing weight trends as a function of Taper ratio and wing span

The second optimization criterion is related to aerodynamic efficiency. Every wing can be
modelled as an elliptic wing using the swald Coefficient. For this pro ect, the Howe formula
is used, which can help estimate the swald Coefficient from geometric and aerodynamic
parameters:
𝑒=

1
𝑡 0.33
0.142 + 𝑓(𝜆) ∙ 𝐴𝑅 ∙ (10 𝑐 )
(1 + 0.12 𝑀2 ) (1 +
cos2 Λ 25

0.1 ∙ (3𝑁𝑒 + 1)
+ (
)
4 + 𝐴𝑅 )0.8

(15)

Figure 2: swald coefficient as a function of taper ratio

After having evaluated the swald coefficient (e 0. 6), the 𝐶𝐿𝛼 of the wing can be evaluated
and the wing performance can be analyzed. The next step is to select the wing parameters
considering the stability of the UA . Since the flying wing design cannot be stable using a
conventional profile, the best solution to guarantee longitudinal stability without compromising
aerodynamic performance is to negatively twist the wingtips. A suggestion comes from the
semi-empirical Pan in Cuvler formula:
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− (𝛼𝑍𝐿 𝑟𝑜𝑜𝑡 − 𝛼𝑍𝐿𝑡𝑖𝑝 )

(16)

with
𝐾1 =

3 + 2𝜆 + 𝜆2
4(1 + 𝜆 + 𝜆2 )

𝐾2 = 1 − 𝐾1

(1 )

A negative twist of the wing tips is required and is equal to −3°. The linear wing twist law is:
𝑖(𝑦) = 𝑖𝑔𝑒𝑜𝑚 ∗ 𝑦/(𝑏/2)

3

(18)

DRAG COEFFICIENT ESTIMATION AND PROPULSION SYSTEM DESIGN

After having expressed in an analytical form all the geometrical parameters, the drag estimation
is one of the most critical aspects during the design process. The result of the drag analysis is
crucial to guarantee a suitable propulsion system, providing the chosen d. For this purpose,
the polar diagram of the drag coefficient must be obtained. Its general expression is:
𝐶𝐷 = 𝐶𝐷0 + 𝐶𝐿2 /(𝜋 ∗ 𝐴𝑅 ∗ 𝑒)

(19)

It is therefore necessary to obtain a reliable estimation of 𝐶𝐷0 coefficient.
The preliminary drag analysis is conducted considering the following hypotheses:
• The flight regime is at 𝑅𝑒 ≈ 200.000
• Air compressibility phenomena can be neglected
The s in friction coefficient can be approximated by the lasius formula (laminar flow):
𝐶𝑓 =

1.328
√𝑅𝑒

= 0.003

(20)

The drag coefficient can be evaluated:
𝐶𝐷0 = 2 ∗ 𝐶𝑓 ∗ 𝑆 = 0.0019

(21)

For a better drag estimation, a numerical analysis was carried. The tool utilized is FLR5,
developed as a low Reynolds CFD analysis tool. After having loaded all the parameters of the
wing profile, the D model of the UA has been analyzed in different configurations.
After the numerical CFD analysis, a drag coefficient of 0.02 is estimated.

Figure : Graphical results of the CFD analysis using FLR5
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Propulsion system matching

Having estimated the UA drag coefficient, the propulsion system is chosen. The first
optimization concerns the selection of the propeller, which shall have the highest efficiency at
low flight speeds and low angular speeds, to meet the pro ect s requirements. An APC slow
flyer 8in diameter with .8 in revolution pitch was chosen. The propulsion system consists of a
brushless electric engine, powered by a LiPo battery and controlled by a conventional ESC. To
respect the harmless requirements, the battery has been inserted into a soft and not flammable
box Matching the engine and the propeller is a ey aspect to guarantee suitable performance
while maintaining a high efficiency. For this reason, a low
engine was chosen. The chosen
engine is a brushless outrunner T-Motor MN 2206, 2000
with maximum static thrust of 6.9
N.
4

GROUND AND ON-BOARD INSTRUMENTS

The ground systems and on-board electronics were chosen from off the shelf components. The
FCS is loaded onto a P 4 Pixhaw controller, which contains also the IMU measurement
system, a GPS receiver, a magnetometer and a barometer. The flight control law is a simple
PID controller, and the gain values can be tuned using the Pixhaw interface. In autonomous
flight mode, the user shall select a set of waypoints to perform the desired mission and the UAS
will choose the best path to complete the mission, which will be loaded as a reference trac for
the UA . The receiver communicates with the ground operators, who use a Taranis UA radio
to set both the autonomous and the controlled flight modes. The elevons are actuated by two
standard servos. The payload is a Sony R 0 used for topography purposes, which can shoot
high-resolution videos as well as RA image data to be processed to obtain a point cloud map
of the mapped area.
5

GEOMETRICAL AND PONDERAL CHARACTERISTICS OF THE UAV

In Table 2 are reported geometrical characteristics after above mentioned analysis. In Table
are reported ponderal characteristics in the hypothesis that the payload is made ust by high
resolution camera.
ing Area 𝑆
ingspan 𝑏
Root Chord 𝐶𝑟
Tip Chord 𝐶𝑡
Sweep Angle Λ
Taper Ratio 𝜆
Aspect Ratio 𝐴𝑅

0.3244 𝑚2
1.2 𝑚
0.256 𝑚
0.179 𝑚
30°
0.7
5.5
Table 2: UA

Elevons Area 𝑆𝑒
Elevons span 𝑏𝑒
inglets height 𝑏𝑤
inglets Area 𝑆𝑣
Engine power
Propeller diameter

configuration parameters

Airframe eight
Engine eight
Servo eight
attery eight
Receiver eight
ESC eight
Pixhaw Controller
Maximum Payload
Maximum T

eight

1.668 N
0.491 N
0.1 N
1.
N
0.118 N
0.196 N
0.
N
2.94 N
. 8N

Table : UA weight characteristics
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PROTOTYPING PHASE

The prototyping phase was conducted after having evaluated all the possible solutions to obtain
a high precision airframe, in a reproducible manner and in a simple way. Since the selected
material is a soft polymer, the hot-wire cutting technique seems to be the most suitable, when
compared to the more expensive in ection molding or robotic milling. The airframe is designed
in a blended configuration, resulting in better aerodynamic performances. A D CAD has been
realized, to evaluate all the dimension to transfer into the real model. After having milled the
wing templates, the hot wire was used to cut the fuselage, the wings and the winglets. The UA
structure has been reinforced using carbon fiber rods embedded into the foam.
In Figure 4 is shown a demonstrator that it has been used for first test, without determine any
stability characteristics.

Figure 4: UAS demonstrator

7

CONCLUSIONS

A preliminary design of an inoffensive fixed-wing UAS has been made. It has been designed
to have better performances than other commercial ones of the same category.
Selected materials permit a manufacturing with production costs comparable to other
commercial UAS.
It has been realized a gliding prototype to ma e first tests on aerodynamic behavior.
At the present time the prototype is equipping with instruments and engine to perform first
flight tests in order to determine aerodynamic and control derivatives.
These tests will be performed with remote control but the final configuration of the drone will
be fully autonomous for
L S flight.
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ABSTRACT
This work illustrates a semi-analytical approach for analyzing the pre-buckling and buckling
response of innovative panel configurations for aerospace structures. Specifically, the approach
allows composite panels with variable-stiffness skins and stiffened by curvilinear stringers to
be studied in a fast yet accurate manner. The method of Ritz is applied in conjunction with firstorder theories for modeling the skin and the stiffeners, the former described referring to Mindlin
plate theory, the latter to Timoshenko beam model. Due to the excellent convergence properties
of the approach, pre-buckling stress distributions can be captured with reduced effort. Similarly,
accurate buckling predictions can be obtained with relatively few degrees of freedom, much less
with respect to typical models relying upon the use of finite elements. Results are presented for
a number of test-cases from the literature, illustrating the potential of the proposed approach as
a mean for performing preliminary studies with reduced computational effort.
Keywords: Curvilinear stringers, Variable-stiffness, Stiffened panels, Ritz method.
1

INTRODUCTION

Aerospace structural panels have been classically designed using orthogonal stiffening elements, i.e. stringers along the longitudinal directions and ribs/frames along the transverse one.
However, improved tailoring opportunities are available by exploiting the concept of stiffness
variability, using tow-steering and curvilinear stringers, separately or in combination. Potential
gains offered by tow-steered panels are well-documented in the literature [1–4], and several
studies clearly illustrated the possibility of improving buckling and post-buckling responses
with respect to corresponding quasi-isotropic configurations.
Recent studies demonstrated that curvilinear stringers can be successfully used to further improve stiffness tailoring opportunities and, to a more general extent, the structural efficiency of
stiffened panels. Pioneering work in this field is due to Kapania and co-workers [5; 6], who
discussed the possibility of reducing static stresses and improving buckling loads, in particular
for shear-dominated loading conditions [7].
In the past, ad-hoc finite element strategies were developed to facilitate the analysis of curvilinearly stiffened panels. Indeed, one crucial aspect regards the generation of regular grids,
despite the presence of non-straight stiffeners. To this aim, a finite element incorporating the
stiffener element, whose displacement field is interpolated starting from the skin, was proposed
15 5
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in Refs. [8–10]
Another effective strategy consists in adopting a mesh-free approach, so that any issue due to
the generation of the model is essentially removed. This approach was pursued in Refs. [11–
15]. Recently, the concept of variable-stiffness skin in conjunction with curvilinear stringers
has been proposed in the context of finite-element procedures [16–18]. Optimization studies
were carried out to highlight potential advantages with respect to straight-fiber configurations.
Given the inherent geometrical complexity of variable-stiffness (VS) panels with curvilinear
stringers, the development of efficient computational tools plays a crucial role in facilitating
preliminary design studies and investigating potential benefits. This work illustrates a simplified procedure for assessing the structural response – emphasis is given here to the pre-buckling
and buckling response – of VS curvilinearly stiffened panels. The procedure is semi-analytical
in so far as relies upon the method of Ritz, where the structure is modelled as an assembly
of plate and beam elements. The displacement field is approximated using orthogonal polynomials, guaranteeing convergence of the solution with a relatively small number of degrees
of freedom, much smaller with respect to those required by an equivalent Finite Element (FE)
analysis. The accuracy of the predictions is shown by comparison against FE simulations and
results from the literature, illustrating the potential of the proposed tool as a valuable mean for
performing parametric studies and preliminary optimizations.

2

SEMI-ANALYTICAL APPROACH

The approach is developed in the framework of a displacement-based approach, where the governing equations are derived from a variational formulation of the problem. The approximate
solution is retrieved referring to the Ritz method, leading to the solution of discrete problems
characterized by a relatively small number of degrees of freedom.
A sketch of the structure under investigation is provided in Figure 1.

Figure 1: Sketch of a stiffened panel with three curvilinear stringers – dimensions and conventions for
edge loads and prescribed displacements.

A reference system xyz is defined at the center of the panel, whose longitudinal and transverse
dimensions are denoted as a and b, respectively. Any boundary condition can be accounted for,
and loading conditions are defined in the form of prescribed displacements and forces. Note, the
sketch illustrates compressive loading conditions, but any other set of loads can be considered
within the proposed analysis framework.



Pre-Buckling and Buckling Response of
Composite Curvilinearly Stiffened Panels
2.1

Vescovini et al.

Plate model

The plate model refers to well-known first-order shear deformation theory (FSDT). One advantage offered by this model – in addition to the possibility of accounting for transverse shear
deformability effects – consists in the ease in enforcing continuity of rotations between skin
and stiffeners. According to FSDT, the displacement field is expressed as:
u(x, y, z) = u0 (x, y) + zLj(x, y)
( )
u
= [I zL] 0 = [I zL] d 0
j

(1)

where the vectors u0 , j collect the generalized displacement components, i.e. u0 = {u0 v0 w0 }T
T
and j = jx jy jz . The matrix L has dimension 3 ⇥ 3, the only not-null contributions
being the unitary values at the positions (1, 1) and (2, 2).
By differentiating the displacement components it is possible to retrieve the strains as function
of the kinematic model strain parameters, which are collected into the vector e as:
n
oT
T
T
T
e= x
k
g
(2)
The entries of Eq. (2) represent the membrane, curvature and transverse-shear deformation parameters, respectively.
The skin of the panel is characterized by variable in-plane properties, with fiber orientation
defined using Lagrange interpolation in an arbitrary number of points as:
!
✓
◆
M 1N 1
|y| y j
|x| xi
q (x, y) = Â Â qmn ’
(3)
’
m=0 n=0
m6=i xm xi n6= j yn y j
Linear fiber orientation variation and straight fiber configurations are retrieved as special cases.
2.2

Stiffener model

Dealing with curvilinear stringers, the first step consists in defining the geometry in terms of
path. To this aim, a Bézier description is used, where the stiffener coordinates are given as:
!
n
n
x(q) = Â
Pi (1 q)n i qi
with q 2 [0 1]
(4)
i
i=0
where the vectors Pi specify the coordinates of the control points.
Once the geometric parametrization is available, the tangent vector, at any point, is obtained as:
t = x,s

(5)

where s is the arc-length coordinate. One can observe that the relation between the parameter p
and the arc-length differentials is:
ds = ||x,p || dp = Js dp

(6)

with Js representing the Jacobian of the transformation.
The beam kinematic model is based on Timoshenko beam theory. According to this model, the
displacement field for the generic stiffener i is:
ui (s, n, b) = ui0 (s) + (d ⇥ )T q i (s)


(7)
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having denoted with s, n, b the coordinates in the curvilinear reference system where n = t and
b are the normal and binormal vectors, respectively. For ease of derivation, the origin of the
system is taken in correspondence of the skin midsurface.
Note that ui0 and q i define the displacements and the rotations around the three axes, while d is
the position vector.
Following Ref. [13; 19], the beam strains can be expressed as:
8
9
8
9
i ·t
i
>
>
>
u
q
·
t
<
=
< ,s >
=
0,s
T
i
i
i
e = u0,s · n q · b + (d ⇥ ) q i,s · t + h i
(8)
>
>
:ui · b + q i · n>
;
:q i · t >
;
,s
0,s
the first and the second expanded vectors representing the axial strains and the curvatures; the
last contribution, h i stems from the linearization of the Green-Lagrange strain tensor and is
introduced for the buckling solution procedure only.
The compatibility between stringers and skin is enforced in a strong-form manner by expressing
the beam displacement components as function of the plate generalized displacements. This is
done by ensuring that:
(
ui0 = u0 |Gi
(9)
q i = J T j|Gi
where the matrix J is introduced to transform the skin rotation parameters into rotations
around the orthogonal axes xyz.
2.3

Pre-buckling

The pre-buckling analysis is conducted by assuming linear behaviour, and referring to the minimum potential energy principle to derive the equilibrium conditions. The total potential energy
is the sum of skin and stiffeners contributions, and the relevant variational principle reads:
!
Ns

d P = d U +Wm +Wth + Â Pi

=0

(10)

i=1

where Ns is the number of stringers.
The strain energy U is [20]:
8 9T 2
38 9
Z >
Z
x>
A B 0 >
<
=
<x >
=
1
1
6
7
k
U=
eT Dp e dA
4B D 0 5 k dA =
>
>
>
2 A>
2
A
s
:g ; 0 0 A :g ;

(11)

with obvious definition of the vector e and the plate constitutive matrix Dp .
It is important to remark that Dp = Dp (x, y) as fiber orientations are, in general, function of the
in-plane position (see Eq. (3)).
The contribution due to mechanical loads is restricted to the prescribed forces (as prescribed
displacements are part of the essential conditions of the problem) and is:
Wm =

4

Â

Z

i=1 ∂ Ai

u0 N xi + v0 N yi d∂ Ai

(12)

where the summatory is taken at the four edges of the plate. In a similar fashion, the energy
term due to thermal loads can be obtained as:
Wth =

Z

A

eT R̂(x, y) dA DT


(13)
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where R̂ are the unitary thermal loads, e is defined in Eq. (2), and DT is the uniform temperature
variation, taken positive for heating.
The stiffener contribution to the total strain energy can be written as:
( i )T 2 ( i ) ( ) 3
Z
i
1
F̂
x̃
i
i x̃
4
5
U =
C
(14)
i DT ds
i +
2 Gi k̃i
M̂
k̃
having denoted with a tilde the beam strain parameters once compatibility with the skin dislacements is enforced, and with Ci the section constitutive matrix [21].
2.4

Buckling

Buckling equations are derived referring to the Trefftz’s criterion. By splitting the contributions
due to the skin and stiffeners, the reading variational principle is:
!
d

Ns

d 2 P + Â d 2 Pi

=0

(15)

i=1

The first entry accounts for the quadratic part of the skin strain energy, which is:
Z
Z
i
1
1 h pre
pre
pre
2
T
2
2
d P=
e Dp e dA +
Nxx (x, y)w0,x + 2Nxy (x, y)w0,x w0,y + Nyy (x, y)w0,y dA
2 A
2 A
(16)
pre
The membrane forces Nik are those available from the solution of the pre-buckling problem.
Note that all the displacement components entering Eq. (16) should be interpreted as variation
with respect to the pre-buckling condition.
The quadratic part of the stiffeners’ total potential energy is:
( i )T ( i )
Z
Z
1
1
x̃
2 i
i x̃
d P =
C
ds +
Pi h̃tti ds
(17)
i
i
i
i
2 G k̃
2 G
k̃
where Pi specifies the pre-buckling axial forces carried by the stiffeners.
2.5

Ritz approximation

The approximate solution for the pre-buckling and buckling problem is sought by referring to
the Ritz approach. In this framework, the generalized displacement components are expressed
using global trial functions. Specifically, the displacements components are expanded as:
9
2
38 9 8
>
>
>
>
f Tu x , h
c
f
(x
)
+
y
(h)
< u= < u
=
u
6
7
T
u0 = 4
fv x,h
5 cv + f v (x ) + y v (h) = Fu au + Fu (18)
>
> > >
;
0
f Tw x , h :cw ; :
where Fu is a matrix collecting the trial functions – defined here as the product between Legendre polynomials and boundary functions – for the approximation of the three displacement
parameters u0 , v0 and w0 , while the vector au collects the unknown Ritz amplitudes.
The last vector of Eq. (18), F, is introduced to consider any prescribed displacement at the four
edges, and its entries are:
fu =
fv =

u3
v3

u1
2
2

v1

x

yu =

x

yv =


u4
v4

u2
2
2

v2

h

h

(19)
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The expansion for the rotation parameters is operated similarly to Eq. (18). Upon substitution of
Eq. (18) into the variational principles (see Eqs. (10) and (15)), and after performing numerical
integration, the set of algebraic equations governing the pre-buckling and buckling problem are
derived as:
Ka = F
K + l Kg a = 0
(20)
where K, K g and M are the assembled stiffness, geometric stiffness and mass matrices of the
stiffened panel, while F is the vector of the external loads.
3

RESULTS

The semi-analytical approach is applied to study two test-cases from the literature, which regard the mechanical and thermal buckling of panels stiffened by curvilinear stringers. Both
concentric and eccentric stiffeners are considered, i.e. e = 0 and e 6= 0, where e is the stiffener
eccentricity. All the computations are performed using the same number of trial functions for
all the displacement components. The corresponding expansion is then indicated as R ⇥ S. The
number of functions is chosen on the basis of preliminary convergence tests.
3.1

Mechanical buckling curvilinearly stiffened panel

The first benchmark is taken from Ref. [18], and deals with the buckling analysis of a square
panel with dimension 300 mm. A 16-ply lay-up with sequence [±q1 / ± q2 ]2s is considered.
The panel is stiffened by four stringers of dimensions 2.03 ⇥ 10.16 mm2 . All the relevant data
are available in Ref. [18] and are not given here for the sake of brevity. The panel is simplysupported at the four edges, and is loaded with a uniform prescribed shortening along the axis
x. The in-plane displacements along the transverse direction are prevented, thus the skin experiences a biaxial pre-stress state.
A preliminary convergence study is illustrated in Table 1 for the pre-buckling and buckling
response, where the buckling multiplier corresponding to an axial shortening of 0.02 mm is reported. A fixed grid of 30 integration points along the two in-plane directions is considered for
evaluating the in-plane integrals.

Rpre

5

3
5
10
15
20
25

8.70
8.82
8.92
8.94
8.95
8.95

Concentric (e = 0)
Rbuck
10
15
20
7.68
7.69
7.61
7.62
7.63
7.63

7.50
7.49
7.40
7.41
7.42
7.42

7.46
7.45
7.35
7.36
7.37
7.37

FEM ([18]) - NASTRAN ([18])

25

5

10

7.44
7.43
7.33
7.34
7.35
7.35

23.78
24.82
25.57
25.65
25.67
25.68

17.89
16.79
15.57
15.53
15.53
15.53

7.09 - 7.29

Eccentric (e 6= 0)
Rbuck
15
20
17.24
16.23
14.96
14.92
14.92
14.92

17.06
16.06
14.79
14.75
14.75
14.75

25
16.96
15.96
14.70
14.66
14.66
14.66
14.70 - 14.91

Table 1: Buckling multipliers for simply-supported VS panels with four curvilinear stringers under prescribed axial shortening of 0.02 mm. Convergence analysis using Rpre ⇥ Rpre and Rbuck ⇥ Rbuck functions
for the pre-buckling and buckling analysis, respectively.

One can assess the convergence of the pre-buckling solution by moving along the rows of the
table, while that of the buckling solution can be analyzed moving along the column-wise direction. It is interesting to note the faster convergence achieved for the pre-buckling analysis,
where just 15 trial functions are needed. The buckling problem, due to the presence of local
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modes, is more demanding, and more trial functions are necessary to reach convergence.
The buckling values obtained by means of finite element calculations are also reported in Table 1. Close agreement can be noted between the reference results and those obtained using the
present formulation. It should be noted that slight differences are due to different descriptions
of the stiffener path, represented here using a minimum least-square technique to fit the Hobby
spline representation of Ref. [18].
Pre-buckling stress distributions are reported in Figure 2 for a prescribed axial shortening of
0.02 mm. The combined presence of curvilinear stringers and variable fiber orientations is responsible for a relatively complex pattern. To facilitate the understating of the internal load
paths, the fiber orientations of plies at q1 and q2 are reported in Figure 2(a). Looking at the
Nxx component, the load re-distribution towards the edges can be noted as a response of fiber
steering. The external portion of the panel are indeed the areas where fibers are mostly aligned
with the loading direction, thus offering the highest stiffness along the x direction. Local peaks
of axial compressions (blue regions) can be seen due to stringers’ local stiffening effects.

(a)

(b)

(c)

(d)

Figure 2: Pre-buckling stress resultants for VS panels with four concentric curvilinear stringers under
prescribed axial shortening: (a) fiber path (q1 black, q2 red), (b) Nxx , (c) Nyy , (d) Nxy .

In addition, the comparison of the buckling modes is reported in Figure 3, where the contour
refers to the out-of-plane displacements.

(a) Mode 1, Present

(b) Mode 1, Ref. [18]

(c) Mode 1, Present

(d) Mode 1, Ref. [18]

Figure 3: Buckling modes for simply-supported VS panels with four curvilinear stringers under prescribed axial shortening: (a)-(b) e = 0, (c)-(d) e 6= 0.

It is observed that, for the concentric case (e = 0), the mode displays a global pattern, and all
the stiffeners lift from the midsurface. When the eccentricity effect is considered, the modal
shape is strongly different, and the onset of a local buckle can be noticed in the upper part of the
skin. As seen by comparison reference results, the quality of the predictions is very satisfactory.
This is even more true if one considers the small number of degrees of freedom involved in the
analysis process, which is equal to 3000, approximately. A similar approach based on finite
element calculations, such as the one reported Ref. [18] and where second-order plate element
are used, requires a number of dofs which is 6 to 10 times larger.
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Thermal buckling curvilinearly stiffened panel

A second test case deals with the buckling analysis in the presence of a thermal load (Ref. [17]).
A composite panel made of carbon/epoxy is considered. The thermal expansions coefficients
1
1
are a1 = 0.9 · 10 6
and a2 = 27 · 10 6 , while the remaining elastic properties are availC
C
able in Ref. [17]. The panel is square with size of 150 mm, and the skin is characterized by a
lay-up [± < 69| 5.705 >]2s . The two curvilinear stringers have dimensions 1.02 ⇥ 5.08 mm2 ,
with all the plies oriented at 0 degrees. The panel is subjected to uniform heating, while the
in-plane motion along the directions normal to the panel edges is prevented. Simply-supported
flexural boundary conditions are considered (all rotations are left free along the boundaries).
The path of the plies at [+ < 69| 5.705 >] is sketched in Figure 4(a), while the pre-buckling
stress distribution is presented in Figures 4(b) to 4(d). It can be observed that the central area
of the panel experiences a tensile Nyy pre-buckling state, due to the negative thermal expansion
coefficient along the fiber direction. On the contrary, the external parts undergo a compressive
Nyy pre-stress of increasing magnitude as the fibers are progressively aligned with the horizontal direction. Indeed, the positive thermal expansion coefficient along the matrix direction
determines a compressive stress as a reaction to the edges’ prevented displacement along the y
direction.

(a)

(b)

(c)

(d)

Figure 4: Pre-buckling stress resultants for VS panels with two concentric curvilinear stringers subjected
to thermal heating: (a) fiber path [+ < 69| 5.705 >], (b) Nxx , (c) Nyy , (d) Nxy .

A summary of the first five critical temperatures is available in Table 2, where the comparison is
presented against results from the literature. The results are computed using 20 ⇥ 20 functions,
leading to a number of dofs that is 5 to 6 times smaller with respect to the FEM models used in
the reference.
Mode

FEM ([17])

1
2
3
4
5

77.78
117.44
138.78
143.09
149.92

Concentric (e = 0)
NASTRAN ([17])
78.00
118.07
140.06
144.65
151.97

Ritz
20 ⇥ 20
77.89
118.02
137.97
143.04
149.69

FEM [17]

Eccentric (e 6= 0)
NASTRAN ([17])

101.03
122.61
150.08
151.75
160.01

100.92
123.27
152.25
153.83
162.38

Ritz
20 ⇥ 20
101.83
123.51
149.55
151.13
160.49

Table 2: Critical temperatures ( C) for for simply-supported VS panels with two curvilinear stringers
under uniform temperature increase.

The quality of the prediction of buckling temperatures can be seen by inspection of Table 2,
where a maximum difference of 1.5% is obtained. The first buckled shapes are summarized in
Figure 5, revealing an excellent agreement.
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(b) Mode 1, Ref. [17]

(c) Mode 1, Present

(d) Mode 1, Ref. [17]

Figure 5: Buckling modes for simply-supported VS panels with two curvilinear stringers under uniform
temperature increase: (a)-(b) e = 0, (c)-(d) e 6= 0.

4

CONCLUDING REMARKS

The work discussed a semi-analytical approach for the pre-buckling and buckling analysis of
composite stiffened panels, where the skin can be characterized by non-uniform stiffness properties and the stiffeners can run along curvilinear paths described by Bézier splines. The comparison with reference finite element calculations demonstrates the accuracy of the approach
proposed. Main advantages are the reduced number of degrees of freedom involved in the computations along with the ease in generating the models. These aspects render the formulation
particularly suitable for those cases where several analysis need to be run, such as in the early
steps of the design phase. Furthermore, the ease in generating and analyzing relatively complex
configurations allows to perform parametric studies and preliminary optimizations, which can
be useful for gathering understanding into the mechanical response of curvilinearly stiffened
panels. While the combined effects of VS skin and curvilinear stringer can be exploited for
achieving improved buckling response, future work should be directed towards the introduction
of blending requirements between the skin and stiffeners.
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ABSTRACT
We present the optical concept of a static Fourier transform spectrometer (S-FTS) conceived
to obtain extremely high signal to noise ratio and throughput in the visible and near infrared
spectral region.
S-FTSs are traditionally based on the use of reflective diffraction gratings; these optical devices
are one of the main sources of noise, due to the contribution of the diffused light generated by
each groove.
We have proposed the replacement of the gratings with prisms. Prisms are optical elements
that can be manufactured with an extremely high optical quality, and the diffuse light they
introduced is extremely low. Moreover, prism inter-reflections, being mirror-like components,
can be studied by raytracing and their effects can be reduced by an appropriate optical layout.
S-FTSs based on the use of Wollaston prisms have already been realized (RSI 66, 2807 1995):
the working principle is driven by the different light path at different polarization state.
Compared to this device, the working principle of our instrument is independent from the
polarization state of the incoming light.
To our knowledge, the optical configuration adopted by our instrument is new and,
consequently, never tested before.
To demonstrate the applicability of our device in a real case, outside of the controlled
laboratory environment, a prototype has been proposed for a flight in a sounding balloon at
the HEMERA infrastructure. The proposal has been selected, and the flight is planned for the
mid-2020.
We present the results obtained in laboratory with a demonstrative set-up.
Keywords: Spectroscopy Fourier transform visible light heterodyne
1

INTRODUCTION

The progresses on the technology of 2D detector arrays, CCD and CM S, have permitted their
use in sectors far from the straightforward imaging applications one of these is the Static
Fourier transform spectrometers (S-FTS) 1 . This technique, from the first demonstration in
the U -EU spectral region in the 90s 2, , has gained nowadays a consolidated degree of
maturity.
Depending on the wor ing spectral range, two classes of devices may be used: all reflective or
catadioptric systems 4 - 6 .
The spectroscopic analysis of chemical compounds in the atmosphere is valuable for monitoring
the air pollution and for understanding the chemistry of components that are fundamental for
the life on the planet, as ozone, water vapour, carbonyl sulphide and N x. In planetary
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exploration missions, atmospheric spectroscopy is essential for the determination of the
atmospheric composition and to measure wind speed - 10 .
alloon-borne atmospheric observations are becoming attractive due to their planning
flexibility and low cost 11 . The data acquired with the payloads on board of such a ind of
balloon-based missions have been proved to be useful also as a valuable integration to data sets
acquired with satellites 12 .
Recently S-FTS has been digested in some wor s, giving to this technique a mature form 1 ,
14 .
Different variants of the basic idea have been proposed 15, 16 . Here we present a variation
tailored to obtain high signal to noise ratio in a 100 nm spectral region.
2

INSTRUMENT

The spectrometer scheme, illustrated in fig. 1a), is based on a Michelson interferometer. The
radiation emitted by the source S is spectrally limited using the filter F. The lens L1 collimates
the beam and the beam splitter S divides the radiation into two equal intensity beams. The
radiation retro-refracted by the two Littrow prisms P1 and P2 is recombined by S, and is
focalized via the ob ective assembly L2 into the detector plane on the camera. F is used to avoid
aliasing in the reconstructed spectrum.
The optical concept has been tested in laboratory using a breadboard model. Fig. 1b) shows the
demonstrative setup.

a)

b)

Figure 1: (a) Scheme of the optical layout of the proposed instrument. The indetermination in the
reconstructed spectrum is illustrated with the ambiguity between the barred and un-barred wavelength.
(b) Laboratory implementation.

As example of the instrumental capabilities, an interferogram acquired with a spectral sodium
lamp (Philips mod. 9 122) is presented in Fig. 2. The pin hole is 600 m in diameter. Fig. 2 a)
represents the full acquired interferogram, Fig. 2 b) is a zoom helping to appreciate the fringes
visibility modulation, beating, introduced by the sodium doublet (D2 588.995 nm, D1
589.592 nm). The spectrum, reconstructed applying the Fourier transform, is presented in Fig.2
c). No windowing (signal apodization) has been applied. The rough estimation of the resolution
is, circa, 000.
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b)

a)

c)
Figure 2: (a) Interferogram acquired with a sodium vapour lamp. (b) oom of part a)
emphasizing the visibility modulation of the fringes due to the spectral doublet. (c)
Reconstructed spectrum.
3

MISSION PROFILE

The flight segment is expected to be composed of: a Tortex (reasonably a mod. T 000)
balloon, a separator, a parachute, a radiosonde, a geolocation unit, and a three-axis
accelerometer 1 .
The payload is composed of units: the optical, the processing, and the power one. The main
parameters are summarized in Tab. 1. No active control of the temperature is present the
payload will be shielded with a light material with low thermal conductivity. Following the
experience gained in previous missions 11 , the shield is planned to be realized in expanded
polypropylene (EPP). This material combines good, low, thermal conductivity
(0.0 5 m-1 -1, EPP 20g l), with sufficient mechanical properties.
Mass
Envelope
Average power

00 x 00 x 00
15

Units
g
mm

Table 1: Payload main parameters.

3.1

Optical unit

The expected temperature variation of the operational environment (that could reach -80 1 )
has driven the design of the optical unit. The breadboard, where all the optical elements are
installed, is conceived to minimize the optical misalignment due to thermal expansion. An
illustrative model of the present layout is presented in Fig. . In the flight model the lens L1 is
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split into two elements L1-a, and L1-b. This permits to act on the entrance aperture and field of
view.
S
P1

Prism
reference base
P2
L2

L1-a

L1-a
Camera

readboard

Figure : Mechanical model of the optical unit.
3.2

Processing and power units

The processing unit is composed of a commercial single board computer (Raspberry Pi) and an
inertial navigation system (INS). This last one combines the data from an inertial measurement
unit (IMU) and those from a GNSS module in order to provide the attitude parameters of the
payload.
In parallel to the spectrometer, an ancillary camera is foreseen to provide images of a s y
portion inside which the spectrometer is loo ing.
The power unit is planned to be realized with four elements lithium ion batteries (Panasonic
NCR18650 , 200 mAh, .6 ). The expected low temperature can compromise the batteries
performances 18 , for this reason a dedicated thermal shield is planned for the power unit.
INS architecture and payload operational modes are illustrated in Fig. 4.

a)

b)

Figure 4: (a) Inertial navigation system architecture. (b) perational modes.
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3.3

Data processing

No on-board processing will be done. All the acquired data will be processed after the landing.
ac ground subtraction, apodization, and geometrical aberrations correction 19 are steps that
will be done in order to upgrade the data from the level 0 to the level 1.
In this phase, the payload attitude determination will be done, and the proper reference field of
view will be associated to each acquired spectrum.
4

CONCLUDING REMARKS

e have presented some results on the characterization of a static Fourier transform
spectrometer based on the use of prisms instead of gratings. The application on a balloon
platform for stratospheric observations has been presented. The payload mechanical and
electric architecture has been illustrated.
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ABSTRACT
The in-orbit qualification of bioregenerative autonomous Biological ife Support Systems
(B SS) is a ey step for achieving the high level of resources and nutriment management for
future long-term manned space exploration missions. In this framewor , great efforts have been
put in cultivating plants in space, either by being directly handled by astronauts in space
stations or in autonomous systems capable of carrying out complete seed-to-seed cycles. or
the latter branch of research, the miniaturization of cultivars and control systems is of
paramount importance for accommodating the maximum possible number of plants in a
relatively reduced volume.
n this purpose, GREEN BE is a
ubeSat mission aimed at demonstrating the
capabilities of an autonomous B SS for microgreen cultivation. The mission was proposed and
selected by Sapienza niversity of Rome, ENEA (Italian National Agency for New
Technologies, Energy and Sustainable Economic Development) and niversity of Naples
ederico II for the ESA launch opportunities on-board the EGAaiden flight. The
ubeSat (approximately
x
x
mm volume) will host a pressure vessel capable of
maintaining the environment pressure (which will be held at . atm), air composition (with
oxygen and carbon dioxide tan s aimed at supporting the life cycle of the plant), humidity,
nutriment management (by injecting water and nutrients into the plant soil), photosynthesis
cycle (by activating and de-activating ED matrices aimed at permitting the plants circadian
cycle). The microgreens will be cultivated through a complete seed-to-seed cycle which lasts
for approximately
days. Their growth performances in microgravity environment will be
studied through a series of optical sensors, which will allow a D reconstruction of the plants
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volume inside the pressure vessel, as well as infra-red imagery for sensing the photosynthetic
cycles duration and performances, as well as the plant health status.
GREEN BE is currently under development and it will be launched in
from the Guiana
Space enter in ourou, rench Guiana. The satellite will be released on a circular orbit with
radius
m and it will be operated through the Ground Stations in Rome, Italy, and
alindi, enya.
Keywords: Astrobiology, plant cultivation, CubeSat, nano-satellite
1

INTRODUCTION

Human space exploration beyond low Earth orbit is strongly constrained by the need to carry
adequate consumables for the crew. Sustaining human presence on the Moon with Earth
supplies is more realistic, whereas a crewed base on Mars can be planned only if crews can be
maintained with a minimal dependency from Earth. The need for safe production of food for
future manned exploration missions is currently addressed by developing iological Life
Support Systems ( LSS) for recycling gas, liquid and solid wastes, and thereby extending their
usage, during a space mission. However, in their current design, LSS are not suitable for
autonomous, long-term human bases on Mars or on the Moon. First, because their running time
without resupply is limited by the decreasing amount of material cycling in the system:
recycling cannot reach 100 efficiency and some losses are unavoidable. Then, because they
cannot be expanded since the initial pool of components is - at best - constant. Thus, current
life support system technologies need regular re-supply of materials that is unrealistic when
target sites are far from Earth (e.g., on Mars). The achievement of this tas is to select the best
advanced technology to support confined crews during travel and in future planetary bases.
2

THE GREENCUBE MISSION

the choice of crops may partly hold the answer to several of the challenges facing seed-to-seed
production in microgravity. Crop criteria established for plants grown in space include: the ratio
of edible mass to total biomass (harvest index), crop efficiency (per unit area, time, and
volume), potential yield (edible mass and 2 and H2 production), and the crop s horticultural
requirements (planting, harvesting, pollination, processing needs). Salad crops present the
highest harvest indices ( 90 ) among candidate crops, and low water upta e transpiration ratio
which translates into high humidity input into the space flight environment that can be
harnessed, but they cannot be part of a closed system using recycled gray water 1 moreover,
they are characterized by low 2 production and C 2 consumption rates, i.e., low biomass
fixation. Salad crops are highly suitable for chamber cultivation, they are easy to cultivate, they
have short growth cycles, they are low ethylene producers and can be pic ed and eaten fresh,
requiring minimal horticultural input from the crew. Moreover, growing salad crops is easily
adaptable to the needs of a diverse and renewed diet while adding a palatable and bioactive
aspect to it.
A new class of speciality salad crops valued for their color and flavor enhancing properties but
also for their rich phytonutrient content are microgreens. Produced from the seeds of vegetables,
herbs, or grains, including wild or even ornamental species, microgreens have a brief, speciesdependent production cycle, of 2–4 wee s from seed germination. They are harvested at soil
level, when cotyledons are fully expanded and the first pair of true leaves has emerged.
Candidate genotypes are expanding based on sensory and health criteria, however, currently
exploited are mostly species from the Brassicaceae, Asteraceae, henopodiaceae,
amiaceae, Apiaceae, Amarillydaceae, Amaranthceae, and ucurbitaceae families.
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Compared to their mature-leaf counterparts, microgreens contain higher amounts of important
phytonutrients (ascorbic acid, -carotene, -tocopherol, and phylloquinone) and minerals (Ca,
Mg, Fe, Mn, n, Se, and Mo) and lower nitrates. Ease of germination varies among
microgreens species, with slow germinating species benefiting from brief pre-sowing
treatments that help standardize and shorten their production cycle.
Microgreens are leafy vegetables harvested as seedlings, typically 2-4 wee s old from
germination to harvest, highly acceptable by consumers as Ready To Eat (RTE) food because
tender, tasty and visually attractive (Fig. 1). They are promoted by scientific reports as a highly
nutritious and healthy food product, being an excellent source of minerals and phytonutrients
such as vitamins, carotenoids and flavonoids in concentrations higher, from four to forty-fold
more concentrated, than in mature plants 2 – 5 .
Microgreens are best suited for the production of leafy vegetables in that they are: i) short in
height ( -12 cm), adaptable to multitier cultivation rac s ii) fast growing (15-21 days) iii)
performing well under low light intensity and at high plant density iv) high-added value
product because fresh, clean, nutritious and absolutely pesticide free v) amenable to
improvement of nutraceutical contents by environmental control a component of space life
support systems 6 . Such plants have been selected to provide the best nutraceutical allowance,
an important issue for the physical and mental wellbeing of personnel operating in harsh and
isolated conditions.
For this experiment will be evaluated the effects of several stressors (Hypobaria Hypobaria
and Microgravity) on the growth of a green and a red variety of cabbage microgreens. Red
varieties of cabbage contain higher levels of anthocyanins in respect to green varieties – 9
. Anthocyanins are important molecules implicated in tolerance to stressors in plants but also
excellent free radical scavengers 10 . Here we hypothesize that red varieties of cabbage will
perform better than green varieties in the satellite environment due to the presence of this
protective molecules.
For this experiment will be evaluated the effects of several stressors on the growth of a green
and a red variety of cabbage microgreens.
Cabbage microgreens are widely used for their health benefits and their leafs range from palegreen (Brassica oleracea var.capitata f. alba) to dar purple-red (Brassica oleracea
var.capitata f. rubra) In red cabbage the concentrations of vitamins, flavonoids and
glucosinolates is high (Table 1 iao et al. 2012 Sun et al. 201
iao et al. 201 ). For every
gram of seeds of red cabbage the mean fresh weight of microgreen harvested is around 26.1
grams with a mean percent dry weight of . and a percent water content of 92. (Table 1 2 ,
11 , 12 ).
Table Nutritional composition of microgreens ( G) and adult plants (A ) of abbage (Brassica oleracea var. capitata)
for
grams of fresh weight. The Average values of vitamin , , A and E were measured by iao et al. (
) while for
the adult plant are obtained from the National Nutrient Database for standard reference SA Release April
. NASA
nutrition requirements for long-duration missions are extracted from NASA constellation rogram ( x ) document
,
uman-Systems Integration requirements , section . . . .
. ith Nasa nutritional requirements it is possible to
calculate the grams of fresh weight necessary to satisfy the recommended daily inta e of each vitamin for an adult.

Water (g)
Dry weight (%)
Vitamin K (µg)

Microgreen

Adult plant

92,3
7,7
280

90,4
9,6
38,2



NASA nut.
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2500
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90/120
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Vitamin C (mg)
147
57
Vitamin A (µg RE)
1916
56
Vitamin E (mg)
24,1
0,11
Ration (g/day)
62
2)
Yield (g/m
1500
Serving/m2
24
3

90
700-900
10 15
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61,2
36,5-46,9
62,2

SATELLITE DESIGN

The -Units CubeSat (approximately 00 x 100 x 100 mm) will be divided into two sections:
two Units (approximately 200 x 100 x 100 mm, depicted in Figure 1) will be dedicated to the
ECLSS, which relies on a pressurized vessel that will host the microgreens and all the needed
nutrients and instrumentation. The remaining unit will host the spacecraft bus, which will be
based on C TS components that have already been used by the team for the 1 UNS-PF and
LEDSAT missions, two 1-Unit CubeSat missions developed by S5Lab at Sapienza.

igure

Green ube ( AD drawing).

The CubeSat exploded view is displayed in Figure .
3.1

The Spacecraft Payload

The CubeSat payload is represented by an ECLSS hosting two cultivars of cabbage (to be
confirmed during satellite integration). The ECLSS is a pressurized vessel (at 0.25 atm, 25 Pa
circa) of approximately 150 x 100 x 100 mm. Its edges will be rounded for minimizing the
pressure stresses. The pressurized vessel consists in a 0.5 mm aluminium shell, whose structural
safety factor to pressure stresses will be higher than 100. The ECLSS will allow to control a
great number of environmental parameters CAD drawings of the ECLSS are presented in Figure
2.
In the drawings, the plant grows from a D-printed substrate. elow the substrate, small tan s
of air, carbon dioxide and water are connected to electrovalves and micropumps that control
their flow to the main pressurized chamber. In the upper part of the chamber (visible in the
drawing on the right-hand side, LEDs manage the photosynthetic cycles control, while
spectrometers and cameras monitor the plant growth and save the data into the on-board
memory. The following subparagraphs describe in more detail the utilities and sensors included
in the ECLSS.
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To better assess crop growth and yield performances under potential stress conditions during
the experiment will be used an hyperspectral camera 14 – 16 . This camera is able to wor in
an in-line scan mode in the visible and near infrared ( NIR 400-1000) best suited not only for
the assessment of stress in plants but also for phenotyping and disease detection applications.
The experiment here proposed will evaluate the cotyledon spectral variations registered on the
microgreen plantlets during the growth process between red and green varieties of cabbage
maintaining constant between satellite and on the ground experiments temperature, relative
humidity, C 2 concentration, light spectra and intensity, photoperiod and nutrient solution but
different hypobaria and microgravity conditions. n ground with two type of experimental
conditions: one with plants in hypobaria similar to satellite (GH) and the other one without
hypobaria and microgravity as a control (GC) in space inside the satellite with hypobaria and
real microgravity conditions (SHMG). From the real time image analysis of the spectral
variations realized on the cotyledons during the growth process under the different test
conditions (GC, GH and SHMG plants) will be possible not only to do spectral comparative
measurements between the plants in non-stressed (GC plants) and stressed (GH and SHMG
plants) conditions but also within the same environmental condition between the red and green
cabbage genotypes.
To do other biometric measurements such as plant height, shoot biomass and cotyledon area
will be used a multi view stereo D camera system with D image reconstruction of the
seedlings 1 . An additional camera will be used to monitor and to study plant water relations
and also as diagnostic tool for the quantification of plant stress 18 , 14 – 16

igure

3.2

AD drawings of the E

SS in section view.

The Spacecraft Bus

The CubeSat will be realized with a PFM (Proto-Flight Model) model philosophy, by ta ing
advantage of a read- oard Model ( M) of the bus that is already available to the Sapienza
team in Rome. The
M has already been used to produce a reliable software for the bus
components management, that is being used as baseline for all the satellite pro ects. The
M
is a replica of the bus components of the satellite, except for the S-band transceiver, which
will be tested in the next months after the proposal delivery. The
M is usually applied to a



GREEN BE, A NAN SATE ITE TEST BED
R ANT
TI ATI N IN A I R GRA IT
EN IR N ENT, IN RE ARATI N
R ANNED
ISSI NS T
ARDS ARS
abio Santoni et al.
1-Unit structure, as it will be mounted (without any difference in the mechanical interfaces)
on a -Unit structure. The CubeSat exploded view is displayed in Figure .
The
M is depicted in Figure 4.

igure

igure

4

Green ube exploded view.

ubeSat bus components BB .

EXPECTED RESULTS AND POSSIBLE OUTCOME

The scientific and technological approach will develop an innovative closed system to
maximize the efficiency in terms of both space and energy water consumption able to cultivate
young vegetable green, microgreens, in closed loop hydroponic conditions on a D printed
substrate 19 .
The proposal will address these constrains for human space exploration by using a minisatellite
as a test-bed of a prototype devised by Sapienza University of Rome (DIAEE) and ENEA
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( I TEC) teams to grow crops off ground in an extreme environment and to validate it for
plant growth on ground (with and without hypobaria) and in real microgravity and hypobaric
conditions.
A replica of the experiment will be executed, in parallel with the in-orbit operations of the
satellite, in a hypobaric chamber on ground and in a third, closed-loop cultivar at ambient
conditions. The comparison among the three experiments results will be crucial for assessing
the growth performances of the plant in space.
5

CONCLUSIONS

The U CubeSat here developed is an innovative resource-efficient, aseptic and closed plant
production system in which will be possible to test an independent life support system to
support a microgreen complete cycle of growth foreseen as an enabling technology for
applications in space exploration. ased on the importance of providing safe food in extreme
environments the testing of the nano-satellite prototype in geostationary orbit will provide
important data for the validation of the use of microgreens during travel as a long-term
independent food complement.
6
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ABSTRACT
The increasing number of spacecraft launches inherently increases the need for space debris
precise orbit determination for decreasing collision risks and optimizing the collision
avoidance maneuvers. Space debris tracking usually relies on data fusion among a variety of
techniques. Optical debris tracking is characterized by high precision in celestial coordinates
determination, despite the dependability of the measurements on light and weather conditions.
The optical stand-alone orbit determination techniques can be refined by improving the tuning
of all the implemented algorithms, towards a finer orbit determination that will require a
smaller number of optical observations.
LEDSAT (LED-based small SATellite) is a 1U CubeSat under development at the S5Lab
(Sapienza Space Systems and Space Surveillance Laboratory) team at Sapienza University of
Rome and conceived in collaboration with the University of Michigan. The satellite will equip
140 LEDs in three different colors on all its six faces. When autonomously executing its flashing
patterns, LEDSAT will be observed by a network of optical telescopes for tracking and attitude
determination. The LEDSAT nominal mode will allow orbit determination. The LED boards
will alternate long and short flashes to simultaneously ease the satellite identification over the
background stellar field, and to allow a precise celestial coordinates determination through the
already available astrometry software. The LEDSAT experimental mode will aim at
reconstructing the spacecraft attitude by means of optical data. Separate LED sequences will
be performed by different faces. The currently considered patterns allow high self-correlation
and low cross-correlation, in order to ease the face recognition. The attitude reconstruction
will integrate the acquired LED patterns data into the software that was already used for the
Tiangong-1 attitude reconstruction by means of light curve analyses.
LEDSAT is currently in phase D1. The satellite is part of the second edition of the European
Space Agency (ESA) Fly Your Satellite! Programme and part of the Italian Space Agency (ASI)
IKUNS Programme. The nano-satellite will be qualified for space flight within early 2020, in
order to be deployed from the International Space Station in mid-2020.
This paper will deal with the description of the LEDSAT mission and on its impact for the
improvement of space debris optical tracking techniques.
Keywords: space debris, CubeSat, LEDs, optical tracking
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INTRODUCTION

Andrea Gianfermo

Space debris represent by far the large majority of the objects in Earth orbit. While more than
15000 objects have been tracked by the U.S. Department of Defense Joint Space Operations
Center (JSpOC), statistical models can estimate a much larger number of objects (29000 larger
than 10 cm in diameter and 75000 between 1 and 10 cm [2]). These uncontrolled objects
represent a great threat for the active, controlled, and possibly manned satellites, also by
considering that relative speeds at the impact point can easily equal or exceed several km/s. The
density of the space debris clouds is constantly increasing, making the need for a precise
tracking of each uncontrolled and controlled object in Earth orbit as of paramount importance
for the next decades.
LEDSAT is a CubeSat mission conceived by the S5Lab (Sapienza Space Systems and Space
Surveillance Laboratory) research team at Sapienza – University of Rome and by the University
of Michigan [3]–[6]. The mission aims at developing a 1-Unit CubeSat (100 x 100 x 113.5 mm)
equipped with LEDs of three different colors. The satellite has been designed in late 2016 and
accepted for the European Space Agency (ESA) Fly Your Satellite! Programme (FYS!) in May
2017.
LEDSAT addresses the problem by improving the actual space debris orbit determination
algorithms by the means of ground based optical observations to exploit the observational data
to retrieve the satellite position, attitude and health status. In particular, the satellite will execute
specific LED sequences for improving the orbit determination, the attitude determination and
the acquisition of basic dummy or housekeeping data from the optical observatories at ground.
In addition, it will prove an early identification after the deployment, which is a main concern
in particular during cluster launches, by flashing an identification code with the LEDs.
2

LEDSAT CUBESAT DESCRIPTION

LEDSAT is a 1-Unit (100x100x113.5 mm) CubeSat aimed at testing a LED-based technology
for spacecraft optical tracking from ground-based telescopes. The CubeSat implements, as
payload, 140 LEDs in three different colours (red, green, blue) on all the satellite faces, with
the same colour on opposite faces. The satellite is equipped with a standard, commercial
CubeSat bus with flight heritage. LEDSAT will include an On-Board Computer, a UHF band
transceiver with a turnstile antenna, a Power Distribution Unit (PDU) that will store energy on
a six-cells Li-Ion battery pack, an Attitude Determination and Control Subsystem (ADCS) with
magnetometers, an Inertial Measurement Unit for the determination part and magneto-torquers
installed on the rear side of all solar panels for the attitude control, a GPS receiver for orbit
determination, a camera for coarse attitude determination. The LED control will be made by
means of a bespoke controller board able to command the flashing patterns of all the six LED
boards. Predetermined patterns will autonomously be executed by LEDSAT, while other
patterns can be uplinked and commanded by the ground stations.

3

LEDS DETECTABILITY

The LEDs are installed on each face of the CubeSat in three different colours, red, blue and
green; one colour for each opposite faces of the CubeSat. The red LEDs are installed on a
dedicated board on the top and bottom of the CubeSat, while the blue and green LEDs are
installed on small boards screwed to the solar panel board, as shown in Figure 1.
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Figure 1: LED boards configuration
The LEDs are be controlled by a dedicate control board, and the operative modes differentiate
for telescope tracking method and type of optical sensor used to detect LEDSAT.
The different tracking methods are sidereal tracking, fixed and satellite tracking.
In sidereal tracking and fixed mode LEDSAT will appear as a sequence of dots and lines over
the sky background as LEDSAT is moving through the field of view. A simulation of this mode
is shown in Figure 2[5], [10].

Figure 2: Sidereal Tracking long exposure picture simulation[5], [10]
Tracking mode follows the satellite to keep it inside the field of view. This allows longer time
in the field of view.
1.1. Optical sensors
To detect LEDSAT imaging optical sensor, as CCD and sCMOS, and single pixel sensor, as
PIN photodiode and APD, are used Each optical sensor is fitted for a specific observation
method.
For sidereal tracking and fixed observation methods, CCD are used to make long exposure
pictures of the sky during a LEDSAT passage over the ground station, The images are analysed
to detect LEDSAT dots over the sky background. This method is used for all LEDSAT

1
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objectives, orbit determination, attitude determination and data downlink, but in this mode
allows a very low data rate. Instead sCMOS has higher frame rate, so it can achieving a higher
data rate.
With imaging sensors the data collected can be only recovere with image processing technics,
while to achieve a real time link APD and PIN photodiodes are used. These sensors do not take
pictures of the sky, instead all the light collected through the telescope is converted directly into
a current signal, which voltage is analysed by an oscilloscope and the data is directly retrived.
To determine the level of detection of LEDs, it is necessary to determine the light flux
reaching the observer over various elevations. The slant range varies with the elevation over
the horizon and can be more than 5 times from the minimum distance at the zenith. For an
ISS-like orbit of around 400km the distance increase rapidly at low elevation and reach over
2200 km when the satellite is at the horizon, as shown in Figure 3.

Figure 3: Slant Range vs elevation angle

The Optical Link Budget has to take in consideration all the parameters from the source to the
detector. In particular the main parameters on the satellite that influence the link are the power
emitted from the LEDs, the wavelength that characterize the atmospheric absorption, the slant
range and the light emission angle that define the LEDs directivity.
The main parameters considered for the Link Budget are listed in Table 1.
Table 1: Optical Link Budget main parameters

Parameter
Wavelength
Transmitted optical
power
Distance
LED Emission Angle
Atmospheric
Transmittance

Value
660
12.75

Unit
nm
W

400
150
0.7

km
deg
-

Power at Ground

1.2ꞏ10-11

W/m2

To determine LEDSAT detectability, two analysis method have been performed: apparent
magnitude and Signal to Noise Ratio (SNR) evaluation.
LEDSAT apparent magnitude can give an easy comparison method to evaluate its visibility
over the sky background, as it is the most common value used in astronomy to describe the

1
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brightness of an object in the sky. LEDSAT apparent magnitude as a function of elevation
angle is shown in Figure 4.

Figure 4: LEDSAT apparent magnitude

Signal to Noise Ratio (SNR) determine the level of light signal over the various source of
noise, internal and external. External noise comes from the sky background brightness and
from the stars near LEDSAT during the exposition time. Internal noise comes from
electronics dark current noise, read-out noise and shot noise from the source and the
background. (as shown in Equation (1)).
SNR =

Photons Received Quantum Efficiency
Shot + Sky Shot + Dark Current + Read

(1)

it is useful to calculate the average time on a pixel, due to the movement of LEDSAT through
the field of view during the exposure time, to evaluate the number of photons received. The
binning of the sensors is also important since LEDSAT light can fall in between two pixels and
can be used to increase the integration time. The time on pixel for a typical imaging sensor
mounted on a 25cm telescope in shown in figure 5.

Figure 5: LEDSAT time on pixel

The SNR calculation for an imaging sensor in fixed mode and tracking mode with an
acquisition time of 10 ms, as a function of elevation, is shown in Figure 6.

Figure 6: Signal to Noise Ration vs elevation
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CURRENT STATUS AND FUTURE DEVELOPMENTS

If proving the functionalities of the LED-based payload, LED-based boards can be attached to
different classes of satellites for improving the orbit and attitude determination. Moreover,
independent LED boards (with a controller, small solar panels and battery packs) could be
implemented on larger satellite and enormously contribute to their orbit determination even in
case of a mission failure or after the passivation of the spacecraft prior to re-entry or after the
injection into a graveyard orbit. The potential of LEDs for spacecraft tracking will improve to
maintain a certain sustainability of the operation in the increasingly congested environment of
the outer space.
LEDSAT is currently being integrated at Sapienza University of Rome. The integration phase
and ambient testing of the satellite will be concluded in late 2019, while the environmental
testing will be offered by ESA Education at the CubeSat Support Facility (CSF) in Transinne,
Belgium, in early 2020. The launch to ISS is currently foreseen for mid-2020, while the
spacecraft will be released in orbit probably in summer 2020. The LEDSAT mission will last
at least one year. Further developments will be foreseen on the base of the mission results. New
CubeSats manufactured at the S5Lab could implement LED boards for optical tracking
although equipping a different payload.
5

CONCLUSIONS

LEDSAT is a 1U CubeSat aimed at testing a LED-based technology for enhancing optical
traceability of small satellites in Low Earth Orbit. The CubeSat is under development at
Sapienza University of Rome, while the mission has been conceived in collaboration with the
University of Michigan. LEDSAT is part of the second edition of the ESA Fly Your Satellite!
Programme and of the IKUNS Programme of ASI.
The satellite will include 140 LEDs in three different colours, distributed in six electric boards
mounted on each external surface of the CubeSat. The detectability of the LEDs has been
proven by analysis and by observing, with the optical ground segment that will be implemented,
objects of similar apparent magnitude of LEDSAT, with good results.
LEDSAT will be assembled in late 2019 and its ambient and functional tests will be completed
within the year. The environmental and acceptance testing campaign will be carried out in early
2020, in order to launch and deploy the satellite from ISS in mid-2020. The mission will last
for one year. If successful, LED-based boards can be implemented on small satellites to enhance
their traceability from ground and their orbit determination or early recognition upon
deployment.
6
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Since the first missions of man on a spatial level, first with John Glen’s trips around the Earth orbit, and
then, from 1969, with landing on the Moon by Neil Armstrong and “Buzz” Aldrin, space food research met
the challenge of providing food that tastes good and travels well in space. Next to the availability of readymade foods, the problem has been posed, for astronauts, as well as for those who in the future will be found
to colonize the space- for instance the Moon but mainly the red planet Mars-to have the opportunity to eat
fresh vegetable products, of good quality and safe from health point of view. This obviously also implies
the need also to develop particular cultivation systems.
The project “Ground Demonstration of Plant Cultivation Technologies and Operation in Space for Safe
Food Production on-board ISS and Future Human Space Exploration Vehicles and Planetary Outposts”
(EDEN ISS) has been funded by the European Commission under the Programme "Enabling European
competitiveness, non-dependence and innovation of the European space sector (H2020-EU.2.1.6.1.)" of the
Horizon 2020 Framework Research Programme, Topic COMPET-07-2014 - Space exploration – Life
support, funding scheme Research and Innovation Action (RIA).
The project, coordinated by the German Aerospace Center (DLR), Institute of Space Systems, aimed to
design, build and operate in a particular environmental situation, identified with the Antarctic station, an
automated plant growth facility to test space-oriented technology for bio-regenerative life support systems
(1). The partners involved in the project are shown in figure 1
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Figure 1: Consortium of partners involved in the EDEN-ISS project (credits:DLR)

The research activity of Food safety and Food Contamination, was organised in different steps. In the first
step, different procedures were studiedat the CNR labs located in Avellino, Italy, to allow also to a not
expert in biology, more precisely in microbiology, to can monitor the potential contamination of
vegetables, grown in specific conditions mimicking those of extreme environments. In such phase of the
project, particular attention and related research activities were focused on solving two problems. The first
was related to the development of one or more systems of detection and microbial identification that could
also be used by an operator not biologist; the second problem to be solved concerned the optimization of
methods to disinfect plant products, so that they could be eaten without danger of causing infections. To
achieve the first target, we proposed two different methodological approaches. The first allowed the
simultaneous monitoring of the presence of several genera and / or species using culture media powders,
containing enzymes and chromogenic substances specific for genera and species. It is well known that each
bacterial species produces in fact one or more characteristic enzymes of the same species. The action of the
enzyme on the respective chromogenic substrate reflects a localized colour change observable with the
naked eye. The chromogenic media represent a fast and reliable solution for the identification of the main
pathogenic microorganisms. In the industrial field, the chromogenic soil replaces more complex methods
for the identification, for instance, of Listeria monocytogenes count, Salmonella, Enterobacteriaceae,
Proteus, Bacilluscereus, E. coli and coliforms, Enterococcus. etc.Thus, on a unique plate, the presence of
different microorganisms could be identified from the different colour of the colonies forming units, and
their possible dangerousness was assessed. Subsequently, in order to facilitate the operator's work, the use
of ready-made plates was proposed, on which the operator would only have had to sow the sample prepared
for the purpose.The second method proposed and tested provided,instead, for the use of liquid culture
media, using the so called MBS-HACCP&ACQUE EASY TEST. The method of analysis is based on the
observation of the colour change of thesuspension formed in the analysis vial(Figure 2) in which the
sample to be analysed is inserted: the suspension changes colour if microorganisms are present; the greater
the amount of microorganisms, the faster the change in colour.The MBS method has been validated
according to ISO 16140: 2003 “Microbiology offood and animal feeding stuffs - Protocol for the validation
of alternative methods".
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Figure 2. Colour change
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The advantage of using such methodology is that, under the working conditions at the Neumeier III
Antarctic station, although it was not possible to use a software system that would also allow quantification
of any microbial contamination, it could be possible to use plant samples directly, without the need to
process them.
Another important problem to be solved was to set up a system or a way to sanitize vegetables, before they
were provided for lunch to the people on site. It is easy to imagine that the problem was very delicate: plant
cultivation was done at the Antarctic station, an isolated place, where the environmental conditions of the
ISS space station had to be mimicked. Therefore, if the appropriate precautions were not used, any
contamination of the products could have meant an infection, in extreme environmental conditions. In
recent years, the research has focused its attention on the use of compounds, such as silver ions, which have
effectively demonstrated an excellent efficacy of action, inhibiting the possible growth of pathogenic or
undesirable microorganisms. Now, even with all its effectiveness, this method was inapplicable for our
purpose. Decontaminating the plants with Silver ions, would also have meant determining an ingestion of
these ions, to the detriment of health. Also taking into account the operator that should work within the
Antarctic station Neumeier III (an engineer, not a biologist), we tested three washing systems, normally
used also at "home" level, on some types of vegetables purchased at local markets. A first system included
the use of running water; a second system instead provided for the use of a solution of sodium bicarbonate;
sodium hypochlorite, commercially Amuchina, was the third proposed system. From the analyses carried
out before and after the various treatments, we proposed the use of a double system, which included, after
washing the vegetables in running water, a first treatment with Amuchina, under the conditions indicated
by the company, and a subsequent treatment with a sodium bicarbonate solution, also for the purpose of
eliminating the acrid smell from vegetables, due to use of Amuchina. The tests were carried out on
different vegetables, including tomatoes, rocket, peppers, and various salads, all types of vegetables that
would then be cultivated also in the Antarctic station. Plants responded differently to the treatment, so that
while products such as tomatoes actually started from being very contaminated ab origine, other products,
such as peppers, were less contaminated. The different products, then, were also differentlycontaminated,
and we evaluated this using chromogenic culture media. Further experiments were carried out on a type of
rocket grown in the laboratories of the IRET-CNR of Porano (Figure 3), which actually showed itself to be
much less contaminated than the commercial rocket (Figure 4) and therefore more easily decontaminated
with the proposed washing systems. This could indicate that also the different environmental conditions
affect the potential microbial presence onto vegetables.
Figure 3
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Figure 3. (credits: Dr Simona Proietti, IRET-CNR)

Figure 4. Rocket salad bought at a local market and treated with the two different steps. The growth
medium is a chromogenic medium for the detection also of E.coli and coliforms (blue-green colonies)
(credits: Dr. Filomena Nazzaro)
In the second phase of the project, vegetables were grown at the Antarctic Station NEUEMEIR III, within
the so-called “Mobile Test Facility”, in an almost complete isolation from the external environment, except
than the supply of energy. The larger plant growth system, called Future Exploration Greenhouse (FEG)
permitted a plant cultivation within 13 m2 of growing surface. The smaller plant growth unit was similar in
size and format to a European Drawer Rack 2 (EDR II) and named International Standard Payload Rack
(ISPR). The EDEN ISS operations allowed the operator to modulate the system activities (like for example
setting the light intensity, or the ambient temperature), as well as the plants management (seedling,
pruning, harvesting, etc.), and to check and monitor, during the mission, the quality and safety of the
produced food. The safety of products was also monitored in the post-mission phase, to obtain a complete
characterization of such products and to compare their biochemical and microbial parameters to those of
vegetables grown in conventional way (terrestrial). After the analysis performed in loco by Dr Paul Zabel
and at the CNR-ISA, we can also assume a diverse behaviour of some microorganisms. In any cases, when
all procedures are carried in a correct way (starting from the correct cleaning of the material) no sample
cultivated at the Antarctic station and sent to CNR resulted contaminated by some bacteria, such as the

1 0

uropathogenic E.coli, coliforms, nor by Enterococci, indicating that the growth of vegetables could give
comforting results, indeed that, starting from clean and correct procedures, could depend on the different
environment (2, 3).
References(
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ABSTRACT
The increasing number of stratospheric missions and suborbital space transportation systems
suggests to improve the currently available surveillance and tracking systems. Some of the most
promising techniques are represented by the TDOA (Time Difference of Arrival) and Frequency
Difference of Arrival (FDOA). Stratospheric or suborbital tracking can be achieved by
maintaining a high-gain antenna pointed towards the target and by acquiring both the pointing
angles and the Doppler shift frequency. With a single station and without data or telemetry
exchanges with the target, it is possible to maintain the tracking information if the tracking
initial point is known with acceptable precision. STRAINS (Stratospheric Tracking Innovative
Systems) is a stratospheric experiment conceived by Sapienza University of Rome and ALTEC
(Aerospace Logistics Technology Engineering Company) for the 2018 call of the HEMERA
H2020 Balloon Launch Infrastructure. The experiment is aimed at testing the TDOA and the
FDOA for assessing the performances of such tracking systems with stratospheric flights.
Additionally, the single motorized antenna tracking will be tested as a complementary method
for stratospheric aviation The experiment has been accepted in early 2019 and a launch
opportunity will be provided in mid-2020 from the Esrange Space Center in Kiruna, Sweden.
Keywords: passive, trac ing, stratospheric, platforms
1

INTRODUCTION

The progressively increase of proposed and planned stratospheric missions imposes the need
for more performing surveillance and trac ing systems that will be able to support the rise of
the stratospheric aviation in the near future. Traditional aircraft trac ing is mainly performed
by radar systems, implying a low dependability with a high power consumption from the
radiating station. The extension of the aviation limit to stratospheric heights requires to maintain
acceptable safety levels, although considering systems with extended range and large capacity.
Some of the most promising trac ing techniques, already tested for commercial aviation and
suitable for stratospheric and even suborbital vehicles trac ing, are relying on the
implementation of passive Radio-Frequency (RF) sensors 1 – , able to integrate the collected
measurements to provide a precise estimation of the target position and velocity.
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Some of these techniques are the TD A (Time Difference of Arrival, 4 ) and the FD A
(Frequency Difference of Arrival, 5 ). Furthermore, a single station able to detect the Doppler
shift frequency from the target and to compute the pointing angles while autonomously remain
pointed towards the aircraft is capable of achieving a good precision in the position and velocity
estimation of an aircraft, stratospheric platform or suborbital vehicle 6 , .
The TD A is based on a networ of RF receivers at ground, receiving pulses from the target
and assigning to each received pulse a timestamp with the reception time, without any
information on the signal transmission time. y integrating the acquired information on the
arrival times of the signals, it is possible to triangulate the position of the transmitting target.
The FD A is based on the reception of signals from the target and on measuring the signal
Doppler shift frequency, which can be related to the radial velocity of the target with respect to
the ground station. A third technique to be mentioned is relying on a single motorized station
able to remain autonomously pointed towards the target, performing the so-called
autotrac ing technique, integrating the instantaneous pointing angles and the acquired
Doppler shift frequency into a tra ectory prediction model of the target. As obvious, the three
mentioned techniques are relying on a cooperative, transmitting target, increasing the
dependability of the trac ing system. However, the trac ing techniques are not requiring the
target to transmit information, while only dummy signals are sufficient to exploit these
methodologies.
These techniques have already been tested and applied for various typologies of vehicles.
TD A and FD A are usually applicable to aircraft trac ing. The TD A is more frequently
used as bac -up and support surveillance system for commercial aircraft in terminal air 4 , 8 ,
since the reduction of the method range allows to implement reduced cost solutions for the
receivers sensitivity and networ interconnection with the master station computing the aircraft
position. The FD A is more precise when applied to vehicles performing plane tra ectories,
especially if the tra ectory plane is parallel to the ground plane. For this reason, the FD A is
particularly promising for en-route air traffic control. The single motorized station trac ing is
often used to trac launch vehicles, missiles or re-entering vehicles.

2

EXPERIMENT OBJECTIVES AND OPERATING CONCEPT

STRAINS (Stratospheric Trac ing Innovative Systems) is a stratospheric experiment aimed at
testing the performances of the TD A, FD A and of the single motorized station trac ing
techniques for stratospheric vehicles. The experiment was conceived by the S5Lab (Sapienza
Space Systems and Space Surveillance Laboratory) team at Sapienza University of Rome and
by ALTEC (Aerospace Logistics Technology Engineering Company, located in Turin, Italy)
and proposed for the 2018 call of the HEMERA H2020 alloon Launch infrastructure. The
experiment was selected for a stratospheric launch opportunity from the Esrange Space Center
in iruna, Sweden, in mid-2020 and it is currently under development.
STRAINS will test the TD A, FD A and single motorized station trac ing techniques for a
ero Pressure alloon ( P ) flight performed by the Esrange Space Center. The STRAINS
mission ob ectives are:
•

To investigate the suitability and performances of the TD A, FD A and single
motorized station trac ing methodologies for stratospheric vehicles surveillance
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To perform stratospheric testing of an airborne TD A and FD A trac ing unit, to be
used as prototype for future stratospheric missions
To demonstrate the suitability of the proposed architecture of ground-based trac ing
stations for usage on future stratospheric balloon missions trac ing.

The experiment is based on a stratospheric segment and ground segment, cooperating for testing
the aforementioned trac ing techniques. The ground segment will be divided into a Master
Control Station (MCS) unit, which will integrate the data and control the experiment
performances, and multiple (at least five) Slave Portable Stations (SPS) units, which will
acquire signals from the stratospheric segment. The experiment concept scheme is depicted in
Figure 1.

Figure 1 : STRAINS Experiment concept diagram

The stratospheric segment will be mainly in charge of omnidirectionally transmitting signals
for allowing reception and trac ing from ground. The SPS will receive signals from the
stratospheric segment in different locations, analysing the received pulses in real time to extract
the Doppler shift frequency and by assigning a reception timestamp to each signal. The MCS
will control the whole experiment, receiving telemetry data from the stratospheric segment and
with the possibility to send telecommands to ad ust its performances. Moreover, the MCS will
control the single motorized station and acquire the received signals and computed positioning
data. Finally, the MCS will receive the timestamps and Doppler shift frequencies from each
SPS, integrate the data to exploit the TD A and FD A techniques.
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EXPERIMENT DESIGN AND OPERATIONS

The experiment design considers the implementation of Software Defined Radios (SDRs) for
the whole RF equipment needed to perform the investigation. A SDR is a device able to offer
a wide range of receiving and transmitting frequencies (often in the range between few Hz and
5-6 GHz). The SDRs will be integrated along with other data collection and processing
equipment, sensor, power delivery and control components in order to assure the wellfunctioning of the whole experiment. The experiment design, with details on the components
constituting each experiment segment and unit and on the interconnections, is schematized in
Figure 2.

Figure 2 : STRAINS Experiment Design bloc diagram.

As reported before, the stratospheric segment is mainly composed by a SDR in charge of
transmitting dummy signals omnidirectionally. The most suitable transmission band for the
stratospheric segment operations is the C band (5 GHz), in order to maximize the Doppler shift
amplitude while matching with most of the SDRs available on the mar et. In addition to
generating and transmitting pulses to ground, the stratospheric segment will collect positioning
and attitude data through a GPS (Global Positioning System) receiver and an IMU (Inertial
Measurement Unit). An n- oard Data Handling ( DH) will collect the data, command the
SDR, store the data and communicate with the MCS through the telemetry lin provided by the
P vehicle. Finally, a PDU (Power Distribution Unit) will deliver electrical power to all the
components, as well as monitoring the batteries voltage and current delivery and the
components power consumption. The PDU will allow also shutting off and on all the
components, both for the reliability (assuring the possibility to perform hard resets on
components in case of deadloc s) and safety (allowing to permanently shut down a component
in case of anomalies on its power consumption) of the experiment operations. The stratospheric
segment will be hosted in an aluminium box of approximately 0 x 0 x 50 cm, ensuring
sufficient volume for hosting the components and for the AI (Assembly, Integration and
erification) activities to be performed on the stratospheric experiment.
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The SPSs will receive pulses and dummy signals from the stratospheric segment by means of
SDR receivers. The SDR data will be both recorded and stored on-board, in order to allow postflight processing and analysis, and analysed in real time to exploit the trac ing algorithms to be
tested. The analysis of the single received samples will include :
• Recognition of received samples
• Evaluation of the carrier frequency
• Computation of the Doppler shift frequency
• Evaluation of the timestamp to be assigned to each RF sample.
For assigning a precise timestamp, the SPS will include a GPS receiver to synchronize the
operations. After the completion of the signal processing, the SPS need to communicate with
the MCS master station to perform the data integration. This will be probably done through
4G LTE communication. The operations of the SPSs will be managed by an on-board computer.
Internal batteries will assure perfect functionality of the ground stations throughout the flight.
The MCS will be the core of the experiment data acquisition. It will be connected to the
telemetry lin of the stratospheric segment, to receive house eeping data, monitor the
functionalities and possibly to ad ust the settings of each airborne component. It will
communicate with the SPS on ground through 4G LTE communication, receiving processed
data after the signals reception. It will integrate the received data to test the TD A and FD A
algorithms. Finally, it will control and monitor the exploitation of the single motorized station
trac ing method. A SDR will receive samples from the balloon, computing the Doppler shift
with the same procedure applied by the SPS. y basing on the pointing angles, which will be
maintained towards the balloon by means of the autotrac ing technique, and on the Doppler
shift, which will be autonomously calculated by the SDR, the station will compare the data to
the theoretical flight dynamics tra ectory prediction model and ad ust its pointing angles. If
providing a very precise estimation on the initial position (position at lift-off is nown with
very high accuracy), the method should be able to output very precise results throughout the
flight.
4

RESEARCH APPLICABILITY

If successful, the conducted research on the trac ing systems for new concept platform can be
applied to stratospheric platforms and vehicles. Affordable, reliable trac ing systems will be
ta en into account when dealing with stratospheric aviation vehicles. As first beneficiaries of
the conducted investigation, High Altitude Platform Stations (HAPSs) shall be mentioned.
These vehicles are permanent solar-powered aerostats which will be performing quasi-satellite
missions, such as Earth imagery, telecommunication lin establishment, or even for providing
temporary broadband communication lin s to areas hit by natural disasters. HAPSs can apply
such trac ing systems both to improve their traceability, and the overall safety of the
stratospheric operations, and to reduce the needed power consumption to perform the
surveillance operations, without the need for radar stations at ground to be applied during
nominal operations. The ma ority of the most important aerospace manufacturing companies
are investing on HAPSs for establishing fleets of stratospheric platforms. If the investigation is
successful, the design of the stratospheric and ground segments would be used as baseline for
a minimum trac ing unit pac age that could be implemented potentially on all typologies of
stratospheric vehicles and flight envelopes.

5
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Furthermore, the implementation of these trac ing systems can be extended to suborbital
vehicles. A rising interest has been put into commercial suborbital vehicles for human
transportation. The recently designed and built manned vehicles will require high safety levels
during all the flights phases, both inside and outside the commercial aviation air space. The
implementation of such trac ing systems would extend the reliability of suborbital vehicles
trac ing systems. In the highest flight phases, where a coarser precision (around 0 m) in the
position determination can be sufficient due to the absence of other aircraft operating at similar
altitudes, the proposed systems could be used as primary trac ing systems. Also, such trac ing
systems can be considered to integrate the functionalities of the ATC devices during the process
of establishing a regulatory system that allows execution of stratospheric and suborbital flights
within commercial air spaces
5

FUTURE DEVELOPMENTS

The STRAINS investigation success can suggest the extension of the tested innovative trac ing
systems to various fields of implementation. Nowadays, the emerging technologies for
aerospace are extending the possible mission profiles to new limits in terms of maximum height,
speed and environmental conditions.
In particular, in addition to suggest consideration for stratospheric flights, these three systems
may be applied to commercial suborbital flights trac ing . As for the stratospheric flights study
case, a suborbital mission needs to maintain a sufficient reliability of the trac ing systems
although considering higher distances from the trac ing stations at ground and a wider set (with
respect to general and commercial aviation) of elevation angles, which inherently influences
the design of the trac ing systems with remar able differences with the conventionally
implemented systems for aircraft trac ing. The three tested systems would need further testing
to be used as primary trac ing system for manned near-space, suborbital and space operations.
The implementation as bac -up systems would be useful both for increasing the trac ing
systems reliability and for allowing a sufficient maturity improvement. The latter improvement
would be obtained also with the on-going implementations for aircraft and UA (Unmanned
Air ehicles), that are increasing the utilization of such systems.
An evaluation of the performances of all the trac ing systems for suborbital spaceplanes
operations has been already carried out for the currently considered site of Grottaglie in Apulia,
Italy, and flights to be performed on the Ionian or Adriatic coasts of Apulia. The analyses
showed perfect compliance of such systems to a commercial manned spaceplane typical
mission profile 9 , 10 . hen acquiring a sufficient maturity and reliability, these systems
could be implemented as primary systems for suborbital vehicles trac ing.
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Figure : Evaluation results for trac ing systems applied to suborbital flight envelopes on the Ionian or Adriatic coasts of
Apulia, Italy. The evaluation considered the trac ing stations to be installed at the Grottaglie Airport, Italy. The results of
these analyses are presented in 9 , 10 .

6

CONCLUSIONS

ith the rising number of stratospheric missions and vehicles under design and development,
there is the need for specializing trac ing systems for high altitude platforms. The STRAINS
Experiment, proposed by Sapienza University of Rome and ALTEC for the 2018 call of the
HEMERA H2020 balloon launch infrastructure, is aimed at testing three promising trac ing
techniques for future stratospheric aviation. In particular, the experiment will test the
effectiveness of the TD A, the FD A and the single motorized station trac ing techniques.
STRAINS will be launched in mid-2020 from the Esrange Space Centre in iruna, Sweden.
The experiment will be aimed at testing the three aforementioned trac ing techniques for
stratospheric vehicles. Moreover, the developed stratospheric segment and ground segment
could be used as baseline for portable trac ing systems for future stratospheric platform
missions.
7
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ABSTRACT
Since
, the Sapienza Space Systems and Space Surveillance aboratory (S ab) research
team at Sapienza niversity of Rome has successfully carried out a significant number of
ubeSat projects, from concept to launch and operation. After RSA AI R, a
ubeSat
developed between
and
and launched in
, the S ab team collaborated in
with the niversity of Nairobi to develop
NS- ( st enyan niversity Nano-Satellite
recursor light), a - nit ubeSat addressed at acquiring panchromatic images of the East
Africa region and at performing the in-orbit test of commercial technologies for nano-satellite
bus components. The nano-satellite was developed by a joint team of Italian and enyan
students in
, with the support of Italian Space Agency (ASI, in the framewor of the I NS
rogramme), of the enya Space Agency ( SA) and of several Italian companies (Roboptics
and N ) and selected for a launch opportunity from ISS for the ibo ube rogramme,
managed by N SA ( nited Nations ffice for uter Space Affairs) and A A ( apan
Aerospace e ploration Agency). The nano-satellite was launched on ay th,
and it is
in operations after more than one year of mission.
EDSAT ( ED-based small satellite) is a - nit ubeSat mission conceived by the S ab
research team and the niversity of ichigan, aimed at testing a ED ( ight Emitting Diode)technology for optical trac ing of actively illuminated targets. In particular, EDSAT will
equip
EDs in three different colors on its six external faces. The ED boards will be
commanded to flash with different flashing patterns to be trac ed from ground-based optical
observatories. The main mission objective is to enhance the optical orbit determination
algorithms for space debris trac ing, allowing a comparison between the currently used
algorithms and methodologies, based on optical data stand-alone, and on-board
instrumentation, such as orbital G S receivers. The secondary mission objectives are related
to attitude reconstruction related to specific pattern recognitions and bac -up light-based
communication. The satellite is currently under development at S ab. A launch opportunity
will be offered by the European Space Agency (ESA) in
, in the framewor of the ly our
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NS rogramme, for the

Satellite Educational rogramme. EDSAT is also part of the ASI I
collaboration with enyan students during all the development phases.
GREEN ube is a - nit ubeSat conceived by S ab with ENEA (Italian National Agency for
New Technologies, Energy and Sustainable Economic Development) and niversity of Naples
ederico II for the cultivation of microgreen plants in space. The satellite is aimed at testing
a Biological ife Support System (B SS) that will autonomously manage the cultivation of the
microgreens. The B SS will control the pressure, air composition, nutrients flow, water
recycling and condensation, humidity, temperature, day and night cycles for approximately
fifteen days, completing a seed-to-seed cycle of the cultivar.
This paper will describe the
NS- , EDSAT and GREEN ube missions, with details on
the development and operation of the three described ubeSats.
Keywords: Nano-satellites, CubeSat, development, hands-on activities
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INTRODUCTION

The miniaturization of electronics is increasingly allowing CubeSat manufacturers to include
more complex payloads on-board CubeSats, nano-satellites and small satellites. Moreover, the
standardization of bus architectures, communication protocols and electrical interfaces usually
allows to implement a standard bus for a large variety of missions, combining the maturity of
the bus with the flexibility of the applications of the components.
In this framewor , the S5Lab (Sapienza Space Systems and Space Surveillance Laboratory) is
developing since many years CubeSat missions based on a standard, space-proven, reliable,
commercial CubeSat bus. After the first launch of a U CubeSat in 201 with the URSAMAI R mission, S5Lab has helped developing 1 UNS-PF (First enyan University NanoSatellite-Precursor Flight), gaining experience and nowledge on CubeSat commercial bus on
a relatively simple mission, aimed at transferring nowledge on an entire spacecraft
development cycle to enyan students and University staff and at allowing to shoot
panchromatic images on the spacecraft and at commanding their downlin through a networ
of ground stations. 1 UNS-PF was developed in the framewor of the I UNS Programme,
managed by ASI, and it was launched from the ISS on May 11th 2018 and it is still operative in
orbit after more than one year of mission. Then, LEDSAT (LED-based small SATellite) will
test a LED-based technology as payload for enhancing the optical trac ing of small satellites
from ground. The satellite is under development at S5Lab in the framewor of the Second
Edition of the Fly our Satellite Programme managed by ESA and of the I UNS Programme
by ASI. Finally, GREENCU E will aim at cultivating micro-greens in an autonomous
laboratory on-board a U CubeSat, in order to test both the behaviour and the growth of cabbage
plants in micro-gravity, and to verify the effectiveness of an autonomous LSS ( iological Life
Support System) to be hosted on a nano-satellite platform, as alternative to space station
biological infrastructure.
This paper will deal with the description of the three missions 1 UNS-PF, LEDSAT and
GREENCU E, developed in collaboration with the S5LA team and that share the same
CubeSat bus.
2

THE 1KUNS-PF MISSION

1 UNS-PF (1st enyan University Nano-Satellite, Precursor Flight) is a 1U CubeSat developed
by the University of Nairobi in collaboration with the University of Rome La Sapienza, and in
particular the S5Lab the final configuration can be seen in Figure 1. It is the first nano-satellite
of the country of enya and the development was assisted by the enya Space Agency ( SA)
and the Italian Space Agency (ASI), with the additional collaborations of the Italian companies
Roboptics S.r.l, a Sapienza spin-off, and NPC (New Product Concept). The collaboration
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between the apanese Aerospace Exploration Agency ( A A) and the United Nations ffice
for uter Space Affairs (UN SA) provided the opportunity for the launch from the
International Space Station (ISS) for developing countries. The title of precursor flight mar s
as one ob ective of the mission the testing of the hardware that will be used in the future in the
context of the I UNS mission, a pro ect of La Sapienza and ASI in collaboration with the
University of enya, whose ob ective is to allow students from both Universities to collaborate
in developing 1U and 6U CubeSats. The primary ob ective of the mission is to ta e
panchromatic pictures of the Earth using three Commercial ff-The-Shelf on-board cameras
and downlin them to the main Ground Stations based in Urbe, Rome and Malindi, enya.
1 UNS-PF was developed between May and ctober of 201 and the environmental tests were
performed at the Sapienza facilities between November and December of the same year. It was
handed over to A A on the 16th of anuary 2018 and was brought onto the ISS on the CRS14 mission. It was finally deployed from apanese Experiment Module, ibo, on May 11th,
2018. The launch was successful, as well as the early operations and the CubeSat was promptly
received from the Ground Stations, with the additional help of radio-amateurs. The CubeSat
has been operating nominally in orbit now for more than a year. During this time there were
many upgrades, both on the ground stations and on the satellite: after the initial month the baud
rate (i.e., the downlin bit rate) received an eight-fold upgrade to 9600 bit per seconds and the
ground stations were automatized. At the same time, the CubeSat received three in-flight
software updates: the software was set up to be able to receive software updates such that
development from the students on ground could continue in orbit. Several bugs were fixed this
way and many features were added, all with the main ob ective of developing robust software
for the platform to include in future missions. During the fifteen months in orbit, 1 UNS-PF
was able to downlin more than 600 high resolution images of the Earth (two can be seen in
Figure 2), as well as over 00 megabytes of telemetry that will be crucial for the next missions.
The telemetry contains information on the overall status of the CubeSat, such as battery voltage,
temperatures and currents, as well as attitude data from the magnetometer, gyroscope and sun
sensors and is sampled three times every minute to give a complete picture of the status of the
satellite. The telemetry is downlin ed automatically when passing over the main ground
stations if no pictures are to be downloaded. ther than the automatic downlin , the telemetry
is also transmitted live every fifteen seconds as a beacon. The radio-amateur community has
been very supportive, and the 1 UNS-PF team continuously receives data of the beacons
received from all around the world. The S5Lab currently manages the Ground Station in Urbe,
Rome, that has a complete satellite receiving and transmitting station for UHF and HF the
UHF portion, used by 1 UNS-PF is composed by two radios: a Commercial ff-The-Shelf
receiver transmitter from the on-board transceiver manufacturer and a Software Defined Radio
(SDR) based receiver system developed by the students.
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n the left, the Earth and the moon over Africa, on the right a picture over hile

THE LEDSAT MISSION

LEDSAT (LED-based small SATellite) is a 1U CubeSat mission conceived by the S5Lab team
at Sapienza University of Rome, together with the University of Michigan. The satellite is
testing a LED-based payload for optical trac ing from ground, implementing 140 LEDs in three
different colours (red, green and blue, with the same colour of diodes mounted on opposite sides
of the spacecraft) on all the external surfaces of the satellite. The LEDs will be commanded to
flash with pre-determined patterns aimed at easing the orbit determination, the attitude
reconstruction or a LED-based low data rate optical communication, to be used as bac -up for
the traditional RF-based communication system of the CubeSat. LEDSAT is part of the second
edition of the Fly our Satellite Educational Programme, managed by the Education ffice of
the European Space Agency (ESA), and of the Italian Space Agency (ASI) I UNS Programme
(Italian- enyan University Nano-Satellites), for the involvement of enyan students at all
phases of the development.
The primary mission ob ective of LEDSAT aims at improving the current methodologies for
space debris orbit determination. The active illumination payload will manage the spacecraft
flashes to facilitate an easy recognition from ground-based telescopes. The orbit will be
determined on the base of the acquired optical data and then compared to the on-board
instrumentation data, such as GPS and IMU, in order to calibrate and improve the orbit
determination patterns.
The secondary mission ob ective of LEDSAT aims at reconstructing the satellite attitude by
means of specific LED sequences to be observed from ground. The evaluated LED patterns are
based on the GPS Pseudo-Random Number (PRN) Gold Codes for their high self-correlation
and low cross-correlation. For determining the most useful patterns among the wide range of
possible Gold codes sections to be used, an analysis has been performed, returning the patterns
described in Figure as best choice for the attitude determination patterns.
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igure
Selected patterns for the EDSAT nano-satellite. The patterns are ordered per faces, while the x-axis represents the
time scale. The patterns are not overlapped but every pattern is following the previous one for power constraints. The y-axis
plots represents the faces of the satellite in this order
,- , ,- ,
, - . The colours represent the ED colour of each
face.

Finally, the third ob ective of LEDSAT is to test an innovative communication system based
on LED flashes to be used as bac -up communication method for RF system. The 20 of the
failed CubeSat missions present a failure in the transceiver, without malfunctionings of the
payload, with a resulting functional spacecraft but without any possibility to communicate
without ground. ith LEDs, it would be possible to down lin basic, low-data-rate and low
definition data by means of LED flashes encoding. n this purpose, LEDSAT will test different
encodings and different techniques of observations to evaluate the effectiveness of this method.
n this purpose, different flashing patterns are being tested on long range testing campaigns at
ground, simulating LEDSAT passes by moving the telescope mount and by scaling the emitted
power of the replica LED boards. These testing campaigns have shown perfect compliance with
the LEDSAT ob ectives. The test set-up is shown in Figure 4.

igure

ight-based communication extended range test set-up.



NAN SATE ITE ISSI NS AND DE E
ENT
AT SA IEN A S AB
NS- , EDSAT, GREEN

BE

aolo arzioli et al.
LEDSAT is under integration at the S5Lab at Sapienza, Rome, and it will be launched in mid2020 from the International Space Station. The mission will last approximately for one year.
4

THE GREENCUBE MISSION

Human space exploration is strongly constrained by the need to carry adequate consumables
for the crew. Safe production of food for future manned exploration missions is addressed by
developing iological Life Support Systems ( LSS).
GREENCU E is a U CubeSat mission under development at S5Lab to demonstrate an
autonomous LSS for microgreen cultivation in orbit.
This mission was proposed by Sapienza University of Rome, ENEA (Italian National Agency
for New Technologies, Energy and Sustainable Economic Development) and University of
Naples Federico II and was selected for the ESA launch opportunities on-board the EGAC Maiden flight
The -Units CubeSat (approximately 00 x 100 x 100 mm) will be divided into a bus section
and payload section. 1 Unit is dedicated to the US and 2 Units to the payload. The CubeSat
CAD drawing is shown in Figure 5.
The payload is composed by the ECLSS, which relies on a pressurized vessel that host the
microgreens and all the needed nutrients and instrumentation. The main component is a pressure
vessel, made in a 0.5 mm aluminum shell, whose structural safety factor to pressure stresses
will be higher than 100, held at 0.25 atm, which aim to maintain air composition, humidity,
nutriment management and photosynthesis to support the plant s life cycle. The cultivation
seed-to-seed cycle lasts for approximately 15 days.
To verify crop growth and yield performances under stress conditions an hyperspectral camera
will be used 1 – . This camera is also able to perform phenotyping and disease detection
applications. The experiment will evaluate the cotyledon spectral variations registered on the
microgreen plantlets during the growth process between red and green varieties of cabbage in
hypobaria and microgravity conditions.
a multi view stereo D camera system with D image reconstruction of the seedlings 4 will
be used for biometric measurements as plant height, shoot biomass and cotyledon area.
To monitor plant water and stress two additional camera will be used, one in visible and on
infrared thermal 5 , 1 – .
The bus section is based on C TS components, most of which that have already been used by
the team for the 1 UNS-PF and LEDSAT missions. This will lead to a faster design and
integration process than s to a PFM (Proto-Flight Model) model philosophy as the other
CubeSat mission developed and in development at S5Lab.
The CubeSat exploded view is displayed in Figure 6.
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The scientific and technological developed is an innovative resource-efficient, aseptic and
closed plant production system. It will be able to test an independent life support system for a
complete microgreen growth cycle aimed at providing safe food in extreme environment for
human space exploration.
5

CONCLUSIONS

In the recent years, the S5Lab team at Sapienza University of Rome had the chance to develop
three CubeSat missions sharing the same commercial CubeSat bus. The bus and the bespo e
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software are currently used as baseline for each typology of CubeSat mission, independently
from the payload.
1 UNS-PF is a 1U CubeSat aimed at acquiring panchromatic images and developed in
collaboration with University of Nairobi in the framewor of the ASI I UNS Programme. It
was selected for a launch opportunity from ISS in the framewor of the UN A A I Cube
Programme and it was launched on May 11th 2018. It is still operative in orbit after one year of
mission.
LEDSAT is a 1U CubeSat conceived by Sapienza and University of Michigan and aimed at
testing a LED-based payload for optical trac ing, orbit determination and attitude determination
from ground. It is part of the ASI I UNS Programme and of the ESA Fly our Satellite
Programme. It is under integration at Sapienza and it will be launched in mid-2020 from the
International Space Station.
GREENCube is a U CubeSat mission ointly proposed by S5Lab, ENEA and University of
Naples Federico II for integration as payload of the maiden launch of the EGA-C launcher
vehicle. It was selected by ESA for this launch opportunity and it currently under integration at
Sapienza University of Rome. Its mission is aimed at testing a LSS for cultivation of
microgreen plants in microgravity environment and within an autonomous miniaturized
biological laboratory.
6

REFERENCES

1 L. Li, . hang, and D. Huang, A Review of Imaging Techniques for Plant
Phenotyping, Sensors, vol. 14, no. 11, pp. 200 8–20111, Nov. 2014.
2 M. S. im, . R. Chen, and P. M. Mehl, H PERSPECTRAL REFLECTANCE AND
FLU RESCENCE IMAGING S STEM F R F D UALIT AND SAFET ,
Transactions of the ASAE, vol. 44, no. , 2001.
G. A. lac burn, Hyperspectral remote sensing of plant pigments, Exp Bot, vol. 58,
no. 4, pp. 855–86 , Mar. 200 .
4 F. Golbach, G. ootstra, S. Dam anovic, G. tten, and R. van de edde, alidation of
plant part measurements using a D reconstruction method suitable for high-throughput
seedling phenotyping,
achine ision and Applications, vol. 2 , no. 5, pp. 66 –680,
2016.
5 H. G. ones, Thermal Imaging and Infrared Sensing in Plant Ecophysiology, in
Advances in lant Ecophysiology Techniques, Springer, 2018, pp. 1 5–151.



Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

VIBRATION TESTS OF A CUBE CORNER REFLECTOR
ASSEMBLY OF LARES2 SATELLITE
G. Sindoni1*, C. Paris2, I. Ciufolini3
1

Scuola Ingegneria Aerospaziale, Sapienza Università di Roma, Via Salaria 851 – Roma, Italy
2

1

Centro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche Enrico Fermi, Roma

Dipartimento Ingegneria dell’Innovazione, Salento University, Lecce, Italy

*giampiero.sindoni@uniroma1.it

ABSTRACT
In 2020 during the qualification flight of VEGA C launcher, the consolidated version of the
VEGA launcher, the LARES 2 satellite will be put in orbit. LARES 2 will be the evolution of
the ongoing LARES satellite. LARES 2 will be a laser tracked satellite completely passive
especially designed for improving by an order of magnitude the results of LARES on the tests
of the general relativity. The achievement of these goals will pass through several scientific
and engineering challenges and mission constraints. Satellite altitude and procurement time
have driven the selection of the Cube Corner Reflectors (CCRs) used for the mission, in fact
the nominal orbit of the satellite will have a semimajor axis of about 12,270 Km, an
eccentricity nearly zero and an inclination supplementary to the one of LAGEOS 1 (iLAGEOS=
109.83°): due to this higher altitude with respect to LARES satellite orbit, the overall
reflecting surface one would obtain using the same design of LARES would not assure the
proper operation of the LARES 2. To increase the reflecting surface and the accuracy in the
ranging measurement, CCRs with smaller diameter have been selected. The use of smaller
CCRs has increased the number of the CCRs themselves, causing a significant increase in
cost and above all in procurement time which is not compatible the mission schedule. For this
reason the selection of COTS CCRs was the only viable solution. The selected CCR from a
commercial producer had never been used in a space program, creating the need of designing
a proper mounting system able to keep in a safe condition these fragile payload during the
launch but, on the other side, do not affect the performances of the satellite. This paper
presents the tests performed to qualify the specifically designed mounting system for the
CCRs that will be used on LARES 2.
Keywords: LARES 2, Qualification tests, vibration tests, CCR.
1

INTRODUCTION

The LARES 2 mission [1] will be the follow-on of the LARES (Laser Relativity Satellite)
mission, launched in 2012 [2]. The main goal of the mission will be the test of General
Relativity and fundamental physics and in particular the improved measurement of the
intriguing General Relativistic phenomenon of frame-dragging effect [3, 4], improving the
results of LARES by about one order of magnitude. Indeed, one of the objectives of LARES 2
will be to obtain the most accurate test of this General Relativistic phenomenon to get an
1 2
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accuracy of a few parts in one thousand [5,6,7,8]. This objective will be achieved by
exploiting the orbit of LARES 2 with supplementary inclination with respect to that of the
LAGEOS satellite, as originally proposed in the eighties [9]. The accurate measurement of
frame-dragging will be obtained with the precise measurement of the shift of the line of the
ascending node of the orbit of LARES 2 and LAGEOS by Satellite-Laser-Ranging (SLR).
Indeed, using two satellites with supplementary inclinations, the combination of the two nodal
shifts will allow to remove the large drift due to the even zonal harmonics, the major source
of error in the measurement of frame-dragging; indeed this shift will be of the same
magnitude for the two satellites but in opposite directions. However, the nodal shift due to
frame-dragging will be in the same direction of the Earth rotation for the two satellites and
with the same magnitude.
LARES 2 will also provide accurate measurements in space geodesy and Earth sciences,
providing, so far, the best target, in terms of precision and accuracy, for the International
Laser Ranging Service (ILRS), proving relevant contributions to the evaluation of the Earth
Reference Frame and also climate changes [10].
2

LARES 2 SATELLITE

The first constrain imposed by the Italian space agency regarding the LARES 2 mission was
obviously the maintenance of the tight schedule dictated by the time path of the qualification
of the new launcher, developed by ASI and ELV, VEGA C. for achieving this, has been tried
to maintain a design of the satellite and its subsystems the closest as possible to the project
already made and qualified during the first LARES mission. For example, the philosophy of
operation and implementation of the separation system [11,12] has been entirely borrowed
into the future release system by making only minor changes for scaling the system to
accommodate the new satellite.
As for the satellite body, the tight deadlines together with the restrictions dictated by the new
orbit parameters and the load capacity of the launcher, have forced to completely revise the
design of the main body of the new satellite. The launch timing was not compatible with the
procurement procedures required to obtain the high number of custom retroreflectors, as those
used for LARES [13], to be mounted both on the flight model and on the qualification model,
also considering the fact that the choice fell on the use of small retroreflectors that improve
the quality on the satellite positioning from the ground stations in to the detriment of a total
optical cross-section loss. Due to this new design approach the CCRs selected was
commercial off the shelf (COTS). Moreover the consistent increase of quota, moved from the
1450 km of LARES to 5870 of LARES 2 it has forced the increase of optical cross-section to
guarantee an excellent laser return and good performance of the satellite tracking, for
obtaining an higher value of optical cross-section the diameter of the satellite has been
increased, passed from 364 mm to over 410mm.
LARES 2 will be launched using the qualification flight of the VEGA C, because of this, for
not stressing to much the capabilities of the rocket the maximum payload mass have been
kept low, leaving less than 300 kg of useful mass for the satellite. The combination of the
higher diameter and lower mass has addressed the choice of the material to be used in the
range of density 8000-9000 Kg / m3 typical metallic alloys in this range nickel and copper
alloys.
2.1

CCR mounting system

The new COTS CCRs selected for the LARES 2 satellite need a new mounting system, the
absence of tabs in the CCR has obliged a new way for keeping the CCR in a safe condition,
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but on the other hand, avoiding to tighten it too much risking to deform the angles between
faces. In Figure 1 a comparison of the mounting systems of LARES and LARES 2 is shown
[14].

(a)

(b)

Figure 1: Comparison between LARES and LARES 2 CCR mounting system

The first main difference is the number of rings used in the mounting systems, the new design
need an additional ring for taking care of high uncertainties in manufacturing of the COTS
CCR. The second main difference is due to the absence of tabs in the COTS CCR that is kept
in position laying on the three back faces.
In figure 2 the different dimensions of the two CCRs are shown.

Figure 2: LARES and LARES 2 CCR samples

3

CCR MOUNTING SYSTEM VIBRATION TEST

The new design has been tested under vibration environment in order to ensure the reliability
during the launch phases, A visual inspection comparison has been used as success criteria
since the only risk of our interest is the creation of visible damages, it is important to notice
that even though a scratch in the glass is not acceptable in the present design check stage, the
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presence of a scratch itself doesn’t impinge the performance of the CCR or of the whole
satellite. Two special fixtures have been realized, the first one ( Figure 3), the conventional
one has been used to test the mounting system and verify that no impact between CCR and
mounting system occurs. The second one (Figure 4) , has been used to verify that no sticking
effect due to vibration friction could occur between the faces of the CCR and the mounting
system.

Figure 3: Classic fixture for vibration test

Figure 4: Special fixture for vibration test.

For the dummy satellite interfaces has been used an aluminium commercial alloy, this choice
simplify the test realization without subvert the objectives of the test itself. For speeding up
the preparation of each step of test, a vertical fixture (Figure 5) has been used for changing the
orientation of the specimens, this has induced unwanted resonance effect during the test,
however the overall effect of this resonance has introduced a plus of stress in the specimen, so
it has been kept.

1 3
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Figure 5: Vertical fixture.

3.1

Vibration loads

The specimens have been tests with a combination of loads derived from the VEGA user
manual [15], the user manual for the improved VEGA C version is not public available, on
top of this a custom shock tests for a further check of the reliability of the design has been
performed. Several tests have been performed on the three axis with different CCRs,
acceleration levels have been increased after the nominal test for refining the upper limit of
the system.
Test #

Test Type

1,2,3
4,5,6
7,8
9,10

Random
Random
Shock
Shock

Acceleration
(RMS)
14 g
20
na
na

Acceleration
(Peak)
55g
86
60
100

Directions
X,Y,Z
X,Y,Z
X,Z
X,Z

Table 1: Test summary.

In Table 1 is shown a summary of the test performed, the cycle of ten vibration tests have
been performed on four retroreflector using the two mounting interfaces.
In Figures 6 are shown the reference channels of the accelerometers used for controlling the
tests, it shown also the resonance frequency of vertical fixture.

Figure 6: Reference channel.

After each test the visual inspection has been conducted on the CCR, usually without
dismounting it from its cavity, the CCR in fact can works has a magnify lens for reflecting
any defect on its surfaces, has expected, the mounting system has provided optimal casing for
keep the fragile cube corner reflector safe.
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CONCLUSIONS

The LARES 2 mission will provide a boost by about one order of magnitude of the accuracy
in the test of the intriguing general relativistic phenomenon of frame-dragging, proving too
other tests of General Relativity and fundamental physics and relavant measurements in space
geodesy and Earth sciences. To achieve this objectives, a new satellite has been designed and
will be launched, in the article we have shown the design of the mounting system of the cube
corner reflectors and its qualification tests, the new system seems to be capable of retaining
the glass prisms safe during the launch phases, several CCRs have been test and with different
levels of induced acceleration, all the tests have been passed and no issues have been detected
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ABSTRACT
This work describes the development of a three degrees of freedom CubeSat attitude simulator
testbed. To enable a reliable verification of attitude determination and control systems for
nanosatellites, the environment of low Earth orbits with an almost disturbance-free rotational
dynamics must be simulated. To this end, several subsystems have been developed and
integrated: i) an air-bearing based, three degree of freedom platform with automatic balancing
system ii) a Helmholtz cage for geomagnetic field simulation, iii) a Sun simulator, and iv) a
metrology vision system for ground-truth attitude measurement. Apart of the Helmholtz cage,
which is a COTS equipment, the other subsystems required substantial development effort,
whose main outcome are: residual disturbance in the order of 10-5 Nm, attitude determination
accuracy of the metrology system equal to 0.15° rms; divergence of the sun simulator light less
than 0.2° in a 30cm diameter area. The commissioning phase of the facility is currently ongoing.
Keywords: ADCS verification, CubeSat
1

INTRODUCTION

The growing interest for the development of highly capable nanosatellites for a wide range of
missions demands for careful performance assessment of the spacecraft bus through extensive
ground testing. In particular, the verification of the Attitude Determination and Control
Subsystem (ADCS) is of paramount importance. To simulate the on-orbit environment for
hardware-in-the-loop testing, a disturbance-free rotational dynamics shall be created. A class
of simulators that meets such requirement is based on air bearings, as they offer nearly torquefree motion and a relatively low complexity level [1].
Dynamic hardware in the loop facilities are certainly not new. Perhaps the simplest type
relies on the concept of wire suspension, [2][3], while the most commonly employed solution
relies on air bearings: indeed, air bearing simulators have been used for ADCS verification
starting from the 1960s [1]. They allow low friction motion, with unconstrained rotation over
one (the local vertical) or two axes, and constrained motion in tilt angles, depending on the
layout. This last can be categorized in three broad configurations, namely table-top ([4][5]),
dumb-bell ([6]) and umbrella ([7]). For a historical review of air bearing simulators, the reader
is referred to [1]. The main drawback of the air bearing based facilities is that they are quite
heavy, especially due to balancing weights, required to minimize the disturbance torque due to
gravity. Only more recently, the growth of the CubeSat community has led many Universities
towards the development of scaled down ADCS simulators ([8]-[11]).
In this context, the Microsatellite and Space Microsystems Lab at University of Bologna
has recently developed a three degrees of freedom ADCS testbed, which is currently under
commissioning, aimed at 3U CubeSats hardware and algorithms verification. The core of the
testbed consists of a table-top air bearing platform, with custom design, whose function is to
1
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hold the nanosatellite mock-up under test; it includes an automatic balancing system with
shifting masses actuated by linear motors, as in [12],[13]. Other subsystems include a
Helmholtz cage for geomagnetic field simulation, a Sun simulator, and a metrology vision
system for ground-truth attitude measurement. Their development and commissioning required
quite some efforts, aimed at achieving good performances, while meeting a rather low cost-cap:
this manuscript summarizes the main design choices, implementation steps and verification
tests carried out, and may hopefully represent a useful guide for analogous low-cost University
projects.
2

TESTBED PLATFORM AND AUTOMATIC BALANCING SYSTEM DESIGN

The air bearing platform is aimed at supporting the nanosatellite mock-up, allowing a nearly
torque-free rotational motion. The main disturbances affecting such systems are the
aerodynamic torques from bearing and from the environment, anisoelastic torques arising from
the platform, static and dynamic unbalance torques, and torques arising from vibration and
electromagnetic interaction. Such torques must be limited, by design or by active systems, up
to a magnitude comparable to the maximum disturbance torque expected in orbit. This, in turn,
lies typically within 10−6 Nm for a 3U CubeSat.
The unbalance torque due the distance between the centre of mass (CoM) and the centre
of rotation (CoR) is usually the largest. It can be cancelled only partially by design, and manual
balancing does not guarantee a priori performance level [5]. Several automatic mass balancing
system have been proposed in the literature [12],[13],[14] as it can largely reduce the time
necessary for the platform tuning and guarantee efficient minimization of the residual
disturbance torque. Even if static unbalance torque is successfully reduced, anisoelasticity gives
origin to deformation of the platform which may lead to a consistent disturbance torque. The
structural deformation of the rotating platform due to its own weight is challenging to
compensate, since making a structure stiffer requires more weight. As a countermeasure, an
active compensation system was proposed in [15]; nevertheless, efficient structural design
remains a key to the solution of the problem: this is the approach followed for our facility. In
summary, platform design must account for two functional subsystems:
- the mechanical structure, supporting the satellite and all the components necessary for
the testbed operations, with minimal deformation torque;
- the automatic balancing system.
2.1

Platform mechanical design

An aluminium tabletop platform has been selected as the most suited to satisfy the requirements,
namely: i) accommodate a 3U CubeSat while guaranteeing 3DoF with large rotations; ii) limit
the anisoelastic torque in the order of 10−6 Nm, and iii) minimize the weight and inertia tensor.
Preliminary platform sizing was driven by analytical tools, using available results from
the thin-plate theory to compute the plate deformation, under the effect of its own weight, as a
function of the thickness h and tilt angle 𝛼. From the deformation function, the displacement of
the CoM from the CR in the horizontal plane, 𝑤𝑥𝑦 (ℎ, 𝛼), can be computed. Then the gravity
torque due to deformation would be 𝑇𝑑𝑒𝑓 = 𝑤𝑥𝑦 (ℎ, 𝛼) × 𝑔𝑏 ∙ 𝑚𝑡𝑜𝑡 (ℎ), 𝑔𝑏 being the gravity
vector, and 𝑚𝑡𝑜𝑡 (ℎ) the overall mass. This way, the disturbance torque is related to the main
design parameter, the thickness h, and thus to the overall weight. Result of this preliminary
analysis indicated that a plate alone would get too thick and heavy before having enough
stiffness, thus suggesting for a modified configuration.
The final design consists of a thin octagonal plate with side walls featuring radial
elements to enhance flexural stiffness, see Figure 1-a). The maximum tilt angle allowed is ≈30°.
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2.1.1 FEM simulations
The proposed design was verified through FEM simulations using Ansys Workbench
environment. The numerical model included the octagonal geometry with the stiffening
elements, plus payload and balancing system components, modelled as point masses at the
bottom of the platform. Simulations were repeated at various tilt angles. From the computed
deformation, the new center of mass of the entire geometry can be computed which, in turn
allows to estimate the gravity torque as per eq. (1). The predicted disturbance torque curve is
shown in the Figure 2.8.

Figure 1: Air bearing platform. (a): 3D CAD model; (b) computed gravity torque due to
deformation as a function of the tilt angle.
The maximum disturbance torque is lower than 4 ∙ 10−6 Nm, at the maximum allowable
tilt angle, which is in line with the target requirement.
2.2

Automatic mass balancing system

The static balancing of the platform is done by two types of balancing masses: the coarse
balancing is done by counterweights and the fine balancing is done by an automatic system
using three sliding masses (Figure 2), designed to compensate the static unbalance down to the
target level. A two-step procedure is employed to compensate the static unbalance: the first step
is devoted to in-plane balancing, the second one to the joint identification of the vertical offset
plus inertia properties. The underlying idea is that, since the torque that can be generated by the
balance masses is physically confined in the direction perpendicular to the gravity field, the
disturbance torque acting on the same subspace can be compensated by a feedback law. The
feedback is provided by attitude quaternions and angular velocity measurements from an
inertial measurement unit (IMU) mounted on the platform. The control law has been proved to
be robust against disturbances and parameter uncertainties through simulations.
Once the offset in the two directions perpendicular to the gravity field are known, the
last component can be estimated by sampling the free oscillating rotations through a least
squares filter, which is a modification of the one proposed in [14]. Full description of the
employed algorithms can be found in [16], while the outcome of the experimental assessment
of the residual disturbance torque after balancing will be reported in a full-length manuscript.
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Figure 2: The dynamic ADCS testbed.
3

SUN SIMULATOR

Since most LEO nanosatellites are equipped with sun sensor, a sun simulator was embedded in
the facility, which delivers a collimated light-beam resembling the sunlight. Derived from a
COTS device (Photonia Radiate D300) with a 300W phosphor-coated led as luminous source,
the simulator is equipped with a custom collimating Fresnel lens (ϕ=400mm), whose position
has been optimized for maximizing the beam collimation.
A sun simulator is classified according to three criteria, namely, a) spectral matching,
b) spatial uniformity, and c) temporal stability. In addition, for testing a sun sensor, other
parameters are of importance, such as the collimation of the light beam over a wide area, that
shall be kept within 0.53°, i.e. the apparent angular diameter of the Sun at 1AU, and the power
flux level (≈1367 W/m2 at 1 A.U.) at the nominal target distance (≈ 0.75 m in our case).
Most solar simulators make use of Xenon or metal halide discharge bulbs, which deliver
a good spectral matching, at the expense of low efficiency, low lifetime, and a complicated
power supply needed to achieve a stable, flicker-free output. For our simulator, a different
choice was made, namely a led source, since it is inherently flicker-free, highly efficient, and
can achieve a good matching in the visible part of the spectrum1. The main drawback is the near
absence of output in the IR and UV bands, so that spectral matching with the sunlight is lost
out of the visible band. This is not, however, considered a limiting factor, as most existing Sun
sensors are built upon CMOS, CCD, PSD, whose response is maximum within the visible band
and falls-off rapidly in the IR and UV wavelengths. Note that using a led source, one shall not
aim at matching the overall solar irradiance, since a consistent amount of it is found in the IR
and UV bands. Rather, the led source power was chosen to match the extra-atmospheric solar
illuminance (i.e. the photometric, visible flux density), which amounts to about 130.000 lux at
1 A.U. The target design parameters of the simulator are summarized in Table 1.
1

This last is usually evaluated in terms of the so-called Correlated Color Temperature (CCT).
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Sun simulator design parameters
CCT
Illumination area diameter
Working distance
Illuminance @ 0.75 m
Angular divergence
Spatial uniformity

5600 K
0.3 m
≈ 0.75 m
130.000 lux
<0.53°
10%

Table 1: Sun simulator design parameters.

3.1

Experimental optimization and verification of the sun simulator

Validation of the Sun simulator design was performed in two steps: first, a test campaign was
carried out for finding the distance between the Fresnel lens and the led source to obtain the
desired collimation level of the light beam. Then, a second test campaign was performed to
assess the temporal stability and spatial uniformity of the beam. Both test campaigns employed
as a sensing device a 1.3 MPx monochromatic CMOS camera (EO-1312M 1/1.8”, Edmund
Optics) equipped with a small pinhole aperture. By varying the position of the sensor over the
width of the light beam, the divergence can be estimated from the position in the image of the
centroid of the bright spot, i.e. using the same working principle of pinhole sun sensors [17][18].
Temporal and spatial uniformity were evaluated by monitoring the raw CMOS readings in the
bright pixels area within the image.

Figure 3: Sun simulator. (a): detail of the assembly on the Helmholtz cage; (b) test setup for temporal
stability and spatial uniformity measurements, taken from [19].

Results of the tests performed at the optimal lens-to-source distance allowed to keep the
beam divergence below the 0.53° threshold within a 34 cm beam diameter, thus meeting the
requirement. Temporal fluctuations were found to be within 1%, showing high stability, as
expected for a led source. Spatial uniformity was found to be within 10% in a 25 cm diameter
beam, which is slightly below the target value.
4

GROUND-TRUTH VISION SYSTEM

For validating the ADCS of a satellite through the dynamic testbed, independent ground truth
data shall be available. To this end, a metrology system based on a monocular camera vision
has been developed. Despite having different degree of complexity, many similar applications
were developed and published in the literature, like [5], [11], which use either a vision system
or an Inertial Measurement Unit (IMU) to determine the true orientation of the object under
test. Using IMUs in our case, however, would introduce further complexity on the test platform.
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This is a reason why a vision system has been preferred. The second reason lies in its potential
accuracy: according to [20], a vision system can reach accuracies down to 0.01°-0.05°.
Reported applications on air bearing systems such as the ones in [11] and [21], however, exhibit
errors which are one order of magnitude larger.
4.1

System Implementation

The working principle relies on placing a known visual pattern on top of the device under test
(Figure 4), which is then imaged using a calibrated camera. Solving for the camera pose with
respect to the target through corner points correspondences provides the attitude, which is
retrieved as part of the pose solution. To this end, the required hardware consists simply of a
monocular camera, a calibrated target to track, and a computer for running the image acquisition
and processing software. The software relies on existing opensource vision and image
processing libraries, namely the OpenCV 3.3.0 Library.

Figure 4 Calibrated Chessboard target onto the platform seen from the monocular camera.

4.1.1 Calibration
Camera calibration is fundamental in photogrammetry since it allows to obtain the intrinsic
camera matrix and to compensate for optics distortions. For this work, we adopted the
widespread calibration algorithm from [22] and a calibrated chessboard printed on aluminium,
having an accuracy of 0.02 mm. and is located at the operative distance, i.e. the average distance
at which the tracked pattern is during real tests. Taking a dozen of images of this target in
different positions inside the FoV, we obtained a calibration precision with 0.06 pixels of mean
reprojection error.
4.1.2 The Computer vision system
The Computer Vision system automatically analyses an image to obtain the relative attitude
between the camera and the target chessboard. The extraction/selection of the relevant
information from recorded images is accomplished through a sequence of 3 steps [23], namely:
i) features detection, ii) extraction, and iii) matching. Features detection consists of finding the
points of the image where corners appear (i.e. also chessboard corners). Feature extraction task
selects the detected features that satisfies a sharpness criterion, to avoid unwanted features, such
as corners from other objects other than the chessboard ones. Features matching takes the
extracted features and match them to internal information to recognize desired objects, a
chessboard in our case.
Once the object is recognized, its tracking is performed by computing the optical flow,
i.e. the pattern of relative motion between two subsequent imaged frames. In our work, the well-
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known Lucas-Kanade algorithm was adopted for corner tracking. Computing the optical flow
requires an initial guess: in our case however, due to the relatively high speed of the tracked
points, the initial guess is obtained from the predictive stage of a Kalman Filter [24]. Once the
image processing step is completed, a set of points coordinates in camera frame is available.
Knowing also these points in the target frame, the pose of the object relative to the camera
(hence the attitude) is retrieved by solving a Perspective-n-Point problem [25].
4.2

Experimental accuracy characterization

The accuracy of the proposed monocular vision system was tested against a high precision 2
Degrees-of-Freedom (DoF) turntable by Aerosmith, upon which the chessboard target was
tightly fixed. Right above the test-rig, a lamp reflector was placed to mimic sunlight
illumination. The tracked target was moved with random rotation in the 2 DoF of the test rig,
with angular rates up to 45°/s. Attitude accuracy is obtained comparing the readings of the test
rig and the output of the vision system. Table 1 summarizes the results both with and without
lamp illumination: the system keeps the root mean square error below 0.16°, regardless of the
Sun simulator activity.
Sunlight
on
off

rms
0.151
0.158

std
0.078
0.081

mean
0.129
0.136

Table 1 Absolute Error statistics [deg].

5

CONCLUSIONS

Developing a dynamic attitude testbed for CubeSats is quite a challenging task. In this paper,
we outlined the design solutions, implementation steps, and validation strategy for the
subsystems of one such facility, currently under commissioning at the University of Bologna.
Experimental results achieved so far demonstrated: 1) a residual disturbance of the
optimized table-top platform after balancing in the order of 10-5 Nm; 2) attitude determination
accuracy of the monocular metrology system equal to 0.15° rms; 3) divergence of the Sun
simulator light less than 0.2° in a 30cm diameter light beam. Future work will encompass a
more detailed characterization of the residual disturbances and the testing of a CubeSat mockup for validating magnetic-based attitude control techniques.
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ABSTRACT
Sensorised structures aimed at Structural Health Monitoring implementation in aircraft
components are among the most promising approaches for a next future evolution of the current
maintenance procedures (and consequently for operative costs reduction) but also for relevant
modifications of design rules and manufacturing processes. Adhesive bonds and co-infusion
represent efficient manufacturing processes for composite structural parts due to the possibility
to co-bond or co-cure together thin plates and stiffeners leading to weight saving, although
they have not been massively employed yet. Actually among the showstoppers for the full
implementation of adhesive bonds or co-infusion in composites are the airworthiness
certification requirements for composite aircraft structures as presented within the FAA
Advisory Circular 20-107B. Within that document the general methods for substantiating the
limit load capacity of any bonded stiffener, the failure of which would result in catastrophic
loss of the airplane, are prescribed. Among the suggested methods, the only one really
permitting to achieve the optimal bonding efficiency without the addiction of disbond stoppers
(i.e. rivets), is a “repeatable and reliable non-destructive inspection techniques ensuring the
strength of each joint”. This paper presents experimental activities that the authors have
carried out to characterize stiffened plates that are “nominally” equal, but obtained by different
manufacturing processes; the two plates have been statically characterized performing
compression tests, inspected by traditional NDI (ultrasonic C-Scan) and implementing a guided
waves based SHM system designed for stringer debonding detection and characterization. A
critical analysis of the experimental results as well as a comparison with the expected nominal
structural performances will be presented, looking at the possible implementation of a SHM
system committed at satisfying the certification requirements of the AC 20-107B.
Keywords: composites stiffened panels, co-bonded and co-infused joints, post-buckling
analysis, compression tests of stiffened panels, Ultrasonic C-Scan, Structural Health
Monitoring.
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1
INTRODUCTION
In recent years, composite materials have been widely adopted in aerospace and transport
engineering in order to design high performance and lighter components, however they present
intrinsic problems in their nature that require attention in the design, manufacturing and use
phases [1,2,3]. In fact they are susceptible, during manufacture and use, to the formation of
internal defects ("Barely Visible Damages" or BVID) which can affect their performance in
service in terms of stiffness, resistance and fatigue life. Their main weakness is their
vulnerability to the impact of low speed / energy, as significant damage can occur within the
thickness of the material without any perception on the affected side. Their impact behavior is
not yet completely understood due to the numerous composite materials configurations that can
be obtained by varying the lay-up sequence and manufacturing procedures.. Composites
complex failure mechanisms that can lead to a barely visible or non-visible flaws include the
cracking of the matrix, fiber cutting, fiber breakage; these mechanisms can then lead to
delamination between different layers or to separation between structure and stiffening, in
particular in structures with stiffened thin walls such as those typical of aerospace use. As a
result, all structural components are inspected at regular intervals using a variety of complicated
and costly Non Destructive Techniques. Composites materials could also exploit in the most
efficient way the employ of bonded joints in all the “stiffened shells” like components
commonly employed within aerospace structures. At present in the aeronautical shell structural
components, in which thin carboresin panels are coupled with transverse stiffeners made of the
same material, the certifying entity (typically EASA European or FAA US) does not accept
bonding as the only joining technology, requiring the addition of rivets between the panel and
stiffening in a conservative manner. In FAA Advisory Circular 20-107B [4] the general
methods for substantiating the limit load capacity of any bonded stiffener, the failure of which
would result in catastrophic loss of the airplane, are prescribed. Among the suggested methods,
the only one really permitting to achieve the optimal bonding efficiency without the addiction
of disbond stoppers (i.e. rivets), is a “repeatable and reliable non-destructive inspection
techniques ensuring the strength of each joint”. Request for riveting bonded joints is due to a
lack of knowledge of their behavior as a function of the environmental parameters as well as of
impacts at low speed and it implies a series of penalties in the design phase (over-sizing of the
surfaces to be coupled to take into account the holes and rivets), manufacturing (addition of
drilling and installation of rivets to bonding), or operations (greater weight due to rivets, higher
operative costs during maintenance for the controls of the same rivets). Guided waves based
SHM systems already demonstrated their effectiveness in monitoring de-bonding of stiffeners
of metallic or composite stiffened plates [5, 6, 7, 8, 9, 10, 11] and this methodology will be
investigated within this work where the production, compression mechanical tests as well as
NDI and SHM tests results before and after the failure will be presented together with some
preliminary conclusions concerning actual design and maintenance approaches.
2

TEST ARTICLES DESCRIPTION

2.1

Monostringer panels manufacturing

The monostringer demonstrators under investigation are part of an aircraft Outer Wing Box
panel composed by a skin panel with 14 plies [45/-45/0/0/90/-45/45]s, having a size of [mm]
950x480 and 3 stringers with 10 plies spaced of 150mm. The stringers have a cap allowing the
same thickness both for the web and the flanges. Same details of the parts are reported in the
Figure 1.
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Figure 1- Outer Wing Box panel sketch

The monostringer test articles have been produced within a building block approach for the
manufacturing of the OWB stiffened panel, starting from a small scale demos up to the
production of the final full scale component. Specifically, the small scale demos were useful to
set the AFP (automatic fiber placement) preforming process and the infusion strategies
(injection lines, bagging scheme, etc.). Two stiffened panels with different skin-stringer joints
were produced. A first one with a co-infused single blade stringer and a second one with a
secondary bonded single blade stringer (Figure 2). In the latter the Hysol EA9394 structural
adhesive was used for the skin-stringer bonding. The characteristics of the two panels are
summarized in the Table 1 below.
PANEL ID

CS2_AG2_2111601_Bonded

CS2_AG2_2111601_Coinfused

Materials
L x W [mm]
Ply Count

CFRP
500 x 200
Skin: 14 Stringer: 10

CFRP
950 x 250
Skin: 14 Stringer: 10

Layup

Skin: [+45,-45,0,0,90,-45,+45]s
Stringer: [+45, -45, 0, 0, 90]s

Skin: [+45,-45,0,0,90,-45,+45]s
Stringer: [+45, -45, 0, 0, 90]s

Process Description

Preforms realized by AFP of UD dry
fibers then infused by LRI

Preforms realized by AFP of UD dry
fibers then infused by LRI

Table 1- Monostringer demonstrators data

After the production process, the two panels have been mechanically resized so that they had
the same in plant geometrical dimensions of 445 x 200 mm.

(a)

(b)

Figure 1 - a) Stiffened panel demo with a single blade stringer bonded; b) Stiffened panel demo with a
single blade stringer co-infused
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The AFP technology with LRI (liquid resin infusion) process was used for panel and
monostringer demos production. AFP manufacturing process combines the advantages of
Filament Winding and the compaction and cut-restarting capability of the Automated Tape
Laying. Single tows of fibers are unrolled from a reel and feed a head which lays them in bands
on a mold. A compactor roller combined with the action of a heat source, which in the case of
dry fiber material with binder is a 3 kW laser, laydown the tows on the layup surface (Figure
3a). The compression action makes the tows adhere to the layup surface and removes any air
pockets present, minimizing the need for removal by vacuum. The core of the fiber deposition
process lies in the head (Figure 3b), which must be able to cut the tow during deposition and
then pick it up again from another point.

(a)

(b)

Figure 2 - a) AFP process scheme [11]; b) AFP cell 8-fibre placement head

The AFP cell, developed by CORIOLIS COMPOSITES (France), is made up of an ABB IRB6640/2.75m/205kg standard robot, with an 8-fibre placement head, mounted on a linear axis
having 3 meters of working length. The system is able to process prepreg composites with
thermoplastic matrix, thermosetting and dry binderized fiber. Figure 4 shows the automated
deposition system available at the Novotech S.R.L. Plant in Avetrana (TA) - Italy, partner of
the Airgreen2 EU funded research project and manufacturer of the test articles.

Figure 3 - Laser assisted automated fiber placement robot (Novotech S. R. L. Plant)

The dry fibers preforms were impregnated following the Liquid Resin Infusion (LRI) method
in which liquid resin is injected into dry fibers under the application of vacuum. No external
pressure is applied on the final part. The resin is heated and injected into a vacuum bag using
special means. The part is allowed to cure under vacuum and temperature following a curing
schedule according to the recommendation/instructions from the resin system manufacturer. A
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composite curing oven coupled with an advanced online monitoring system for the of the
manufacturing parameters control (temperatures, vacuum level) were used. The cure cycle
results in a fiber reinforced structure.
2.2

Materials

Resin system selected for OWB project is the Solvay PRISM EP2400, a single part liquid epoxy
resin system with a superior toughness, low viscosity and extended pot-life [12], specifically
developed for simplifying the manufacturing process of primary aircraft structures like wing
boxes stiffened panels.
For the AFP process, the dry carbon fiber tape Cytec Solvay Prism TX1100 [13] system has
been used to produce preforms to be infused. Material system for AFP process is reported below
in Table 2.
Dry Fiber Material
Epoxy Liquid Resin System

TX1100 IMS65-24K-UD
PRISM EP2400

Table 1 - Monostringer demonstrators raw materials

IMS 24K is a family of intermediate modulus, aerospace-grade carbon fibers, for use as
reinforcements in high performance composites. These fibers are produced from
polyacrylonitrile (PAN) precursor and are surface treated to promote adhesion to organic matrix
polymers (Figure 5). The epoxy-based sizing materials are designed to aid in handling.

Figure 4 - PRISM TX110 dry tape cross section [13]

2.3

NDI controls

NDI controls have been carried out by a Phased Array Ultrasonic Testing (PAUT) consisting
in an Olympus OmniScan SX flaw detector (Figure 6a) with a 16:64PR phased array unit able
to perform pulse-echo, pitch-catch or TOFD inspection. High frequency acoustic waves are
used to check the samples internal structure. Tests have been executed by an encoded 5 MHz,
64 elements linear array probe with a straight wedge and by employing a specific gel as
coupling medium(Figure 6 b). No calibration blocks are used, so the specimen thickness has
been taken as reference.

(a)

(b)

Figure 5 - a) Olympus OmniScan SX flaw detector; b) encoded 5 MHz, 64 elements linear array probe
with a straight wedge
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Tests were carried out with the phased array positioned over the smooth surface of the
specimen, the probe was moved physically along the stringer longitudinal axis while the
ultrasonic beam electronically scanned along the transverse one (Figure 7b). A mini wheel
encoder was used to maintain a precise geometric correspondence of the C-Scan image with
the scanned part.

(a)

(b)

Figure 6 - a) Panel Testing setup; b) scan pattern scheme.

Monostringer demonstrator with a bonded single blade stringer pre-testing NDI results
Preliminary NDI controls (Figure 8) did not detect the presence of defects or macroscopic
damage in the material stratification both for the skin component and for the stringer. The
layering appears uniform in terms of thickness and resin distribution.

(a)

(b)

(c)

Figure 7 - Stiffened panel with a bonded single blade stringer NDI Controls: a) C_scan, b)S_scan and
c) B_scan analysis.

Looking at the longitudinal B_scan image (Figure 8c) acquired along the stringer foot, at a
depth of about 2 mm, two slightly concave longitudinal blue lines highlight the presence of a
skin-stringer interface witnessing the presence of the bonding layer that ensures the skinstringer structural connection. An air inclusion was detected inside the glue layer under one of
the two feet of the stringer. This latter is particularly evident in the S_scan image (Figure 8b)
acquired in correspondence of the defect.
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Monostringer demonstrator with a coinfused single blade stringer pre-testing NDI results
The material stratification appear uniform in terms of thickness distribution and infusion
characteristics in line with the reinforcement and resin characteristics. No skin-stringer
interface was detected form B and S_scan images (Figure 9 c and b) demonstrating that the two
structural elements were coinfused in a single process. No defects or macroscopic damage were
detected through the material stratification, only superficial and negligible edge defects are
visible from the C_scan analysis (Figure 9a) and due to mold and counter mold imperfection.

(a)

(b)

(c)

Figure 8 - Stiffened panel with a coinfused single blade stringer NDI Controls: a) C_scan, b) S_scan
and c) B_scan analysis.

3

EXPERIMENTAL TESTS

3.1

Compression test set up

The objective of the compression tests is to compare different structural solutions consisting in
different skin-stringer joints technologies, for panels under compression. The final objective
was to compare the compression performance of a co-infused single blade stringer and
secondary bonded one. In order to perform the compression tests and to get a uniform
introduction of the loads, both the panels ends were potted in stainless steel potting frames,
specially designed (Figure 10).
A casting epoxy resin, Sicomin 1500 with SD 2507 hardener, reinforced with glass
microspheres was used for frames potting procedure. After resin polymerization in a curing
chamber with a online monitoring, both the panels ends frames were mechanically rectified
with a CNC machine (at Eurotech SAS plant) to ensure a uniform and barycentric load
distribution under the compression tests. In Figure 12 the potting phase, the curing procedure
and the frames rectification are presented.
The two panels were loaded in uniaxial compression by mean a 600 KN mechanical press
machine, Galdabini CTM 60 (Figure 12). The compression tests have been conducted under
displacement control in order to assess any catastrophic compression failures.
Each panel has been installed in the testing machine with the panel cross section centroid
aligned with the loading axis. Shimming between the potted ends of the panels and the test
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frame plate were conducted to obtain a uniform load distribution. The panels unloaded lateral
edges were not supported and totally free to move out of plane and to rotate.

Figure 10 - Compression test frames design and manufacturing

(a)

(b)

(c)

Figure 11 - a) Frame resin casting potting procedure; b) Curing chamber coupled with an online
monitoring system; c) Frames rectification with a CNC (Eurotech SAS plant).

The transverse framing system was simply supported and wide enough to allow longitudinal
displacement and in-plane rotation but avoiding out of plane displacement from the initial plane
of load.
An overview of the test set-up may be seen in Figure 12.
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(a)

(b)

Figure 12- a) Galdabini CTM 60 compression test machine; b) panel set up.

A total of five strain gauges were used to monitor the loading conditions and to perform the
shimming of the potted frames; on each panel were glued two gauges (SG3 and SG4) positioned
on the skin surface at the middle of each free bay, two gauges (SG1 and SG2) back to back on
the stringer left foot and one gauge (SG5) at the center of the stringer's web. The Figure 13
shows an overview of the strain gauges load monitoring system used.
Rear side

Front side

Figure 93 - Strain gauges load monitoring system

3.2

Compression tests results

In the following figures the results of the mechanical tests available until the completion of this
paper are presented.
In the following the results of the preliminary mechanical tests. The compression tests up to the
first buckling critical load have been carried out for both co-infused and bonded stiffened plates
and in Figure 14 is possible to have a look at the strain gauge signals for both tests. It is possible
to notice the very similar behavior of the two plates until the first buckling critical load also
witnessed by the deformation sensors output. The critical load values and the deformed shapes
were almost identical (33 kN); therefore it was possible to assess that the two manufacturing
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approaches for the stringer joint can be considered exactly equivalent within the linear
compression behavior of the plates and until the first critical load.
The key interest data to be analyzed is that which refers to the failure of the panels during the
implementation of the loads. Failure occurred for the coinfused panels at a load of 126kN,
whereas the failure for the boned panel was at 103kN. The data from the two different types
of panels were then combined in order to allow their comparison.
3.2.1 Co-bonded stringer panel compression tests results
In the following the strain gauge signals related to the first instability load (33 kN), at 70kN
applied load, and at failure.

SKIN BUCKLING INSTABILITY

Figure 14. Single blade stringer bonded panel strain gauges signals – 33 kN

Figure15. Single blade stringer bonded panel strain gauges signals – 70 kN
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FAILURE

Figure16. Single blade stringer bonded panel strain gauges signals – stringer disbanding – 103 kN

3.2.2 Co-infused stringer panel compression tests results
Below the strain gauge signals for coinfused stringer panel related to the first instability load
(33 kN), at 70kN applied load, and at failure.

Figure 10. Single blade stringer coinfused panel strain gauges signals – 33 kN
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Figure 11. Single blade stringer coinfused panel strain gauges signals – 70 kN

Failure

Figure 12. Single blade stringer coinfused panel strain gauges signals Stringer disbonding – 126 kN

3.2.3 Compression tests results comparison
In the following the strain gauge signals comparison related to the behavior of both the types
of stiffened panels at first buckling and at failure. First, the compression tests for both types of
panels were performed until the first buckling critical load. In Figure 20, it is possible to have
a look at the strain gauge signals for both tests. The behavior of the two panels until their
buckling is very similar, indeed this can be noticed from Figure 20 via the output of the
deformation sensors. Furthermore, the critical load values and deformation shapes were almost
identical (33kN). Consequently, it is possible to say that the individual manufacturing
approaches for these stringer jointers are equivalent, with regards to their linear compression
behavior, until the first critical load is met.
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Single blade stringer coinfused panel Strain gauges signals - 33 kN
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Single blade stringer bonded panel Strain gauges signals - 33 kN
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Figure 13. First initial buckling load for both panels under test (strain gauges output signals) - 33 KN

In Figure 21 it is possible to look at the co-infused stringer plate strain gauge signals measured
during the failure test and see in the right photo the collapse mechanism, consisting in a
disconnection between the stinger feet and the cap all along the panel extent due to high flexural
and torsional deformation at collapse load. An interesting fact was that, at failure load, the total
out-of-plane deflection in the most deformed point of the stringer feet was about 3 cm as
forecasted by the numerical model [15] even if the collapse load estimated was about 20%
lower than the real one. Obviously at failure time the installed strain gauges signal saturated as
reported in Figure 21 (right).
Single blade stringer coinfused panel Strain gauges signals
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Figure 14. Co-infused stringer plate collapse load - 126 KN

In Figure 22 it is possible to look at the co-bonded stringer plate strain gauge signals measured
during the failure test and see in the right photo the collapse mechanism, consisting, again, in a
disconnection between the stinger feet and the cap all along the panel extent due to high flexural
and torsional deformation at collapse load.
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Figure 15. Co-bonded stringer plate collapse load - 103.43 KN

Figure 16. Stringer web instability and failure
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The behavior of the co-infused panel during failure can be seen in the following images (Figure
23). The stringer collapses is due to torsion bending mechanism.
Comparing the strain gauge signals, for example the strain gauges n. 4 of both panels (Figure
24), it is possible to notice that both structures show the same behavior under the compression
load. They exhibit, indeed, the same structural stiffness and behavior analogy in both linear and
post-buckling fields except for the failure load. About the latter, it is worth noting that the failure
load is about 3 times and 4 times the first instability load for the co-bonded panel and for the
co-infused panel respectively.
Failure load strain gauge n. 4 signals comparison
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Figure 17. Strain gauge SG4 signal comparison at failure load

Figure 25. Strain gauge SG3 & 4 signals for the co-infused & co-bonded plate at failure test

Figures 25 and 26 compare the corresponding values of SG 1 to 4 for the two panels (co-infused
and co-bonded) measured within the corresponding failure tests.
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Figure 26. Strain gauge SG1 & 2 signals for the co-infused & co-bonded plate at failure test
It is possible to notice the very similar behaviour of the SG applied on the skin panels while the
differences that present the SGs, applied back-to-back on the feet of the stringer and on the skin, after
the linear part of the load history.

3.3

SHM analysis and NDI controls after testing

Once the compression tests brought to the failure of the first stiffened plate, the damage
assessment has been conducted by NDI (same technique presented in paragraph 2.3) as well as
by guided waves SHM approach. In this latter case, an array of bonded PZT actuators/sensors
“interrogated” the skin-stiffener joint in a “pulse-echo” mode to analyze the typical waves
reflection produced when the guided waves packet encounters the impedance mismatch created
by the stringer feet.

Figure 25 - Coinfused monostringer NDI control before (upper) and after (lower) compression tests
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Figure 25 presents the NDI results of the inspection of the damaged co-infused plate: it results
evident comparing the scans of the stringer feet section before and after the failure the reduced
section thickness corresponding to the detachment of the stringer feet from the cap that stayed
attached to the skin. Figure 26 presents the SHM results related to the inspection of the healthy
and damaged plate along a line close to stringer feet boundary. The employed technique is based
on the wave scattering analysis of the generated ultrasound wave before and after the failure in
the same “control points” as presented in [4] and [7]. It is possible to notice that after the
detachment of the stringer feet from the cap the scattered waves in red circle almost vanishes
while it resulted clearly when the stringer was in its original configuration attached to the plate.
Unfortunately a complete detachment of the stringer happened simultaneously at failure load
for the full elongation of the plate making useless a tentative of localization of the failure extent
since the damage extend covered all the plate.
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Figure 26 - SHM set up & results
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CONCLUSION

Aerospace structures are typically designed as “stiffened structures” and the implementation of
GUW based SHM system could bring to a drastic simplification of maintenance procedures and
to a relevant weight reduction due to relaxed certification prescriptions (reliable NDT could
avoid rivets in bonded stiffeners and could permit to reduce the design material elastic
properties “cut-off” due to uncertainties in failure mechanism predictions).
Accurate design and production of bonded and co-infused samples of stiffened panels,
mechanical testing, state-of-the-art NDT and correlation with GUW based SHM methodologies
have been included in a research activity not yet concluded and the first results presented. The
concurrence of all these aspect is a possible path that could bring to a step forward in the
reduction of joints design and inspection complexities and to a possible certification of new
maintenance and design procedures based on a deeper knowledge of failure mechanisms as well
as on the implementation of GUW based SHM systems for monitoring the health status of the
joints.
The preliminary results demonstrated the similar structural behavior within linear extent until
first buckling condition under compression load of two different manufacturing choices for
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stiffeners implementation. It was not yet possible to compare non linear (post-buckling)
structural compression behavior up to failure. Furthermore, the effectiveness of GUW based
SHM for disbonding detection of stringer in correlation with AU Scan was confirmed even if,
at the moment, after only static tests, it was impossible to obtained only a partial detachment of
the stiffener and consequently a spatial analysis of the damage. This type of analysis will be
carried out in a second phase of the project where more panels with partially disbonded areas
will be manufactured and fatigue loads applied to measure the propagation of the artificially
reproduced failures by SHM system. The relevant “distance” between compression critical
loads and ultimate failure loads of the investigated structures resulted clearly, demonstrating
that within non linear post-buckling behavior the simple stiffened panel was able to bear more
than twice the first critical load value and that load carrying potential would be all “lost” if “nobuckling” load would have been fixed as “design load capability”. Further investigation about
fatigue induced propagation of an initial defect and role of rivets as “crack stoppers” in that
case, will be part of the following work where GUW SHM will be employed for damage
propagation monitoring.
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ABSTRACT
The introduction of the ubesat Standard, together with the miniaturization and improved
performance of on-board satellite electronic components, allows developing small low cost
scientific and education space missions. The new development of space activity involves the
study of nano-satellites, by the aid of novel technologies which allow to achieve remar able
scientific soundness with low-cost payloads. Such technologies are at disposal of students
since the reduced hardware and the possibility to use commercial components for the whole
subsystems control. Aim of the wor is to join secondary school students with university
students and professional researchers for a preliminary development of a nano-satellite for
Earth observation. A group of high-school students from the ITIS-Galileo Galilei of Rome and
university students from the aculty of ivil and Industrial Engineering of Sapienza
niversity of Rome have been involved in a hands-on education activity, to foster the
awareness of space technology and implementation aspects of a space program. The activity
is focused both on the satellite numerical design and mechanical manufacturing, and on the
payload and control electronics analysis and development. Students developed a prototype of
the complete satellite system, following standard space operational procedures and
qualification for launch. The ey for the development of the program is the space environment
testing infrastructure available at the ITIS-Galilei and operated by the DIAEE personnel.
Keywords: CubeSat, High school students, Arduino
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INTRODUCTION

A 1U cubesat was the base idea of this collaboration between ITIS Galilei and La Sapienza
University of Rome, built around the goal of ta ing pictures from the space. The now-how
1 2
of La Sapienza team learnt in previous pro ect and the straightforward educational
activity offered from this ind of payload presented the best preliminary condition for a oint
team wor .
The main payload composed by the camera module permitted a very interesting wor both on
the software and on the hardware its power requirements, heat production, and software
complexity led the oint team to a long integrated wor to finalize the system configuration
including the development of the bus.
The main payload requirements are: on-board storage capacity of 1 M or more, 4
of
power during activity, the availability of different communication protocols with the
C
li e SPI, I2C and a TT C data rate of 9600 bps or more.
1
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PRELIMINARY PHASE

The development of the CubeSat began with a preliminary discussion about the pro ect phases
and the goal in order introduce the ITIS-Galilei students and teachers involved in the pro ect
to the mission concept, mission development and to plan the activities. The didactic aspect
conditioned the activities since the preliminary design the selection of the hardware
components was based on the economy and also on the possibility to share with the students
the nowledge. Arduino microcontroller and Arduino compatible sensors was the best choice
due to the availability for the students and the straightforward programming and electronic
used.
This premise lets the students with a high school bac ground in mechanics, electronics, and
informatics to start the hardware selection and testing.
3

HARDWARE

3.1

OBC and electronic sensors

Many Arduino microcontroller were considered but immediately became evident that the
quantity of libraries needed, the length of the code that will be developed and the RAM
needed during the images transfer will be too large for the boards based on ATmega 28P li e
Arduino Uno. A more powerful board was selected, Arduino Due with Atmel SAM 8E
ARM Cortex-M CPU and il shows very good behaviour during the tests.

Figure 1: Arduino Uno Microcontroller

A set of sensors is intended to provide house eeping data: two different ind of temperature
sensors LM60 and DS18 20, one Real Time Cloc DS 2 , one Inertial Measurement Unit
MPU9250, one Adafruit GPS receiver module, multiple current sensors INA219 and a mass
storage board based on an SDCard provided by Adafruit. Those components communicate
with the microcontroller via different buss and protocols: I2C, UART, SPI and some
components with digital proprietary coding and analogic signals. In the following pictures the
components of the systems are shown.
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Figure 2: The hardware components and their communication system

3.2

EPS

The Electrical Power System is composed by a solar power charger based on the LT 652 IC a
couple of standard 18650 Lithium-ion batteries and solar cells. The board with this regulator
should provide buses at different voltages as some components requires
and other 5 .
The tests conducted in the preliminary phase were performed to introduce the students to the
hardware, confirming that the Arduino Due board is non capable of providing the amount of
power requested by the sensors and the payload and also that the microcontroller is very
sensitive to the voltage level. So a solar power manager provided by DFRobost with buses at
5 and a very adaptive solar cells input was selected due to its compliancy with the
power budget and different solar cells configuration.

Figure : Solar Panel (left) and Solar Charger (right)

3.3

TT&C

In this phase of the pro ect a single RF channel is simulated by the installation of a couple of
EE
P24 module, one connected to the nanosatellite and one connected to a indows
PC that wor s as Ground Station. The low data rate provided by those modules was intended
to raise high school students awareness of the typical data handling on a space RF channel for
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CubeSats and together with the storage and pac etization of the data this turned out to be very
instructive both during house eeping handling and payload data transmission.

Figure 4:

3.4

EE Communication Module

Payload

The camera module selected for the mission is an Arducam Mini
5642 an upgraded
version of the one that La Sapienza Team used on previous Cubesat missions. It has a 5MP
sensor and uses two differnt buses: one SPI lin dedicated to data transfer and I2C for
commands. A FIF buffer is installed directly on the module and the large aviability of
libraries on the web let the team to reach a very high personalization level of the code in a
straightforward way. Many camera commands were used li e: single or multiple frame
shooting, low power mode, resolution change, read from buffer, and so on. Each one is
present in the code and triggerd from user interface interactions.

Figure 5: The payload
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STRUCTURE

A 1U structure was chosen for a preliminary design and construction. The structure was built
in A S as the students could have a first loo to the integration of the components and the
creation of the CubeSat. Starting from a commercial CAD, revised and adapted to the custom
needs of the pro ect, a D-RAG D printer present inside the ITIS Galilei was used to create
the structure. In the pictures below the printing of some components and the structure are
shown.

Figure 6: Upper part of the structure

Figure : ne of the arms composing the structure
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Figure 8: Closed structure

5

TESTS

The test campaign started after the selection of the component and the preliminary
introduction of the students to the hardware. The wor ran in parallel with the software
developing to let the students to fully understand the requirements of the mission and the
behaviour of the microcontroller in different conditions.
ery close collaboration between the students from La Sapienza and IT IS-Galilei was
performed in this phase, the nowledge of the main requirements of a space mission was
shared during the conduction of the tests and it is the most productive educational activity
until now.
readboard model of the circuitry and PLA model of the structure was used in this phase.

Figure 9: Students of ITIS Galilei and DIAEE personnel during the test set-up
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CONCLUSIONS

The pro ect reached a detailed definition level of the subsystems and a detailed schedule of
the next phases wor , li e PC production to easily integrate the components in the CubeSat
standard and li e the aluminium production of the structure. Also a ground station
development in ongoing from both the point of view of the user interface and the whole
definitive RF channel hardware. Lot of things to do but also a very big lesson learnt.
The next step is to perform the creation of an aluminium based structure, the integration of the
satellite, and the space environmental test campaign, in order to create a ready-to-launch
product during the next year.
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ABSTRACT
The problem of prediction of heat flux at throat of liquid rocket engines still constitutes
a challenge, because of the little experimental information. Such a problem is of obvious
importance in general, and becomes even more important when considering reusable engines. Unfortunately, only few indirect experimental data are available for the validation
of throat heat flux prediction. On the numerical side, a detailed solution would require
a huge resolution and codes able to solve at the same time combustion, boundary layer
with possible finite-rate reactions, expansion up to at least sonic speed, and in some cases
radiative heat flux. Therefore, it is important to validate, with the few experimental data
available in the literature, simplified CFD approaches whose aim is to predict heat flux in
the nozzle in aﬀordable times. Results obtained by diﬀerent numerical models based on a
RANS approach show the correctness and quality of the approximations made, indicating
the main phenomena to be included in modeling for the correct prediction of throat heat
flux.
Keywords liquid rocket engine; heat loads; CFD
1

INTRODUCTION

Heat flux prediction at throat of liquid rocket engines still constitutes a challenge, also
because of the limited experimental information. On the other hand, being capable of predicting numerically the heat flux at the throat of a rocket thrust chamber is of paramount
importance. In fact, throat region is the most critical one in terms of heat loading and
requires a suitable cooling system design, which is a tradeoﬀ between overall engine efficiency and safe structural life. This is even more important if one considers reusable
engines. Many experimental studies have been focused on the measure of wall temperature and heat flux in the combustion region, that is the thrust chamber part from the
injector faceplate up to the beginning of the converging section. Less experimental data
are available concerning throat heat flux. In fact, it can be easily imagined that inserting
thermocouples in an experimental apparatus in the vicinity of the converging-diverging
nozzle throat is much more challenging.
The numerical estimation of heat load in both combustion chamber and nozzle presents
its uncertainties. Since the boundary-layer based empirical relations, as the famous Bartz
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equation [1], significant progresses have been made thanks to CFD developments. However, a detailed solution requires a huge resolution and codes able to solve at the same
time combustion, boundary layer with possible finite-rate reactions, expansion up to at
least sonic speed, and in some cases radiative heat flux [2]. Therefore, it is important to
validate CFD solvers for the specific objective and especially to understand the uncertainties introduced by each approximation made to get reasonable predictions in aﬀordable
times.
In this framework, a wealth of experimental information has been recently obtained and
made available to scientific community by a campaign of tests conceived and carried out
at Technical University of Munich (TUM) [3–6]. Unfortunately, most of information is
relevant to the combustion chamber. However, results of a new test including the measure
of coolant temperature increase in throat region have been made recently available [5, 6].
These data have been considered a testbench for code validation by diﬀerent research
groups making use of both commercial and in-house CFD software [7–15].
In this paper, some aspects of modeling are deepened to get more insight on the driving phenomena for the correct prediction of throat heat flux. Analysis is carried out by
a RANS solver including finite-rate chemistry and laminar turbulence-chemistry interaction model. A comparison of diﬀerent approaches based on diﬀerent levels of model
completeness is carried out aiming at evaluating limits and capabilities of each of them.
2

TEST CASE

The seven-injector thrust chamber developed and tested at TUM [6] is made of four watercooled segments of circular cross-section and a fifth segment, the nozzle, also of circular
cross–section and water-cooled. The cylindrical combustion chamber includes one long
and three short segments. Together with the nozzle segment the total length of thrust
chamber is 383 mm. The combustion chamber inner diameter is 30 mm and the throat
diameter is 19 mm, resulting in a contraction ratio of 2.5. The distance between the
injectors as well as the injector-wall-distance are equal to half of the injector diameter.
The operating point chosen for this test case features a mean combustion chamber pressure
of 18.3 bar and a mixture ratio of 2.65. With a total mass flow rate of 0.291 kg/s, this
chamber features a combustion eﬃciency of 94.5%.

Figure 1: Geometry of seven-injector thrust chamber. Flow is from left to right.

The thrust chamber is cooled by the aforementioned two water channels. A single water
channel, in fact, would not have been appropriate because of the high water temperature at
the outlet of the fourth segment. For the determination of the thermal loads a calorimetric
method is applied. Heating rate to each chamber segment is determined by the diﬀerence
of the coolant total enthalpy between inlet and outlet. In this case thanks to the joint
measure of wall temperature from thermocouples and of the heat flux for each segment
from the measure of water temperature increase, information about wall temperature and
heat flux are made available in the combustion chamber and a single measure of heat flux
is also provided for the throat segment, which is the most relevant information for the
present study.
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THEORETICAL AND NUMERICAL MODEL

The study of wall heat transfer at the throat of LRE thrust chambers is carried out
including in principle both convection and thermal radiation models. The convective contribution is evaluated by suitable CFD modeling. The radiative contribution is evaluated
by a thermal radiation model which takes information on the local flow conditions by CFD
modeling. The approach has been recently presented and discussed in Refs. 2, 14–16.
Table 1: Reaction mechanism for O2 /CH4 [17] (units: cal, mol, cm, s).

j

Reaction

1

1
2

2
3

CH4 + H2 O ! CO + 3 H2
CO + H2 O )* CO2 + H2

4

1
4

5
6
7

nj

Ea,j , cal/mol

13

0.00

30000

3.00 · 1011

0.00

30000

0.00

20000

18

-1.00

40000

0.00

113000

-3.00

120000

1.51

3430

Aj
5
4

CH4 + O2 ! CO + 2 H2 + O2

3
2

1
2

H2 + O2 )* 2 H2 O + O2
O2 )* 2O

7
4

7.82 · 10

H2

2.75 · 1012
1.21 · 10

1.5 · 109

H2 O )* H + OH
OH + H2 )* H + H2 O

2.3 · 1022

2.10 · 10

8

The CFD solution is computed by solving the compressible Reynolds–averaged Navier–
Stokes (RANS) equations for reacting mixtures of thermally perfect gases with turbulence
closure according to the Spalart–Allmaras one-equation model [18]. The assumed turbulent Schmidt and Prandtl numbers, are ScT = 0.7 and PrT = 0.9, respectively.
The RANS equations are numerically integrated up to the wall by an in–house CFD
solver that has been validated in diﬀerent operating conditions [16, 17, 19–22]. The solver
adopts a finite volume Godunov-type formulation. To allow the second–order accuracy
in space, a linear cell reconstruction of flow variables is carried out by using the value
in the considered cell and those in the contiguous ones. A Roe approximate Riemann
solver [23] for multi–block structured meshes is used. This allows to evaluate variables at
cell interfaces and associated fluxes to compute the evolution in time. Radiative heat flux
from hot gases is also considered according to [2].
4

RESULTS

All simulations presented in the following have been obtained by the RANS code introduced in Section 3 solving the boundary layer up to wall. Computational grids are
therefore designed to guarantee a value of y + of order one at all wall boundaries. Isothermal wall boundary condition is considered by enforcing thermocouple data. The resulting
heat flux is then compared with experimental data to discuss the quality of prediction.
Outlet boundary condition does not require specific information as supersonic flow is assumed at the nozzle exit. Two kinds of simulations are carried out with two diﬀerent
inflow conditions:
1) Combustion Products Injection (CPI). Uniform injection of combustion products is
considered for the whole injection plate area. The chemical composition of combustion products is the equilibrium composition obtained with the given mixture
ratio and pressure as computed by CEA. Total pressure, temperature and chemical
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composition are therefore prescribed at the injector faceplate. The computational
grid includes 160⇥60 cells.
2) Axisymmetric Propellant Injection (API). The seven injector pattern is modified as
follows. The central injector is the same as in the real thrust chamber. The six
peripheral injectors are substituted by an equivalent annular injector (see Figure 2)
which preserves the main quantities (mass flow rate and distances). The computational grid includes 311⇥142 cells. Propellant mass flow rate and temperature are
given at injector exit.

Figure 2: Equivalent annular injector schematic.

The computed flowfield obtained by the CPI simulation enforcing experimental chamber
pressure and wall temperature is shown in Fig. 3. The lack of a loss mechanism for

Figure 3: CPI simulation results. Contour lines from top to bottom are: CO2 mass fraction,
H2 O mass fraction, temperature, Mach number, pressure.

pressure except friction, heat exchange and release within the boundary layer, yields
negligible pressure decrease in the combustion chamber. It can be clearly seen the eﬀect
of recombination reactions which increase H2 O and CO2 mass fractions even at the most
external part of the boundary layer. The importance of taking into account recombination
reactions in the wall heat flux evaluations is well-known and has been discussed in Ref. 17.
The diﬀerences on heat flux values obtained with and without considering recombination
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Figure 4: Comparison of wall heat flux obtained with finite-rate, frozen and equilibrium
chemistry.

reactions is shown in Fig. 4. An underestimation of about 11% all along the thrust
chamber would have been obtained considering frozen chemistry. Moreover, assuming
shifting equilibrium, which is reasonable for engines using hydrogen as the fuel, yields in
this case a discrepancy similar to that given by the frozen chemistry assumption. The
assumption of shifting equilibrium yields, in fact, a 10% overestimation of heat flux as
shown in Fig. 4.
The wall heat flux obtained along the chamber with finite-rate chemistry reactions is
compared to experimental wall heat flux data available for each segment in Fig. 5. Because

Figure 5: Comparison of present results (Sapienza) and experimental data [11] (EXP).

of the injection procedure, the values decrease from inlet to the converging section of the
nozzle where it starts increasing up to the throat peak, and finally decreases again in
the divergent section of the nozzle. A qualitative comparison of data in Fig. 5 shows a
reasonable agreement for throat heat flux.
For a quantitative comparison of the computed wall heat flux it is necessary to make
averages of numerical values for each segment. The results obtained by averaging wall
heat fluxes in each segment is reported in Fig. 6. The comparison with experimental
data shows that if one discards the region corresponding to the first two segments, the
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Figure 6: Computed (Sapienza) and experimental [11] heat flux at each segment.

numerical simulation provides reasonable results. In fact, it is expected that the lack of
any injection and combustion model does not allow any kind of agreement in the vicinity of
the faceplate. On the other hand, the experimental results show a decreasing trend in the
combustion chamber starting from the third segment. A possible interpretation for this
decreasing trend is that the chamber region where the injection and combustion processes
are dominant ends at the third segment. For this reason, the present results, which neglect
injection and combustion process, are compared to experimental and other numerical
simulation starting from the third segment. An interesting aspect of comparison of Fig. 6
is that a quite higher increase between fourth and fifth segment in experimental data
with respect to the numerical solution. This significantly diﬀerent behavior would make
numerical results rather questionable. However, this aspect has been already noticed in
previous studies which have found an explanation in axial heat transfer between segments
[8, 12]. In particular, due to the two water paths, one for cooling the first four segments
in series and one in parallel for the cooling of nozzle segment, the nozzle segment appears
to be colder than the fourth one. As a consequence the coolant of the nozzle segment is
heated from the fourth chamber segment resulting in an increase of the water temperature
at the exit of the nozzle segment. If one considers the increase of temperature only due
to heat coming from underlying hot gases, he makes therefore an error of overestimation
of heat flux. The same is true, in the opposite direction for the fourth segment. This
means that the overall heat flux should be partly redistributed between fourth and fifth
segment so as it can be expected that the average heat flux would be a little more in the
fourth and a little less in the fifth segment. The correction to be considered results to be
about 600 W exchanged between the two segments resulting in the heat flux comparison
reported in Figure 7.

Figure 7: Computed (Sapienza) and corrected experimental [11] heat flux at each segment.
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Finally, the obtained results are also compared with those obtained with other numerical
approaches as presented and discussed in [14]. Moreover a detailed comparison with a 3D
URANS simulation with a flamelet combustion model has been presented and discussed
in [15]. Results show that despite the strong simplification made with the CPI approach
the estimation of throat heat flux is in line if not better than other more detailed approaches. On the other hand the agreement with other numerical solution and data along
the cylindrical part of the combustion chamber only occurs at its end (it could be however
better for larger scale engines). It is for this reason that the approach API is considered as an intermediate approach between the full 3D representation of the combustion
process and the CPI approach. Goal of the API approach is to have a reasonably good
representation of the combustion process which is able to provide the correct heat load on
the walls of the combustion chamber despite the lack of precision of the representation of
the actual combustion process. Unfortunately simulations with API approach are still in
progress. The flowfield however is evolving correctly and is developing a solution similar
to that obtained with a similar approach in [26].

Figure 8: In-progress API simulation results. Temperature contour lines.

5

CONCLUSION

Focusing on the capability of predicting the wall heat flux at throat the present analysis
has shown that considering a simplified injection and combustion model can provide results close to experimental data. A simplified approach considers injection of combustion
products at equilibrium conditions for the given chamber pressure and oxidizer to fuel
mixture ratio. Further improvement is expected by the approach with annular injection,
which should allow to get a more reasonable prediction in the combustion chamber and
positively aﬀect the evaluation at throat.
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ABSTRACT
The present wor deals the modal experimental characterization of a metallic component of
interstage 2 of EGA-C launcher. The obtained experimental results aim to validate the
numerical procedure developed to obtain the best design (in terms of weight and requirement
fulfillment) for a structural component sub ected to a launcher environment.
The component analyzed represents the support used to mount the UCAT equipment into the
EGA C launcher Interstage 2 . The Interstage 2 is a composite grid structure that connects
the 40 second stage to the 9 third stage of the EGA-C.
The optimization process is set up to satisfy the environmental requirements prescribed by the
ega General Specifications. The designed component shall support the equipment and in order
to reduce the vibration level it has to be, at the same time, strength and stiff enough. Concerning
the stiffness, the requirement L2 establishes that the support (with equipment mass) shall have
a natural frequency greater than or equal to 100 Hz in longitudinal direction and 50 Hz in lateral
(tangential and radial) direction.
Another parameter to ta e into account is the amplification factor that influences the response
to dynamic loads. In order to obtain an acceptable response of the support to a dynamic
excitation, the ratio of the modulus of acceleration, at the center of gravity of the equipment, to
the modulus of acceleration, at the support attachment point on the main structure, shall be less
than or equal to 15 (Requirement L0-a). Moreover, the amplification factor shall be such that
the response level to the dynamic excitation, applied on the primary structure, shall not exceed
15g in longitudinal direction and 10g in lateral direction (Requirement L0-b).
In order to comply with the requirements and to optimize weight, a numerical optimization
procedure was set up. The developed procedure uses the specific advantages of two different
commercial codes ANS S and NASTRAN, associated through an in-house developed routine.
Using the here-presented numerical optimization procedure, the total weight reduction obtained
is about 50 , with respect to the initial model.
After the numerical optimization the test article has been manufactured dynamic tests have been
performed. Finally, in view to validate the numerical model a correlation was performed
between experimental and numerical results.

1

EXPERIMENTAL MODAL CHARACTERIZATION OF A
METALLIC COMPONET OF VEGA-C INTERSTAGE 2/3
1

Di Caprio et ali.

INTRODUCTION

The development pro ect of ega C launcher, approved with ESA Ministerial meeting in
December 2014, is focused on improvement of the current ega launcher. The main ob ective
is to increase the launch vehicle performance and increase the flexibility for multiple payload
missions. In particular, the ega C launcher is characterized by an increase of load capacity
from the current 1500 g of ega launcher to 2200 g of ega C in LE orbit, this will enable
an improvement of performance and costs. In this context, a process of weight optimization can
be considered. The purpose of this paper is to provide an overview of the numerical
optimization process and the experimental data used to validate this model. In particular, the
ob ect of this paper is a support equipment installed in the interstage 2- of the EGA-C
launcher.
The optimization process aims to obtain the minimum weight value that permits to satisfy each
mission requirement. In this case, the optimized support will be sub ected to launcher
environment that includes several events (ignition, lift-off and atmospheric flight), each of
which generate static and or dynamic loads. This involves different ind of numerical analyses.
For equipment mounted on specific fixtures of the launch vehicle, the dynamic response of
those fixtures to vibration sources leads to high loads that are generally dimensioning. For this
reason, the designed component shall support the equipment by reducing the vibration level.
Therefore, the main step will be a dynamic characterization of the numerical model. In order to
obtain a model as accurate as possible an experimental test has been performed. The obtained
experimental results aim to validate the numerical procedure developed.
In the present wor the dynamic characteristics of a support equipment are investigated
experimentally and numerically. The experimental results are used to validate the Finite
Element models coming from an optimization process and to verify that some requirements are
guaranteed. An overview of the pro ect and of the activity is given in introduction, while in
section 2 a description of the development and design of the investigated equipment support is
presented with some remar s on optimization process and requirements. In Section , a
dynamic analysis is performed numerically and experimentally on the support equipment stand
alone (to validate the FE model) and on the final assembly, simulating the real structure, to
verify the respect of the requirements. Finally, in Section 4 some concluding remar s are
highlighted.
2

DEVELOPMENT AND DESIGN OF EQUIPMENT SUPPORT

The Interstage 2 is the structure that interfaces the second and third stage on the ega C
launcher, i.e. between the 40 and 9 motor. The development of the Interstage 2 of the
new launcher ega C was realized by CIRA in the ECEP program with a composite grid
structure based on a new process of dry fibres winding on a rubber insert, followed by resin
infusion. 1

Figure 1: Location of Interstage 2
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For the positioning of the equipment into Interstage 2 it was necessary to develop suitable
supports. The development and design of the equipment supports has been performed by CIRA,
using specific structural optimization procedure with the purpose of comply with the
requirements and to optimize weights (Fig. 2). More details are available in Di Caprio et ali.
2 The support was designed to withstand static and dynamic environment requirements. In
particular, the optimization process is developed in order to guarantee following requirements
L0, L2, and L6, as prescribed by the ega General Specifications :
Table 1: Requirements L0 and L2 ega General Specifications
Requirement L0
1) Amplification factor requirement
The ratio of the modulus acceleration at the centre of gravity of the equipment to the modulus
of acceleration at the support point on the main structure shall be less than or equal to 15.
2) Level requirement
The response level to the dynamic excitation applied on the primary structure shall not
exceed, at the CG of the equipment:
15 g in longitudinal direction
10 g in lateral direction
Requirement L2
The equipped support, with equipment mass, shall have a natural frequency greater than or
equal to:
100 Hz in longitudinal direction
50 Hz in lateral direction (i.e. tangential and radial).
The optimization numerical procedure is conceived by means of three main steps:
2D FE model generation in ANS S software. This step requires a low number of
parameters, such as position, dimensions and number of holes for the installation of the
support on the interstage, position, dimensions and number of holes for the installation
of the equipment on the support, material data and equipment characteristics (weight,
inertia, etc.). The routine finishes the first step providing an input file for NASTRAN
code.
Topometry optimization analysis is run using the NASTRAN S L200 4, 5 and D FE
model generation. The new FE model is composed by D bric elements. ottom face
of these elements corresponds with the shell elements of the previous model (the nodes
of the solid elements bottom face are exactly the same as the nodes of the shell
elements), while the upper face is generated by means of two possible modes:
o The nodes at the upper faces were set at the maximum thic ness among all shell
elements which converge in that point (option 1).
o The nodes at the upper faces were set at the mean value of relative thic ness
among all shell elements, which converge in that point (option 2).
The procedure includes the evaluation of both methodologies and the configuration that
provides better results is identified as the better solution. The model is solved again to verify
that the difference between shell and solid model are compliant.
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Figure 2: Numerical optimization procedure

Starting from the initial model of support equipment (with a related mass of about 2.5 g), the
developed optimization procedure allowed to obtain a weight reduction greater than 50 .
Following figure shows the final design of the optimized component:

a)

b)

c)

Figure : Top, side and bottom view of the support equipment final model after numerical
optimization procedure C

3

DYNAMIC TEST

3.1 Test on the support equipment
The dynamic behaviour of the support equipment, in terms of natural frequencies and mode
shapes, was investigated numerically and experimentally.
Experimentally modal parameters of the support equipment were identified through resonance
tests adopting the so-called roving hammer technique 6 . In Fig. 4 the experimental setup is
reported: the test article, under investigation, is fixed to a rigid support through soft springs the
stiffness of the spring was defined in order to reproduce – with good approximation – a typical
free-free boundary condition.
An instrumented hammer was used to hit the structure with an impulsive load changing its
position along the 102 nodes of the experimental mesh (Fig. 4b) and 5 monoaxial
accelerometers were used to measure the response over the surface of the test article. Frequency
response data were recorded using the acquisition system LMS SCADAS III, in the bandwidth
0 – 1000 Hz with a frequency resolution 1 Hz and then analysed by adopting PolyMA function
implemented in LMS Test.Lab commercial software.
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Figure : a) Test article and b) experimental mesh grid

First results were obtained for the test article under free-free boundary conditions in order to
properly tune and validate the FE model.
Correlation was performed by comparing the natural frequencies, mode shapes and Frequency
Response Function of the numerical and experimental models.
Table 2 presents the mode shape pairs and the correlation between experimental and numerical
results while a comparison of the Frequency Response Functions is reported in Fig. 4. The
numerical and experimental frequencies are quite similar and also the Modal Assurance
Criterion (MAC) values are quite good with values always higher of 60 , which means a good
correlation (100 is the optimum).
The Modal Assurance Criterion (MAC) index is a scalar parameter measuring the degree of
consistency (linearity) between modal vectors originated from two different sources
(experimental tests and FE analyses in our case).
Table 2: Correlation between numerical and experimental natural frequencies and MAC values
ID FEA Hz

EMA Hz

Diff. (%) MAC

1

1

4,18

1

,9

0,81

91,8

2

2

9,26

2

8,99

0,69

84,

-0,88

8 ,9

1 8,54

3

1 9,

4

4

,21 4

41,12 -2, 2

62,4

5

5

426,64 5

4 6, 4 -2, 1

5,1
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Figure 4: Comparison of the experimental and numerical Frequency Response Function of the
investigated test article

3.2 Test on the assembly support equipment
alidated the support equipment the second step, and main aim of the wor , in the dynamic
process is to satisfy the requirements L0 and L2 of the ega General Specifications. The details
of the two requirements are listed in the aforementioned Table 1.
Therefore, it is necessary to execute the dynamic tests on the real configuration, i.e. the UCAT
equipment is installed on the support equipment that is fixed on the Interstage structure. Hence,
in view to replicate the real and final stiffness and position of the structure, as much as possible,
an assembly of plates (support, positioning and mounting) have been built as reported in Fig.
5.

Support plat e

P osit ioning plat es

M ount ing plat e

A ssembly result

Figure 5: Assembly sequence of test article on system of support plates

The dynamic test was performed on this assembly for three different load directions
(longitudinal, radial and tangential) as reported in Fig. 6 and two tri-axial accelerometers were
used to measure the response in the CG of the equipment and on the support plate. Also in this
case the tests was executed on the test article under free-free boundary condition.
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Longitudinal

Longitudinal
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Radial

a)

Tangential

b)

c)
Figure 6: Frequency Response Functions for the three different load directions: a) longitudinal, b)
radial and c) tangential

From the FRF it is possible to see that the requirement L2 is satisfied, in fact the first mode is
at 266 Hz. Moreover, also the requirement L0 is satisfied, as reported in Table . In fact the
average value of amplification factor between 0-200 Hz is less than 15, excluded the case of
radial input-radial output with a value equal to 20 but, it can be considered fine since the
accelerations in the CG of equipment are of order 10-12 (i.e. equal to 0).
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Table : Amplification factor for the different test cases.

4

CONCLUSION

In this paper experimental and numerical analysis of a support equipment of EGA-C
interstage 2 are described.
After the design phase and the numerical investigation of test rig, in order to validate the
numerical procedures used to obtain the final design of the support equipment, an experimental
test campaign was planned and performed. The main aim of this wor is to validate both the
numerical model of the support equipment and to guarantee the respect of the requirements L0
and L2 of ega General Specifications.
Experimental results, in terms of modal parameters, carried out on the support equipment are
well correlated with the numerical ones leading to the validation of the FE model. Moreover,
the experimental test on the final assembly, representing the real condition, reveal that the two
requirements are satisfied.
The future wor is to complete the test campaign, in particular the Frequency Response at
dynamic excitation and static tests, on the other secondary structures, in order to obtain a
complete validation of the numerical procedures.
5
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ABSTRACT
This paper presents an experimental study on the flexural response of a thin cylindrical
structure, which is excited by a broadband disturbance and is equipped with a Shunted ElectroMagnetic Tuneable Vibration Absorber (SEM-TVA). The cylindrical structure is designed to
resemble the fuselage section of a small aircraft. The effectiveness of the prototype SEM-TVA
in controlling the flexural response of the cylindrical structure is experimentally assessed
considering two operation modes: a fixed tuning and a sweeping tuning. In the classical fixed
tuned mode, the stiffness and damping properties of the SEM-TVA are set to control the
resonant response of a target flexural mode of the cylinder. Alternatively, in the sweeping mode,
the stiffness and damping properties of the SEM-TVA are uniformly varied to blindly control
the resonant response of the hosting structure modes resonating in a given frequency band. The
study shows that the proposed SEM-TVA effectively controls the flexural response of the
cylindrical structure, and thus the interior acoustic field, at a target narrow frequency band or
over a broad frequency region.
Keywords: shunt circuit, vibration control, vibration absorber, cylindrical structure
1

INTRODUCTION

The drive to flight heavier payloads at lower cost, together with more severe restrictions on
CO2 emissions, has led the development of lighter structures for aircrafts. The use of new
generations of composite material, which have replaced the traditional aluminium alloys, and
the use of more powerful engines have remarkably intensified the interior noise levels in aircraft
during flight conditions [1,2]. The acoustic energy transmitted to the fuselage, beside the
annoying and potentially harmful effects on passengers [3], could lead to damage and failure
of aircraft components. Therefore, the reduction of interior noise in aircrafts is still an important
and challenging problem [4,5]. Due to cost constrains, passive treatments and system are
traditionally used to control the interior noise levels in aircrafts [1,6]. The most common
solution involves the use of double wall constructions with sound absorption linings [7,8]. The
principal limitation of these treatments is their poor effectiveness at frequencies below 500 Hz
(due to limited thickness of the treatment), the addition of mass (particularly from the moisture
produced by the air conditioning) and their deterioration with time [8]. Other passive control
solutions are the Tuned Vibration Absorbers (TVAs) [9] and the Helmholtz resonators [10].
Active and semi-active systems have also been studied and some solutions have been, or are
under, development [11-13].
This paper presents initial experiments on the practical implementation of a Shunted
Electro-Magnetic Tuneable Vibration Absorber (SEM-TVA) for the control of the flexural
1
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vibrations of a cylindrical shell. The principle of connecting a transducer to a shunt, also
referred as shunt damping or shunt control, was first devised by Forward [14] and at a later time
by Hagood and von Flotow [15] considering piezoelectric transducers. The basic concept of
this technique is the possibility to collect the flexural vibration energy of the primary structure,
transform it into electrical energy and finally dissipate it by means of a transducer connected to
a shunt circuit. Recently, the concept of shunt damping has been extended to Electro-Magnetic
(EM) transducers [16-18]. Compared to piezoelectric shunt damping, the technique involving
EM transducers is characterised by a smaller shunt voltage and a larger transducer stroke, which
allows for controlling primary structures characterised by higher vibration levels [19].
In this study, a series resistive-inductive (RL) shunt circuit is considered. In particular,
the equivalent mechanical effects of the shunt parameters, expressed in terms of the mechanical
base impedance of the transducer, are thoroughly analysed. The relations between the electric
parameters of the shunt circuit and the resonance frequency and the damping ratio of the SEMTVA are provided. In addition to the classical fixed tuned operation mode, in which the shunt
parameters are set to control the response of a target resonant mode, a new tuning approach,
namely the sweeping operation mode [20,21], is considered. When the SEM-TVA is operated
with the sweeping mode, the electrical parameters of the shunt are continuously varied over
time, such that the natural frequency and the damping ratio are cyclically swept within given
ranges. This allows for a blind control of multi-resonant responses of the primary structure in
the frequency band of the sweep. Finally, the vibration control performances of both fixed tuned
and sweeping SEM-TVA are assessed considering the flexural response of a cylindrical shell
hosting structure.
2

MODEL PROBLEM CONSIDERED IN THIS STUDY

A lot of efforts have been made in the past to develop analytical models to predict the complex
fuselage structures of aircraft, which are generally composed by a framework structure formed
by stingers, frames, rings and bulkheads on which is wrapped a thin cylindrical skin [22,23].
As shown in Figure 1, a convenient first order approximation of a fuselage section is given by
a cylindrical shell with the uneven stiffness and mass properties uniformly smeared over the
surface of the cylinder. The fuselage section is exposed to various types of excitations [13],
such as for example the tonal excitation produced by propellers, the space and time stochastic
excitation produced by the air Turbulent Boundary Layer that develops over the skin, the
stochastic wave excitation produced by the outlets of turbojet engines.

(a)

(b)

Figure 1: (a) Picture of the Hawker Siddeley HS 748; (b) Cylindrical fuselage section subject to rainon-the-roof excitation.
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Figure 2 shows a sketch (a) and picture (b) of the experimental test rig considered in
this study. As discussed in References [1,24,25], in order to estimate the vibration control
effects of the proposed system and operation modes, the fuselage section is modelled in this
study as an isotropic and homogeneous aluminium cylinder, whose properties are reported in
Table 1. The stiffening and inertial effects of the stingers and rings elements are “smeared” over
the surface of the cylinder. The cylinder was held with four ropes to a frame in order to resemble
free-free boundary conditions. Also, the cylinder was excited by a shaker, driven with a random
signal, at the excitation position ! " . The force and the velocity of the cylindrical shell at the
excitation position were measured by an impedance head sensor mounted at the shaker head.
Finally, the cylinder was equipped with a prototype SEM-TVA, as shown in the magnified
picture in Figure 2(b). The flexural velocity of the cylindrical shell at the SEM-TVA footprint
control position ! # was measured by an impedance-head sensor. The signals from the two
impedance-head sensors were fed to a DataPhysics multi-channel analyser. The cylindrical
coordinates of the excitation and control positions are also reported in Table 1.

(a)

(b)

Figure 2: Experimental test rig. (a) Sketch; (b) Picture.
Parameter
Length
Diameter
Thickness
Density
Mass
Excitation position
Control position

Symbol
L
D
h
$
%#
!" = '(" , *" +
!# = ,(# , *# -

Value
500
700
3
2800
9.3
(135,0)
(185,170)

Units
[mm]
[mm]
[mm]
[kg/m3]
[kg]
[mm,deg]
[mm,deg]

Table 1: Geometrical and physical properties of the cylindrical shell.

Figure 3 shows the measured 10-150 Hz spectra of the flexural velocity per unit
excitation force of the cylindrical shell equipped with the open-circuit SEM-TVA at the
excitation (a) and control (b) position. Due to space limitation, the response of the plain
structure is not presented here. The relatively high level of damping and low natural frequency
of the open-circuit SEM-TVA generates overlapping responses of the cylinder without and with
the open-circuit SEM-TVA. In the frequency range of interest, the response of the cylinder is
characterised by eight resonance peaks. These peaks are roughly equally spaced in frequency,
due to the low modal overlap factor which characterise the response of the cylinder in the low
frequency range considered [26]. Furthermore, the amplitude of the resonance peaks appears
fairly even.

1
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(a)

(b)

Figure 3: Measured FRFs of the velocity per unit excitation force of the cylinder equipped with the
open-circuit SEM-TVA at the excitation (a) and at the control (b) positions.

3

SHUNTED ELECTRO-MAGNETIC TUNEABLE VIBRATION ABSORBER

Electro-magnetic (EM) transducers [27] are commonly employed in vibration control systems
since they could convert electrical energy into mechanical energy and vice versa and hence are
particularly suitable for active and semi-active control solutions. The EM transducer considered
in this study, shown in the picture of Figure 4(a), is composed by an inner cylindrical permanent
magnet surrounded by an external ferromagnetic armature which houses a coil. The permanent
magnet and the armature are connected via spiral springs, which allow large axial strokes with
limited transverse deviations. Figure 4(b) shows the lumped electromechanical model of the
EM transducer. The inertial effect of the permanent magnet and of the ferromagnetic armature
are modelled with the base mass %. and the suspended mass %/ , respectively. The two masses
are connected by spring and damper mechanical elements and a two port electro-mechanical
ideal transducer, all connected in parallel.

(a)

(b)

(c)

Figure 4: Picture (a), lumped parameter model (b) and equivalent mechanical model (c) of the shunted
EM transducer.

The spring 0 and a dashpot 1 in parallel, describe the mechanical behaviour of the spiral
springs and the energy dissipation due to the couette air flow in the small gap between the
magnet and the armature [28]. The two port element consists of an idealised force generator
coupled to an idealised voltage generator. This element is used to model the electromechanical
energy conversion of the transducer. When a current 2 flows in the coil of the device, a reactive
force 345 between the magnet and the armature is generated, such as
345 = −7 2 .

(1)

Similarly, when the coil moves relatively to the magnetic field of the permanent magnet, a
voltage 945 is induced at the terminals of the coil, which is given by
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945 = 7,:;/ − :;. -,

(2)

where :;/ and :;. are the velocities of the suspended and base masses, respectively. In Eq.s (1)
and (2), 7 = <= is the transduction coefficient, which is given by the product of the magnetic
field < of the permanent magnet and the length of the winding inside the armature. Finally, the
electrical effects of the coil are modelled with resistance >4 and inductance ?4 lumped elements
connected in series. The physical properties of the EM transducer considered in this study are
reported in Table 2.
Parameter
Base mass
Suspended mass
Natural frequency
Damping ratio
Coil inductance
Coil resistance
Transduction coefficient

Symbol
%.
%/
3!
" !
?4
>4
7

Value
115
185
18
22
4.35
22.5
22.5

Units
[g]
[g]
[Hz]
[%]
[mH]
[Ω]
[N/A]

Table 2: Physical properties of the electro-magnetic transducer.

3.1

Base impedance of the shunted transducer

As shown in Figure 4(b), a series resistive-inductive shunt circuit is considered in this study.
According to electro-mechanical analogy study presented in Reference [21], the equivalent
mechanical effect of the electrical circuit of the transducer could be devised as a spring 0/$ and
a dashpot 1/$ connected in series, as shown in Figure 4(c). In particular, the spring coefficient
results given by
0/$ = '

%&
( )'*

,

(3)

where ?/ is the shunt inductance, and the damping factor of the equivalent dashpot results given
by
1/$ = +

%&

( )+*

,

(4)

where >/ is the shunt resistance. In order to experimentally quantify the effect of the shunt on
the mechanical response of the transducer, the mechanical base impedance ,. , of the SEMTVA was measured and studied. As shown in Refs. [21,29], the mechanical base impedance ,.
is given by the ratio of the frequency-dependent amplitudes of the force and velocity at the base
of the device. For practical reasons, the electrical parameters of the shunt were digitally
implemented using a dSPACE digital platform.
Figure 5 shows the measured FRFs of the base impedance when the transducer is in
open-circuit (solid black lines), in short-circuit (dashed black lines) and connected to a RL shunt
circuit with increasingly larger values of the inductance (solid red lines) and resistance (solid
blue lines). Overall, it can be seen that the natural frequency of the transducer could be
effectively varied by setting a proper value of the shunt inductance. Similarly, the transducer
inherent damping can be effectively altered by the shunt resistance.
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Figure 5: Measured Base Impedance FRF of the open-circuit (solid black lines), short-circuit (dashed
black lines) and shunted EM transducer for several combinations of the shunt parameters (coloured
lines).

(a)

(b)

(c)
Figure 6: Measured FRFs of the velocity per unit excitation at the excitation point (left hand side
plots) and at the control position (right hand side plots) with the open circuit SEM-TVA (thin black
lines) and with the SEM-TVA fixed to control the response of the sixth, plot (a), and ninth resonant
mode, plot (b) and operating in the sweeping mode, plot (c).
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VIBRATION CONTROL PERFORMANCES

The experimental survey performed to assess the flexural vibration control effects produced by
the SEM-TVA on the cylinder is now discussed. Figure 6 contrasts the flexural vibration at the
excitation and control positions of the cylindrical shell equipped with the SEM-TVA in open
circuit (thin black lines) and connected to a shunt circuit. The SEM-TVA were operated in the
fixed tuned mode, blue lines in plots (a) and (b), and in the sweeping mode, orange lines in plot
(c). In the first two cases, the electrical parameters of the shunt were set to control the control
the resonance peak of a target flexural mode of the cylinder. More specifically, as indicated by
the blue arrows in plots (a) and (b) of Figure 6 the sixth and the ninth flexural mode respectively.
Very good control performances are achieved, with reductions of about 25 and 13 dB at the
excitation position and of about 25 and 18 dB at the control position. It is worth noting that
these reductions are restricted to a narrow frequency band centred at the target resonance
frequency. In the third case for the sweeping operation mode, the electrical parameters of the
shunt were harmonically varied over time so that the natural frequency of the SEM-TVA was
swept over the 40-150Hz frequency range and the damping ratio was set equal to the optimal
value at each frequency [20,21]. Figure 6(c) shows that the flexural response of the cylinder
equipped with the sweeping SEM-TVA is brought down at most of the resonance peaks in the
frequency range of the sweep, with reductions comprised between 2 and 10 dB at both the
excitation and control positions.
5

CONCLUDING REMARKS

This paper has presented initial experimental results concerning the implementation of a
Shunted Electro-Magnetic Tuneable Vibration Absorber on a cylindrical structure to control
the flexural vibration in the low-frequency range. The effects of a resistive-inductive series
shunt on the mechanical response of prototype SEM-TVA were first revised. More specifically,
the experimental work has shown that the natural frequency and the damping properties of the
SEM-TVA could be varied by properly setting respectively the inductance and the resistance
of the shunt.
The control performances of the SEM-TVA were experimentally assessed operating the
device in both the fixed and the sweeping modes. The former operation mode allows for greater
reductions, but these are limited to a narrow frequency band and require a precise tuning. In
contrast, with the latter operation mode, smaller reductions are achieved, but extended to the
majority of the resonance peaks in the frequency range of the sweep and without the need of a
precise tuning. Sweeping SEM-TVA represents therefore an interesting practical solution,
especially in view of the possibility to control the response of structure subject to changes of
the dynamic response due to operation conditions, such as temperature, pressurization or
tensioning effects.
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ABSTRACT
The unar eteoroid Impact bserver (
I ) is a ubeSat mission to observe, quantify,
and characterise the meteoroid impacts by detecting their flashes on the lunar far-side. This
complements the nowledge gathered by Earth-based observations of the lunar nearside, thus
synthesising a global information on the lunar meteoroid environment.
I envisages a
ubeSat form-factor placed in a halo orbit at Earth- oon
to characterise the lunar
meteoroid flux by detecting the impact flashes produced on the far-side of the oon. The
mission employs the
I - am, an optical instrument capable of detecting light flashes in
the visible spectrum.
I is one of the two winner of ESA s
E ( unar ubeSat for
Exploration) SysNova competition, and as such it is being considered by ESA for
implementation in the near future. In this paper, an overview of the present-day
I
ubeSat mission is given, with a focus on the latest developments.
Keywords: LUMI , Lunar CubeSat, Meteoroid Impacts, Lunar Situational Awareness
1

INTRODUCTION

1.1

Scientific relevance

Impacts due to near Earth ob ects (NE ) could cause a devastating humanitarian crisis and
potentially the extinction of humanity. hile the probability of such an event is very low, the
outcome is so catastrophic that it is imperative to invest resources to mitigate them. Telescopic
surveys detect NE greater than 1 m down to 1 meter in size, but there are few direct methods
for monitoring the sub-meter meteoroid population. Serendipitous monitoring of atmospheric
explosions due to airbursts of meteoroids are being underta en. These ob ects are part of the
∼ metric tons of debris impacting the Earth each day.
Meteoroids are small Sun-orbiting fragments of asteroids and comets, whose sizes range from
micrometers to meters and masses from 10-15 to 104 g 1 . Formation of meteoroids is a
consequence of asteroids colliding with each other and or with other bodies, comets releasing
dust particles when close to the Sun, and minor bodies shattering into individual fragments.
Meteoroids are hardly detectable even with dedicated surveys. However, they may be observed
indirectly when an impact occurs with a planetary or moon solid surface. An impact represents
in fact a unique opportunity to understand and update the models describing the spatial
distribution of NE in the solar system, which is critical for several reasons. The ability to
accurately and timely predict these impacts by relying on accurate meteoroid impact flux
models is fundamental in many fields.

1
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Lunar meteoroid impacts

Current estimations of the larger-than-1- g meteoroid flux at the Moon varies across the
literature. 1290 impacts per year are estimated 2 , while estimates approximately 4000 impacts
per year
4 . More recent studies suggest that the meteoroid impact flux at the Moon is
approximately 6x10-10 m2 year, for meteoroids larger than 0 grams 5 . Assuming a lunar
collecting area equal to its surface area, i.e., .8x101 m2, this gives a larger-than- 0-grams
meteoroid flux of approximately 2 000 impacts per year.
There are also speculations on the possible asymmetries of the spatial distribution of impacts
across the lunar surface. In 6 , it is theorized that the Moon nearside has approximately 0.1
more impacts than the lunar farside, due to the Earth gravity field the equatorial flux is 10–
20 larger than that at polar regions, due to the higher number of large meteoroids in low
orbital inclinations and the lunar leading side (apex) encounters between
and 80 more
impactors than the trailing side (antapex), due the Moon synchronous rotation.
In a lunar meteoroid impact, the inetic energy of the impactor is partitioned into 1) the
generation of a seismic wave, 2) the excavation of a crater, ) the e ection of particles, and 4)
the emission of radiation. Any of these phenomena can be observed to detect lunar meteoroid
impacts. The detection of lunar impact flashes is the most advantageous method since it yields
an independent detection of meteoroid impacts, provides the most complete information about
the impactor, and allows for the monitoring of a large Moon surface area
. Remote
observation of light flashes is thus baselined for the detection of lunar meteoroid impacts.
1.3

Sun-Earth-Moon geometry

The Moon spin–orbit motion is loc ed into a 1:1 resonance, meaning that an observer on Earth
always sees the same portion of the Moon, that is the lunar nearside. This characteristic, in
addition to the fact that a fixed observer on Earth also moves with respect to the Moon, as the
Earth rotates about its own axis, constrains the observation of the Moon from Earth.

Figure 1: Geometry for meteoroid impact flash detection.

Since the Moon–Sun synodic period is 29.5 days, the illumination of the lunar nearside varies
and originates the Moon phases. ecause lunar impact flashes can only be observed from
ground on the lunar night side and when the lunar nearside is less than 50 illuminated, flash
detection from Earth is constrained by the Sun– Earth–Moon geometry. An observer of the
lunar farside would also be constrained by the Sun–Moon geometry, but would see temporally
opposite phases. As such, assuming that the lunar farside would also have to be less than 50
illuminated, the observations would occur during the opposite time of the month. Fig. 1 shows
the Moon phases and main directions of incoming meteoroids in the Earth–Moon system (North
and South Toroidal sources are perpendicular to the plane). The dashed green line represents
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the portion of the Moon orbit where Earth-based observations of the nearside can be made. The
solid blue line indicates the portion of the Moon orbit where space-based observations of the
farside can be made. bserving the lunar impacts with space-based assets yields several benefits
over ground-based telescopes, namely:
• No atmosphere. Ground-based observations are biased by the atmosphere that reduces
the light flash intensity depending upon present conditions, which change in time. This
requires frequent recalibration of the telescope. Inherent benefits of the absence of
atmosphere in space-based observations are twofold: 1) there is no need of recalibrating
the instrument, and 2) fainter flashes may be detected.
• No weather. Ground-based observations require good weather conditions, the lac of
which may significantly reduce the observation time within the available window. There
is no such constraint in space-based observations.
• No day night. Ground-based observations may only be performed during Earth night,
significantly reducing the observation period within the available window. There is no
such limitation when space- based observations are performed.
•
ull dis . Ground-based observations are performed in the first and third quarter, when
nearside illumination is 10–50 . Full-dis observations during New Moon are not
possible because of low elevation of the Moon and daylight. Space-based observations
of the lunar farside can capture the whole lunar full-dis at once, thus considerably
increasing the monitored area.
• All longitudes. Ground-based observations happening during the first and third quarter
prevent from resolving the meteoroid flux across the central meridian. There is no such
restriction in space- based full-dis observations.
Moreover, observing the lunar farside with space-based assets yields further benefits, that is:
• No Earthshine. y definition, there is no Earthshine when observing the lunar farside.
This may yield a lower bac ground noise, thus enabling the detection of fainter signals,
not resolvable from ground.
•
omplementarity. Space-based observations of the lunar farside complement groundbased ones
o in space. The two opposite faces of the Moon are monitored when the Moon is
in different locations along its orbit
o in time. Space-based observations are performed in periods when ground-based
ones are not possible, and vice-versa.
High-quality scientific products can be achieved with space-based observations of the lunar
farside. These may complement those achievable with ground-based ones to perform a
comprehensive survey of the meteoroid flux in the Earth–Moon system.
1.4

Lunar meteoroid impact flash detection

Light flashes at the Moon are typically observed by detecting a local spi e of the luminous
energy in the visible spectrum when pointing a telescope at the lunar night side. The bac ground
noise is mainly composed by the Earthshine (Earth reflected light on the Moon surface) in the
visible spectrum, and by thermal emissions of the Moon surface in the infrared spectrum 8 .
Measurements with high signal-to-noise ratios (SNR) may be obtained through observations of
the lunar night side 9 . The detected luminous energy spi e is quantified using the apparent
magnitude of the light flash.
Lunar impact flashes detected from Earth-based observations have apparent magnitude between
5 and 10.5 6 , corresponding to faint signals. Also, Earth- based observations of lunar
impact flashes are restricted to periods when the lunar nearside illumination is 10– 50
,
10 . The upper limit restriction is due to the day side of the Moon glaring the telescope field
of view (F ). The lower limit restriction of 10 corresponds to the New Moon phase. During
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this phase, the observations should be made when the Moon presents itself at low elevations in
the s y (morning or evening), but the observation periods are too short to be useful 6 , 10 .
The first unambiguous lunar meteoroid impact flashes were detected during 1999 s Leonid
meteoroid showers and were reported in 9 . The first redundant detection of sporadic impacts
was only reported six years later . These events gave origin to several monitoring programs.
In 2006, a lunar meteoroid impact flashes observation program was initiated at NASA Marshall
Space Flight Center 10 . This facility can monitor 4.5x106 m2 of the lunar surface,
approximately 10 nights per month, sub ect to weather conditions. Approximately half of the
impact flashes observations occur between the Last uarter and New Moon (0.5 to 0.1
illumination fraction) and the other half between New Moon and First uarter (0.1 to 0.5
illumination fraction). The former monitoring period occurs in the morning (waning phase) and
the latter occurs in the evening (waxing phase), covering the nearside part of the eastern and
western lunar hemisphere, respectively. 126 high-quality flashes were reported in 5 , for
266.88 hours of monitoring, over a 5 years period. The magnitude range detected is between
10.42 and 5.0 , which is estimated to correspond to an impactor inetic energy range
between 1.6 x10- and 2. 1x10-4 ton TNT. The most recent monitoring program, NELI TA,
was initiated on February 201 in Greece under ESA funding. As of November 201 , 16
validated impacts have been detected over 5 hours of observations. The program aims to detect
flashes as faint as 12 apparent visual magnitude 11 and is the first allowing the determination
of the impact flash blac body temperature, by observing both in the visible and infrared
spectrum. Monitoring the Moon for impact flashes inherently imposes several restrictions that
can be avoided if the same investigation is conducted with space-bases assets.
2

LUMIO MISSION

LUMI is a CubeSat mission to a quasi-halo orbit at Earth–Moon L2 that shall observe,
quantify, and characterize meteoroid impacts on the lunar farside by detecting their impact
flashes, complementing Earth- based observations on the lunar nearside, to provide global
information on the lunar meteoroid environment and contribute to Lunar Situational Awareness
(LSA). The LUMI mission is conceived to address the following,
• Science uestion: hat are the spatial and temporal characteristics of meteoroids
impacting the lunar surface
• Science Goal. Advance the understanding of how meteoroids evolve in the cislunar
space by observing the flashes produced by their impacts with the lunar surface.
• Science bjective. Characterize the flux of meteoroids impacting the lunar surface.
2.1

Payload

The observation of the light flashes produced by meteoroid impacts on the Moon far-side is
performed through the LUMI -Cam, the main payload of LUMI . The impact flashes on the
Moon can be modelled as blac body emissions 6 , with temperatures between 2 00 and 6000
8 , and durations greater than 0 ms 5 . The lowest impact energies correspond to apparent
magnitudes higher than 6 as seen from Earth. These characteristics drive the payload
requirements, both in terms of the camera detection and optics, and payload physical properties
such as total mass, volume, power consumption, and storage.
The baseline detector is the CCD201 of E2 L isionTM . This device is a 1024x1024 pixel
frame- transfer sensor that uses a novel output arrangement, capable of operating at an
equivalent output noise of less than one electron at pixel rates of roughly 15 MHz. This ma es
the sensor well-suited for scientific imaging where the illumination is limited and the frame rate
is high, as it is for LUMI . The sensitivity of this detector extends towards the near-infrared
(NIR) region, which allows to better exploit the emission of radiation due to the impacts.
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In view of LUMI s operative orbit, for which the spacecraft-Moon range spans between 5525
and 86551 m, a minimum payload field of view of 5.6 deg is necessary to have always the
Moon full dis view. To compensate for pointing errors, a 6-deg F
is considered with a 12 mm focal length.
The LUMI -Cam total margined mass is 1.56 g and its worst-case power consumption
(margined) is 4.2 . The LUMI -Cam layout is reported in Fig. 2.

(a)

(b)

(c)

Figure 2. LUMI -Cam Assembly (a-b) pto-Mechanical Assembly (c) External ox .

2.2

Mission analysis

Considering the conclusions of the preliminary and coverage trade-offs, the mission type flight
heritage, and solar eclipse occurrences, the Earth– Moon L2 halo family is baselined for the
LUMI mission. The mission is divided in four phases (Fig. ), namely, 1) Par ing, 2) Transfer,
) perative, 4) End of Life.
Parking Phase
1

Lunar Orbiter injects LUMIO
into selenocentric orbit.

Operative Phase

0

-

HIM injects LUMIO into EarthMoon L2 halo orbit, where it
starts performing nominal
operations for 1 year.

384
,400
km

Launch
LEOP
Trans-lunar injection

3

64,
500
km

L2
Transfer Phase
After PCM and SMIM, LUMIO
is in outbound flight along the
stable manifold of target halo.

2

End of Life

4

Figure : Layout of the LUMI mission profile.

The selection of the LUMI operative orbit is based on a number of factors that consider the
coverage performances, the transfer cost, the station eeping cost, and the capability of
performing autonomous navigation. For what concerns the v budget, the 1 is 154.4 m s,
which is also in line with a 12U CubeSat volume and mass budgets. The choice to consider a
1 confidence interval on stochastic maneuvers for LUMI is motivated by the inherently
higher ris of a low-cost mission.
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System

The LUMI spacecraft has been designed to perform with a high level of autonomy,
particularly the navigation, payload data processor, and command data handling system
(CDHS). The choice is driven not only by the operational constraints with respect to the lunar
orbiter, but also by the ambitious mission design. Additionally, a general zero-redundancy
approach has been adopted for all subsystems. This is dictated by the tight mass and volume
constraints and a CubeSat design driven ris approach.
. .

ropulsion

Chemical propulsion is the only feasible option for the main maneuvers (orbital transfer and
station eeping), since all other options pose serious ris s in terms of mass, volume and or
thrust level requirements. For the de-tumbling and de-saturation maneuvers, a clear preference
should be given to a chemical or a cold gas system. The initial proposed design is based on a
partially customized version of the ACC Hybrid ADN MiPS, including one main monopropellant thruster (ADN green propellant) providing a thrust of 0.1 N for the main maneuvers,
plus four cold gas RCS thrusters in a pyramid configuration, providing a thrust of 10 mN each
for the de-tumbling and de-saturation maneuvers. The preliminary design showed that the
mission requirements can be accomplished with a system having a total wet mass of 5.6 g and
a total volume of .1U.
. .

Attitude determination and control

The sensor suite comprises a nano SS C-D60 Sun sensor manufactured by Solar MEMs
technology (4 x 14 x 5.9 mm, 6.5 g, accuracy of 0.5
and precision of 0.1 ), two ST 400
star trac ers manufactured by Hyperion Technologies and erlin Space Technologies (5 .8 x
5 .8 x 90.5 mm, 280 g, accuracy of 10 arcsecs
in pitch and yaw, and 120 arcsecs
in roll
axis), and a STIM 00 ultra-high performance inertial measurement unit manufactured by
Sensonor10 ( cm , 55 g). The on-board computer is the G Mspace- 000, also used for the
navigation algorithm. The actuators comprise
lue Canyon R P-100 reaction wheels and
the set of cold gas RCS thrusters included in the ACC propulsion system. The lue Canyon
R P-100 reaction wheels are assumed to operate at a maximum of 90 mNms despite their
capability of 100 mNms momentum storage. The complete ADCS system has a mass of 2 g
and a volume of 1150 cm .
. .

ower

For the solar array assembly, G MSpace Nanopower MPS in its -type configuration has been
chosen, holding 16 AzurSpace G 0C solar cell assemblies in its deployable configuration
(currently under development). The size is 0 x 20 cm, with a thic ness of .5 mm and a mass
of 620 g inclusive of the solar cells. The deployable solar array is attached to a Solar Array
Drive Assembly (SADA). The deployment of the solar array is achieved using a yo e which in
turn is connected to the SADA inside the spacecraft. The total battery capacity is 160 h,
achieved with two G MSpace Nanopower P 80 h batteries. For power conditioning and
distribution, the G MSpace Nanopower P60 unit has been selected. The interfaces between the
EPS and the other subsystems are schematized in Figure 8. The total mass of the Electrical
Power System is estimated at 2.9 g.
. .

ommunication

The communication subsystem is based on two UHF turnstile antennas developed by ISISspace (one for uplin and one for downlin , considering that the typical turnstile antennas
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bandwidth is less than 15 MHz in the UHF band) and a RF power amplifier allowing for an RF
output power of 8 , necessary given the high transmission power required to close the lin at
large distances ( 5000 m). The UHF transponder is based on the Consultative Committee for
Space Data Systems (CCSDS) Proximity-1 control, with RS442 data interface and a maximum
data rate of 512 bps. Table 10 shows the lin budgets estimated for the current configuration
of the Communications subsystem. In the operation phase, the PL TM throughput is 25919
for a 29-day period with 16 one-hour communication slots. This means that, when the minimum
payload data requirement of 1292
is met, the data budget available for telemetry is 12992
.
. .

ommand and Data andling and nboard ayload Data rocessing

The selected
C for the LUMI spacecraft is the AAC Microtec Sirius computer, equipped
with RS-422 and RS-485 connections as well as two Space ire 10 Mbps lin s, a 2-bit fault
tolerant CPU and an EDAC protected memory. A CAN bus is foreseen for the connection with
the ADCS and payload dedicated computers, as well as the Electrical Power System although
the selected computer does not support it natively, an option is available for accommodate a
CAN-compatible transceiver upon request. The connection with the Communication subsystem
is done with RS-422, the only type of lin supported by the UHF transponder. For the dedicated
nboard Payload Data Processor, the G MSpace Nanomind
000 processor has been
selected. The
PDP is connected to the camera through a Space ire interface, and to the
main spacecraft
C and dedicated ADCS computer through a CAN bus. This configuration
allows for handling the required frame rate of 15 fps with a size of approximately 2 M per
frame.
. .

Spacecraft onfiguration

Figure 4 shows the current foreseen configuration for the LUMI spacecraft, while the
complete mass budget, including margins at system and subsystem level, is shown in Table 11.
A total margined mass of approximately 21 g is currently estimated for the spacecraft, well
within the initial 24 g requirement. The additional mass can be used for deviating from the
zero-redundancy strategy by adding components to avoid single points of failure, for including
additional propellant to extend the mission lifetime, or for accommodating additional payloads
to exploit secondary mission ob ectives.

Figure 4. LUMI spacecraft without and with panels (left), and view showing LUMI -cam (right)
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CONCLUDING REMARKS

The primary science goal of LUMI mission is to observe meteoroid impacts on the lunar
farside in order to study the characteristics of meteoroids and to improve the meteoroid models.
This might lead to a further study of the sources of these meteoroids, such as asteroids in the
near-Earth environment and comets. The LUMI mission complements ground-based
observations with remote space-based observations, so improving the lunar situational
awareness. The mission utilizes a 12U form-factor CubeSat which carries the LUMI -Cam, an
optical instrument capable of detecting light flashes in the visible spectrum to continuously
monitor and process the data. The mission implements a novel orbit design and latest CubeSat
technologies to serve as a pioneer in demonstrating how CubeSats can become a viable tool for
deep space science and exploration.
LUMI has been awarded winner (ex aequo) of ESA s LUCE (Lunar CubeSat for Exploration)
S SN A competition, and as such it is being considered by ESA for implementation in the
near future. An independent assessment conducted at ESA s Concurrent Design Facility (CDF)
has shown the mission feasible, and has identified possible delta-design options, which will be
considered in the next phases of the mission design.
4
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ABSTRACT
The principal advantages in the use of electric propulsion are the propellant mass and,
generally, the overall system mass savings. As a consequence, the related cost reduction has
been one of the main drivers for the development and the application of these technologies in
many missions, from the commercial to exploration ones. onsidering the various types of
electric thrusters, the ion thrusters are those that best represent the strengths of electric
propulsion as mix of high specific impulse, overall efficiency, operative lifetime and flight
heritage. In order to preliminarily assess the impingement on the satellite surfaces due to the
ion thrusters plume through the software ITE ( lume Impingement Tool for Electric
ropulsion), a new semi-analytical model has been developed and implemented in the tool
evaluation module. Similarly to the model of the all-effect thrusters plume, the analytical
part of the model has its validity domain in the far field region and evaluates the ion number
density as a combination of axial and angular density distribution. The angular distribution
function contains experimental parameters for a customized analysis and more accurate
results. Solutions obtained are compared with in-vacuum measurements of a gridded ion
thruster.
Keywords: Plume Impingement, Electric thrusters, PITEL, Ion thrusters
Nomenclature
n ion number density
n0 ion number density reference value
r distance from thruster exit
r0 far field initial reference distance
angle from thruster axis
Acronyms/Abbreviations
TRL= Technology Readiness Level
CAD computer-aided drafting
HET Hall effect thruster
SI international system of units
TSA thruster symmetry axis
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INTRODUCTION

The electric propulsion systems are increasingly used in new-generation satellites the
principal advantage of this technology is the reduction of the required propellant mass w.r.t
the traditional propulsion. This occurs because electric thrusters have a specific impulse much
higher than chemical propulsion and, according to the roc et equation 1 , it implies a
propellant mass saving. An effective example is reported in the table 1 where it is highlighted
a comparison between different thrusters in term of propellant mass required.
Thruster type

Specific impulse, 𝐼𝑠𝑝 s

Monopropellant roc et
Hall effect Thruster
Ion Thruster

250
2000
000

Propellant mass, 𝑚𝑝

g

5
50
4

Table 1 : Required propellant mass obtained using different space propulsion technologies

The mass values are obtained by assuming a spacecraft (dry mass
g) that performs an
orbital manoeuvre (∆𝑉 = 1𝑘𝑚/𝑠) with different space propulsion systems.
As expected, the electric thrusters (ion and hall effect thrusters) need a very low amount of
propellant w.r.t the chemical monopropellant roc et, almost a tenth of what hydrazine
monopropellant roc et requires.
Lastly, the table 1 reminds that, in the frame of the electric propulsion, it exists several types
of electric thrusters that differentiate each other by the propellant acceleration methods the
ion thruster and HETs are currently the most common and used solutions of the electric
propulsion.
This wor focus on the ion thruster that represents the best trade off in terms of high
performance (i.e. specific impulse, overall efficiency), operative lifetime and high TRL.
Indeed, the ion thruster is a space qualified technology with a wide range of mission heritage,
from the commercial to exploration ones: Artemis, G CE and epi Colombo are only few
well- nown examples of a larger use in new generation satellites.
n the other hand, the use of electric propulsion implies significant impacts for the spacecraft
mission and design. Therefore, a set of analyses capable to assess physical, mechanical and
electrical effects of electric propulsion on the spacecraft equipment is required a new
approach in the plume impingement analysis, used to drive the satellite design at system level,
is definitely consistent with this vision.
2

PLUME IMPINGEMENT AND PITEL SOFTWARE

The plume term indicates all the e ected mass from a thruster for ion and hall effect
thrusters, the plume is primarily composed by electric charged particles, neutrons and
sputtered material from thrusters themselves. Therefore, the plume impingement is the
interaction of all this matter with the satellite surfaces and it represents a very significant issue
because of the impact can have on satellite components during the operational lifetime.
Indeed, the plume impingement can be cause of satellite charging, force, torque, heat flux
generation, surfaces contamination up to damages and failures. As a result, all these effects
can reduce the spacecraft lifetime.
Hence, Thales Alenia Space has developed a new tool for plume impingement evaluation in
order to assess the impact of electric propulsion in new generation satellite design. This tool,
called PITEL , is written in MATLA programming language and is currently available in
beta release for internal use only.
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The PITEL software has been developed for different analysis scenarios: a preliminary 2D
analysis and a detailed D analysis through a satellite CAD. The figure 1 shows the typical
graphical output for both these analyses.
The CAD loading and management routines are from PIT T, a tool for disturbance torques
estimation due to chemical thruster plume impingement 2 .

Figure 1: PITEL 2D and D analyses output

It should be noted that PITEL main subroutines for the plume assessment uses a semi-analytic
method for the preliminary estimation of the plasma produced by electric thrusters and that
they have been firstly developed for HET plume, as reported in .
Currently, PITEL has been updated with the new model proposed in this paper, in order to
extend the complete set of original analyses even for ion thruster plume.
3

BASICS OF ION THRUSTERS

All the electric thrusters use electric power as primary source and are conventionally divided
into three groups, according to the propellant acceleration method.
In the electrostatic propulsion, the electric power is used to ionize, accelerate and expel
propellant for thrust.
As a result, part of the electric power is required for the ionization of the inert propellant in
order to ma e it reactive to the electric field. There are several methods to ionize the
propellant that differ the existing ion thrusters. Nevertheless, a propellant with low ionization
energy and high molecular weight is preferred for the optimization of the thrust to input
power ratio. Thus, the most common propellant is the enon that has a first ionization energy
of about 12.08 e and an atomic mass of 1 1. u 4 .
nce the propellant is ionized, the positive ions are accelerated by an electrostatic field
generated by a high voltage ( ) inside the thruster.
In addition, a cathode is used in combination with the ionizing chamber in order to prevent the
spacecraft charging and neutralize the leaving ion beam, as for the HETs.
Assuming as the mass of a single ion and q its charge, it is possible to evaluate the inetic
energy acquired by the ion from the potential energy E q ∙ ∆V, according to the relation
1

2
𝑞 ∙ ∆𝑉 = 2 ∙ 𝜇 ∙ 𝑣𝑖𝑜𝑛
The 𝑣𝑖𝑜𝑛 of equation 1 indicates the ion velocity after the acceleration and is given by
2∙𝑞∙∆𝑉

𝑣𝑖𝑜𝑛 = √

𝜇

(1)

(2)

Hence, the voltage generating the electric field is the main parameter to perform high outflow
speeds and high specific impulse. The table 2 summarizes the ion thruster features w.r.t those
of HET.



odel for ion thruster plume assessment

Thruster type
Ion Thruster
HET

Thrust, T
mN
0.01-200
0.01-2000

Binci,

Specific Impulse, 𝐼𝑠𝑝
s
1500-5000
1500-2000
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verall efficiency,
60-80
0-50

Propellant type
e,

r, Ar
e, Ar

Table 2: ion thruster and HET features comparison 5

3.1

Ion thruster plume

The ion thruster plume is composed by the outcoming mass both from cathode (electrons) and
from anode as positive ions, neutrals particles and sputtered thruster materials.
The singly-ionized ions are the main anode species as expected product of the ionization
process and provide the most of the thrust 4 secondary results of the ionization are doubly
(or more) charged ions that are always present in variable percentage, according to the
efficiency of the ionization process. The fraction of double ion current w.r.t the singly charged
ion current is an important parameter for the real trust assessment. In addition, a not-ionized
fraction of inert propellant leaves the thruster.
The plume expansion depends on several factors as ion inetic energy, internal plasma
pressure, charge -exchange collision of ions with neutrals and presence of external electric
field 4 thus, the plasma expansion results physically complex. As reported in
, a
common way to model the plume is through the definition of two main regions where these
factors have different impact on the plume physics.
The first region, closer to the thruster exit, is called near field region and has a high number
of collisions between particles from thrusters. In addition, the plasma of the plume is strongly
affected by local phenomena as the low voltage of the last ion thruster grid 6 . The near
region extends for about 1-2 thruster radii 4 .
The far field region is mainly dominated by ion inertia, electron pressure and ambipolar
electric field due to plasma charged particles. Thus, the plume behaviour is simpler to model
considering some assumptions for the plasma in this region as symmetrical, collision-less,
globally quasi-neutral and not affected by electric field form thruster exit.
It should be noted that the far field region has not a physically well-defined range so the
reference starting point is generally defined during test phase by measurements that are
conventionally obtained at a distance around 1 m from the thruster exit.
4

FF-ION MODEL

4.1

General formulation

The model for the plume assessment herein presented has its validity domain in the far field
region. The model has been called FF-I N and has been developed considering the following
features:
the reference distance for the beginning of the far field region is 1 m from the ion
thruster exit
the model output is the evaluation of the ion number density (reported as particles
number in a cubic meter) of the region
all the quantities of model are expressed according to SI
the model shall be compatible with the PITEL plume impingement subroutines
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As for the FF-HET reported in , a set of assumption on the far field plasma plume occurs in
order to reduce the problem complexity therefore, the FF-I N uses only two variables {𝑟, 𝜃}
of a polar coordinates system for the ion number density assessment.
The {𝑟} variable represents the radial distance form ion thruster exit and {𝜃} is the angular
range from the symmetry axis of the thruster.
The figure 2 shows the FF-I N geometry problem described by polar coordinates {𝑟, 𝜃} .

Figure 2: FF-I N problem geometry

The FF-I N model formulation is similar to that of FF-HET
and of the Carney s
approximation
where the ion number density assessment is performed through a
combination of an axial and an angular density distribution in addition, the model considers a
set of coefficients from experimental results in order to increase the accuracy of the pure
analytic formulation. Hence, the FF-I N can be considered a semi-analytical method with the
general formulation given by
𝐵

𝑛(𝑟, 𝜃) = 𝑟 2 ∙ 𝑓(𝜃)

( )

𝐵

In equation , the first term 2 is the axial distribution function that represents the ion number
𝑟
density decrease w.r.t the distance from thruster exit the inverse square of distance behaviour
has experimental evidence in measurements and has been already reported in 8 .
The angular distribution function 𝑓(𝜃) defines the angular profile and depends only by θ, the
angular quantity from the thruster symmetry axis.
4.2

Detailed formulation

As for the FF-HET, the model presented can be considered an evolution of the Carney s
approximation. The FF-I N model has the following formulation:
𝑛

𝑛(𝑟, 𝜃) = (𝑟/𝑟0 )2 ∙ 𝑓 ′ (𝜃)
0

(4)

The first factor of equation (4) is the axial distribution function while 𝑓 ′ (𝜃) represents the
angular distribution function.
The new angular function depends by 𝜃 and by a set of three coefficients {𝛾, 𝛿, 𝜔} for the best
fitting of the function to real measurement these parameters are defined according to
experimental results. The 𝑓 ′ (𝜃) is symmetrical function with the maximum value for 𝜃 = 0°.
Currently, the new method doesn t perform any evaluation of density over 𝜃 > 90° .
The equation 4 is formally the same of the FF-HET model except for the angular function that
differs in the numbers and type of experimental parameters. As a result, the shape of the two
angular distribution functions differs, as depicted in figure where it is shown a pure function
comparison.
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Figure : Angular distribution function comparison

5

RESULTS

The accuracy of the method has been tested comparing equation 4 to real measurements from
literature 9 The figure 4 shows the comparison between the angular distribution function of
the FF-I N model w.r.t the reference data.

Figure 4: FF-I N model vs measurements

The results of figure 4 confirms the good accuracy of the model w.r.t the real measurements.
As for the FF-HET model, a R-squared value has been calculated and a good value occurs
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nevertheless the asymmetry of the pea value of the measurements. A further comparison
with other data is recommended before to confirm a higher level for the model accuracy.
6

CONCLUDING REMARKS

This wor presents a new model for the assessment of the ion number density evaluation of a
ion thruster plasma plume.
The model, called FF-I N, belongs to family of methods as the Carney s approximation and
FF-HET witch general form is given by equation . As a result, the semi-analytical model has
its validity domain in the plume far field region and can perform a preliminary estimation of
ion number density as a combination of an axial and an angular density distribution. The
possibility to setting the angular distribution function by three experimental parameters ma es
the FF-I N a very interesting model for customized analysis and more accurate results. In this
context, the formulation of a new angular distribution is the best improvement. In addition,
the model is compliant with the PITEL software architecture and allows the tool to perform
2D and D analyses even for plume impingement form ion thrusters.
The result reported in chapter 5 shows a good agreement between the relation presented and
the measurements. Therefore, this model can be a good assessment for ion number density
nevertheless the asymmetry of the reference data. A further comparison with new data is
recommended.
7
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Abstract
This paper presents a methodology for the development of dynamic inflow model for
flight dynamics analysis of rotors in ground effect. The state-space model, relating the inflow
components to the rotor loads as in the Pitt-Peters model, is identified from Vortex-Lattice
numerical simulations and it may be specialized also for inclined or moving ground. Here,
the model is identified for three flight hovering cases (far from the ground, near a parallel
ground and near an inclined ground) and compared with a set of validation data, highlighting
the capability of the proposed methodology to reproduce the main features of the inflow.

Key words: Dynamic Inflow, Ground Effect
1. Introduction
For modern helicopter design and control purposes, accurate dynamic inflow models are
required in order to have the support of computationally efficient and, at the same time, reliable
simulations of the complex aerodynamic environment in which rotors operate. From decades,
the most used inflow models are those based on momentum theory, like the well-known PittPeters [1] and Peters-He [2] . In order to deal with near-ground operations, these models have
been extended with some success, including a specular pressure perturbation by a mirrored
rotor with respect to the ground. [3;4] .However, the variety of possible operation conditions (above
inclined ground, moving ground, finite ground, non-flat ground, etc.) limits their validity and
makes impossible to have a comprehensive model. Here, a simulation-based dynamic inflow
model for rotors in ground effects above both parallel and inclined surfaces is presented. Starting
from the aerodynamic simulation of the inflow with a three-dimensional free-wake aerodynamic
solver, a model identification process derived from that introduced by some of the authors in the
recent past [5] , has been applied to a mid-weight helicopter main rotor in ground effect. Conceived
as a linear, time-invariant operator, the model is extracted through a multi-step procedure based
on time-marching vortex-lattice (VLM) simulation of the wake inflow. The inputs to the system
are the vorticity distribution released at the trailing edges (related to the section lift distribution,
and then to the thrust, rolling and pitching moments coefficients) and the trailing edge motion
due to rotor rolling and pitching, that is known to be a major cause of off-axis coupling [6] . The
numerical simulation is followed by the identification of the resulting transfer functions between
inflow coefficients and rotor loads/rotor motion. The numerical investigation presented in the
paper considers a plane ground both parallel and inclined with respect to the rotor disc.
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2. Dynamic Inflow Model Extraction
Following Pitt-Peters [1] , the proposed dynamic model represents the perturbed wake inflow with
the following approximated distribution over the rotor disc, defined in a non-rotating polar coordinate system, (r, y),
l(r, y,t) = l0 (t) + r [ls (t) sin y + lc (t) cos y]
(1)
where r denotes distance from the disc centre, y is the azimuth angular distance from the aft
position, whereas the coefficients l0 , ls and lc represent, respectively, instantaneous mean
value, side-to-side and fore-to-aft gradients. The perturbation inflow coefficients are considered
to be related through a state-space model to the perturbation rotor loads and pitch and roll
angular velocities, i.e.

ẋ = Ax + Bu
where u = {CT ,CL ,CM , p, q}T and

8 9
<l0 =
= ls = Cx
: ;
lc

(2)

(3)

These coefficients are extracted through the following multi-step methodology: 1. starting from
the trimmed steady-state solution, perturbations (as chirp signals) of both the vorticity released
at the trailing edge of the blades and the trailing edge motion are performed; 2. the corresponding
wake inflow on rotor blades is evaluated by free-wake, vortex-lattice simulations; 3. when vorticity
perturbations are applied, the corresponding aerodynamic loads are evaluated through a section
aerodynamics model; 4. the transfer functions between rotor loads/motion and inflow coefficients
are identified; 5. the rational approximation of transfer functions and the transformation back into
time-domain to derive the state-space dynamic model of the inflow coefficients are performed.
In the above process, the ground effects on the rotor aerodynamics is taken into account
through the mirror image method, which is a method widely used in fluid-dynamics applications [7] . This approach has been validated by the authors in the recent past against experimental
data concerning a two-bladed rotor in hovering conditions over parallel and inclined ground [8] .
Here, to give an idea of the aerodynamic solver capabilities, we report as an example the comparison between numerical and experimental data in terms of both flow-field visualization (Fig. 1)
and streamlines (Fig. 2), for the aforementioned two-bladed rotor and a ground angle of inclination equal to qg = 30 .
Once the perturbed inflow is evaluated as the difference between the total inflow and the previously evaluated steady-state one, the time evolution of the perturbation of the three coefficients,
l0 , ls and lc in response to the perturbations of both vorticity and motion of the blades trailing
edge is evaluated. For this purposes, the authors propose to approximate the trailing edge vorticity distribution, through the following first-order approximation of the perturbed blade bound
circulation distribution (Df) due to a blade pitch perturbation (collective or cyclic)

Df(r,t) = r[Df0 (t) + Dfs (t) sin y + Dfc (t) cos y].

(4)

This choice allows to perturb Df0 , Dfs and Dfc coefficients in the dynamic inflow extraction
process, obtaining a one-to-one relation between Df coefficients and rotor load components,
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Figure 1: Flow field beneath the rotor for qg = 30 .
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(b) numerical

Figure 2: Streamlines beneath the rotor for qg = 30 .
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{CT ,CL ,CM }, once the Glauert’s section load formula is integrated over the blades span
N

CT = Â

Z 1

j=1 eh

1
NDf0 (t) r̄3
r̄
Df(r̄,t)
d
r̄
=
pWR2
pWR2 3

1

eh

N Z 1

1
NDfs (t) r̄4
2
r̄
sin
y
Df(r̄,t)d
r̄
=
j
pWR2
2pWR 4

N

1
NDfc (t) r̄4
2
r̄
cos
y
Df(r̄,t)
d
r̄
=
j
pWR2
2pWR 4

CL = Â

j=1 eh

CM = Â

Z 1

j=1 eh

1
eh

(5)

1
eh

where eh is the nondimensional root-cut-off, N is the number of blades and r̄ denotes the nondimensional radial coordinate. Note that, owing to the use of Glauert’s aerodynamics, when the
rotor kinematics is perturbed no perturbations on loads arise, as the vorticity is unperturbed.
The last two steps of the identification procedure are performed within the framework of the Matlab system identification toolbox. Here, in order to limit the variables in the identification process,
for each element of the [3 ⇥ 5] transfer functions matrix, the number of poles and zeros has been
set in accordance with the extended Pitt-Peters theory [6] . Thus, considering only hovering conditions, out of ground effect and in parallel-ground effect, the polynomial degree of numerators
and denominators of the transfer function matrix are

l0
ls
lc

CT CL CM
p
q
0/1 null null null null
null 0/1 null 0/1 null
null null 0/1 null 0/1

(6)

whereas in inclined-ground effect they become

l0
ls
lc

CT CL
1/2 null
null 0/1
0/2 null

CM
p
q
0/2 null 0/2
null 0/1 null
1/2 null 1/2

(7)

The latter hypothesis comes from the consideration that, differently from the parallel-ground
case, the inclined ground induces a fore-aft wake distortion similar to that caused by forward
flight, which causes the coupling between l0 and lc coefficients (e.g. through the L13 and
L31 coefficient of the Pitt-Peters model [9] ). Instead, the ls coefficient remains uncoupled from
the other two. As a proof of the effect of inclined ground on the inflow longitudinal distribution,
Fig. 3 shows the wake induced velocity distribution in the xz-plane (y = 0, y = 180 ) for the
aforementioned two-bladed rotor and for different inclination ground angles (ranging from qg = 0
to qg = 30 ). It can be easily noted that, as qg increases, the wake induced velocity decreases
on the uphill-side (left side of the plot) and increases in the downhill-side.
At the end of this section, it is worth noting that, although the hypotheses made on the transfer
functions matrix structure may hide the effects of some aerodynamic phenomena, they make the
identification process more effective and robust, maintaining at the same time a good accuracy
of the identified model, as they include the most relevant ones.
3. Results
The test case considered is a mid-weight helicopter main rotor inspired to that of the Bo-105,
whose main data are reported in Tab. 1, in hovering conditions.
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Figure 3: Induced velocity distribution over the blade. The rotor is hovering in ground effect, for different
ground angles qg

mass
MR type
MR radius
MR chord
MR angular speed
MR blade twist
MR number of blades

2200

kg

hingeless

-

4.91
0.27
44.4
8
4

m
m
rad/s
/m
-

Table 1: Main helicopter data

Three different configuration are analyzed: 1. out-of-ground-effect, in order to verify the capability of the proposed methodology to capture the main features of the problem; 2. in-groundeffect, with hground = 0.75R and qground = 0 (ground parallel to rotor disc), 3. in-ground-effect,
with hground = 0.75R and qground = 30 (inclined ground) The frequency range of the analysis is
limited to 1/Rev (44.4 rad/s), which is well beyond the upper limit for flight dynamics applications.
In the following, the main elements of the transfer functions matrix are presented and discussed.
First, for all the configurations analyzed, in Fig. 4 and Tab. 2 the numerical transfer function
Case
PP
HOGE
HIGE 0
HIGE 30

poles [rad/s] zeros [rad/s]
-8.26
-16.29
-19.26
-8.11, -11.87
-6.19
Table 2: Poles and zeros location of the CT vs l0 transfer function: comparison between numerical data
and Pitt-Peters analytic model.

(HOGE and HIGE) between CT and l0 and the location of its poles and zeros are shown and
compared with those predicted by the Pitt-Peters model (PP) in out-of-ground-effect condition.
With respect to the latter, the numerical HOGE transfer function surprisingly presents a significantly more damped pole, and then a significantly shorter time constant. On the contrary, the
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Figure 4: Magnitude and phase of CT vs l0 transfer function: comparison between numerical data and
Pitt-Peters analytic model.

static gains are quite similar. Note that, for this particular transfer function, the Pitt-Peters model
is known to be strongly dependent on the loads distribution along the blade span. [10] Concerning the effects of the ground, it is evident that the ground increases the damping of the pole and
slightly reduces the static gain. Furthermore, the transfer functions with inclined- and parallelground are very similar, even if the approximation process gives a quite different polynomial
form, due to the different hypotheses on zeros and poles made in Eq. (6) with respect to Eq. (7).
This result suggests the possibility of using one pole and no zeros to approximate this transfer
function also in inclined-ground conditions.
Then, Fig. 5(a) and Tab. 3 present the results concerning the CL vs ls transfer function.
Also in this case, the following considerations may be drawn: 1. in out-of-ground effect conditions, the numerically identified transfer function has almost the same pole than the analytic
Pitt-Peters’ model. However, the transfer functions predicted by the two models present a difference in static gains of about 5 dB; 2. the presence of the ground significantly reduces damping,
although the inclined-ground reduces it slightly less than the parallel-ground; 3. with respect to
the HOGE case, the static gain of the transfer function increases in parallel-ground conditions
(+2dB) whereas it reduces (-3dB) in inclined-ground ones.
Next, Fig. 5(b) and Tab. 4 present the results regarding the CM vs lc transfer function. As
expected, the only remarkable differences with respect to the results presented in Fig. 5(a)
and Tab. 3 occur in the inclined-ground case. Specifically, in this case, the identified transfer
function has a pole significantly less damped than that of the CL vs ls transfer function, and an
additional highly damped one.
Finally, the synthesized inclined-ground perturbed wake inflow model is verified against a
validation data set numerically evaluated by imposing to the vortex-lattice aerodynamic solver a
perturbation on Df different from that used in the identification process. Specifically, Figure 6(a)
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Figure 5: Magnitude and phase of transfer functions: comparison between numerical data and Pitt-Peters
analytic model.

Case
PP
HOGE
HIGE 0
HIGE 30
Table 3: Poles and zeros location of the CL vs

poles zeros [rad/s]
-19.36
-19.78
-11.98
-13.14
ls transfer function: comparison between numerical data

and Pitt-Peters analytic model.

Case
poles
zeros [rad/s]
PP
-19.36
HOGE
-19.82
HIGE 0
-12.69
4
HIGE 30
-8.56 , -10
-34.94
Table 4: Poles and zeros location of the CM vs lc transfer function: comparison between numerical data
and Pitt-Peters analytic model.
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Figure 6: Time response: comparison between VLM simulations and state-space model predictions (qg =
30 ).

shows the response of the vortex-lattice model and the state-space one in terms of l0 to the
following variation of the Df0 coefficient of the blade bound circulation distribution

Df0 (t) = cos(5t)sin(2t)

(8)

Note that, this bound circulation perturbation produces a rotor thrust coefficient CT perturbation
(see Eq. (5)), which is used as the input of the wake inflow state-space model. Furthermore,
Fig. 6(b) depicts the results in terms of lc of a similar analysis performed perturbing with the
function given in Eq. (8) the coefficient Dfc instead of Df0 . This produces a variation of CM (see
Eq. (5)), which in turn is used as the input of the state-space model. In both cases, the models
capture with sufficient accuracy the low-frequency content of the inflow, which is the signal content mostly influencing the helicopter flight dynamics behavior. However, the validation signals
present a relevant high-frequency contribution, as shown by Figure 7, which depicts the spectrum of l0 . This figure highlights the tonal nature of the signal high-frequency content, which
is clearly dominated by peaks around the multiple of the Blade Passing Frequency (4/Omega,
8/Omega,...), although two low-frequency peaks, related through Werner’s formulas to the frequencies of the trigonometric functions in Eq. (8), arise. This suggests that, for aeroelasticity
purposes, a Linear Time Periodic model is necessary, since a Linear Time Invariant model cannot reproduce an output at a different frequency with respect to that of the input.
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Figure 7: Spectrum of the l0 VLM time signal for qg = 30 in response to Df0 .

4. Conclusions
Here, a methodology for the identification of a state-space dynamic wake inflow model for
rotors in ground effect from simulations provided by high-fidelity aerodynamic solvers has been
developed and tested. It is based on inflow responses to a chirp signals of blade bound circulation distribution. The inflow is evaluated by a vortex-lattice solver which simulates the presence
of the ground through a mirror image of the rotor. This method is sufficiently efficient to allow long
simulations, which are required for a robust identification of the inflow transfer functions. The numerical investigation pertains to the application of the proposed methodology for the wake inflow
state-state model synthesis of rotors in both out-of-ground-effect and in-ground-effect conditions,
above parallel and inclined grounds. The following conclusions may be drawn:
1. the mirror image is capable to model the main features of the flow around a rotor in ground
effect, also when the ground is inclined with respect to the disc; 2. the presence of the ground
noticeably affects the wake inflow dynamic response; 3. the identification process requires long
simulations, due to the presence of relevant numerical noise; 4. the validation tests show that
the state-space model is capable of accurately reproduce the linear time invariant part of the
low-frequency inflow content. However, the wake inflow is also characterized by time-periodic
phenomena, which cannot be reproduced by the proposed model. Nevertheless, the present
model is suited for flight dynamics applications, in that the wake inflow time-periodic content due
to control inputs arises at high frequency.
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ABSTRACT
Shape memory alloys (SMAs) are one of the most popular smart materials and their very
interesting and peculiar properties allow them to find many engineering applications. Thanks
to their ability to be subjected to high strain levels over a wide range of operative temperatures,
SMAs are particularly suited for actuating mechanisms providing an excellent technological
opportunity to replace conventional actuators, also in the space segment, where they have
effectively solved the problem of breakages caused by pyrotechnic release mechanisms. In the
present work, we design and evaluate a smart-hinge based on the rotation of a SMA tube
activated by the internal circulation of a fluid warmed at a suitable temperature. Its application
at the deployment of a radiating panel of a small satellite highlighted several potentialities of
this new concept, among these, the possibility of applying large displacements without
significant stresses as well as an autonomous activation exploiting as source the heat to be
dissipated. This paper summarizes a preliminary evaluation of the proposed concept including
the characterization of the material, the identification of the designing parameters (maximum
obtainable rotation depending on the active length), as well as the evaluation of the connection
of SMA tube in the circuit system.
Keywords: shape memory alloys, torque tube, morphing hinge

1 INTRODUCTION
Shape memory alloys (SMA) are one of the most popular smart materials and their very
interesting and peculiar properties (thermoelastic martensitic transformation, shape memory,
pseudoelasticity, high corrosion resistance and biocompatibility) allow them to find many
engineering applications. Among them, actuating devices are one for which SMA are
particularly suited, thanks to the high strain recoverable at constant stress, over a wide range of
operative temperatures. SMA can lead to very convenient devices with a significant reduction
in mechanical complexity and size and better reliability of the actuation system. Furthermore,
focusing on small systems (mini/micro devices), high power-to-weight ratio and low supply
voltages are added to their advantages, providing in that case an excellent technological
opportunity to replace conventional electric, pneumatic or hydraulic actuators.
Mostly, an actuator is required to work cyclically, providing its action several times (movement
and/or force) rather than one time only. In the case of a SMA-based actuator, the basic working
principle is the shape recovery after an applied deformation. This implies that a mechanism
opposing to the SMA element is essential in order to reset it and thus guarantee the possibility
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of cyclical work. Indeed, after the first recovering of the memorized form obtained with heating,
neither the return to the low temperature (even below Mf) nor subsequent heating can induce
further variations in the shape, until a deformation provided by an external element is set again.
The act of returning the SMA actuator to deformed conditions as to be able to exercise its action
again after heating is defined “rearm”. The rearming element can be an additional component
(a weight, a spring, a second SMA element, etc.) or the system can be directly sized so that the
structure itself (object of the actuation) provides the rearming force.
An alternative for the cyclic action can be the use of the so-called two-way shape memory effect
(TWSME), in which the alloy remembers both the shape in the austenite phase in heating, and
a different shape in martensite phase in cooling, in contrast with the one-way effect in which
only the first is remembered by the SMA when heated. This effect is very interesting due to the
chance of overlooking the rearm mechanisms, but presents some critical aspects. The main,
concerning the system design, is related to the lower force two-way shape memory effect
develops compared to the one-way effect and it is lower stability under cycling. Such limitations
impose a careful evaluation of the system requirements. Another issue, more focused on the
material itself, is that it has to be imparted to the actuator, being the one-way effect the only
one intrinsic in the SMA. To obtain the two-way effect, the element has to undergo a training
treatment, consisting in thermo-mechanical cycles, in order to induce lattice defects and/or
precipitates, which constrain the formation of specific variants of martensite during the
transformation, thus giving a particular shape to the sample even in the cooling phase, as well
as in heating [1].
As mentioned, the peculiar properties of SMA allowed their use as actuator elements, thermally
activated, avoiding complex mechanical mechanisms, therefore virtually free from faults, wear
and malfunctions. SMA are considered of great interest in the space segment, thanks to the
attitude to mechanical simplicity and reduced system dimension and weight enabled by the high
energy density provided. An application already qualified for space is that of the “low-shock”
release mechanisms, designed to solve the problem of breakages caused by pyrotechnic ones,
thanks to the abilities to be operated slowly, with gradual heating, and to absorb vibrations. An
example of such devices is the Frangibolt ([2], debut on board the Clementine satellite, 1994),
others are QWKNUT [3], Micro-Sep-Nut [4], Rotary Latch [5] and others designed as
separators for the launch or re-entry [6,7]. Many other potential applications have been explored
and used in prototypes or space demonstrators. Most of them refer to the actuation by shape
memory effect of various components of spacecraft, for their deployment,
positioning/orientation or morphing. To name a few, the easier systems go from the simple
deployment of solar collectors/panels/flaps/vanes, radiant panels or antennas [8–14], to the
morphing of antennas, radiators and gossamer structures [15–20]. More complicated solutions
are the devices for the movement of complex mechanisms such as the legs of a planetary
explorer [21] or systems to orientate the thrust [22], also taking advantage of the two-way effect
[23]. The Mars Pathfinder mission in 1997 included a SMA actuator (rotating arm for MAE,
material adherence experiment) which was used to rotate a dust-guard panel from a specific
region of a solar cell in order to study the power loss linked to the deposition of dust on the
panels [24].
The main part of these applications rely on SMA in the form of thin wires or bars (often wrapped
as springs) strips or plates and the actuators usually work in tension, thus take advantage of the
maximum force expressible by the material. In this work, we want to develop a tube-based
SMA hinge. This kind of morphology still presents some aspects to be investigated (such as
anisotropy), and it is subjected to stresses not commonly used, such as bending and torsion
[10,13,25].
SMA become even more interesting when taking advantage of their ability to react directly to
environmental stimuli. SMA properties can be used also to realize sensors, to acquire
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information (temperature, deformations or stresses) by measuring the changes to the properties
of the material (typically the resistivity) that occur during the phase transformation. This also
makes it possible to implement actuators that also include the sensor function [26].
The mechanism piloting the SMA activation assumed in the proposed solution is a fluid flowing
inside the tube and undergoing a temperature change (e.g. considering radiative panels). So, the
use of SMA tubes as hinges for deployment in low-gravity environment gives not only the
possibility to obtain large displacements avoiding critical stresses, but also to use the working
fluid itself as a thermal source for activation, without the need of using additional energy
sources. This can be achieved if the panel opening can be synchronous with the temperature
change and if this change overcomes Af, therefore triggering the activation/recovery.
Otherwise, actuation by Joule effect can be evaluated (in this case, the conductivity of the
circulating fluid and the possibility of electrically isolate the SMA tube section from the
remaining part of the circuit need to be evaluated) or by Hall effect (in this case evaluate the
magnetic induction effect and the space needed for the spirals).
In this work, it is therefore proposed an initial evaluation of the feasibility of a smart hinge, in
which SMA tubes constitute a portion of a circuit and are potentially capable of being displaced
by the effect of the circulation of working fluid at a suitable temperature. Since this paper is
intended to prove the working concept, no specific constraints are still given for not the material
nor the mechanism and all the design parameters are self-given based on aptness evaluation.
2 MATERIALS AND BASIC CHARACTERIZATION
To date, the NiTi family of alloys exhibits the best functional properties and it is able to
withstand high stresses and can recover deformations close to 8% for use with low number of
cycles or up to about 3% for a high number of cycles. NiTi alloy also has other advantages in
terms of corrosion resistance, fatigue resistance and biocompatibility, thus making it the
preferred material system for most SMA applications considered today [27]. NiTi tubes are
commercially available with different diameters (from 0.1 mm to 20 mm and above) and with
both pseudoelastic features (Af < room temperature and martensite phase stable at low
temperatures) and shape memory (Mf > ambient temperature and activation temperature over
60 °C). Nonetheless, some of the main applications for SMA tubes are in biomedical field, in
particular as initial semi-finished product for stent production. For this reason, most of the easily
available products have diameters between 2 and 3 mm and pseudoelastic behaviour. Usually,
SMA prepared for actuation possesses a thermal hysteresis below 50 °C, so that the change in
temperature needed to activate can be easily managed through Joule heating. However, even an
alloy with pseudoelastic behaviour can be used to obtain actuation, inducing rearm at low
temperatures (T < Mf) and achieving activation at room temperature (T > Af).
Since the operating temperature range for this work has not yet been defined, as well as the
diameter of the elements of the possible circuit, the experimentation has been started on
precursor tubes for stents, produced by Minitubes.
To assess transformation temperatures and behaviour, DSC tests have been done on a portion
of tube. After cutting a portion of tube using a trimmer with abrasive blade, it has been further
reduced to small pieces to increase the heat exchange surface. Figure 1 shows the DSC curves
of the as received SMA tube with complete cycle and a partial one highlighting the
rhombohedral phase. The upper part of the curve is the cooling ramp and displays two distinct
peaks associated to the two-step transformation: austenite (B2) - rhombohedral (R) - martensite
(monoclinic B19’). The R-B19’ transition is fully developed, thus assessing Mf around -100 °C.
In the lower part, the peaks are partially overlaying, so a partial cycle is performed in which
only rhombohedral phase is formed from austenite and then only R-B2 transition is highlighted
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in heating. According to DSC results, the Af temperature is around 20 °C. This result is
consistent with the purpose for which the tubes are produced. Laser cutting and subsequent heat
treatments will then provide the correct actuation temperatures for stent opening at body
temperature.

Figure 1 - DSC curve and transformation temperatures

With SEM observation, wall thickness is measured on a section, cutting a piece of tube. Outer
diameter is 1.8 to 1.9 mm and wall thickness results 0.24 mm ±10%. SEM images show also
the presence of many precipitates and a texture of the material, highlighting the imperfections
induced in the cold drawn tube.

Figure 2 - SEM images of a section of the tube.

Tensile mechanical tests are also performed at room temperature (range 20-25 °C inside a
thermal chamber) to assess the austenite behaviour. With a MTS tensile testing machine
equipped with a 10 KN load cell, a first tensile test is performed up to 8 % deformation. The
test is carried out with strain control and a deformation rate of 4 %/min. Then, a second test is
performed on the same sample in the same test conditions, until reaching fracture. The upper
mechanical resistance (loading plateau) and lower (unloading plateau) are respectively
465 MPa and 160 MPa at 4% strain and the residual deformation results 0.13 %. Failure occurs
at 1287 MPa ultimate tensile stress and 12.6 % elongation. Austenite and stress-induced
martensite elastic moduli are respectively 67.8 GPa and 26.2 GPa.
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3 PRELIMINARY DESIGN OF THE HINGE
Since here the concept only is analyzed, without yet being limited by the application, different
configurations can be taken into account the characterized tubes are used and a space
application on a reduced dimensional scale has been hypothesized. In particular, it has been
considered to open the shorter side of a 12-Unit cubesat. Cubesats are a class of research
nanosatellites built to standard dimensions (Units or “U”) of 10 cm x 10 cm x 10 cm, so a side
200 mm long is available for the smart hinge.

Figure 3 - Scheme of standard cubesat Unit and 12U configuration

3.1 Bending hinge
The active SMA component is part of the circuit and consists of a series of tubes positioned in
the corner between the main structure and the movable panel to be opened. Each tube is
annealed in a straight shape and then bent before installation at 90° with an appropriate radius
of curvature so as not to induce permanent deformations. This solution is interesting because is
applicable both to loop circuits (one inlet and one outlet) and to multiple-circuit system. Since
the movement is achieved with minimum stress (in a low-gravity environment the only force
to be overcome would be the friction of the mechanism), the only driving parameter is the strain,
which is the same in each tube, independently from their number. The two ends of each tube
need to be constrained with the aluminium tubes of the circuit and bound to the panels (one
fixed supporting other satellite equipment, the other movable to be opened). When activated,
each SMA tube accomplishes a free recovery at zero force, which brings it back to the
memorized straight position aligning the panels. To avoid the risk of incomplete opening, the
tube can be initially annealed with a slight bending opposite to that of installation.
Movable panel

Fix panel

(a)

SMA Smart
hinge

Thermal circuit

(b)
Figure 4 - Schematic drawing of the main components of the bending hinge
a) armed and b) activated

The strain achieved with this bending configuration can be evaluated as the ratio between the
outer radius of the tube and the bending radius (Figure 5). The maximum recoverable
deformation limits the bending radius and therefore the minimum size of this configuration:
𝑅𝑏 > 𝑟𝑒 ⁄𝜀𝑒 𝑀𝑎𝑥 .
Admitting a maximum deformation of 4 % (reasonable value for the strain to be easily
recoverable by NiTi SMA without excessive reduction of performance over cycling) and
assuming 0.9 mm as external radius, the minimum bending radius results 22.5 mm, which
results in a small space needed for the hinge. Nonetheless, increasing the tube diameter, this
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space grows and may become a crucial aspect to consider for the design when diameter of the
tubes will be an input coming from the circuit.

Figure 5 - Bending strain formulation

3.2 Torsional hinge with passive segment
Also in this case, the active smart hinge is an integral part of the hydraulic circuit, but is
composed of one tube only, positioned with the longitudinal axis along the side between the
structure and the movable panel (i.e. along the axis of the hinge, see Figure 6). In this case,
since the SMA tube lodges the entire length of the side, it cannot be applied to a multiple-circuit
system, but the circuit must necessarily be a loop circuit, with one inlet and one outlet.
Fix panel

(a)

Passive segment

SMA Smart
hinge

Movable panel

Thermal circuit

(b)
Figure 6 - Schematic drawing of the main components of the torsional hinge with passive segment
a) armed and b) activated

The “S” shape has been designed to prevent the torsion of the SMA tube from directly forcing
to twist the mechanical connections to the circuit with the consequent risk that the connectors
would slip during actuation and rearm. The two lateral shorter sections instead, are not subject
to torsion and rigidly rotate, keeping the connection with the circuit fixed (Figure 7).
Central straight section
subject to torsion

a)

b)

Lateral shorter sections
rigidly rotating

Figure 7 - Schematic drawing of the SMA hinge in the configuration a) armed and b) actuated

The active length of the tube is therefore only the central straight section. Two space constraints
are assumed: first, that the maximum distance between inlet and outlet is 150 mm (on the
200 mm width of the panel) and second that the minimum distance between two adjacent
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sections of the circuit is 25 mm. With these two constraints, the total length available for the
SMA element results 100 mm. Considering a bending radius of 10 mm for the two lateral
shorter sections, the torsion length results 80 mm.
The tube will be annealed in the S-shape in a flat position (actuated configuration) and then
twisted before installation (armed configuration), levering on the ends of the central straight
section, so that the total angle of rotation between the sections (Φ) is 90°. When activated, the
imposed torsion is recovered brings it back to zero torsion angle, aligning the panels. The shear
strain γ achieved with this configuration can be evaluated as a ratio between the external radius
and the length of the tube, multiplied by the total torsion angle (Figure 8). With the supposed
values for the geometry, γ results 1.77%, well below the limit of 4% assumed as strain
maximum value, easily recoverable from the NiTi without excessive reduction of performance
over time.

Figure 8 - Torsional strain formulation

This configuration for the SMA smart hinge requires the presence of a passive element to close
the circuit. When activated, the tube must win only the resistance of the flexible passive
segment. Therefore, is necessary for this configuration to evaluate thoroughly the possibility of
using flexible material suitable for the space environment, so that the SMA can perform free
recovery at near-zero force.
3.3 Torsional antagonist hinge
A second option considered that uses torsional movement is based on a couple of SMA tubes.
Since the available length allows obtaining high rotation angles for small-diameter tubes, it is
possible to design an antagonist system, based on two tubes. One will be annealed with a
positive 90° rotation between the sections and the other with a rotation of the same amount but
in the opposite angular direction. In this way, while the first is activated to open the panel, the
other half is passive and is armed; then the functions are reversed and the second is activated to
close the panel leaving the other passive. In this case, recovery force is not zero, but must
express the force necessary to twist the passive tube, following the butterfly-shaped stress-strain
behaviour [21].
As previously, the same spacing constraints are assumed: maximum distance between the inlet
and the outlet = 150 mm and minimum distance between two adjacent sections of the
circuit = 25 mm. In this way, a particular shape for the circuit is mandatory and the maximum
length of the central straight sections of the tubes results 30 mm. The torsion strain γ achieved
with this configuration, evaluated as expressed in Figure 8, results 4.71%, more than the
accepted limit.
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Fix panel

(a)

SMA Antagonist
Smart hinges

Movable panel

Thermal circuit
(b)
Figure 9 - Schematic drawing of the main components of the torsional antagonist hinge
a) armed and b) activated

Although the solution of the antagonism is an interesting method for rearm, the shorter available
length is a limiting drawback. Moreover, the actuation does not take place at zero stress, but
there is a finite force to win the second actuator, acting on half of the panel with consequent
risk of misalignment of the opening. Finally, it becomes difficult to use the fluid to trigger the
actuation, because it is necessary to have an alternate temperature change with two different
temperatures.
3.4 Other design aspects
If the system has to be designed to close the panel too, the rearm method becomes a very
important design point. The bending configuration also can be designed to have an antagonistic
system, but with similar disadvantages. Otherwise, the simpler solution is an ancillary system
dedicated to close the panel, which may also be a SMA element (a spring for example) or a
more traditional system. The dimensioning of the rearm system has to guarantee to impose
enough force to re-deform the SMA in the initial configuration, possibly at low temperature,
when its resistance is lower. If, on the other hand, one wants to obtain only one deployment, a
valid alternative to the use of the shape memory effect is the use of the pseudoelastic one. In
that case, the SMA tubes are needed to have an Af temperature below the operating
temperatures, so that it is forcedly maintained in a deformed situation by a fixing mechanism,
which is then released to allow recovery of the SMA tube.
The integration of SMA tubes in the system requires also adequate selection of the fitting
system with the remaining portions of the circuit. The ends of the tube will be mechanically
connected (NiTi welding is very difficult and less secure in terms of sealing) with the
aluminium tubes of the circuit. Additionally, some parts will have to be constrained with a slight
mechanical play on the panel (e.g. with hose clamps), to keep the axis of rotation fixed and
avoid instability and therefore misaligned rotations.
4 TORSION RESULTS
To deepen the possibility of the torsion solution, some preliminary tests are carried out to
evaluate the applicability of the stent tube. A first test carried out to analyse the torsion
behaviour has been a set of loading-unloading cycles at constant temperature with an Instron
machine for dynamo-mechanical tests.
At −30 °C and −50 °C the classic stress-strain behaviour of the martensitic and rhombohedral
phases is observed, i.e. an unrecovered detwinning after unloading (however reversible with
temperature increase), still present partially at +10 °C. At +30 °C, +50 °C and +70 °C the flaglike behaviour of austenite to stress-induced martensite can be identified, even if the
1 2

transformation does not occur at quasi-constant force - as in the case of tension - but there is a
slight slope of the pseudo-elastic section. Above 90 °C, the material is more than 70 °C above
Af, therefore an increased slope of the pseudo-elastic section in the transformation phase and a
non-complete closure of the hysteresis cycle with unrecovered residual deformation are seen,
indicating that the material starts to present dislocations and internal defects due to plastic
deformation.

Figure 10 - Torsional loading-unloading curves at different temperatures

In order to analyse the behaviour even at lower temperatures and perform a strain recovery test
it has been necessary to cool to lower temperatures. For this purpose, dedicated equipment has
been designed to twist the tube inside a thermal chamber in which to flush liquid nitrogen.
The torque force is applied through a steel cable wrapped around a pulley to which weights are
hung. The force imposed by the weight multiplied by the pulley radius gives the value of the
torque force transmitted to the tube. A MISUMI pulley has been purchased, with diameter of
the primary circumference equal to 95 mm, so to impose about one kN∙mm hanging 1 kg
weight. The shaft diameter of this pulley is 8 mm. The SMA tube is constrained by two
Swagelok fittings with first connection size = 2 mm and second connection size = 1/4 in. Since
Swagelok were not available with conversion from 2 to 8 mm, those that were closest have been
selected, then two steel tube have been shaped on the lathe to link the 1/4 in Swagelok
connection to the 8 mm pulley shaft. These two tubes have been supported by two T-shaped
MISUMI shaft supports with slit. On the pulley side, one 20 mm long support with 10 mm hole
diameter is used, to house a PTFE brushing. On the opposite side, a 14 mm long support with
8 mm hole diameter tightly fix the steel tube. The total torsion angle is measured graphically.
A graduated protractor has been applied to the pulley, so that, by taking frontal photos or videos,
it is possible to measure the angle in pixels and then convert it into degrees. The temperature is
also monitored locally by applying a thermocouple to the SMA tube. The equipment can be
adapted to any length, but in this case, a 140 mm long pipe section has been tested. A minimum
load is given by the weight of the hanging system that is about 11 g equal to 10.25 N∙mm torque.
A limitation of this set-up is that the force is not measured directly on the tube, so it is not
possible to evaluate any play and sliding of the gripping system.
The shear strain value can be calculated from total rotation angle with the formula already seen
(Figure 8), while the shear stress, τ, is given from the torque multiplying by the external radius
and dividing by the polar moment of inertia of the tube.
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Figure 11 - Dedicated equipment designed to twist the tube inside a thermal chamber

To validate the assembled system, load tests have been carried out first in the two stable phases,
whose behaviour is already known from Instron tests, giving a reference to identify inaccuracies
due to the equipment. In both cases up to 465 g were applied, therefore for the martensitic phase
(−50 °C) the loading stage has been analysed including the transformation phase, while for the
austenitic phase (+25 °C), only the first elastic elongation has been applied. From the
comparison, it appears that the loading system works correctly and that the rotation of the tube
is very close to the graphical measurement of the pulley rotation (Figure 12). Therefore, from
the shear stress/strain ratio the shear moduli have been obtained that result GA ≈ 39 GPa and
GM ≈ 17 GPa.

Figure 12 - Comparison between torque loading-unloading tests performed on Instron and the acquisition made
with dedicated equipment. Martensite (−50 °C) on the left and austenite (+25 °C) on the right

During these tests, to obtain the martensitic phase at zero load, the sample has been first cooled
down to −120 °C to overcome Mf and then heated up to −50 °C, thus stopping before the
backward transformation (see graph DSC, Figure 1). During this operation, it has been noticed
that the tube spontaneously made a rotation. This suggests that the stent tube has a two-way
effect, probably due to the precipitates and the dislocations induced by cold drawing.

Figure 13 - Strain recovery cooling-heating cycle with the minimum applicable stress of 12.6 MPa

Figure 13 shows a strain recovery graph obtained through a complete cooling-heating cycle
with the minimum applicable weight, which causes a minimum stress of 12.6 MPa. The
1 2

maximum rotation recovered is about 290°, corresponding to 3 % strain. It can be noticed that
the contribution of the transformation R ↔ M is very small compared to that of the A ↔ R one,
therefore it is possible to work between these two phases, therefore having to impose a much
lower temperature change with consequent advantages in terms of efficiency and control.
5 CONCLUSIONS
This work aims at design and evaluate a smart-hinge based on the rotation of a SMA tube
activated by the internal circulation of a fluid warmed at a suitable temperature. Since no design
constraints are still defined, the experimentation has been started on precursor tubes for stents,
produced by Minitubes due to the purchasing easiness. The outer diameter of these tubes is
1.8 mm and the wall thickness 0.24 mm. With such small tubes, all configurations are within
acceptable deformation limits, nonetheless, the configuration considering a torsional hinge with
passive segment seems to be the most promising solution, because allows reducing the strain in
the tube, thus having a greater margin to increase the diameter of the piping of the circuit or to
apply the solution to more reduced spaces. In addition, an S-shape provides a means to prevent
the movements of the SMA tube from disturbing the rest of the circuit or causing the joints to
slip. For these reasons, this solution is valued as the most interesting, and then some preliminary
tests are carried out to evaluate the applicability of the stent tube to this solution. Torsion tests
show that huge rotations are obtainable with low strain/stress levels and then highlighting their
suitability to the 90° deployment of a radiating panel of a small satellite. Moreover, the presence
of the R phase may allow using the tube with shape memory effect exploiting the transformation
from austenite to rhombohedral, thus relaxing the constraint of reaching too low temperatures
and obtaining a small thermal hysteresis necessary for the actuation-rearm cycle. The
appearance of a two-way effect (TW-SME) in the tube also suggests exploiting this possibility.
Despite the two-way solution, it is less stable for cycling. However, if the system works indeed
at near-zero force (the TW expresses minor forces) and if the opening/closing cycles are few,
then this possibility can be assessed. The work will include the following phases: the feasibility
with higher dimensions of the piping section of the circuit, the mechanical design of the
integration of SMA tube in the system (circuit connection system), the evaluation of the
effectiveness of the internal fluid heat as an actuation mechanism, as well as further study of
the two-way effect found in the tubes and an evaluation of the possibility of using it to actuate
the smart hinge despite the limitations already mentioned.
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ABSTRACT
An efficient regulatory framework for suborbital commercial operations is essential to foster
the New Space Economy. Regulation should ensure safety of third parties and of people onboard by minimizing risks at acceptable levels. In the US safety is primarily ensured for
uninvolved public, participants being requested to sign an informed consent about the risks
to fly on-board a non-certified vehicle. In Europe there is enough consensus about the need to
establish requirements to reduce the risks for occupants involved in commercial flights “as
low as reasonably practicable”. Traditionally, aviation safety is ensured by certification and
prescriptive requirements, though recently General Aviation and the UAS sector have moved
toward performance-based approaches for better regulation. Suborbital vehicles are
characterized by challenging technical issues and by a variety of architectures to cope with,
and therefore prescriptive approaches would be impractical in the near/mid-term. The
operation-centric/performance-based approach to safety, described in this paper, is
considered a viable alternative option. It pivots towards the development of a set of high-level
objective requirements covering all the aspects potentially affecting safety: design,
production, maintenance, operations, crew skills and training, medical issues. These objective
requirements will have to be complied with by means of industry consensus standards or
specific risk assessments.
Keywords: Occupants safety, performance-based, suborbital.
1

INTRODUCTION

An efficient and flexible regulatory framework for commercial space, which includes both
orbital and suborbital operations, is essential to allow and foster an equitable and sustainable
development of the New Space Economy. Regulation should ensure safety of third parties on
ground and in the air as well as safety of people on-board by minimizing the risks at levels
deemed acceptable by the society. Occupants safety is differently treated by the US regulation
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and the European emerging one1. In US, for the time being, occupants safety is not primarily
granted by the current regulation that requires the participants to sign an informed consent
about the risks to fly on-board a non-certified space vehicle or suborbital vehicle [14]. In
Europe there is enough consensus among the involved National Authorities about the need to
establish requirements for reducing the risks for humans on-board to an acceptable level, at
least for commercial operations. Traditionally, aviation safety is ensured by implementing a
certification system based on prescriptive requirements. In particular, aircraft design is
certified against detailed requirements (called “airworthiness standards”) like the EASA
Certification Specifications (CSs) or the FAA Federal Aviation Rules (FARs) derived from
the high level provisions of ICAO Annex 8 [8]. Recently, aviation regulators have been
moving toward the new performance-based approach for General Aviation (GA) and
Unmanned Aircraft Systems (UAS) with the recent “New Generation” CS/FAR 23 [9,11] and
the upcoming JARUS CS-UAS [16]. With respect to a complex GA aircraft, a suborbital
vehicle is characterized by new specific hazards to be coped with, namely dealing with,
among others: high altitude/space navigation; rocket propulsion reliability; high temperature
structures and materials; fatigue and damage tolerance; aero-thermo-elasticity; extreme
environmental conditions; rapid decompression at high altitude; cabin-safety and habitability;
emergency egress and crashworthiness; command & communication link; trajectory
monitoring & tracking; integration or accommodation of the flight within the airspace.
Taking into account these additional issues and also the large variety of system architectures
that will emerge, a prescriptive approach to safety regulation, directly derived from the
traditional aviation rules, would be impractical in the near and mid-term. On the other hand,
an operation-centric, performance-based approach to safety may be a viable alternative. It
pivots towards a set of high level objective-requirements encompassing every aspects related
to safety, such as: design, production, maintenance, operations, crew skills and training,
occupants and crew medical issues. These objective requirements will have to be complied
with by means of industry consensus standards and/or by specific risk assessments
encompassing the entire suborbital system.
2

SUBORBITAL OPERATIONS

2.1

Definition and nature of suborbital operations

According to the current understanding2, suborbital operations may be considered as Higher
Airspace Operations (HAO) carried out in the portion of airspace above Flight Level 600
(FL600)3, until an altitude of around4 100 km. Following a functionalist approach [1] orbital
(or space) operations are those operations whose aim is to put (or inject) a space object [5]
into an orbit able to circle the Earth5 or to escape from the Earth6, while suborbital operations
would be those operations where a vehicle follows a ballistic trajectory7, at least in one phase
of flight, with no aim to put a space object into an orbit able to circle the Earth or to escape
from the Earth. As such, a suborbital operation would not be a special type of space
operation.
1

In particular in Italy and UK
According to the “Technical briefing paper on higher airspace operators” issued in preparation of the first
European Higher Airspace Operations Symposium, Brussels, 2 April 2019, a suborbital spaceplane operation can
be considered as an HAO.
3
FL600 corresponds to an altitude of 18288 m (60000 ft) above the mean sea level (AMSL).
4
Even though this limit is not legally defined and it is just considered as a practical reference.
5
Namely a close orbit whose perigee is above the Earth’s surface.
6
Namely an hyperbolic orbit.
7
Namely an elliptical trajectory (often very well approximated by a parabola in the neighbourhood of the
apogee) whose perigee lies inside the Earth’s surface; in other words, that intersects the Earth’s surface.
2
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2.2

Suborbital Vehicles vs Space Vehicles

From a regulatory point of view a suborbital vehicle, either manned or unmanned, can be
defined as a single-stage or multi-stage vehicle whose Instantaneous Impact Point (IIP)8 does
not leave the Earth’s surface and at least a stage of which can follow a ballistic trajectory,
where the vehicle is not able to develop sufficient aerodynamic forces to significantly affect
or control the flight (free ballistic flight). A suborbital vehicle can be used either within a
suborbital operation or within an orbital one9. The above definition does not use any engine
definition, therefore it allows for some vehicle’s stages to be powered by an air-breathing
engine like a traditional aircraft. A winged10 vehicle, rocket-propelled in whole or in part, able
to derive lift from the reaction of the air when it transits through sufficiently dense layers of
the atmosphere, and such that the thrust of which is greater than its lift for the majority of the
rocket-powered portion of its ascent, may be called a spaceplane11. A spaceplane can be an
orbital vehicle, a suborbital vehicle or a stage thereof. An essential character of a spaceplane
is to be a rocket-propelled vehicle able to derive lift from the atmosphere.. In case of a singlestage vehicle, a suborbital vehicle must be spaceplane.. According to these definitions an
horizontal take-off and landing vehicle system like Virgin Galactic’s White Knight Two /
Space Ship Two can be considered as a whole a suborbital vehicle, while the Space Ship Two
can be considered as a spaceplane. From a regulatory point of view the payload on-board a
suborbital vehicle is any item, equipment or part embarked or installed, which is not essential
for conducting the flight but which is needed to perform a service within the mission, and it is
considered part of the vehicle configuration to be approved.
2.3

Suborbital System

We will also define the suborbital system as all the ground and flight elements needed to
safely and securely carry out a suborbital operation. It includes the suborbital vehicle, the
launch/take-off and re-entry/landing site infrastructure (the spaceport) along with any
essential service infrastructure. It may also include the payload integration infrastructure.
3

REGULATORY APPROACHES

The regulatory approach in different Countries reflect different needs, risk perceptions and
societal risks acceptability. As said, while in the US only the safety of uninvolved general
public on ground and in the air is regulated12, in Europe the tendency is also to protect people
on-board, seeking for a minimum level of protection that the States should ensure by
authorizing the operations.

8

According to [13] IPP means an impact point, following thrust termination of a vehicle, calculated in the
absence of atmospheric drag effects.
9
E.g. a suborbital vehicle that, at a certain point of its trajectory, releases a rocket stage to put a space object into
an orbit could be considered a as a suborbital vehicle which carries out an orbital operation.
10
Or, in any case it must be capable do derive lift from the atmosphere, like e.g. a lifting body. This property
makes a spaceplane an aircraft according to the ICAO definition of aircraft. See aircraft definitions given in [8].
11
This definition of spaceplane basically follows the US definition of Suborbital Rocket [13]. Suborbital
rocket means a vehicle, rocket-propelled in whole or in part, intended for flight on a suborbital trajectory, and the
thrust of which is greater than its lift for the majority of the rocket-powered portion of its ascent..
12
According to the FAA-AST website [22], “The mission of the Office of Commercial Space Transportation is
to ensure protection of the public, property, and the national security and foreign policy interests of the United
States during commercial launch or reentry activities, and to encourage, facilitate, and promote U.S. commercial
space transportation.”. Moreover, according to [12], Section 460.45(b) “An operator must inform each space
flight participant that the United States Government has not certified the launch vehicle and any reentry vehicle
as safe for carrying crew or space flight participants.”
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3.1

Risks structure

The risks associated to a suborbital operation can be classified as follows: (i) risks for people
who are not on-board the suborbital vehicle (either involved or not involved in the operation),
namely people on ground, in the air (other airspace/space users) and at sea; (ii) risks for the
occupants on-board the suborbital vehicle (both flight crew and other participants); (iii) risks
for critical infrastructures; and (iv) risks for the environment (noise and emissions).
3.2

The issue with the traditional aviation approach

The traditional certification approach used in civil aviation is based on prescriptive regulation
that allows operations only when each part of the system obtains the relevant certification
issued by a competent Authority. As far as the aircraft design is concerned, this requires the
development of detailed certification standards along with a well-defined minimum level of
safety, often expressed in a quantitative way. In this paper we will refer to the level of safety
associated to a certain standard, either in terms of safety objective or in terms of safety targets.
A safety objective may be understood as the minimum level of safety accepted by the society
for an operation and, when translated into numbers, it is usually expressed as the maximum
accepted probability that a catastrophic event may occur, per flight or per flight hour (FH),
due to any possible cause. The causes of a catastrophic event may be either technical related
(like a failure of a system or a failure of a primary structural element) or they may be
operation related (like human errors or exceptional unexpected weather conditions). On the
other hand a safety target is the maximum probability of failure per flight hour of a vehicle
system, due to technical causes. Because an aircraft is typically composed by many different
systems the failure of which could lead to a catastrophic conditions, the probability of failure
of each system contributes to the overall aircraft probability of catastrophic event. For this
reason the safety target must be sufficiently lower enough than the safety objective. In the
time period of the last two decades, the General Aviation (GA) in US has reached a safety
level given by a figure of about 1.5 ∙ 10&' catastrophic event per flight hour [17]. This figure
is also representative of a catastrophic event per mission (or per take-off) because the average
duration of a GA flight is 1 hour. Therefore the figure of 1.5 ∙ 10&' per flight can be
considered a good safety objective for GA. This achievement – as those of other sectors in
civil aviation – has been the result of the application of detailed prescriptive technical
regulations such has the EASA Certification Specification (CS) CS-23 in Europe or the FAA
Federal Aviation Rules (FAR) FAR-23 [10,12] in US. The guidance material13 [15] for the
requirement FAR/CS 23.1309, requires to meet specific catastrophic safety targets for the
systems of an GA aircraft ranging from 10&( / FH for Single Reciprocating Engine (SRE)
aircraft to 10&) / FH for Multi Turbine Engines (MTE) aircraft (Table 1). Assuming that a
spaceplane may have a complexity (i.e. number of critical systems) similar to a MTE airplane
and even downgrading (with respect to 1.5 ∙ 10&' ) the overall safety objective to 10&*
catastrophic events per flight, as proposed in [18], the safety target associated to critical
systems may be in the order of 10&+ / FH depending on the complexity of the spaceplane. To
understand how this figure may be derived we will formalize below the typical reasoning
carried out in civil aviation to this aim.

13

The so called “Acceptable Means of Compliance” (AMC) for the CSs and “Advisory Circulars” (AC) for the
FAR s .
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Aircraft class
I
II
III
IV

Aircraft class description
SRE with MOTM ≤ 2722 kg
MRE, STE, MTE with MTOM ≤ 2722 kg
SRE, STE, MRE, MTE with MTOM > 2722 kg
Commuter

Catastrophic system safety target
(probability/FH)
10&(
10&+
10&)
10&,

Table 1: General Aviation aircraft system’s safety targets (maximum failure rate, or probability per
FH) for a catastrophic failure of a system. SRE = Single Reciprocating Engine aircraft; MRE =
Multiple Reciprocating Engine aircraft; STE = Single Turbine Engine aircraft; MTE = Multiple
Turbine Engine aircraft [15]

Let us consider the following events in the probabilistic meaning, namely as propositions that
may be either true or false: E = {a catastrophic event occurs within a mission}; T = {at least
a catastrophic system failure occurs}; T|E = {a catastrophic event occurs in a mission due to
a technical cause}={at least a catastrophic technical failure occurs, given a catastrophic
event has occurred}. By definition if T occurs then a catastrophic event (e.g. an accident)
occurs; this means that T implies E:
T⊂E

(1)

The above condition (1) also implies that
-./0 = -.2 ∩ /0

(2)

Let us also assume that a spaceplane may have a number n=100 different catastrophic
systems failures (being a complex vehicle) 56 ={the i-th catastrophic system failure occurs}
.7 = 1, … , :0. We will assume that each 56 may have a probability to occur no greater than p
and that this probability is very low (which is typical in aviation where systems are designed
for reliability):
-.56 0 ≤ < ≪ 1 , ∀ 7 = 1, … , :

(3)

It also clear that the event T may be expressed as the logic sum of the 56 events, as
/ = ⋃6!" 56 = 5" ∪ … ∪ 5

(4)

Now let us assume a safety objective <$%&' = 10&* for the spaceplane, such that we will
have the following requirement:
-.20 = <$ ≤ <$%&' = 10&*

(5)

Then let us assume, according to the historical civil aviation statistics, that only 10% of the
catastrophic events is due to technical causes, therefore we may set:
-./|20 = <)|$ = 0.1

(6)

Now by applying the inclusion-exclusion principle [3] and taking into account that according
to (3) the probabilities are small, we will have:
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-./0 = -.⋃6!" 56 0 ≅ ∑6!" -.56 0 ≤ : ∙ <

(7)

According to the compound probability theorem [3] and taking into account (2) and (7) we
can finally write:
-./0 = -.2 ∩ /0 = -.20 ∙ -./|20 = <$ ∙ <)|$ ≤ : ∙ <

.80

Now, using the (8) and imposing the requirement (5) we obtain a limiting condition on the
maximum probability of failure p:
<$ ≤ : ∙ <⁄<)|$ ≤ <$%&'

(9)

form which we finally obtain our condition on the system failure probability p, assuming a
complexity of n = 100 and taking into account the assumptions (5) and (6):
< ≤ <$%&' ∙ <)|$ ⁄: = 10&* ∙ 10&"⁄10. = 10&+ = <%&'

(10)

In conclusion the safety target for each system catastrophic failure is <%&' = 10&+
catastrophic failures per flight or per FH. Even though such type of figure could be achievable
for certain systems or structures, it may be unrealistically low, and thus impractical, for others
spaceplane critical systems like the rocket motor and its installation, which are characterized
by an intrinsic low reliability. As a matter of fact, the Space Shuttle operations got a
catastrophic rate per mission greater than 10&. and the required safety objective of the NASA
human rated Commercial Crew Programme (CCP) is 10&/ catastrophic event per mission
[19]. While the full certification approach is deemed necessary in the future, especially for
routinely point-to-point (“A-to-B”) transport operations, the adoption of a catastrophic safety
target of 10&+ per FH for all type of spaceplane configurations may be an impediment to the
development of this emerging sector in the near and mid-term. Also it could be an
impediment to gather enough service experience needed for the future improvement of the
regulation. Clearly, the issue with this approach relies on the fact that, because the sector is in
its nascent phase and there are very few reliability and occurrences data, it is difficult to set
appropriate and effective detailed design-related requirements and numerical safety objectives
proportionate for each different type of systems and operations that may emerge in the future.
Nonetheless, there is the need to regulate this type of operations from now.
3.3

The operation-centric and performance-based approach for better regulation

The operation-centric and performance based approach for setting up a regulatory framework
for commercial suborbital operations in the near and mid-term answers to the new EU
principle of “better regulation” [21] that essentially asks to regulate the minimum extent
necessary to reach the objectives of the regulation, in collaboration with the relevant
stakeholders14. The pillars are: flexibility; ability to account for different system
14

“Better regulation means designing EU policies and laws so that they achieve their objectives at minimum
cost. Better regulation is not about regulating or deregulating. It is a way of working to ensure that political
decisions are prepared in an open, transparent manner, informed by the best available evidence and backed by
the comprehensive involvement of stakeholders. This is necessary to ensure that the Union's interventions
respect the overarching principles of subsidiarity and proportionality i.e. acting only where necessary at EU level
and in a way that does not go beyond what is needed to resolve the problem. Better regulation also provides the
means to mainstream sustainable development into the Union's policies ” [21]
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configurations; possibility to reduce the risk acting on both the sides of event’s likelihood
(probability) and severity (consequences); possibility to take into account consensus
standards; possibility to take credit from vehicles, subsystems, parts or equipment already
certified or otherwise qualified against some recognized standard. In this context with the
expression “operation-centric” we mean that the regulator should look at the entire operation
and take into account and control all the foreseeable hazards that can emerge during the
operation, using an holistic approach. This will allow to authorize an operation as a whole15,
without the need of certifying each single element of it, like the vehicle, the organizations, the
pilot etc. With the expression “performance-based” we mean that the regulator does not
define detailed requirements, rather he/she only sets a limited number of qualitative
requirements, which clearly define the objectives to be achieved (and for that reasons they are
referred to as “objective requirements”). Each performance based regulation (PBR) assumes a
certain level of safety associated with it, that is to be implemented by detailed standards. This
means that the PBR is not enough to design, produce, manufacture and operate the system,
without an implementing detailed standards which ensure a level of safety no less than that
associated to the relevant PBR. In the context of the suborbital operation the PBR approach is
specifically suited to address occupants safety issues.
4

PERFORMANCE BASED APPROACH FOR OCCUPANTS SAFETY

4.1

Basic assumption on occupants safety

A manned suborbital flight is a high risk operation for people on-board with respect to the
traditional aviation. Nevertheless it is expected that people will accept the risk against some
benefit. The States (at least in Europe16) normally will not authorize dangerous flight
operations without verifying that the risks for people on-board are minimized as much as
reasonably practicable, by thus ensuring a certain minimum level of safety. In the traditional
aviation, the acceptable level of safety originates from the fact that people continue to fly with
the presently available safety records that may therefore be considered (implicitly) accepted
by the society. On the other hand the regulators will try to continuously increase the level of
safety up to the extent this becomes impractical or highly costly17. Eventually, practicability
and acceptability are the two main criteria used by regulators to set the required level of
safety. A clear description of this process is given in [2]. It is quite clear that the spaceplane’s
occupants cannot benefit of the same level of safety we presently have in aviation, at least at
the beginning. Therefore, the States shall take over the responsibility of adopting a different
approach to safety for people on-board. At PBR level figures and numeric probabilities of
failures will be replaced by qualitative terms (like “likelihood” and “severity”) coming from
the hazard and risk assessment vocabulary. Occupants on-board a suborbital vehicle may be
classified as crew (i.e. flight crew and cabin crew) and participants. The term “participant” is
adopted to make distinction from “passenger”. A passenger is supposed to have only a basic
understanding and knowledge of what he/she will experience in a commercial flight: albeit a
passenger shall have a minimum level of medical fitness, he/she is not medically screened
15

This is, mutatis mutandis, the same approach that has been successfully followed for the authorization of the
UAS operations in the Specific Category [6].
16
This is the position of the Italian Government that in the Address Act for the sustainable development of
commercial suborbital transportation [7], asked ENAC, the Italian Civil Aviation Authority, to build up the
regulatory framework for the suborbital transportation and to define the level of safety for the occupants, aligned
with the state-of-the art.
17
“The normal passenger is almost certain to opt for an high level [of safety], but equally is unlikely to be
prepared to pay excessive fares for the benefit of making a high level [of safety] even higher” [Lloyd p. 27]
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before acceptance and, in addition, no operational training is provided to a passenger, apart
the usual emergency briefing before take-off. On the other hand, a suborbital flight
participant, beside a dedicated medical readiness check, is supposed to attend a minimum
training on this particular kind of operations. A participant not only will share a residual
operation risk with the flight crew (and he/she will be informed on it) but, depending on the
type of suborbital vehicle and phase of operations, the overall mission safety might rely on
his/her behaviour and operativeness.
4.2

Performance-based approach implementation

The approach proposed in this paper to ensure a minimum level of safety for the occupants
on-board a suborbital vehicle is based on the allocation of high level objectives requirements
(at PBR level) to the entire suborbital system, not only to the vehicle. This means that the
level of safety associated with a certain objective requirement can be achieved either acting at
the vehicle level (for example by carefully design the vehicle in accordance with recognised
design standards) or acting at the ground segment level (for example by assigning some
essential functions to the ground control station, such as monitoring of systems and
trajectory). The PBR objective requirements are to be developed and mandated by the
competent Authority by regulation. The PBR may include Guidance Material (GM) that
explains how to develop acceptable detailed standards starting from the objective
requirements. The detailed standards may be developed by the industry or by the
standardization bodies in compliance with the PBR and must then be recognized and accepted
by the competent Authority. When the Authority reviews the proposed standards, new
requirements (referred to as Special Conditions – SC) may be imposed as deemed necessary
to address specific issues, characteristics or unusual uses of the system, if these issues were
not adequately covered by the standard. Once defined a SC become an integral part of the
standard. The Applicant, typically the suborbital operator, may choose to follow a certain
consensus standard to develop and conduct its operation, or may decide to develop a new one.
An applicant can also propose alternative approaches, which provides an equivalent level of
safety to the requirements of the standard. These alternative approaches can be applied as
equivalent of certain requirements and they are referred to as Equivalent Level Of Safety
(ELOS). A consensus standard (possibly complemented with ELOSs and SCs) may be
applied in total or in part. As a matter of fact, it is possible to implement the PBR approach by
three methods: (i) by fully implementing a detailed recognized consensus standards (along
with the related ELOSs and SCs); or (ii) by carrying out a specific operation risk assessment,
implementing the related mitigation measures; or (iii) by using a mixed approach (figure 1).
This would allow enough flexibility to issue operation authorizations in the near and midterm, waiting for the development of adequate consensus standards.
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Figure 1: Different possible approaches for the implementation of the PBR for occupants safety. (a):
The suborbital system fully complies with Authority-recognized standards possibly supplemented by
ELOS (and SCs), which are developed from the PBR; (b) The suborbital system operates under the
conditions and limitations established as a result of an holistic operation-centric risk assessment,
which ensure the level of safety associated to the PBR; (c) mixed approach.

An holistic (or “total”) hazard and risk assessment takes into account all hazards coming from
design, manufacturing, maintenance, operations, training, crew licensing, medical aspects and
it will define appropriate limitations and conditions to mitigate the related risks at an
acceptable low level. As described in [4], the FAA document [20] on human spaceflight
occupants safety, also applicable to suborbital operations, is proposed as one of the possible
baseline for the development of an operation-centric PBR. In addition, taking into account
most of the configurations of the spaceplanes already operative or under development,
carrying up to 6 to 10 people, it seems reasonable to also consider the “New Generation”
performance-based regulation currently in place for the General Aviation in US and Europe
[9,11], along with the upcoming performance-based regulation for the UAS18 [16]. As a
matter of fact, a spaceplane for many aspects can be considered as an aircraft with a rocket
motor flying up to very high altitude (see foot-note 10), therefore a number of design,
production and maintenance issues may be effectively covered by the existing manned and
unmanned aviation regulation, guidance material and best practices. On the top of that, other
specific issues shall have to be considered, namely: rocket motor reliability; supersonic and
hypersonic phases of flight (thermo-servo-aero-elasticity); system-structures interaction; very
high altitude environmental effect (space weather); high accelerations to be withstood by
structures, systems and human body; human life support and survivability (oxygen,
pressurization, etc.); emergency conditions and re-entry (emergency landing and minor crash
survivability); material and structures durability (cycling loads, temperature and humidity,
high differential pressurization, radiation, etc.). Eventually, all these issues must be carefully
addressed either by the PBR and by the detailed consensus standards, or they must be taken
appropriately into account within the holistic risk assessment.
5

CONCLUSIONS

The development of a PBR for the occupants safety ant its implementation through consensus
standards and/or holistic risk assessments will allow the regulator to authorize suborbital
operations in the near and mid-term by applying an operation-centric approach, waiting for
the sector to mature. In the future, a full certification approach will allow commercial point-

18

The JARUS CS-UAS [16] is applicable to Vertical Take-Off and Landing (VTOL) unmanned aircraft with a
Maximum Take-Off Mass (MTOM) up to 3175 kg and to unmanned non-VTOL aircraft with a MTOM up to
8618 kg.
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to-point intercontinental operations able to connect the antipodes of the Globe in a couple of
flight hours. Though, science and technology usually go ahead step-by-step.
6
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ABSTRACT
During the Amadee- mission in the man desert we have established a ground-based
experimental prototype constituted by an inflatable self-erecting tent integrating a fully
automated hydroponic vertical system with ED as a sole source of light for the production of
microgreens . By this prototype, we performed a high-efficiency plant cultivation experiment in
semi-closed environment with the crew busy analyzing overall energy, water, fertilizer
consumption and biomass production. Results achieved were compared with those available in
the current scientific literature on this topic. Analog missions li e Amadee- are field tests of
fundamental importance in evaluating advantages and disadvantages of life support systems
designed to produce food in harsh environments before they could be effectively used in space
missions. The system here developed has made possible the integration of the crew diet , mainly
composed of pre-pac aged foods, with fresh microgreen vegetables providing the correct
dietary inta e of vitamins and other bioactive molecules such as carotenoids, phenolic
compounds and in particular anthocyanins, efficient antioxidant and free radical scavengers,
able to counteract stress adverse effects. During the experiment the effect of photoperiod on
ustard Ruby Strea s (Brassica juncea .), Red abbage (Brassica oleracea var. capitata),
Radish Red Rambo (Raphanus sativus) Amaranth Red Army (Amaranthus cruentus) was
investigated. The data obtained showed that increasing photoperiod duration led to an increase
of fresh weight in all the species, a reduction of the hypocotyl length with the exception of
mustard, the reduction of cotyledon area in mustard and amaranth while an increase in
cabbage and radish.
Keywords: Microgreens, Hydroponic, Extreme Environment, Amadee-18 Mission
1

INTRODUCTION

In February 2018, the Austrian Space Forum, in cooperation with the man Astronomical
Society have conducted in the epler station an integrated Mars analog field simulation in the
Dhofar region named AMADEE-18. Than s to the environmental conditions of the epler
1
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Station, the experimental site have been useful for studying human behaviour in a restricted and
extreme environment, mimic ing life conditions typical of spaceflight or orbiting stations. It is
clear that atmospheric and environmental conditions of the test site are far from being similar
to those of Mars habitat but analog missions are field tests that have physical similarities to the
extremes of space environments for testing in harsh environments before they are used in space
providing data about strengths, limitations and the validity of planned human exploration
operations 1 .
The main aim of the so called Hortextreme pro ect ob ective was the realization of a portable
lightweight fully automated hydroponic system equipped with LED as a sole source of light in
an inflatable self-erecting plant growth facility, climatically controlled and designed by means
of the TRNS S computer code, for the production of high-quality microgreens. In addition,
the effects of two LED light photoperiod regimes on the growth, morphology and nutritional
characteristics were studied with the aim to optimize support to the diet of the mission crew
members. In the facility assembly, robust commercial components have been privileged in
order to minimize the total cost of the pro ect and to guarantee, at the same time, ease in
handling, high reliability and availability of spare parts. All the facilities, the scientific
instruments and the experimental procedures were selected to reduce the number of man hours
necessary for handling, installation and testing. For biometric measurements portable
lightweight multiparameter scientific instruments were selected able to perform real-time nondestructive analysis.
e have focused our pro ect on the production of microgreens that are leafy vegetables
harvested as seedlings, -15 days after germination, highly acceptable by consumers as Ready
To Eat (RTE) food because tender, tasty, visually attractive 2 - 5 . They are promoted by
scientific reports as a highly nutritious and healthy food, being an excellent source of vitamins
and antioxidants in concentrations from 4 to 40 times higher than in mature plants but also
minerals 2 , 6 – 11 . Microgreens are the best candidates for leafy vegetables production in
analog mission, li e Amadee-18, in that they are: i) fast growing ( -21 days) ii) short in height
( -12 cm), adaptable to multitier cultivation rac s iii) performing well under low light intensity
and at a high plant density 10 , 12 , 1 iv) high added-value product because fresh, clean,
nutritious and pesticide free
,
, 11 v) amenable to quality improvement by
environmental control and LED lights 14 – 19 . To counteract stressful conditions, a fresh
supplementation of minerals, antioxidants and vitamins in a diet composed mainly by prepac aged foods will help in maintaining healthy the crew members throughout the mission 20 .
It is well nown that microgreens and in particular rassica and Amaranth species are not only
a good source of minerals such as potassium, calcium, iron and zinc 9 , 21 but also contain
great variety of polyphenols 22 , 2 such as anthocyanins and flavonol glycosides important
bioactive substances for human health 24 able to counteract oxidative stress, with good antiinflammatory properties and antimicrobial activity 25 , 26 .
The microgreen species cultivated for this pro ect were selected to realize a variegate diet and
among those with higher content of vitamins, carotenoids, anthocyanins and organoleptic
characteristics as stated in the literature 6 , 11 , 2 : Mustard Ruby Strea s (Brassica uncea
L.), Red Cabbage (Brassica leracea var. capitata), Radish Red Rambo (Raphanus sativus)
Amaranth Red Army (Amaranthus cruentus).
It is clear that atmospheric and environmental conditions of the test site are far from being
similar to those of Mars habitat, but analog missions are field tests that have physical similarities
to the extremes of space environments for testing in harsh environments, before being deployed
in real space exploration operations providing data about tools, procedures, mental and physical
challenges, strengths, limitations of a real manned mission may face 1 . Nevertheless, it is clear
that the technology tested is helpful to save resources, to reduce need for consumable resupply,
to enhance dietary inta es (highly nutritious fresh food, with best organoleptic characteristic)
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while providing psychological physiological benefits due to the presence of plants in the
habitat.
ur main ob ective was to quantify the number of species of microgreens that could be bred in
a high density shelving system with LED light as a sole source lighting, minimizing photoperiod
duration and energy consumption without detrimental effects on both quality and quantity of
food.
2

MATERIALS AND METHODS

2.1

E perimental site and setup

The setup phase of Hortextreme pro ect started on February , 2018 and finished two days later
while the experimental phase started on February 8 and finished on February 2 . nly one
experiment of the two originally scheduled was realized, due to some delay in the main
container delivery at the experimental site of the epler Station in the man s Dhofar desert
near the southern Marmul outpost. The experiment was conducted in a grow room installed
inside an inflatable self-erecting tent (TAG 42 Plasteco FT S.r.l., Senago, Italy). Inside the tent
two compartments were realized. The first was a wor ing area for all the experimental
procedures and a warehouse area to store all the equipment, while the second was the real
cultivation area inside a light-proof grow room (Fig. 1b.).

(a)

(b)

Figure 1: TAG 42 Inflatable self-erecting tent. (a): Tent with the solar screen on the roof (b)
Hortextreme prototype in the grow room inside the tent.

2.2

Horte treme system description

The prototype is a vertical stac ed growing system with a structure realized with a modular
frame in aluminium profiles divided in two components (Fig. 2): in the first one (at the base)
there is the main watertight S1 tan , made of high-density linear polyethylene (LLDPE)
(Rototec, Lunano, Italy).
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Figure 2: The Hortextreme prototype, inside the grow room for the production of microgreens. In the
lower part, the main tan , while in the upper part is present a germination area without lights (AREA
2) and the cultivation area (AREA 1) illuminated by Heliospectra LED lights.

The prototype is realized into two detachable components to facilitate maintenance operations.
In the upper part of the prototype there is the second component. An aluminium supporting
frame with four shelves stac ed vertically to support ebb and flow trays (St l Plast, Ringe,
Denmar ) made of high impact polystyrene (HIPS). Two of these trays are illuminated by
Heliospectra lightbar (Fig. 2, AREA 1: tray 1 and tray 2 Cultivation area) the other two trays
are not illuminated (Fig. 2, AREA 2: tray and tray 4 Germination area).
Cycles of watering flooding are controlled by the brain of the Grolab system, the Gronode
( pengrow LDA, iseu, Portugal), through the Powerbot unit (electronic device controller,
pengrow LDA, iseu, Portugal), that activates the submersible pumps inside the S1 tan .
Inside each tray a temperature and moisture sensor are positioned and connected to the Soilbot
unit ( pengrow LDA, iseu, Portugal) to acquire data during the cultivation process. Ebb and
flow regimes were optimized during the preliminary test phase.
All the setup of the prototype devices and every parameter of the cultivation process was
previously configured in the Grolab software and then transferred to the Gronode unit ( pen
Grow LDA, Portugal) that autonomously control all the modules and gather all the data
obtained by all the sensors and the connected devices. The Tan bot unit is connected to the
S1 tan with a pH and an electric conductivity probe, a water temperature sensor, two tan
water level sensors (min-max), two solenoid valves (refill and drain), a smo e (Fire Alarm) and
a motion detector sensors. The Soilbot unit is connected to all the four trays with moisture and
temperature sensors and a flood detection sensor, positioned on the ground near the S1 tan ,
to alert in case of flooding. The Powerbot unit (Powerbot 1, 2 Fig. ) senses the microclimate
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with its own humidity and air temperature sensor and is able to manage electrical devices via
four universal soc ets controlled by the Gronode. Powerbot 1 managed the pumps and the lights
of grow 1 and grow 2 trays of Area 1. Powerbot 2 manages the water pump of Area 2, the pump
and the U lamp of the water sterilizer system and the air pump for air cooling of the LED
lights and water aeration (Flexitan and S1 Tan ) and the grow room heater ( LT 1,5
).
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Figure . The Hortextreme system scheme with the computer, cameras, U water sterilizer, air and
drain pump, energy meter and the Grolab controller with all its components (Gronode, Powerbot,
Soilbot and Tan bot units)

To address mission requirements and to increase the efficiency of the process, the prototype
was realized with four shelves organized in two areas of growth (Fig. 2 Area 1 and Area 2) to
complete the complete microgreen production process in 25 days instead of 0 (Fig. 4). To
conclude the complete cycle of cultivation, trays and 4 (Area 2 Fig. 2) from the germination
area are transferred in the cultivation area, while trays 1 and 2 already harvested are transferred
in area 2, ready to start a new cycle of growth (Fig. 4.).
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Figure 4. The Hortextreme microgreens production cycles

2.

Hydroponic system

An ebb-and-flow hydroponic system was realized using Greenfelt mat (Manifattura Maiano,
Capalle, Italy) as a substrate, which is a fully biodegradable felt containing a mix of recycled
ute (85 ) and enaf (15 ). Greenfelt pads of 50 x 50 cm were pre-hydrated with potable
water. To reduce the microorganism contamination in this closed-loop hydroponic system, the
nutrient solution was forced to recirculate through an U -C water sterilizer (Fig. 2).
2.4

Plant material and Growin conditions

Seeds of four species (Sow seeds Limited, Cuddington, England), Mustard Ruby Strea s
(Brassica juncea L.), Red Cabbage (Brassica oleracea var. capitata), Radish Red Rambo
(Raphanus sativus) Amaranth Red Army (Amaranthus cruentus), were previously surface
sterilized with a 0.5 sodium hypochlorite solution for 15 min, rinsed three times with potable
water and then soa ed in potable water for 4 hours. Seeds were evenly distributed at density of
one plant cm2 onto the hydrated pad (50 x 50 cm for every species) inside two trays (Area1:
trays 1 and 2, Fig. 2).
During the experiment, daily air temperature in the grow room where maintained at 25 C while
during the night at 16 C. Germination of the seeds was realized in the dar for the first five
days. Relative air humidity was between a minimum of 4 and a maximum of 55 . Daily
light integral ranged from 6,48-8, 9 mol m-2 d-1 for the 12-16 h photoperiod respectively.
The nutrient solution was prepared using one gram of Idrofill ase fertilizer NP 10-5-2
(8Ca-2Mg) ME, -Adriatica, Rovigo, Italy per litre of potable water and pH was ad usted at
5,9 with Dry pH Down (GHE Santa Rosa, CA, USA). The solution was delivered in the tray by
a submersible pump enough to hydrate the greenfelt mat and drainage recovered in the main
tan (closed loop system).
The LED lights used in the present study were the Lightbar Heliospectra A , G teborg,
Sweden with 28 red (660-6 0 nm), 8 blue (460-4 0 nm) 12 white (5 00 ) . Two LED lightbar
were installed underside the aluminium shelves to obtain 150 mol m-2 s-1 above the plant
canopy. The correct spacing and distance of the LED lights from the tray was found measuring
the average photosynthetic photon flux density with a az-A-Irrad ( cean ptics Inc., Dunedin,
FL, USA) spectroradiometer. Two light treatments were imposed with 16 8 and 12 12
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light dar photoperiods providing plants with a daily light integral (DLI) of 8, 9-6,48 mol m-2
d-1 respectively.
2.

Plant rowth analysis

Growth and morphology data were collected and recorded by the crew, 15 days after sowing.
Ten randomly selected seedlings of each species were used to determine mean fresh weight
with a digital scale (Strumenta, Italy), cotyledon area with the AM 50 Portable Leaf Area Meter
(ADC ioscientific Ltd., Herts, U ) and hypocotyl length with a digital calliper (Scienceware
Digi-Max Sigma-Aldrich).
Statistical analysis was carried out using Prism Graphpad program and statistical differences
were evaluated by ordinary analysis of variance one-way AN A using Sida s multiple
comparison test.
2.6

Air conditionin system desi n

At the beginning of the study, we hypothesized to install the hydroponic system described
above, inside a small grow room in order to facilitate the temperature control during the
microgreen growth process. Nevertheless, to get the best environmental protection we decided
to lodge the Grow Room inside a larger inflatable tent, with an additional reflective cover on
the roof, with the scope of minimizing the solar radiation affecting the system.
The inflatable tent has been equipped with suitable air extraction fans, with the aim of creating
a small indoor environment at around the outdoor temperature of the desert without any
disturbance of the solar thermal contribution. To achieve a suitable temperature control inside
the Grow Room, a small compact portable air conditioner with two air pipes was devised in
order to avoid undesired air inta es from the inflatable tent during the operation. The first pipe
aspires fresh air inside the inflatable tent while the second discharges the heated-up air outside
the inflatable tent.

Results

.1

Air conditionin system dynamic simulation

In order to determine the size of the air conditioning equipment to be included in the Grow
Room, a dynamic simulation of a structure made by polyester fabric and placed in shadow under
the boundary conditions reported in table was performed by means of the TRNS S code
(Thermal Energy System Specialists, LLC, Madison, USA).
The simulations were carried on with the internal temperature of the grow room free to variate
within the limits 16-25 C by means of the above descripted air conditioner and of a small
additional electric heater.
Assuming a tolerance of 50 , to consider all the uncertainties related to the calculations, the
minimum required maximum overall cooling power was rounded to 2.25
, which resulted
in a required electrical power of about 0. 5
, assuming an EER equal to for the air
conditioner.
In order to minimize either the additional heater needed at lower temperatures or the thermal
load in daylight, the day-night timing period was reversed for the LED light illumination.
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The portable air conditioner TR TEC model PAC 550 PR , with a cooling power rated at
about .5
, was at last selected.
.2

E perimental trial

During the Amadee 18 mission, ust a single of the two experimental trial was performed, due
to a delay in the container delivery. At the end of the fifteen days of cultivation was registered
in the refilling flexi tan the total water consumption of 2 litres and calculated an average total
consumption of 6 L m2. The total power consumption of 05,4
h was registered by the
Efergy energy meter with a daily mean power demand of 19.08 4.
h, a mean daily pea
power of 1.66 0.4
and a calculated average power demand of 152,
h m2. The light
treatment effects (photoperiod 12h vs 16h) on all the biometric measurements of the
microgreens (fresh weight, cotyledon area, hypocotyl length) are reported in table 2.
.

Species selection

For the experiment we selected four microgreen species among those with the highest content
of ascorbic acid, phylloquinone, tocopherols, carotenoids, glucosinolates and anthocyanins as
reported in previous studies 6 , 28 – 0 . Than s to their high nutraceutical properties
microgreens produced during the experimental trial were effectively consumed by the Amadee18 crew as supplementary Ready-to-Eat fresh food integrator. As stated by Di Gioia and
Santamaria 10 a 50 g portion is capable to satisfy the recommended daily inta e of several
vitamins 1 and partially fulfil micronutrients requirements of the analog astronauts 10 , 21 ,
0.
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Species

Seed
density
m2

Yield Growth
FW
m2

Ratio

Nardi

Days to

Dry

Menu

Har est

wei ht

alue

FW

CM-

seed

Amaranth Amaranthus

45-50

spp
Cabba e

Brassica

480-

d

11-29

8-15

9.

0.1

69

15-28

-1

5.9- .

62

26- 5

-14

4.9-6.1

144

8-1

8-12

6. -10.

1

20
58-81

oleracea

9601440

var capitata
Mustard

Brassica

52-68

juncea
Radish

61 2210

Raphanus

10 -

1145-

sativus

202

2400

Table 1. Minimum and maximum values for seed density, fresh weight yield, growth ratio (fresh
weight yield divided by seed quantity) and days to harvest of four microgreens species. Mean dry
weight are reported as percentage. Data elaborated from several reports and scientific wor s , 6 ,
1 , 21 , 2 . Predicted menu values are reported in grams crew member day to satisfy
recommended daily dietary inta e of vitamins (A,C,E, ) for long-term missions 20 , 1

.4

Fresh wei ht hypocotyl len th and cotyledon area

The low temperatures at night during February 9 and 10, have negatively affected the fresh
weight yields for Amaranth. Instead, mustard and cabbage yields were in agreement with the
results obtained in other reports
, 1 , 29 , 2 , presumably as rassica varieties grow
better at cooler temperature and at low-light intensities 29 ,
.
In our study we report the influence of the photoperiod duration (increased from 12 h to 16 h)
on the fresh weight (table 2) in all the species assayed. The highest percent increment between
was realized by cabbage and radish, while the lowest was by mustard and amaranth. In red
cabbage, mustard and red amaranth the effect of photoperiod on fresh weight results were not
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statistically significant (Table 2). This suggests that only Radish increases in fresh weight as a
result of photoperiod elongation.
The photoperiod effect on hypocotyl length (table 2) was statistically significant only in
mustard with a strong positive increment. In the other species the decrement of the hypocotyl
length (table 2) in radish and amaranth was observed while in cabbage no variation was
observed.
The effect of the photoperiod duration on cotyledon area was not significant in all the species
with the exception of radish. The highest percent increment of cotyledon area was observed in
radish and in cabbage while the lowest ones in mustard and amaranth.
RRR

CR

AR

SR

Fresh Wei ht

2

2

1

Hypocotyl

-6

0

-1

6

49

49

-5

-19

len th
Cotyledon
Area
Table 2. Percent difference between 12h and 16h photoperiod at 15 days after sowing of Fresh weight,
Hypocotyl length, Cotyledon area in Radish Red Rambo (RRR), Red Cabbage (CR), Amaranth
Red Army (AR) and Mustard Ruby Strea s (SR). Statistically significant results (p 0.05) are
reported in bold.

4

Conclusions

To the best of our nowledge, this was the first time that a microgreen production in an
inflatable facility was realized in an analog manned space mission. Hortextreme prototype in
the field of man desert, has proved to be a simple modular, highly reliable system, easily
transportable and deployable for the production of microgreens and small vegetables to support
the diet of crew members of missions in extreme environments. Than s to the control and
management system, it has been possible to follow and remotely control in real-time the growth
process and to evaluate the global budgets of water, energy and fertilizer consumptions. The
preliminary experimental results show a variation of the main parameters evaluated vs the
photoperiod increase (12-16h LED 6,48-8, 9 mol m-2 d-1 1,8-2,4
d) strongly speciesdependent, as reported in table 2. All these relationships must be thoroughly investigated to
increase nowledge on the effect of various biotic and abiotic factors upon the nutritional
characteristics of microgreens.
The prototype was able to support the crew members with ready-to-eat products rich in vitamin
content thus integrating the diet consisting of canned foods. The prototype system will be
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implemented to support other analog missions to test and evaluate microgreens production in
extremely cold and high-altitude environments under hypobaric conditions.
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ABSTRACT
HEMERA integrates a large starting community in the field of tropospheric and stratospheric
balloon-borne research, in order to make existing balloon facilities available to all scientific
teams in the EU. The project, which will be presented in this paper together with its major
outcomes, involves major space agencies dealing with balloon infrastructures, companies
operating the balloons, companies providing the necessary technologies and scientific
experts.
On the basis of the outcomes of the user’s need, HEMERA develops new technologies for the
launch system, individuates new launch sites in order to provide wider opportunities and fly
conditions to the payloads and offers to users a possibility to fly small to medium payloads at
no cost on Pressure Balloons and Sounding Balloons.
Keywords: Hemera, stratospheric balloon, telemetry
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INTRODUCTION

The future trends of stratospheric activities indicate positive interest of the scientific and
industrial community. This is mainly due to its capacity to provide access to space
characterized by cost-effectiveness, simplification of operations and chance to recover the
payload for its reuse[1] .These features are a concrete advantage compared to space missions,
which require long preparation activities, higher costs and do not allow updates or corrections
to scientific instruments once in orbit. Current trends, which will be presented in this paper,
shows interest in short and long-term missions, from many regions of the Earth.
Applications of the stratospheric balloons affect both technology validation [2] and different
scientific disciplines such as astrophysics, planetary science, atmospheric studies,
geoengineering etc. [3]
Stratospheric balloons can in fact allow, for example, the possibility to intervene in the Earth
climate changes [4], to study part of the effect of re-entry systems such as the test executed
for the USV on behalf of ASI and CIRA[8] etc. This draws the interest of both scientific and
industrial communities.
All these activities promotes new research results and stimulates the students to approach to
the space sector. The exploitation of stratospheric missions as a training bench for students at
different educational levels are carried out by the main actors in the world such as in USA
with the NASA balloon program [5], in Japan [6], India [7] and Europe.
In particular, in Europe, fruitful activities have been historically carried out by national
agencies and operators, such as for example Italian Space Agency, CNES, Swedish Space
Corporation.
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In this framework of favourable opportunities, considering the trend of a system of
collaborations between national and international bodies and with the aim of establish a
strong European group for stratospheric activities, Hemera has been kicked off.
This project gives the chance to improve the connectivity between the main actors in the
European scenarios and to develop new technologies, which are fundamental for guaranteeing
a competitive and cost effective space transportation mean such as stratospheric balloons.
2

HEMERA OVERVIEW AND OBJECTIVES

HEMERA integrates a large Starting Community in the field of tropospheric and stratospheric
balloon-borne research, in order to make existing balloon facilities available to all scientific
teams in the EU. The project involves major space agencies dealing with balloon
infrastructures, companies operating the balloons, companies providing the necessary
technology and scientific experts.
HEMERA PARTICIPANTS
Organization Name
Centre National d’Etudes Spatiales (CNES, coordinator)
Agenzia Spaziale Italiana (ASI)
Swedish National Space Agency (SNSA)
Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR)
Canadian Space Agency (CSA)
Swedish Space Corporation (SSC)
Andoya Space Center
Airstar Aerospace
Centre National de la Recherche Scientifique (CNRS)
Karlsruher Institut für Technologie (KIT)
Cranfield University
Istituto Nazionale di Astrofisica (INAF)
Heidelberg University

Country
France
Italy
Sweden
Germany
Canada
Sweden
Norway
France
France
Germany
United Kingdom
Italy
Germany

The objectives of HEMERA are the following:
O1: Provide better and coordinated balloon access to the troposphere and stratosphere for
scientific and technological research, in response to the scientific user needs. In order to
reach this objective free of charge flights are provided to the community thorough Call for
proposals.
O2: Attract new users to enlarge the community accessing the balloon infrastructure and
foster scientific and technical collaboration. New users are now involved in balloon
business, who were not in a position to fly their payloads before HEMERA. Only France
and Sweden have a national flight program in recent years but now 11 countries will
participate to the 2019 and 2020 flights. Scientific and technical collaboration has been
fostered in this frame, for example, demands from scientists to fly their payloads at the
same time on the same gondola, in order to share and compare results or to provide
complementary results.
O3: Enlarge the fields of science and technology research conducted with balloons. New
fields are being tackled through HEMERA flights; for example, two gliders will be flown
from Kiruna, one of them being designed for atmospheric measurements when flying
down, which will be both a technical and scientific innovation. New X ray detectors will
be tested on board balloons, from Swedish and Italian teams.
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O4: Improve the balloon service offered to scientific and technical users through
innovative developments. New balloons systems (Large Sounding Balloons), type of
envelope, flight chain, launch sites are promoted in the frame of the project.
O5: Foster standardization, synergy, complementarities and industrialization through joint
developments with greater cost-effectiveness. A joint ZPB user manual has been
elaborated which allows harmonizing the interfaces between CNES and SSC gondola; the
aim is that an instrument able to fly on a CNES gondola can fly on a SSC one, and
opposite.
Currently, the HEMERA program uses Sounding Balloons (SB) and Zero Pressure Balloons
(ZPB) for stratospheric flights. HEMERA gives access to launch facilities and it is capable of
conducting scientific balloon campaigns, in Europe and Canada.
HEMERA includes three major components:
- Operational activities to organize and conduct the flights
- Development of innovative technologies and infrastructures to optimize the balloon
offer
- Networking
3

TRANS NATIONAL ACCESS

HEMERA offers different possibilities to fly small to medium payloads free of charge. The
payloads are installed on CNES or SSC gondolas on board of Zero Pressure Balloons (ZPB)
and sounding balloons (SB). In addition to the flight HEMERA provides the science teams of
the payloads travels and in loco subsistence for experimenters.
The cost for the development and construction of the payload is not included, and payloads
have to be provided by the scientific organization or the company willing to use the free of
charge launch opportunity.
Hemera will provide also a virtual access: the data acquired during those flights will be
collected and made publicly accessible on a dedicated web portal. This service will be
provided by CNRS and INAF.
Access to the balloon flights has been organized issuing a proposal process with an
independent review panel. Two call for proposals are foreseen in the frame of the HEMERA
project. The aim of these two call for proposal is to select two batches of payload which will
fly on nr. 6 ZPB and several SB. The first call selected the payloads for the flights scheduled
in 2019 and 2020. The second call for proposal will select payloads for the 2021.
The flights of the larger zero pressure balloons, each carrying around 150 kg of payload, are
planned from Esrange (northern Sweden) and Timmins (Ontario, Canada). The French facility in
Aire sur l'Adour will be used for launches of the smaller sounding balloons with 3 kg payload.

Launches will be operated by the Swedish Space Corporation (SSC) and the French space
agency CNES in collaboration with the Canadian Space Agency CSA.
The main features for the flight campaigns are reported in the following table.
Parameter
Launch site

Zero Pressure Balloons (ZPB)
Timmins, Canada and Esrange, Sweden

Sounding Balloons (SB)
Aire sur l’Adour, France

Launch seasons

August-September from Timmins
All seasons from Esrange
6 flights during 2019-2021

All seasons

HEMERA flights
Balloon volume
Total experiment mass in one
gondola

Several flights, depending on user
needs (max 20 flights)
up to 5 m3
Up to 3 kg

150 000 m3
Up to 150 kg
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Typical altitude
Flight duration (excluding
ascent and decent)
Ascent speed
Balloon slow descent speed

15-35 km
3 to 40 hours depending on launch site and season

30-35 km
3 hours

5 m/s
1-5 m/s

5 m/s
N/A

Speed at landing

5-7 m/s

Around 5-6 m/s

Indicative mass of a single
experiment

Up to 30 kg, including power source

Up to 3 kg, including power source

Experiment data storage

On board storage and/or transmission by means of
communication link
Up- and downlink up to 2Mbit/s

On board only

Power source for the
experiment

Can be provided by the operator or user; the mass of the power
source is usually 10-20 % of the experiment

Provided by users

Other services

GPS location, azimuth control, real time flight trajectory, on
board cameras.

GPS, pressure, temperature and
humidity.

Speed of the communication
link

N/A

The timeline of the flight possibilities is reported herafter.
Timeline
July 2018
October 2018
January 2019
Summer 2019
August/Sept. 2019
September 2019
December 2019
February - April 2020
August 2020
From Jan. 2021
Summer 2021

Event
1st Call
1st Call for Proposals
Submission of Proposals
Selection of Payloads
Flight possibility with SSC from Esrange
Flight possibility with CNES from Timmins
2nd Call
Call for Proposals
Submission of Proposals
Selection of Payloads
Flight possibility with CNES
Flight possibility with SSC
Flight possibility with CNES

Results of the first call for ideas
The first call for ideas was a success and arose great interest mainly in the scientific
community.
In total, 39 proposals was submitted by institutions of 17 countries. The interest was shown
also by countries not involved directly in HEMERA such as for example Belgium, Poland,
Switzerland etc.
Many of the proposal came from Italian community as it is possible to see in the table below.
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Figure 1 Proposals submitted for the 1st Call – courtesy of SNSA

A Peer Review Group (PRG) was nominated in order to give a preliminary scientific
assessment of the payload. The Peer Review Group evaluated the proposal on the basis of:
• Scientific quality (technical quality/relevance for the technology proposals)
•
•

•

Feasibility and compliance with the balloon platform and schedule
Maturity of the experiment and probability to succeed with the resources available
(facilities, funding etc.)
Expertise and adequacy of the team

Figure 2 Selected experiments of the 1st Call – courtesy of SNSA!

Based on the first evaluation of the PRG, a final selection of the payloads were carried out by
the Steering Committee of Hemera in order to select the final winners of the call of proposals.
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NEW LAUNCH SITE INVESTIGATION

In the frame of Hemera, new launch site investigation has been carried out in order to identify
and analyse new potential launch site able to enlarge the capability of answer to a larger
number of user, providing them multiple possibilities to access, study and exploit the
stratosphere environment at different latitudes.
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The identification of user requirements has been performed investigating the European
community needs. The main results of this study are:
•

The main interests are in the atmospheric (51%) and astrophysics (29%) studies.

Figure 3 User fields of interest for the new sites

•

The geographical areas of interests cover all the world with particular interest in
tropical area including the equatorial region (25.6%), poles (up to 24.4%) and
medium latitudes (up to 15.4%).
Desired geographical area
Latitude ranges

Nr. of answers

Percentage of interest

Equatorial ( from 10N to 10 S)

10

12.8%

Tropical and subtropical area

10

12.8%

Westerlies (from 23.5 N to 60 N)

11

14.1%

Westerlies (from 23.5 S to 60 S)

12

15.4%

North Pole (> 60 N)

19

24.4%

South pole (< 60 S)

16

20.5%

( from 23.5 N to 23.5 S except for the equatorial region)

Figure 4 User needs in terms of latitude

•
•
•
•

The flight campaigns are required in each season of the year, with higher interest
in summer (29%).
The flight altitude desired is mostly in the range of 30-40 km (73%).
The flight duration is <1d for atmospheric payloads, scientific experiments require
long flight duration ≈ 10 days.
The recovery is required for the majority of the payloads (72%).

From this analysis new launch sites to be investigated have been identified and confirmed. In
particular, there is a real interest for the European community for these sites:
Geographical area

New launch sites

Equatorial

Malindi (Kenya) , Teresina, Palmas Do Tocantins (Brasil)

Temperate

Guelmim (Morocco) , Torre del Lauro (Sicily)

North pole

Svalbard

South pole

Antartica ( Troll & Zucchelli)
Figure 5 Potential new launch sites
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The sites were investigated considering the missions enabled, safety, security, logistic aspects
and the limits (if any) to obtain the flight, overflight and landing permissions. Northern
recoveries and all related aspects were deeply investigated.
The analysis of the new sites is ongoing and in this phase, it is aimed to analyse the
meteorological and ground conditions and the related trajectories. The feasible mission
profiles from the individuated new launch sites are reported in the following table:
ZPB size
Brazil,
Teresina &
Palmas
Morocco,
Guelmin
Italy, Sicily
Kenya,
Malindi
Antarctica,
Troll &
Zuchelli

5k m3 to
800k m3

Mass at
hook
150 kg to
2000 kg

10k m3 to
800k m3
10k m3 to
800k m3
10k m3 to
100k m3

10 kg to
2000 kg
10 kg to
2000 kg
10 kg to
200kg

10k m3 to
1200k m3

10 kg to
2000kg

To

Float

Duration

East and West

30 to
40 km

38h max

East

30 to
40 km
30 to
40 km
30 to
40 km
30 to
40 km

60gg max

West to South of
Spain
West and/or
East (depending on
year)
Circumpolar

Slow
descent
Until 15
km

Recovery

40 h max

NA

Morocco

24 h max

Until 15
km
Until 15
km

South of Spain

72h max

Until 15
km

Brazil

Sea / islands /
Kenya / Africa or
Brazil
Antartica

Figure 6 Typical mission profiles from the various candidate sites

The meteorological and trajectories analysis, together with the completion of the analysis of
the operative aspects aforementioned will confirm the feasibility of the identified mission
profiles for each site.
The last aspect, which is on analysis, are the launch costs. An evaluation of potential costs
related to the new sites is ongoing and it takes into account all costs factors, including
accessibility, travel costs, local resource availability, logistics, and duration of the launch
campaign linked to weather conditions and recovery.
5

NEW TECHNOLOGIES

In order to guarantee a competitive system, the Hemera project focus also on the development
of new technologies with a strong focus on standardization, interoperability and cost
efficiency.
The tecnologies which will be developed in this project are:
- System study and specifications
- A new ZPB prototype for heavy payload gondola
- New telemetry system
- Long-duration, low-cost and lightweight ZPB flight train
- New launch methodologies, tools for safety
The system study and specification is aimed to analyze a possible solution of standardization
of the on-board avionics to facilitate the re-use of subsystems developed between partners.
The development of a new ZPB prototype is aimed to improve current performances of ZPB
balloons for the heaviest payload gondola, a study has been made at the beginning of the
HEMERA project, to define the performances of the new envelop while keeping in mind all
the operational specificities and constraints of agencies. The most stringent mission
specifications were a payload gondola mass of 3,000 kg and a float level higher 35 km. The
envelope for heavy payload gondola is reported in the following diagram.

1
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Figure 7 Envelope of ZPB – courtesy of CNES and Airstar

Long-duration balloon systems include a telemetry subsystem with medium-high data rate
performances. Balloon-borne telemetry development will make it possible to increase the data
rates transmitted by the scientific gondolas and ensure a reliable satellite link over longduration flights.
The task, starting with the establishment of detailed user requirements, is aimed to develop a
standardized balloon telemetry (TM) in order to ensure cost reductions and a high level of
efficiency. This task is lead by ASI which manage the contract with the industry for the
development of the system.
The main improvements required for the development of the new TM system are:
- Assembly and integration procedures simplification.
- Update of the GPS system.
- Upgrade of Power supply system.
- Increase the throughput data of the telemetry system.
- Increase the storage unit capacity.
- Update the ground procedures maximizing the speed of the data transfer.
The development of a new low cost and lightweight flight train will let to reuse and adapt the
Super Pressure Balloon (SPS) system, flight train and associated control center
6

CONCLUSIONS

HEMERA is an effort to set up a European infrastructure for stratospheric balloons. It will
provide a long term perspective for science and technology development relying on this
platform. Stratospheric balloon missions gives unique advantages with respect to the satellite
missions thanks to the short term mission life cycle, cost savings, payload recovery
opportunity, students involvement, wide range applications. In the frame of the project it was
possible to verify the high interest of the science community, many countries are interested,
also the ones not yet involved in Hemera, and among them, Italy showed the highest interests
with 12 proposals out of 39 submitted for free of charge flights. In short term perspective,
HEMERA is providing trans-national access to European users from science and industry and
will thus extend the existing national user communities. In long-term perspective, HEMERA
will develop new technologies and new launch sites to extend the opportunities stratospheric
ballooning can offer and to achieve better cost effectiveness.

1
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NEW TECHNOLOGIES
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ABSTRACT
The paper investigates an often-overloo ed issue in the use of coupled computational
techniques the assessment of overall static equilibrium. The analysis is focused on a
peridynamic and E coupling computational method recently proposed by the authors. The
magnitude of the out-of-balance forces obtained in all the examples is a fraction of a per cent
of the applied forces, but it cannot be considered as a numerical error. The paper shows that
the main reason for the occurrence of the out-of-balance forces is the presence of a highly nonlinear rate of change of displacements in the coupling zone of the models.
Keywords: Peridynamic, FEM-PD coupling, out-of-balance forces.
1

INTRODUCTION

Crac s and defects are an unavoidable presence in many structures in particular in aeronautical
and aerospace applications. Consequently, safety and economic needs require the capability to
predict damage and crac evolution by adequate numerical techniques. Computational methods
based on Classical Continuum Mechanics (CCM) have not been naturally developed to simulate
problems involving discontinuities in the displacement field. Therefore, CCM-based
computational tools have to be equipped with ad hoc extensions to cope with crac propagation
problems. At the beginning of this century a new non-local theory formulated with integral
equations, named Peridynamics (PD) 1-2 , was presented with the aim of including crac s as
part of the solution. However, PD is not computationally efficient, due to the non-local nature
of the approach and that is a limitation to its practical use. To solve this issue, we introduced a
FEM-PD coupling technique
in order to use the PD approach only in the regions of the
model where crac s can arise or interact. The current coupling method
satisfies the usual
numerical tests, that is rigid body motion, uniform and linear strain cases, but an oftenoverloo ed issue in the use of coupled computational methods, adopting different models of
solid mechanics 4 , is the verification of overall structural equilibrium.
e will illustrate the problem through simple structural examples, partially discretized with a
PD method and partially with a classical mechanics FEM approach. In our examples, using the
coupling method presented in , the magnitude of the out-of-balance forces is small, compared
to that of the acting forces, but it cannot be assumed to be a numerical error. ur wor will
study how the variation of the main features of the coupled model can affect the magnitude of
the out-of-balance forces.
1
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The paper is organized as follows: section 2 gives an overview of PD and FEM-PD coupling
method section presents the out-of-balance forces issue in overall equilibrium section 4
shows the results of several examples and, finally, the discussion of section 5 concludes the
paper.
2

OVERVIEW OF PERIDYNAMICS AND FEM-PD COUPLING METHOD

2.1

Peridynamics and its discreti ation

In a body (B) modelled by PD a material point with position vector (in the following referred
to as point ) is associated to an infinitesimal volume d x, and it interacts with all surrounding
points within a neighbourhood ( ). The equation of motion of point is defined by the
following integro-differential equation:
𝜌(𝒙)𝒖̈ (𝒙, 𝑡) = ∫𝐻(𝒙)(𝑻[𝒙, 𝑡] 〈𝒙′ − 𝒙〉 − 𝑻[𝒙′, 𝑡]〈𝒙 − 𝒙′ 〉)𝑑𝑉𝒙′ + 𝒃(𝒙, 𝑡), 𝒙′ ∈ 𝐻(𝒙)

(1)

where 𝜌 is the mass density, u is the displacement field, b is the body density force,
𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉 stands for the force vector state which indicates the force density vector that
point exerts on point , and the neighbourhood 𝐻(𝐱)∶ 𝐱 ∈ ∶ 𝐱 𝐱 𝛿 is the integration
region usually ta en to be a sphere, in D, or a circle, in 2D, centred at . The radius 𝛿 of ( )
is called the horizon of . The vector of relative position between two points 𝛏 𝐱 𝐱 is called
bond. In S -PD 2 , the material is ta en to be homogenous and the force state 𝑻 depends
only on the deformation state so that a force density vector is aligned with the corresponding
deformed bond. In this way, the force density can be written as:
𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉 = 𝑡[𝒙, 𝑡]〈𝒙′ − 𝒙〉𝒆̅

(2)

where 𝑡 is the modulus state the value of which depends on the constitutive law of the material.
According to 2 , 𝑡 can be determined in terms of classical constants in the case of linear elastic
solids 5,6 and 𝒆 is a unit vector aligned with the deformed bond. ond ased -PD ( -PD)
1 can be considered as a particular case of the S -PD. In fact, in
-PD the interaction
between two points is completely independent of other bonds, and the force density that point
exerts on point (𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉) and that point exerts on point (𝑻[𝒙′, 𝑡]〈𝒙 − 𝒙′〉) are
equal in magnitude but opposite in sign. Therefore, in
-PD the force density of a bond 𝝃 is
called the pairwise force function f. These assumptions simplify the formulation however,
PD is restricted to a fixed value of Poisson s ratio which is 𝜈 1∕4 for D and plane strain cases
and 𝜈 1∕ for plane stress cases. Ref.
introduces the Prototype Microelastic rittle (PM )
model for a linear elastic material so that the pairwise force function, for the case of small
deformation, is determined by:
𝒇(𝒖′ − 𝒖, 𝒙′ − 𝒙, 𝑡) = 𝜇(𝜉, 𝑡)

𝑐𝜔(𝜉)
(𝒖(𝑥 ′ )
|𝜉|

− 𝒖(𝑥))𝒆 = 𝜇(𝜉, 𝑡)𝑐(|𝜉|)(𝒖(𝑥 ′ ) − 𝒖(𝑥))𝒆 ( )

where 𝜇 is a history dependent damage function that, based on the bond status, ta es either the
value of 0 (bro en bond) or 1 (active bond). c( ) is the micromodulus function, c is the
micromodulus, 𝜔 is the influence function that specifies the degree of nonlocal interactions
between points, e is the unit vector along the directions of the relative position vector in the
current configuration c can be expressed in terms of material classical constants E and 𝜈 1,8 .
In the PM material the failure of a bond happens when the relative elongation of a bond
exceeds a predefined value s the value of which can be obtained in terms of the critical energy
release rate of the material G0 ,9 . In the present paper, we ma e use of a meshfree
discretization scheme introduced in
which is easy to implement. Each node i interacts with
all nodes within its neighbourhood (xi), i is the source node and all are its family nodes.
The horizon 𝛿 is expressed as 𝛿 𝑚 𝑥. m is the ratio between the horizon 𝛿 and the grid spacing
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x and its value determines how many family nodes are in ( i). To proceed with the spatial
integration, we adopt the one-point Gauss quadrature rule and thus the discretized form of
Eq.(1) can be written as:
∑𝑗{𝑻[𝒙𝑛𝑖 ]〈𝒙𝑗𝑛 − 𝒙𝑛𝑖 〉 − 𝑻[𝒙𝑗𝑛 ]〈𝒙𝑛𝑖 − 𝒙𝑗𝑛 〉}𝛽(𝝃)𝑽𝑗 + 𝒃𝑛𝑖 , 𝑓𝑜𝑟 𝑂𝑆𝐵 − 𝑃𝐷
𝜌𝒖̈ 𝑛𝑖 = {
, ∀𝒙𝑗 ∈ 𝐻(𝒙𝑖 )
∑𝑗 𝒇(𝒖𝑗𝑛 − 𝒖𝑛𝑖 , 𝒙𝑗 − 𝒙𝑖 ) 𝛽(𝝃)𝑽𝑗 + 𝒃𝑛𝑖 , 𝑓𝑜𝑟 𝐵𝐵 − 𝑃𝐷

(4)

where n represents the time step, and subscripts denote the node number (e.g., 𝐮𝑛𝑗 𝐮(𝐱𝑗,𝑡𝑛) ).
𝛽( ) plays the role of a correction factor through which we can evaluate the portion of that
falls within the neighbourhood of the source node i. In this study, we apply 𝛽( ) as
recommended in 10 .
2.2

FEM-PD couplin method

The coupling of PD grids to FEM meshes could be a way to obtain an efficient numerical
approach able to combine the capabilities of both FEM and PD methods. The coupling approach
is based on the idea presented in , where the coupled stiffness matrix is defined.

Figure 1: Coupled 1D model of a bar. Diamonds are FEM nodes, circles PD nodes thic straight lines
represent finite elements and thin curved lines peridynamic bonds. The dashed line is the transition
between the FEM and the PD portion of the model. The rectangle contains the nodes of the coupling
zone.

The coupling method is presented with the help of the simple 1D example of Fig. 1, where a
model of a bar is shown. In Fig.1 diamonds represent finite element nodes and circles
peridynamic nodes. In the present wor , the PD part of the body is discretised in space,
according to the bond-based version of the theory. In the example of Fig. 1, the horizon is
double the grid spacing, i.e.
x, where x is the uniform distance between two ad acent
nodes. FEM nodes are connected by finite elements whereas peridynamic nodes are connected
by bonds. At the transition between the two zones we assume that the last FEM node (node
in Fig.1) is connected to the peridynamic part of the model by a single finite element (element
d in the figure) whereas the first peridynamic node (node in the figure) is non-locally
connected to all nodes, FEM or PD, within its horizon. The coupling zone can be defined where
forces are exchanged between the FEM and PD parts of the domain. In the example presented
in Fig. 1, the coupling zone is composed of the nodes , , , and . onds are considered to
act only on PD nodes, whereas finite elements apply forces only on FEM nodes. The assembly
of the global stiffness matrix is performed by ma ing sure that equilibrium equations of FEM
nodes contain only terms coming from the FEM formulation and equilibrium equations of PD
nodes include only terms derived from the Peridynamic theory. The case of Fig.1 produces Eq.
(5), where a EA x, and b c i j x 11 , ui are the nodal displacements, fi are the nodal forces,
E is the elastic modulus, A is the cross-sectional area, c EA is the micromodulus constant
11 , and i is the volume associated with node i. The solution of a single equation satisfies
node equilibrium. The overall equilibrium of the whole structure requires the sum of the nodal
forces to be equal to zero.
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OUT OF BALANCE FORCES IN OVERALL E UILIBRIUM
.1

Problem description

In Fig. 2, the 2D model of a homogeneous, isotropic and linear elastic rectangular plate is
shown. This structure with dimensions 80x40 ( x and y, respectively) is studied imposing as a
load condition two vertical forces ( ext - . ) acting at the top edge. The plate is constrained
so that the points of the bottom edge of coordinates (x
) and (x
) cannot move along the
vertical direction, i.e. v 0. The central point of the bottom edge cannot move along the
horizontal direction, i.e. u 0. The values of the main model parameters are E
( oung s
modulus),
1 (Poisson s ratio) and h 1 (plate thic ness). Model parameters such as E, A,
x, y, x y are given conventional values which are not associated to the usual units. This
study considers a plane stress condition. To investigate the static equilibrium of this structure,
three models have been implemented using three different computational approaches, i.e. Finite
Element method, bond-based Peridynamic theory ( PD) and the FEM-PD coupling strategy
described in Sec 2.2.

Figure 2: n the left the studied 2D model is shown, the boundary conditions are applied on the
bottom edge, in the upper edge 2 vertical external forces are applied. n the right the coupled FEMPD model is shown, the PD region, located at the centre of the plate, is shown using dot mar ers.
Model description
nly FEM
nly PD
FEM-PD coupled

Rvertical
1.00000
1.00000
1.00699

ext vertical

-1.0
-1.0
-1.0

er
2.52 10-14
4.2 10-14
6.99 10-0

Table 1: Reaction forces and out of balance relative error resulting for each numerical simulation.

Table 1 reports the reaction values for the three models and the resulting out-of-balance relative
error, defined by the following relation:
𝑒𝑟 =

𝐹𝑒𝑥𝑡 +∑ 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠
|𝐹𝑒𝑥𝑡 |

(6)
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where Reactions is the sum of the vertical reaction forces. Table 1 shows that the static
equilibrium equations are not exactly fulfilled by the coupled FEM-PD models characterized
by non-uniform strain distributions. The out of balance forces are rather small, compared to the
overall forces, but they are not as small as round-off errors. To examine this issue a simpler 1D
case is studied in the following section.
4

NUMERICAL E AMPLES

The proposed coupling method assumes the continuity of the displacements between the two
portions of the model, in
authors showed that for a linear or quadratic displacement field
distribution the force equilibrium is satisfied. In this section the equilibrium chec will be
extended to more complex displacement fields distributions. The 1D model of a bar is
composed by 51 nodes as shown in Fig. 4. The PD portion of the model is composed by nodes
with coordinates higher than 0.5 while the remaining part is modelled with FEM. The main
parameters are
(bar length), E (elastic modulus) and A (bar cross-sectional area). For
the PD region of the model the horizon is 0.06, the m ratio is m and the micromodulus c
is c EA
555.555. In the FEM-PD coupled model the displacement is imposed to all nodes
and the required nodal forces are computed using Eq.(5). The imposed displacement field is
defined by a polynomial curve, with the following equation:
𝑢(𝑥) = 𝑎0 ∙ 𝑥 𝛾

( )

in which the coefficient a is a
. and the exponent can vary, in this study, between 1 and
4. The resulting out of balance relative error is evaluated in the
direction through the
following relation
∑𝑓

(8)

𝑒𝑟 = (∑ 𝑓)⁄2
here f is the sum of the nodal forces generated by the applied displacement field.

(

Figure : displacement fields imposed on the coupled FEM-PD model left, linear displacement distribution
) right, quadratic displacement distribution (
). Green dots are PD nodes, short dashed red vertical lines
define the coupling zone.

Figure 4: displacement fields imposed on the coupled FEM-PD model left, displacement distribution described
by a third order polynomial function (
) right, displacement distribution described by a fourth order
polynomial function (
).
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Exponent used in Eq. ( )
(linear displ. distr.)
(quadratic displ. distr.)
(third order displ. distr.)
(fourth order displ. distr.)

er

f
-2. 9 10-16
-2.98 10-16
8.00 10-6
1.5 10-5

-2. 9 10-14
-1.5 10-14
2.95 10-04
4.5 10-04

FEM force at
the transition
0.010000
-0.009800
0.00 204
0.004 0 9
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PD force flux at
the transition
0.010000
-0.009800
0.00 212
0.004 2 6

Table 2: Reaction forces and relative out-of-balance error resulting from each numerical simulation.

The results collected in Table 2 show that the relative out-of-balance error appears when the
applied displacement field distribution is described with a polynomial function of the thirdorder or higher. The table reports also the forces at the transition between the FEM and PD
region evaluated respectively with the FEM method and the PD approach (see appendix in ).
In an equilibrated system these forces should be equal.
In the second example we verify that the lac of the equilibrium in the coupled FEM-PD model
occurs only if the highly non-linear rate of change of the applied displacement appears in the
coupling zone. In this example the applied displacements field is composed by 2 linear
displacement distributions and between them a third-order polynomial curve selected to ensure
the continuity of the displacement field and its first derivative. For all cases the magnitude of
the relative out-of-balance error, er , is computed by eeping fixed the position of the PD portion
and all the main model parameters and by changing only the position of the third-order
polynomial displacement distribution field.

(a)

(b)

(c)

Figure 5: Imposed displacement fields with a cubic displacement distribution located in different
positions along the one-dimensional FEM-PD coupled model. The cubic displacement distribution,
represented by crossed lines, is placed in (a) the FEM-only region, (b) the PD-only part, and (c) the
FEM-PD coupling zone.

Table shows the results obtained in terms of external reaction forces sum and out-of-balance
error for the three different configurations which have been investigated. In the first two cases
(see configurations (a), (b) in Fig. 5) the third-order polynomial displacement distribution is
located away from the two coupling zones of the bar model, respectively in the FEM-only and
in the PD-only portion of the model. In the case (c) the polynomial curve is placed in
correspondence of the coupling zone. As shown in Table , only case (c) exhibits a significant
static out of balance, since the magnitude of the resulting relative error cannot be considered as
numerical error. The numerical simulations show that the resulting relative out-of-balance error
changes significantly when varying the position of the polynomial displacement distribution
with respect to that of the coupling zone.
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er
. ,m
f
Case (a)
-2.26 10-1
-2.51 10-14
Case (b)
- . 1 10-18
-2.00 10-14
Case (c)
2.06 10-0
6.94 10-04
Table : Reaction forces and relative out-of-balance error resulting for the cases presented in Fig.5.

The last example investigates the influence of the horizon size on the relative out-of-balance
error. The horizon is reduced by eeping fixed the m ratio, Fig. 6 shows the applied
displacement fields for the first three cases studied and Tab.4 reports the relevant relative outof-balance errors.

Figure 6: Imposed displacement fields with the cubic displacement distribution, represented by
crossed lines, located across the FEM-PD coupling zone (Case (c) in Fig.5). The plots have been
obtained by eeping fixed the position of the cubic curve and performing a -convergence study.
D model parameters
er
f
. ,m
6.94 10-04
2.06 10-0
. ,m
5.14 10-08
1. 10-04
-08
.
,m
1.29 10
4. 4 10-05
-09
.
,m
.22 10
1.08 10-05
Table 4: Reaction forces and relative out-of-balance error obtained locating the cubic curve across the
FEM-PD coupling zone (see Case (c) in Fig.5) and performing a -convergence study.

Tab.4 shows that the relative out-of-balance error can be reduced by decreasing the horizon
size. Finally, Fig. verifies that the relation between the relative out-of-balance error and the
quantity
is linear: if the horizon is reduced by
the relative out-of-balance error is
decreased by a factor .

Figure : ariation of the relative out-of-balance error versus
curve.

. The dashed line is the linear fitting

CONCLUSIONS
Coupling different models of solid mechanics to describe the mechanical behaviour of a body
can produce some ind of error. The paper focuses on a peridynamic and FEM coupling
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computational method proposed by the authors , but probably similar problems can affect
other coupling techniques. e show, for the first time, that an often-overloo ed issue in the use
of coupled models is the lac of overall equilibrium. e study the problem through a set of
numerical analyses on one-dimensional and two-dimensional FEM-PD coupled models. e
show that the out-of-balance forces are related to the rate of change of displacements in the
coupling zone: the issue appears for cubic, or higher order, displacement field distributions.
The relative out-of-balance error is a fraction of a per cent and it can be controlled by reducing
the horizon size. This suggests that a generic rapidly varying strain distribution could require a
fine mesh grid in the coupling zone, where the real strain distribution could be represented, with
acceptable accuracy, as a linearly varying strain.
6
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ABSTRACT
The paper presents a picture of the research activities in which the Space Propulsion
Laboratory of Politecnico di Milano (SPLab ) is involved, with reference to both space and
high speed atmospheric propulsion systems. Activities related to solid and hybrid propulsion,
and recent activities in the field of scramjets systems are presented. Solid propellants and the
related combustion processes have been at the center of the Laboratory's research activities for
over forty years. Recent research activities concern the study of green propellants, the use of
nano-metric powders, the investigation of the propellant micro-structure. Current activities in
the field of hybrid propulsion concern the study of paraffin-based formulations, the
experimental investigation of the related phenomena of entrainment and the development of
non-traditional configurations. Scramjet propulsion systems are investigated within the
framework of a cooperation agreement between Politecnico di Milano (Aerospace Science and
Technology Department - SPLab) and National Research Council (CNR-ICMATE - Institute of
Chemistry of Condensed Matter and Energy Technologies). A high enthalpy pulsed hypersonic
tunnel is used, able to simulate flight conditions suitable for "airbreathing" propulsion for
Mach numbers from 3 to 8 and useful test times of the order of 200 milliseconds.
Keywords: solid propellant, hybrid propulsion, scramjet
1

INTRODUCTION

This paper gives a short summary of the activities performed at SPLab in the areas of solid
propellants, hybrid propulsion and hypersonic propulsion systems. The solid propellants
research activity is the most consolidated area in the history of SPLab. For this reason a very
short summary is given here, where, for a reason of space, more space is dedicated to new areas,
involving hybrid propulsion and hypersonic propulsion systems.
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SOLID PROPELLANTS AREA
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The activity in the field of solid propellants concerns different topics. An overview of the
SPLab core activities is reported in Figure 1.
Pre-burning

Burning

Ingredient characterization

Ignition delay

Post-burning
Residue Analysis
Unburnt metal fraction, chemical
composition, surface morphology

Morphology, particle size distribution,
composition, reactivity and compatibility

Design of new energetic additives
Activation
(chemical, mechanical), compatibility

Development of new energetic
formulations
Powder dispersion, mechanical
properties, thermal behavior, ageing

Figure 1: SPLab activities concerning solid propellants combustion.

In this area attention is focused on green propellants, aimed at eliminating hydrochloric acid
in combustion products. It is well known the strong environmental impact produced by heavy
launchers using composite propellants with ammonium perchlorate used as oxidizer. Other
research activities concern the study of metal powders, used to increase the performance of
propellants, the related problems of oxidation and aging, the complex phenomena of aluminium
agglomeration, with a penalty in terms of specific impulse, and the development of diagnostic
techniques for specific propellant characterization activities. Among these, visualization
techniques with high-speed video-cameras, useful for the study of the flame structure. Specific
attention is paid to nano-sized powders, in particular nano-sized aluminum powders, due to the
significant increase in performance that these powders can guarantee. Figure 2 shows the
comparison between agglomerates of nanometric and micrometric powders, which highlights
the significant difference in the structure of the agglomerates at the combustion surface. For
specific topics, the reader is referred to many papers available in the literature that SPLab has
produced over the years. A short list, concerning different areas, is reported in [1-5].
3
HYBRID PROPULSION AREA
The activity in this area concerns the development of new formulations, mainly in the field of
liquefying solid fuels (paraffin-based), the characterization (ballistic and mechanical) of these
fuels, the measurement of the regression rate, the development of new diagnostic techniques,
the study of unconventional geometries (i.e., pancake geometries). In the following, attention
is pointed out on the investigation of entrainment phenomena.
3.1

Entrainment and regression rate characterization in liquefying fuel compositions

The entrainment of droplets from melted paraffin-based fuels is studied in a pre-burning phase
thanks to a purposely implemented facility. The entrainment visualization is performed under
cold-flow (i.e., non-reacting) conditions. The high-speed video recording enables qualitative
investigations on the droplets formation and entrainment process, as well as a quantitative
determination of their size and of the mass entrained by the flow. The same fuel formulations
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are then tested in a lab-scale hybrid rocket motor to achieve a relative ballistic grading
emphasizing the effects of the melt layer on the regression rate of the investigated formulations.
Three different formulations are investigated; properties (density and viscosity) are reported in
Table 1 and Table 2.

Figure 2: combustion of various aluminized solid propellants. Left: AP-based
propellants loaded with micron-sized (Al30) and nano-sized (ALEX100).
Center: AN-based formulation. Right: Details of nano-sized Al CCP.

The experimental setup for the cold flow investigation of the liquid layer entrainment is
schematically shown in Figure 3. The core of the facility is the sample-holder, an aluminum
block with a longitudinal slit aligned with the oxidizer flow mean velocity (Figure 4). The
melted paraffin-based fuel is loaded in the slit, and its temperature is controlled by an electric
heater. The heater enables the control of the liquefied fuel in the temperature range 333 to 423
K. The cover shown in Figure 3 is moved by a solenoid valve (not shown in the scheme). The
cover is initially lowered, shielding the liquid paraffin during the oxidizer flow setup, so as to
prevent gaseous stream/liquefied fuel interactions under non-controlled conditions. When the
desired oxidizer steady flow is established, the cover is raised to expose the melt layer to the
gaseous stream. In the currently investigated conditions, the oxidizer mass flux is 32 kg/(m2s)
≤ Gox ≤ 45 kg/(m2s), thus yielding vox in the range 25 to 35 m/s. The melted fuel temperature is
set at 423 K to enable the relative grading of the investigated formulations. This value is selected
because the selected paraffin (W1) features a plateau in its viscosity for this temperature. The
liquid layer instability and the droplet entrainment are investigated by a high-speed camera
(Photron Ultima APX) faced to the optical access of the setup (Figure 3). Whatever particle is
detached from the liquid layer surface, and moves in the oxidizer flow, is considered as an
entrained droplet in this work. A sequence of the liquid layer instability occurrence in a pureparaffin wax formulation is shown in Figure 5. Recorded high-speed videos are treated before
data collection to remove background noise and out-of-focus particles. Preliminary operations
and droplet size measurement are performed by ImageJ software (ImageJ Software Homepage,
2018). In each video, different frames are analyzed, to grant that each droplet is counted only
once. Typical acquisition frame rate is 8000 fps, while the capture window measures 13 mm in
length and 3.2 mm in height. Considering the limited spatial discretization, particles with area
smaller than 1000 μm2 were not considered in the analysis (due to identification limitations,
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considering the background noise and the video resolution). The original image sequence is
turned into grayscale and then is thresholded (Paravan et al., 2018). Final image analysis
focuses on the entrained particles, after background removal and elimination of the surface
waves. Entrained droplets are characterized in terms of their particle size (D10, D32, D0.5) and
morphology, evaluated as circularity, Ci, defined according to ImageJ Software Homepage,
(2018). Typically, more than 1500 droplets are analyzed in each recorded video. An overview
of the tested operating conditions for the evaluation of the entrainment under cold-flow
conditions is reported in Table 3.
Table 1: theoretical and actual density of the investigated formulations. Interval of confidence is
presented in terms of the standard deviation of four measurements on different production batches.

Fuel Id.
W1
S05W1
S10W1

Formulation

TMD
kg/m3

ρact,
kg/m3

Δρ%
%(wrt
TMD)

929
929
928

938 ± 5
933 ± 1
929 ± 1

-1.0
-0.5
-0.1

SasolWax 0907 (99 wt%) + CB (1 wt.%)
SasolWax 0907 (94 wt%) + SEBSMA (5 wt.%) + CB (1 wt.%)
SasolWax 0907 (89 wt%) + SEBSMA (10 wt.%) + CB (1 t.%)

Table 2: dynamic viscosity of the tested fuel formulations (shear rate 1000 s-1). For W1, over three
measurements, the confidence interval is < 0.001.

Fuel
Id.

W1

S05W1
S10W1

Tml,
K
383
393
403
413
423
423
423

ηf,
Pa s
0.009
0.008
0.006
0.005
0.005
0.014 ± 0.001
0.040 ± NAv.

Table 3: investigated conditions and representative data entrainment cold flow visualization
(average results of three runs, confidence interval defined by standard deviation), with Tml =
423 K and p = 0.1 MPa.
Fuel Id.
W1
S05W1
S10W1

Gox,
kg/(m2s)
32
45
45
45

vox,
m/s
25
35
35
35

D10, μm

D32, μm

D0.5, μm

115 ± 3
108 ± 9
91 ± 14
NAv.

255 ± 25
275 ± 44
252 ± 79
NAv.

91 ± 1
82 ± 5
67 ± 6
NAv.

Representative results from the high-speed video recording of the cold flow visualizations
are reported in Figure 5 for W1, and in Figure 6 and Figure 7 for S05W1 and S10W1
respectively.
Under the investigated conditions (Tml = 423 K), entrainment of droplets was observed for
W1 with Gox > 32 kg/(m2s) and for S05W1 for Gox ≥ 45 kg/(m2s). The fuel formulation loaded
with 10 wt.% SEBSMA did not produced droplet entrainment under the tested conditions. As
testified by the image sequence of Figure 7, S10W1 interacts with the oxidizer stream creating
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waves eventually yielding the formation of melted fuel filaments that do not detach from the
liquid layer surface. Thus, under the conditions of this study, no entrainment was recognized
for the fuel formulation loaded with 10 wt.% of SEBSMA.

Figure 3: test chamber for entrainment coldflow visualization: (1) oxidizer flow injector,
(2) converging section (flow acceleration), (3)
honeycomb for flow stabilization, (4) melted
paraffin cover, (5) sample-holder, (6) external
case, (7) heater housing, (8) windowed case.

a)

c)

Figure 4: side and top views of the liquefying fuel
sample holder (oxidizer flows from left to right,
sizes in [mm]): (2) converging section, (3)
honeycomb for flow stabilization, (5), sample
holder, (7) heater housing, (9) supporting element.

t = t0

b)

t = t0 + 6.25 ms

t = t0 + 8.75 ms

d)

t = t0 + 11.25 ms

Figure 5: surface wave formation and droplet entrainment as captured by high-speed visualization.
(W1, Tml = 423 K, vox = 35 m/s, p = 0.1 MPa).

a) t = t0

c)

t = t0 + 1.125 ms

b)

t = t0 + 0.75 ms

d)

t = t0 + 1.5 ms

Figure 6: surface wave formation and droplet entrainment as captured by high-speed visualization (S05W1,
Tml = 423 K, vox = 35 m/s, p = 0.1 MPa).
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a) t = t0

c)

b)

t = t0 + 5.625 ms

t = t0 + 5.0 ms

d) t = t0 + 6.25 ms

Figure 7: surface wave formation with the formation of filaments due to melt layer high viscosity, as captured
by high-speed visualization
(S10W1, Tml = 423 K, vox = 35 m/s, p = 0.1 MPa).
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SCRAMJET PROPULSION AREA

Each test provides a database that comprises the time evolution of pressure, temperature and
axial force detected by the sensors schematically shown in Figure 8 or Figure 9.

Figure 8: top view schematic of the dual mode scramjet setup (SCRAM), showing side walls
configuration, components of the staged injection system, and location of pressure, temperature, and
force sensors.

Figure 9: top view schematic of the ramjet setup (RAM), showing side walls configuration, components
of the staged injection system, and location of pressure, temperature, and force sensors.

Further measurements provide the hydrogen and oxygen injection pressure for staged fuel
injection system. The large number of tests carried out under different fuelling conditions
requires a synthetic representation of each measured and computed parameter. A time window
is thus defined for each test in such a way as to characterize the quasi steady working regime
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of the engine for freestream pressure, temperature, and Mach number that better simulate the
real flight conditions.

Figure 10: wall pressure traces detected at engine Figure 11: iridium probe temperature, freestream
inlet, centre of combustion chamber , and engine total temperature obtained from probe data, and
exhaust for a fuelled case, and SCRAM geometry engine exhaust total temperature, obtained from
setup. The averaging time interval is also pressure
measurements
and
conservation
indicated.
equations.

The wall pressures at several monitoring locations on the engine bottom wall are given in
Figure 10. The engine inlet pressure (x= -180 mm in Figure 8) is monitored by 6 probes that
cover the entire intake width. All probes measure nearly identical pressure levels, thus
indicating a uniform pressure field in the spanwise direction. The pressure measured by the
probe at x = 165 mm, inside the constant area channel, shows clearly the effect of the
combustion process lasting approximately 200 ms. The engine exhaust pressure is monitored at
11 equally spaced locations along the spanwise direction. The nearly coincident traces indicate
uniform pressure during the entire combustion transient.
The freestream and engine exhaust total temperatures are given in Figure 11. The plot
comprises the temperature of the iridium wire that provides the database for the evaluation of
the freestream total temperature, obtained taking into account wire thermal inertia, and energy
lost from the wire ends and by radiation. The engine exhaust temperature is obtained from mass
conservation equation and detailed measurements of exhaust static and pitot pressures, being
the gas thermo-physical properties provided by the energy conservation equation.
Engine fuelling is implemented in such a way as to keep ER nearly constant during the test
time, as shown in Figure 12. This condition is obtained with appropriate sizes of fuel reservoirs
and injection portholes that provide a discharge law consistent with the one of the facility
stagnation vessel producing the freestream flow. The combustion efficiency, evaluated from
energy conservation equation, features a slow decrement during the combustion time, as both
freestream pressure and temperature decrease, but also indicates that the engine may withstand
changes of the flight conditions without excessive performance penalties.
Pressure measurements on the engine bottom wall combined with conservation equations
allow the estimation of the bulk flow Mach number at pressure monitoring locations inside the
engine. The Mach numbers reported in Figure 13 refer to six axial locations including
freestream flow, end compressor, constant area channel, engine exhaust. When multiple wall
pressure taps are present on a section, the average value was considered. As combustion starts
(140 ms), Mach numbers inside the engine significantly decrease and, in particular, in the
constant area combustion chamber becomes subsonic. The three monitoring locations along the
constant area channel indicate an increasing velocity flow that reaches sonic conditions before
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the start of the diverging channel, thus producing a “thermal throat”. The flow accelerates into
the downstream diverging channel, whose exhaust is supersonic. The Mach numbers remain
constant during the whole combustion time. A similar analysis on non fuelled tests shows the
flow is fully supersonic along the entire engine and for both SCRAM and RAM geometry
configurations.

Figure 12: Equivalence ratio and combustion
efficiency as function of time. Equivalence ratio
is nearly constant, whereas combustion efficiency
slowly decrease, but indicates a stable and self
sustained combustion lasting approximately 200
milliseconds.
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Figure 13: Freestream and internal engine Mach
numbers at different locations including end
compressor, constant area combustion chamber,
and exhaust section.

CONCLUSIONS

A short summary of SPLab activities in the areas of solid, hybrid and hypersonic propulsion is
given in this paper. For details the reader is invited to consider the papers published by SPLab.
REFERENCES
[1] Paravan, C., Verga, A., Dossi, S., Maggi, F., Galfetti, L. Aluminum powders: aging effects on metal
content and thermogravimetry reactivity. SCIENCE AND TECHNOLOGY OF ENERGETIC
MATERIALS, vol. 80, p. 1-6, ISSN: 1347-9466, (2019).
[2] Maggi, F., Dossi, S., Paravan, C., Galfetti, L., Cianfanelli, S., Marra, G. Detailed Properties of Iron
Oxide Solid Propellant Catalyst. In: 7th European Conference for Aerospace Sciences (EUCASS 2017).
p. 1-13, Milano, Italy, 3-6 July 2017, doi: 10.13009/EUCASS2017-674, (2017).
[3] Paravan, C., Maggi, F., Dossi, S., Marra, G., Colombo, G., Galfetti, L. Pre-burning Characterization
of Nanosized Aluminum in Condensed Energetic Systems. In: V.E. Zarko A. Gromov, Energetic
Nanomaterials: Synthesis, Characterization, and Application. p. 341-368, Elsevier, ISBN:
9780128027103, doi: 10.1016/B978-0-12-802710-3.00013-1, (2016).
[4] De Luca, L., Galfetti, L., Maggi, F., Colombo, G., Paravan, C., Reina, A., Dossi, S., Fassina, M.,
Sossi, A. Characterization and Combustion of Aluminum Nanopowders in Energetic Systems. In: A.A.
Gromov and U. Teipel, Metal Nanopowders: Production, Characterization, and Energetic Applications.
p. 301-410, Weinheim:Wiley-VCH Verlag GmbH & Co. KGaA, ISBN: 978-3-527-33361-5, doi:
10.1002/9783527680696.ch12, (2014).
[5] Dossi, S., Paravan, C., Maggi, F., Di Lorenzo, M., Ardalic, J., Galfetti, L. Novel Activated Metal
Powders for Improved Hybrid Fuels and Green Solid Propellants. In: 52nd AIAA/SAE/ASEE Joint
Propulsion Conference. p. 1-14, American Institute of Aeronautics and Astronautics, ISBN: 978-162410-406-0, Salt Lake City, UT, USA, 25-27 July 2016, doi: 10.2514/6.2016-4596, (2016).

1

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

MORPHING WING FLAPS FOR LARGE CIVIL AIRCRAFT:
THE CLEAN SKY-GRA CHALLENGE
R. Pecora1*, F. Amoroso1
1

Aerospace Division, Industrial Engineering Dept., University of Naples “Federico II”,
Via Claudio, 21 -80125- Napoli, Italy
*rosario.pecora@unina.it

ABSTRACT
The Green Regional Aircraft (GRA) panel, active from 2006, aims to mature, validate and
demonstrate green aeronautical technologies best fitting the regional aircraft that will fly
from 2020 onwards with reference to specific and challenging domains: from advanced lowweight and high performance structures up to all-electric systems and bleed-less engine
architectures, from low noise/high efficiency aerodynamic up to environmentally optimised
missions and trajectories management. The development of such technologies addresses two
different aircraft concepts, identified by two seat classes, 90-pax with Turboprop (TP) engine
and 130-pax, in combination with advanced propulsion solutions, namely, the Geared
Turbofan (GTF), the Advanced Turbofan (ATF) and the Open Rotor (OR) configuration.
Within the framework of the Clean Sky program, and along nearly 10 years of research, the
design and technological demonstration of a novel wing flap architecture was addressed.
Research activities aimed at demonstrating the industrial feasibility of a morphing
architecture enabling flap camber variation in compliance with the demanding safety
requirements applicable to the next generation GRA in both open rotor and turboprop
configurations. The driving motivation was found in the opportunity to replace a conventional
double slotted flap with a single slotted morphing flap assuring improved high lift
performances -in terms of maximum attainable lift coefficient and stall angle- while lowering
emitted noise, fuel-burnt and deployment system complexity. Additional functionalities for
load control and alleviation were then considered and enabled by a smart architecture
allowing for an independent shape-control of the flap tip region during cruise.
The entire process moving from concept definition up to the experimental qualification of true
scale prototypes, characterized by global and multi-zone differential morphing capabilities, is
outlined with specific emphasis on the adopted design philosophy and implemented
technological solutions.
Keywords: morphing wings, large aircraft, smart mechanical system, all electric aircraft
NOMENCLATURE
Aircraft
A/C
ATF
Advanced Turbo fan
CS
Clean Sky (GRA ITD)
EMA Electro-Mechanical Actuator
FE
Finite elements
FEM Finite Elements Model
GRA Green Regional Aircraft
GTF Geared Turbo Fan

ITD
LC
OR
TE
TP
TRL
WT
WTT
1

0

Integrated Technological Demonstrator
Load Control
Open Rotor
Trailing edge
Turboprop
Technology Readiness Level
Wind Tunnel
Wind Tunnel Test

Morphing wing flaps for large civil aircraft: the CleanSky-GRA challenge
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INTRODUCTION

The attention of the aeronautical sector to the research on morphing structures is rapidly
growing in force of the remarkable fallouts that such a technology might bring on the next
generation air transport.
It is well-recognized that a morphing-structure is surely more complex and heavier than a
conventional one basically conceived only to withstand operative loads with adequate margins
of safety; on the other hand, the larger the benefits brought by the technology are, the less
unaffordable appears the price to be paid for its implementation at aircraft level.
If the civil transportation segment is assumed as a target, the smallest improvement at aircraft
level becomes relevant when multiplied by the considerable number of aircraft in service.
Let’s give an example; it has been demonstrated ([1],[2],[17]) that the adaptive camber
morphing of a wing trailing edge increases the wing efficiency by 2% and consequently
reduces the fuel burnt in the measure of the 3% per flight. Apart of the positive impact on the
environment, such a decrease in fuel burnt means “operative cost savings”, in turn
quantifiable with an amount of around 10 million dollars/year for a mid-size fleet of large
airplanes operating short commercial routes. The larger the fleet is, the bigger are the profits,
the shorter is the time to reach the breakeven point for the investments in the camber
morphing technology development.
Although the current literature and -more in general- the scientific research scenario is
densely populated by a plenty of innovative morphing architectures ([3]-[9]), these are mainly
conceived for small aircraft or UAVs applications; a very limited effort is spent to address
realistic solutions, ready for certification according to EASA(/FAA) airworthiness
requirements part 25 ([34]) and -in perspective- prone to series production and large scale
implementation on modern civil aircraft.
It’s unquestionable that the technology development for such aircraft segment is more
challenging but it is surely in this market segment that the highest payoff is expected for any
product innovation.
In this paper the 10-years long research path followed at the University of Naples “Federico
II” for the design and (ground) validation of a multi-modal camber morphing flap for next
generation GRA is briefly outlined.
The entire process, well-framed in the EU-funded CleanSky program ([33]), duly took in
account experiences gained in parallel research projects where similar technologies have been
developed under the technical direction of the authors and their research group. These
experiences and the related lesson learned played a significant role in providing justification
for the design choices, as well as for the validation strategies, adopted to relevantly rise the
TRL and the industrial relevance of a truly revolutionary smart architecture.
2

CLEAN SKY - PHASE 1: PRELIMINARY STUDIES ON MORPHING FLAP
FEASIBILITY

Within the framework of the JTI-Clean Sky project ([33]), and during the first phase of GRA
low noise domain, the design and the technological demonstration of a novel architecture
enabling the camber variation of a flap segment was addressed with the specific target to
enhance the high lift performance of the 90-seats next generation green regional aircraft (CS25 category, [34]). The basic idea driving the implementation of such technology was to
replace a conventional double slotted flap with a single slotted morphing flap capable of
increasing flapped wing Clmax and stall angle, while targeting to a reduced complexity of the
flap architecture and of the associated deployment system.
Due to the specific demand for the development of a product of industrial relevance, the
reliability, the maintainability and above all the absence of out-of-the-standards solutions
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were considered as paramount requirements for the design of the morphing structure. To
preliminary show the feasibility of the morphing solutions, the studies were limited to a
portion of the flap element obtained by slicing the actual flap geometry (0.62 meters chord)
with two cutting planes distant 0.8 meters along the wing span. Thanks to the limited
spanwise size of the investigation domain, the flap tapering was neglected thus reducing the
complexity of a 3D aero-structural problem to a 2D analysis. Target morphed shapes (Figure
1) were evaluated on the base of 2D CFD optimization analyses ([10]) and were provided as
input data for the design activities.
Referring to the unmorphed and morphed airfoils of the flap element, the conceptual layout of
an articulated (finger-like) rib structure was assessed in order to physically realize the
transition from the baseline airfoil configuration to the target one. The rib structure (Figure 2)
was conceived as a mechanism characterized by four plates connected by hinged: B0, B1, B2
and B3. B0 and B2 have the same middle plane; B1 and B3 are staggered respect to them
sharing always a common middle plane ([11],[12]). Each plate is connected to the adjacent
one by a hinge located on rib camber line (points A, B and C, respectively at 20%, 50% and
70% of rib chord).
Plate B0 is linked to plate B2 by means of a rod element hinged at points D and E, hinges D
and E being respectively located on B0 and B2. Plate B1 is linked to plate B3 through a
second rod hinged at points F and G.

Figure 1 - Flap airfoil: nominal geometry (unmorphed shape)
and target geometry (morphed shape) ([10],[12])

Figure 2 – Morphing rib layout, un-morphed
(upper side of the figure) and morphed
configuration (lower side of the figure) [12]

Crossed links (DE and FG) positions were defined in order to assure specific gear ratios
between adjacent plates and an overall plates movement useful to match the target morphed
shape. The arrangement was inspired to a multi-tab system
More in detail, considering plate B0 fixed on flap strut, a downward rotation of B1 around A
by an angle of 3° makes all the other plate to move so that the final positions of hinges B and
C (marked with a * in Figure 2) are on the camber line of the morphed airfoil. Same applies if
11° downward rotation is imposed to plate B2 around B or 3° downward rotation is imposed
to plate B3 around C ([12]). Generally speaking, the rib architecture represents a single
degree-of-freedom system; if a single plate is moved by a unique actuator, all the other plates
are driven to move in compliance with the final shape to be achieved. At the same time, if the
actuator is locked in a given position, thus preventing the motion of the rib plate to which it is
connected, then also the motion of all the other plates is prevented, and the external shape of
the rib is frozen in a specific configuration.
In order to increase the structural stiffness of the rib with respect to the torque moment
induced by the aerodynamic loads, the actuator was linked to the plate B2. More in detail, a
stepper motor was installed on a support linked to plate B0; the rotation of the actuator shaft
was converted into a rotation of plate B2 with respect to B0 thanks to a gearbox and a robust
transmission chain mainly characterized by a sliding cursor and a stiff lever (Figure 3).
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The gearbox and the transmission chain were suitably designed in order to increase the
authority of the stepper motor by amplifying the actuation torque by a factor nearly equal to
three.

Figure 3 – Morphing rib, actuator and transmission line (Clean Sky GRA –phase 1, [12])

The actuated rib arrangement was replicated three times along the span of the flap prototype
and stiffening elements (spars and stringers) were used to connect the homologue plates of the
adjacent ribs (see Figure 4).
The resulting structural architecture clearly replicated a pretty conventional multi-cell box
arrangement, with the unique element of novelty represented by actuated, finger-like,
morphing ribs.
At the end of the design and manufacturing activities, a very successful experimental
campaign ([12]) was carried out to prove the robustness of the conceived layout in terms of:
o functionality (capability of reproducing target morphed shapes in a repeatable manner
without degradation)
o structural strength under the action of simulated aero-loads up to the limit value
expected in service.

Figure 4 – CleanSky GRA Phase 1 – Preliminary morphing flap prototype ([12])

The first phase of the GRA ended with a very promising set of experimental data, proving the
feasibility of a structural arrangement assuring robust camber morphing through a smart
combination of conventional elements and materials.
On the other hand, at this preliminary stage of the studies, the advanced design of the flap skin
- and consequently its validation- were totally neglected; just a basic idea for a segmented
(armadillo-like) skin was conceptually sketched.
3

CLEAN SKY - PHASE 2: MORPHING FLAP MANU-FACTURING AND
GROUND DEMONSTRATION

After the very promising results obtained during the first phase of the CleanSky GRA project,
further activities were addressed to increase the TRL of the validated morphing flap
technology. Relying upon the already assessed concept, as well as on the experiences gained
in other research project running in parallel to Clean Sky (SARISTU and CRIAQ-MDO505,
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[16]-[28]), an innovative flap architecture was designed in order to enable two different
morphing modes on the basis of the A/C flight condition / flap setting:
Morphing mode 1
Morphing mode 2

Overall camber morphing to enhance high-lift performances during
take-off and landing (flap deployed);
Tab-like morphing mode. Upwards and downwards deflection of the
flap tip during cruise (flap stowed) for load control at high speed

During the second phase of the Clean SKY GRA, a larger true-scale segment of the outer
wing flap was selected as investigation domain for the new architecture in order to duly face
the challenges posed by real wing installation issues especially with reference to the tapered
geometrical layout and 3D aerodynamic loads distributions ([30]).
The investigation domain covered the flap region spanning 3.6 m from the wing kink (Errore.
L'origine riferimento non è stata trovata.) and was characterized by a taper ratio equal to
0.75 with a root chord equal to 1.2 m.

Figure 9 - morphing flap, investigation domain (CleanSky GRA , phase 2), [30]

The chordwise extension of the flap tip - to be deflected according to morphing mode 2 - was
set equal to the 10% of the local wing chord (red-colored portion in Figure 9). Maximum and
minimum deflections required for a typical A/C mission resulted respectively equal to ± 8°.
The dimensions of the flap tips and the deflection angles were defined on the basis of
preliminary CFD analyses carried out at A/C level and at cruise speed. The bimodal morphing
capability was assumed to be implemented by active ribs playing the role of inner movable
articulation of the flap structure.
The actuation strategy developed in the first phase of the CS-GRA project was preserved in
order to enable the overall camber morphing during take-off and landing phases (flap
deployed, morphing mode 1).
The rib was composed by four consecutive blocks (B1,B2,B3,B4, Figure 10) connected by
three frictionless hinges (A,B,C) located along the airfoil camber line. Blocks are allowed to
rotate with respect to each other thus making the airfoil camber line to morph. Blocks B1 and
B3 are interconnected by means of a suitably shaped beam (L) having two hinges at the
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edges; an internal leverage (M1) interconnects blocks B2 and B4 and is activated by the
external rotary actuator (A1).
The rotation induced by A1 makes the leverage M1 to move and therefore changes the
relative position of block B2 with respect to block B4; at the same time blocks B1 and B3 are
forced to follow the movement being mutually interconnected to the remaining blocks. The
position of the link L and of the pivots of the leverage M1 were selected in a way that, upon
the rotation of A1 shaft, all the rib blocks rotate around hinges A.B,C according to specific
angles compliant with the external morphed shapes to be achieved.
A secondary leverage (M2) links B4 to B3 and is driven by the rotation of the actuator A2.
The secondary leverage amplifies the torque of the actuator and makes B4 to rotate around the
hinge C thus implementing the tab-like morphing. During morphing mode 2 the primary
leverage is fixed and actuator A1 is powered off; during morphing mode 2 both actuators are
powered on. In morphing mode 1, the actuator A1 assures that the first three blocks of the rib
reach their target position while the actuator A2 drives the last block thus completing the
transition of the rib from the un-morphed configuration to the morphed configuration.

Figure 10 - Morphing rib, actuator and
transmission line (Clean Sky GRA –phase 2),
[30]

Figure 11 – Bi-modal morphing flap (actuators and
controllers), [29],[30]

The ribs were connected along the flap span by means of spar elements; a segmented solution
was selected for the skin and a smart transmission chain based on Harmonic Drive® gear
reducers was implemented in order to increase the authority of the actuators ([29]). The
transmission line assured an amplification factor for the torque of each actuator nearly equal
to 120.
Thanks to this excellent result, it was possible to drastically reduce the number and the size of
the actuators required to morph the entire flap. Four actuation groups each one including two
actuators (A1+A2) were considered adequate to move the entire device in operative
conditions; eight controllers (LTi® Servo One Junior) were installed in the first four bays of
the leading edge in order to drive the actuation groups (Figure 11).
Encoders for relative rotation measurement were placed around the hinges A,B,C (Figure 10)
of the ribs at station S1,S4,S8 (Figure 11); their output was used in feedback to drive the
actuators during morphing and to preserve the commanded flap shape in case of deviations
induced by external perturbations.
The functionality of the entire device was experimentally proven and after nearly ten thousand
activation cycles no degradation of the morphing performances was found.
In order to give experimental evidence of the structural strength of the device, a static test was
performed up to the limit load of 1.2 tons ([31]); the skin was removed during the tests in
order to allow for real-time visual inspection of morphing ribs and box components (Figure
12).
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Referring to the measurements coming from load cells, digital rotation encoders and strain
gauges, it was demonstrated that:
o no permanent deformation arose up to limit design load;
o the actuator authority and power demand were more than adequate to preserve a given
flap shape under the action of limit loads.
Ground vibration tests were finally carried out to support aeroelastic stability analysis of the
flap tip. No flutter, divergence and control reversal associated to morphing mode 2 were
found up to 1.25 times the dive speed of the aircraft.

Figure 12 – Static test of the bi-modal morphing flap, [31]

4

4. CLEAN SKY2: FROM BI-MODAL TO MULTI-MODAL CAMBER
MORPHING FLAP

The flap prototype investigated during the second phase of the CleanSky GRA represented a
very relevant milestone along the path directed to the implementation of morphing
technologies on large civil aircraft. This in force of its high reliability from the structural,
actuation and control standpoints.
On the other hand, further investigations were considered necessary to reduce the weight and
the complexity of the system, targeting to an even more mature product.
The Airgreen2 project, currently running in the framework of the CleanSky2 program ([33]),
has represented the first opportunity to optimize the morphing flap system layout while
adding also new and more demanding functionalities.
Three different functions are now being considered:
Morphing mode 1: overall airfoil camber morphing;
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Morphing mode 2: +10°/-10° (upwards/downwards) deflection of the flap tip segment
(from the 90% to 100% of the wing local chord);
Morphing mode 3: Tip segment twist (±5° along the outer flap span).
Morphing mode 1 is supposed to be activated during take-off and landing only, to enhance
A/C high-lift performances also allowing for steeper initial climb and descent, noiseabatement trajectories. Thanks to this function, more airfoil shapes are available at each flap
setting and therefore a dramatic simplification of the flap’s deployment systems may be
expected: actuation tracks could be hosted into wing section without the need for external
fairing.
Morphing modes 2 and 3 are related to the last chordwise segment of the flap and are
activated in cruise condition only, when the flap is stowed in the wing. Thanks to these
modes, LC functionalities may be implemented to improve wing aerodynamic efficiency.
Changes were applied to the CleanSky ribs layout (see paragraph 3) without altering the
general approach by which the bimodal camber morphing capability was supposed to be
implemented.
The smart function of the ribs, namely their capability to drive morphing as an inner movable
articulation of the flap structure, was preserved; ribs’ architecture and the associated
mechanics was instead modified in order to improve the reliability and the efficiency of
morphing through a more compact and robust design aiming at:
the minimization of spare parts;
the rationalization of ribs-spar / ribs-actuators interface;
the simplification of the overall flap assembly;
the reduction of installed power thanks to a lower number of actuators.
The generic rib is composed by four consecutive and entirely redesigned blocks
(B1,B2,B3,B4, Figure 4) connected by three frictionless hinges (A,B,C) located along the
airfoil camber line.

Figure 4 – CleanSky2, smart rib layout

Blocks are allowed to rotate with respect to each other thus making the airfoil camber line to
morph. Blocks B1 and B3 are interconnected by means of a suitably shaped beam (L) having
two hinges at the edges; an internal leverage (M1) is hosted by block B2 and interconnects
blocks B2 and B4. This leverage is activated by an external rotary actuator acting along the
shaft (A1) and amplifies actuator’s torque.
The rotation induced around A1 makes the leverage M1 to move and therefore changes the
relative position of block B2 with respect to block B4; at the same time blocks B1 and B3 are
forced to follow the movement being mutually interconnected to the remaining blocks. The
position of the link L and of the pivots of the leverage M1 are selected in a way that, upon the
rotation of the shaft A1, all the rib blocks rotate around hinges A.B,C according to specific
angles compliant with the external morphed shapes to be achieved.
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A secondary leverage (M2) links B4 (flap tip) to B3 and is driven by the rotation of the
actuator acting around the shaft A2. The secondary leverage, hosted by block B3, amplifies
the torque around A2 and makes B4 to rotate around the hinge C thus implementing the tablike morphing. During morphing mode the secondary leverage is fixed since only the shaft A1
is activated. On the other hand, the shaft A1 is locked during morphing mode 2
The ribs pitch was set equal to 580 mm (Figure 14) thus leading to two ribs less than those
that would have been required in case the pitch of CleanSky 1 flap would have been applied.

Figure 5 – Multi-modal morphing flap planform (CleanSky2)

Hinges lines defining the multi-box arrangement of the device were set perpendicular to rib
planes. In order to implement morphing mode 3 (tip twist), the last box -along chordwise
direction- was segmented in three different parts along the span (P1,P2,P3, Figure 6).
The differential deflection of these three parts was judged more than adequate to effectively
assure smooth tip twist in compliance with the given aerodynamic requirements (±5° along
the outer flap span, Figure 7).

Figure 6 - Tip segmentation for the implementation of morphing mode 3

Figure 7 - Tip twist through differential deflection of tip segment

With respect to CleanSky (bi.modal) device, the spars have been considered continuous (see
next figure) with no interruption at ribs stations, thus assuring a greater bending stiffness and
a reduced number of spare parts.
Moreover, a through-shafts solution was adopted to enable the transfer of the motor torque to
groups made of three ribs instead of two as in CleanSky. Therefore, the number of required
actuators was dramatically reduced: from the eight actuators used for the bi-modal morphing
flap (3.6m span) of CleanSky , to six actuators for the three-modal morphing flap (5m span)
shown in Figures 14 and 15. The reduction of actuators number resulted also from a smart
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optimization of the morphing rib mechanics and of the transmission line which were designed
in order to amplify the actuator torque by 200 times its nominal value.
With specific reference to the structural design, multi-loop FEM analyses were carried out to
find out the lighter arrangement withstanding the ultimate operative loads without local
failures.
In terms of overall weight of the load-carrying structure (namely ribs, spars and skin) a 50%
reduction with respect to CleanSky bi-modal flap was obtained while, referring to the
transmission lines and related actuators only, a 37% weight savings was achieved.

Figure 8 – Joints between the continuous spar and the segmented ribs
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CONCLUSIONS

Several technologies have been investigated and are currently being investigated in the
framework of the CleanSky program ([13]-[15],[32]) to realistically enable controlled and
stable morphing of large civil aircraft wings.
Among these, the morphing flap has been object of specific attention due to the potential
benefits it could bring to a typical regional aircraft in terms of aerodynamic performance
improvement.
At the beginning of the program, the technology targeted the enhancement of the climb and
descent phases only; successively its potentials for load control during cruise were delineated
on the basis of advanced CFD analyses. This led to the transition from a single-mode camber
morphing to a multi-modal and multi-functional morphing device.
Due to the intrinsic nature of the required morphing, mechanized solutions were preferred to
compliant architectures in force of their higher effectiveness for the implementation of a
multi-zone shape change.
The assessment of specific issues regarding the transmission line played a significant role for
the maturation of a reliable device characterized by relatively low complexity, weight and
electric power demand. The choice of a semi-conventional segmented skin following the
shape change of the inner structure without internal deformations, gave a relevant contribute
to the optimization of the actuators size due to the reduction of the energy levels required to
morph the structure.
On the other side, being the structure a mechanism, a careful sizing of irreversible
transmissions was faced in order to rationally distribute the solicitations induced by operative
loads between actuators and morphing box components.
Further activities, currently ongoing in the framework of the CleanSky2 program (follow-up
of CleanSky program), will experimentally validate the architectures proposed for the multifunctional flap from the functionality, structural and aerodynamic standpoints.
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Two main technological demonstrators will be manufactured; a first demonstrator -scale (1:3)will be used for wind tunnel testing, while a true scale demonstrator will be adopted for
ground tests (static, dynamic and functionality).
At the end of this experimental campaign the consolidation of a ready-to-flight technology is
expected; this technology will represent the starting point for additional work specifically
oriented to flight-testing, and successively, to certification and series-production; all these
topics will hopefully find their deserved space within the awaited CleanSky3 program.
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ABSTRACT
This wor investigates rotorcraft-pilot coupling phenomena in tiltrotor aircraft. A detailed
tiltrotor model, representative of the Bell
- , has been built. Biomechanical models of the
pilot, acting on the power lever and on the center stic , are included in feedbac loop to
define the ilot- ehicle System. ilot-Assisted scillation phenomena are investigated on the
overall conversion corridor using Nyquist s criterion. ilot-in-the-loop analyses demonstrate
that a critical parameter is detected in the vertical tail geometry. or an asymmetric
deflection of the flaperons, the wing s wa e impacts on the vertical tail, producing a side
force. The pulsating tail-side-force ma es the fuselage yaw, and excites the asymmetric wing
chord mode coupled with the lateral pilot s biomechanics, leading to a reduction, and in some
cases to a loss, of stability.
No possibility of unstable events is detected in the longitudinal direction. onversely, a
resonance between the pilot s biomechanics and the aircraft poorly damped symmetric wing
bending mode is predicted along the vertical axis. The vertical bounce instability is found
along the whole conversion corridor, although the source of excitation changes according to
the nacelle angle.
Keywords: tiltrotor, rotorcraft-pilot couplings, robust analysis, aeroelasticity.
1

INTRODUCTION

Adverse interactions between rotorcraft dynamics and human pilot belong to the challenging
area of Rotorcraft-Pilot Couplings (RPCs). These phenomena occur when the pilot introduces
an inadvertent or unintentional command in the control system as a consequence of the
vehicle dynamics, resulting in oscillatory or divergent motion, difficulty in performing the
desired tas , and, ultimately, loss of control 1 .
The interaction between the pilot and the vehicle can be of two inds. The first one, called
Pilot-Induced scillations (PI s), is a sustained or uncontrollable unintentional oscillation
resulting from the efforts of the pilot to control the aircraft 2 . Since the human operator s
bandwidth is inherently limited, interactions of this nature ta e place at low frequency,
specifically affecting the flight mechanics modes below 1 Hz, see .
The second ind of pilot-vehicle interaction is called Pilot-Assisted scillations (PA s), as a
result of the unintentional application of controls caused by vibrations of the coc pit. These
phenomena involve involuntary pilot participation to the low frequency rotorcraft structural
dynamics, usually in the frequency range between 2--8 Hz
. Clearly, there is room for
overlapping between the two phenomena.
1
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This wor presents an effective approach to develop multidisciplinary aeroservoelastic
models that can tac le PA problems. A detailed tiltrotor model, representative of the ell
-15, has been assembled. iomechanical models of the pilot, acting on the power lever and
on the center stic , are included in feedbac loop to define the Pilot- ehicle System (P S).
PA phenomena are investigated along the entire conversion corridor using Nyquist s
criterion to analyze the stability and the robustness of the P S. nce a possible PA
mechanism is identified, a model reduction is performed to detect the main dynamics and the
most influential parameters that can trigger the instability.
2

DYNAMIC MODEL SET-UP

A detailed tiltrotor model, representative of the ell
-15 research aircraft with advanced
technology blades (AT s) 4 , has been built using the simulation tool MASST (from
Modern Aeroservoelastic State Space Tools ), developed at Politecnico di Milano for the
aeroservoelastic and aeromechanical analysis of aircraft and rotorcraft 5, 6 . The dynamic
model set-up includes: 1) the airframe structural model, including sub-structured nacelles, 2)
airframe unsteady aerodynamics, ) aeroelastic rotors, 4) a lumped parameter engine drivetrain system, 5) servo-actuators, 6) a rotor speed governor controller and ) pilot control
device biomechanical models. In the following, the many components that are part of the
tiltrotor model are described.
2.1

Tiltrotor Aeroser oelastic Model

The layout of the ell
-15 is similar to a turboprop aircraft. Large proprotors, coupled with
turboshaft engines, are mounted on the wingtip nacelles. The rotor axis rotates from the
vertical direction, for hover and helicopter mode flight (HEM DE), to the horizontal
direction for airplane mode flight (APM DE). According to available literature
, the
airframe structure can be modeled as a finite element (FE) stic model consisting of an elastic
wing, which is discretized using 10 beam elements, a rigid fuselage and rigid wing-mounted
nacelles. The rotors are represented by two lumped masses. The resulting model is depicted in
figure 1(a). It aims at capturing the fundamental six lowest normal modes of the wing, i.e.
symmetric antisymmetric wing bending (S
A
), symmetric antisymmetric wing chord
(S C A C), and symmetric antisymmetric wing torsion (S T A T).

(a)
Figure 1: ell

(b)
-15 airframe model. (a) FE stic model (b) aerodynamic boxes.

The
-15 FE stic model describes the tiltrotor structural dynamics in a comparable
bandwidth with PA phenomena (the lowest elastic wing mode is located at . Hz and the
highest at 8. Hz) and for this reason it is adopted to represent the elastic airframe, which is
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developed and validated in NASTRAN. The natural frequencies and mode shapes are
validated with the baseline results obtained by Acree et al.
in APM DE (see table 1).

Table 1:

-15 airframe natural frequencies (APM DE).

The NASTRAN airframe model is then exported to MASST and divided to three components:
the main structure, which includes the wing, the fuselage and the tail, and two substructures
that describe the rigid nacelles. In MASST, each nacelle has the specific property to rotate
about a spindle axis. As a consequence, a single airframe model can be dealt with for all
configurations. The substructuring approach is based on the oundary Mass Method proposed
by arpel and Raveh 8 . Finally, control surfaces are modeled as well. The
-15 is
supplied with seven aerodynamic control surfaces, namely two flaps, two flaperons, an
elevator and two rudders.
Unsteady generalized aerodynamic forces due to small motion of the airframe and gusts can
be obtained as solutions of integro-differential equations related to harmonic boundary
domain oscillation, namely the generalized aerodynamic forces frequency responses fa,
𝒇𝒂 = 𝑞∞ 𝐇𝑎𝑚 (𝑘, 𝑀∞ )𝒒 + 𝑞∞ 𝐇𝑎𝑔 (𝑘, 𝑀∞ )𝒗𝑔

(1)

where q is the dynamic pressure,
l
is the reduced frequency,
is the Mach
number, Ham and Hag are the aerodynamic transfer matrices associated with the structural
mode shapes and the gust input g. Matrices Ham and Hag have been obtained using the
classical Doublet Lattice Method (DLM) of NASTRAN 9 . Figure 1(b) shows the
aerodynamic boxes defined for the
-15. MASST casts the resulting frequency domain
matrices in state-space form by means of a rational approximation reduced to minimum states
through a balanced truncation 10, 5 .
Rotor aeroelastic models are obtained from CAMRAD A using data published by Acree in
11 . Three bending and two torsion modes, in multi-blade coordinates, plus the rigid lateral
and longitudinal gimbal modes have been considered for the three-bladed, stiff-in-plane,
15 rotors. Additionally, each rotor includes: the three-state Pitt-Peters dynamic inflow model
12 , the rotor speed degree of freedom and the six hub pylon rigid modes required to connect
the rotor to the airframe, for a total of 2 degrees of freedom. The
-15 AT s rotors, which
are characterized by composite blades, operate at 601.0 rpm (100 ) in helicopter and
conversion modes. nce fully converted to airplane mode, the rotor speed is decreased to
480.8 rpm (80 ).
The dynamics of the engine-drive train system can be modeled in MASST using simplified
one-dimensional models consisting in a set of torsional springs and equivalent lumped
inertias. A eta governor is also included. The pilot sets the engine power and the governor
ad usts the propeller pitch to maintain the rpm constant.
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The control surfaces deflection (flaps, flaperons, elevator, rudders) and the rotors pitch inputs
(collective and longitudinal cyclic pitch) are actuated by hydromechanical servomechanisms,
used for position control. Servo-actuators are represented in MASST by transfer functions
that model the servo-valve and compliance dynamics (see Ref. 1 ).
2.2

Pilot s Biodynamic Feedthrou h

A general P S scheme is s etched in figure 2. The closed loop system is characterized by a
Primary Flight Control System (PFCS), including the gear ratios between the deflection of the
control inceptors and the corresponding motion of the control surfaces. The possibility to
introduce an Automatic Flight Control System (AFCS), designed to improve the tiltrotor
stability and handling qualities, will be investigated in a future wor . Pilot-in-the-loop
stability analyses are performed by introducing pilot control device elements in feedbac loop
with the tiltrotor dynamics. Pilot s biomechanics are generally described by transfer functions
that characterize the biodynamic feedthrough ( DFT), i.e. the involuntary control inceptors
motion caused by external accelerations transmitted to the pilot s body 14 . Due to the
coc pit vibrations the acceleration measured at the pilot s seat, represented aseat in figure 2,
excite the pilot s biodynamics. The output of the pilot s DFT is an involuntary passive pilot
(PP) input on the control inceptors PP. The influence of a voluntary active pilot (AP) input,
AP
e.g. due to a pilot model capable of eeping the aircraft in a trimmed condition or to
perform a maneuver, is not investigated in this wor .

Figure 2: Tiltrotor Pilot- ehicle System.

In MASST the pilot s DFT is introduced as a controller, since it is actually a control system
that ta es as input the acceleration measured at the pilot s seat acting on the control inceptors.
Pilot-in-the-loop stability analyses are performed along the longitudinal, lateral and vertical
axes. n each axis, the pilot model is defined by a DFT transfer function (TF):
the longitudinal axis pilot DFT is derived from Ref. 15 . This wor presents pilotin-the-loop aeroelastic analyses of the -22. The longitudinal pilot s biodynamics is
characterized by sha ing the pilot in the coc pit with hands on the controls. The pilot s
DFT is identified by measuring the fore aft stic displacement in response to a
longitudinal acceleration
data available in Ref. 16 are used to represent the pilot s DFT along the lateral axis.
In that wor , the
ibby flight simulator at the University of Liverpool is used as a
vibration platform to excite the biodynamics of the pilot along the lateral axis, without
any specific visual cueing. Three trained test pilots are considered in the biodynamic
feedthrough characterization
Mayo ( Ref. 1 ) identified a simple model of the DFT that describes the
involuntary action of helicopter pilots on the collective control inceptor when
sub ected to vertical vibrations. In that case, results were obtained from two sets of
pilots, identified as ectomorphic (small and lean build) and mesomorphic (large bone
structure and muscle build).
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PILOT-IN-THE-LOOP STABILITY ANALYSIS
Including the pilot s DFT, the P S is studied by using generalized stability analysis
techniques. According to Nyquist s criterion, the degree of stability robustness of a dynamical
system can be evaluated by means of two indexes: the gain (GM) and phase (PM) margins of
the loop transfer function (LTF). In order for a system to be stable, both margins must be
positive. The degree of robustness can be quantified by loo ing at the magnitude of the
stability margins. To obtain a robust system it is necessary to reach a gain margin above 6
decibels and a minimum phase margin of 60 degrees, as suggested by Parham et al. 15 .
Time delays, eventually ustified by the digital acquisition and filtering of control device
motion or by signal processing before feeding inputs to the actuators, can be also introduced.
.1

Instability Mechanism Alon the Lateral A is

The analysis is performed at 280 nots, APM DE, Sea Level Standard (SLS) a flight
condition in which large lateral accelerations have already been related to PA occurrences in
the -22 15 . In APM DE, a lateral stic motion generates an asymmetric deflection of the
flaperons. The pilot s control input is managed by the PFCS which contains the gear ratio
between the lateral displacement of the stic and the resulting flaperon rotation. An
exponential function representing a time delay, , over the stic control command may need to
be accounted for.
PA phenomena in tiltrotor are commonly triggered by a resonance between the pilot s
biomechanics and the airframe structural dynamics. As a matter of fact, the lateral PA
reported for the -22 15 showed that the pilot s biomechanics, characterized by a
biomechanical pole between 2-- Hz, inadvertently destabilized the A C mode located at
.25 Hz. In the
-15 case, the A C frequency is located close to 8 Hz (table 1). wing to
the resulting frequency separation, the possibility for a RPC to occur is unli ely. However, it
is recalled that the present
-15 structural airframe, represented by the FE stic model of
figure 1(a), undergoes the strong hypothesis of rigid fuselage. As a consequence, the
frequency location of the A C mode, which involves a consistent participation of the
fuselage and tail motion, may be significantly overestimated. ith a flexible fuselage, the
A C frequency is expected to reduce. As a result, it is here decided to artificially modify the
-15 A C frequency to a more realistic value of .28 Hz.
To explain the lateral PA phenomenon, the effects of the wing s wa e vorticity over the
15 vertical stabilizers are investigated. Figure depicts the wing s wa e vorticity generated by
an asymmetric deflection of the flaperons, inducing a lateral airstream velocity on the two
fins. The lateral airstream produces a side force. The pulsating tail-side-force ma es the
fuselage yaw and excites the asymmetric in plane bending mode, leading to a reduction, or
even a loss, of stability. This aerodynamic interaction is nown as proverse yaw. The impact
of the proverse yaw can be quantified by the airframe unsteady aerodynamics included in
MASST. The generalized aerodynamic force that energetically wor s for a rigid yaw rotation,
due to an asymmetric deflection of the flaperons, is able to capture this phenomenon.

Figure : Flaperon induced velocity field around vertical stabilizers.
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The related aerodynamic TF is indexed as Ham(6,14) (the 6th mode represents the rigid yaw
mode and the 14th mode is a rigid, asymmetric rotation of the flaperons). Figure 4 compares
the LTFs obtained with and without the aerodynamic TF Ham(6,14). It can be observed that,
when this particular aerodynamic contribution is neglected, the lobe in the Nyquist plot
contracts considerably, thus increasing the gain margin.

Figure 4: Nyquist diagram of the lateral LTF with out the aerodynamic force due to Ham(6,14).

The lateral PA mechanism can be summarized as follows. The A C mode induces a lateral
acceleration at the pilot s seat this vibration is amplified and delayed by the pilot s
biodynamics, producing a lateral displacement of the center stic . The lateral movements of
the stic cause the flaperons to rotate asymmetrically, generating a sidewash velocity (and a
side force) on the vertical stabilizers and causing the fuselage to yaw. The resulting
generalized aerodynamic force excites the A C mode, closing the feedbac loop and
producing a destabilizing effect.
Pilot-in-the-loop analyses are performed with test pilot 2 in figure 5, considering only the
vertical tail above the plane of the wing. The time delays in the pilot control device may
consistently further reduce the stability margins of the system, reaching the critical condition
when
50 ms.

Figure 5: Nyquist diagram of the lateral LTF, test pilot 2. ertical tail above the plane of the wing.

.2

Instability Mechanism Alon the Lon itudinal A is

No possibility of unstable events has been detected in the longitudinal direction. It is worth
recalling that in Ref. 15 is described a longitudinal PA event occurred to the -22, that
destabilized the airframe S C mode. The unstable oscillations were excited in high speed
APM DE flight due to a pulsating thrust induced by the pilot s biodynamics through the
Thrust Command Lever (TCL), similar to the throttle lever of conventional airplanes.
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In the
-15, due to the frequency separation between the pilot s biodynamic pole and the
S C mode frequency of the airframe, close to 6 Hz, the possibility for an unstable RPC to
occur is unli ely. Moreover, the -22 TCL is replaced by a power lever on the
-15, whose
vertical motion is not expected to interact with longitudinal accelerations.
.

Instability Mechanism Alon the Vertical A is

In the
-15 tiltrotor, a vertical power-lever (PL) input acts on the symmetric collective pitch
and on the throttle control. The gear ratio between the vertical PL displacement and the
symmetric collective pitch (G0) is scheduled with the nacelle angle 11 specifically, the
collective input is maximum in HEM DE and null in APM DE. As a consequence, in
APM DE the pilot loop closure only ta es place by way of the throttle control. The throttle
gear ratio is almost constant, with a value of about GT 6. deg in 11 .
Since the
-15 exhibits a S
frequency close to Hz (see table 1), it is here speculated
that the pilot s DFT, showing a resonance in the range between --4 Hz, may interact with
the first airframe symmetric wing mode. The analysis of the vertical bounce is performed all
over the tiltrotor conversion corridor. Results are shown in figure 6 at SLS conditions. A
reduced and representative subset of configurations is selected, parameterized with respect to
nacelle angle and airspeed. Since the symmetric collective pitch gear ratio G0 decreases with
the nacelle angle, vertical bounce is expected to disappear when conversion is complete.
Moreover, aerodynamic loads in forward flight can potentially magnify the vertical
accelerations, thus amplifying the vehicle response to a PL input. As a combined result of
these two aspects, the most critical conditions are expected in the region of the conversion
corridor that is concurrently characterized by high nacelle angle and large airspeed.

Figure 6: S

frequency and damping ratio on the conversion corridor, with ectomorphic pilot.

It can be observed that a mild instability still persists in APM DE. Since the thrust vector
lays in the plane of the wing, it cannot be held responsible for the excitation of the out-ofplane S
. In this case, the source of the excitation can be traced bac to the torque
generated by the rotors after a throttle input through the power lever.
4

CONCLUDING REMARKS

A detailed aeroservoelastic model, representative of the ell
-15, has been developed to
analyze PA phenomena in tiltrotor aircraft. A critical parameter for lateral RPC is identified
in the vertical tail geometry. In fact, a PA mechanism can be triggered by the impact of the
wing s wa e vorticity on the vertical tail produced by asymmetric flaperon deflection. No
unstable RPC is detected in the longitudinal direction. Finally, a resonance between the pilot s
biomechanical pole and the aircraft poorly damped symmetric wing bending mode is detected
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along the vertical axis. The most critical configurations are encountered at 5--90 degrees of
nacelle angle and maximum airspeed. An APM DE instability mechanism is also detected,
described as a coupling between the S
mode and the pilot s biomechanics due to pulsating
symmetric torque, induced by the rotors, through the power lever.
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ABSTRACT
This paper will give an overview about the two balloon-borne experiments
I
and
S E S I E, used for astrophysical measurements. The
I
experiment is devoted to
measurements of the spectra of the Sunyaev- el dovich effect of osmic icrowave
Bac ground ( B) in clusters of galaxies. The payload includes a large-aperture telescope, a
differential ourier-transform spectrometer, and four arrays of inetic inductance detectors,
wor ing in the
,
,
,
G z band, cooled at . . I
has been launched from
ongyearbyen ( N, Svalbard islands), on uly th
, and has flown at . m of altitude
for about days. The S E ( arge-Scale olarization Explorer) experiment is a coordinated
ground-based (STRI ) balloon-borne (S I E) effort to measure
B polarization at the
largest angular scales. S I E includes an array of
multi-mode TES bolometers, operating
at .
in three different bands,
,
, e
G z. The detectors are fed by a
cm
refractive telescope and the polarization modulation is achieved through a magnetically
levitating spinning
. The flight has to be performed during the polar night. The demanding
launch and flight operation issues will be presented too, including considerations about the
trajectories, launch feasibility, logistics and safety.
Keywords: Cosmology, CM , Stratospheric alloons, Long Duration Flight
1

INTRODUCTION

Stratospheric balloon experiments play a unique role in current Cosmic Microwave ac ground
(CM ) studies. The Cosmic Microwave ac ground (CM ) is a faint bac ground of thermal
microwave photons, filling the entire Universe, produced a few milliseconds after the ig ang.
During the first 80000 years after the big bang, these photons were thermalized by frequent
interactions with the free electrons of the primordial plasma. hen the plasma cooled to the
point where electrons were able to combine with protons to form hydrogen atoms, CM
photons were free to travel across space, carrying important information about evolution of the
Universe. Today CM photons form a 2. 25 blac body, whose specific brightness pea s at
a frequency of 159 GHz. Due to the Earth atmosphere opacity, only the long-wavelength side
of the CM spectrum can be accessed from the ground. Moreover, atmospheric emission and
its fluctuations degrade the measurements of the polarized emission of interstellar dust, ma ing
it difficult a correct subtraction of this contaminating foreground. These facts led to the use of
stratospheric balloons to carry high-frequency CM experiments above the bul of atmospheric
emission, at an altitude of ∼ 40 m. Another advantage to avoid the atmosphere is that at those
frequencies the integration time is reduced by more than two orders of magnitude wrt
1 00

I

S ES I E

experiments on the ground, due to the improvement of the achievable photon-noise-limited
sensitivity.
alloon-borne experiments have also many benefits wrt satellite missions. They can produce
CM science at a relatively fast pace, and the total cost of the mission is roughly 100 times
less. After the operations and the termination, the payload can be recovered, allowing the
scientists to refurbish and even improve the experiment for subsequent flights. Moreover,
balloon borne experiments allow qualifying innovative space instrumentation, to be used on
future satellite missions. The scientific needs of the payload shall, of course, be compatible with
launch operations. ne aspect is the long duration of flight required by the astrophysics
experiments. A flight duration longer than 8 days or more in nominal conditions is often
required, which brings to a total flight duration of 10 days or more. In addition, for several
experiments, including LSPE, sunlight exposure must be avoided. This is one of the most
critical requirements for both the payload and the flight tra ectory, which strongly depends on
the winds circulation. The launch operations also depend on payload mass. Typically for CM
experiments the masses range from 500 g to more than two tons (i.e.
MERanG 1 ,
Archeops 2 , MA MA IMA , TopHAT 4 , SPIDER 5 , E E 6 ). These heavy masses
are mainly due to the large telescope size (more than 1 m) and to the use of a cryogenic system
to cool down the detectors ( 00 m ), to increase their sensitivity. Due to the high masses and
the long duration requirements, it is mandatory the use of a ero-Pressure balloon.
2

OLIMPO

2.1

Scientific Goal

The main targets of the LIMP payload is the measurement of the spectral distortion of the
CM in the direction of rich clusters of galaxies. The intracluster space is filled by very hot
ionized gas (T∼10 -108 K). CM photons, when crossing rich clusters of galaxies, have a
li elihood of about 1 of undergoing inverse Compton scattering against the hot electrons of
the intracluster plasma. This phenomenon, called thermal Sunyaev- eldovich Effect (S E)
results in a shift of the CM spectrum to higher energies, inducing a decrease of the CM
brightness at frequencies below 21 GHz and an increase of the CM brightness at frequencies
above 21 GHz. The S E spectrum does not depend on the distance (redshift) of the cluster of
galaxies, providing a unique tool to investigate the early evolution of structures. The strength
of the S E depends linearly on both the temperature and density of the intracluster plasma. For
this reason it is possible to study the low density peripheral parts of the clusters, and the
filaments of ionized matter connecting clusters, which is difficult to investigate measuring the
-ray emission of the gas, since that is proportional to the density squared.

igure

(a) The

(a)
(b)
B spectrum, undistorted (dashed line) and distorted by the S E (solid line)
a blac body spectrum and the post-S E
B spectrum (thic solid line)
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The most recent surveys of the S have been carried out by large ground-based mm-wave
telescopes (in the few bands allowed by atmospheric opacity), and by the satellite Planc
mission, which covered
bands from 44 to 540 GHz 9 . All these are photometric
measurements. The number of independent bands is limited to seven while the parameters that
describe the cluster and the foregrounds can be more. Spectroscopic measurements allow to
estimate the parameters of the cluster by removing the degeneracy of photometric
measurements. The payload LIMP is designed to exploit the advantage of spectroscopic
measurements of the S E.
2.2

The OLIMPO Instrument

LIMP is a 2.6 m Ritchey-Chretien telescope, with 4 photometric arrays, centered at 150,
250, 50, and 460 GHz, matching the negative, zero, and positive regions of the S spectrum.
It has an innovative plug-in room-temperature Differential Fourier Transform Spectrometer
(DFTS) that can be inserted in the optical path between the telescope and the cryostat for
spectroscopic measurements. The custom attitude control system relies on three sun sensors,
three gyroscopes and one star sensor, to point the telescope in the direction of the selected
galaxy cluster with arcmin accuracy. The gondola hosting all the subsystems is connected to
the flight train through an azimuth pivot and is equipped with a linear elevation motor. The
detectors are cooled by a cryogenic system, designed to last for 15 days, consisting of a wet
LN2 plus L4He cryostat. The operating temperature (0.
) is reached by means of a L He
refrigerator 10 . The cryostat hosts the cold optics, the detectors arrays, the horn arrays and the
cold electronics (fig. 2(a)). The detectors consist of 4 arrays of horn-coupled lumped-element
inetic Inductance Detectors ( ID), one for each spectral band (fig. 2(c)), designed to match
both the LIMP requirements (noise equivalent temperatures, dynamics and spectral
coverage) and the wor ing conditions (operating temperature, radiative bac ground power and
the coupling to the optical system). The detectors absorbers consist in a 0 nm thic aluminum
I order Hilbert pattern, deposited on a silicon wafer, whose thic ness depends on the optical
frequency of the array 11, 12 . Radiation coupling is made by a single–mode circular
waveguide for the 150 GHz and 250 GHz arrays and by a single–mode flared circular
waveguide for the 50 GHz and 460 GHz arrays. As mentioned before, LIMP is also able
to perform spectroscopic measurements, by means of the DFTS 1 (fig. 2(b)). In the DFTS
two input ports collect radiation from two independent s y fields, so that each detector measures
the brightness between the two points, re ecting the common-mode signals from the instrument
14 .

igure

(a)
(b)
(a) The rear side of the
I
payload (b) The four
I
detector arrays mounted in their holders (c)
The D TS mounted on the gondola before the assembly of the cryostat.
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S ES I E
Launch & Recovery

The launch activities of stratospheric balloons require a combination of excellent nowledge of
all the aspects of a flight campaign, manual s ills and a good combination of weather condition
on ground, winds circulation, safety of the neighborhood. In order to fulfill the scientific
ob ectives, the LIMP payload needs a long-duration circumpolar balloon flight. In order to
achieve the scientific goals, the launch site, identified by scientific team of the payload, is
located in the airport of Longyearbyen, in Spitzbergen, at the Svalbard Islands. The selection
was mainly driven by the geographic location and past activities conducted by the Italian Space
Agency (ASI) and Sapienza with pathfinder flights 15 16 1 18 19 . ASI selected the
Swedish Space Corporation to operate the launch and the recovery of the payload in the summer
period. The choice of the launch campaign period was mainly due to the very stable winds of
the artic vortex at 5-40 m altitude (fig. (a)).

(a)
igure (a)Stable artic vortex during summer time

. (b)

I

(b)
payload on the crane during launch operations

LIMP was launched (fig. (b)) from Longyearbyen airport on uly 14th 2018, after six
launch attempts due to weather conditions on the ground. The alloon Flight Control System
performed nominally. The balloon had a nominal ascent phase with a velocity of 5 m s. During
the flight the float altitude was exceptionally stable, than s to the stable thermodynamic
conditions (fig. 4 (a)). The required minimum flight altitude of 5,000 meters was superseded
by an actual float level of ,800 m.

(a)
igure

(b)
(a) loat altitude of the balloon during the flight. (b) limpo flight trajectory.

The flight followed the forecast of the tra ectory, which is reported in fig. 4(b). The flight was
terminated after 5 days instead of the minimum 12 days in order to increase the possibility of
successful recovery of the payload avoiding termination on the Arctic cean. The termination
decision too into account also the safety of the recovery team, and the potential for recovering
all components of the flight equipment. It was decided that the area to the southeast of La e
Hazen was the safest landing location. The limpo landed in uttinirpaaq National Par on
Ellesmere Island, Nunavut, Canada on uly 19th, 2018. The balloon landed at latitude 81.
466 8889 N, longitude - 0. 216666
, while the gondola and parachute landed
approximately ,4 m away. All the material was recovered or duly disposed. The launch
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activities allowed gaining experience for the next flight campaigns with particular focus on the
recovery operations.

igure

2.4

anding and Recovery of the limpo ayload

In-flight performance of OLIMPO

For the first time such a large telescope, a DFTS and IDs have flown on a stratospheric
balloon. During the first hours of flight, it has been possible to tune the detectors and to
demonstrate their dynamics under changes of the radiative bac ground due to the variation of
the telescope elevation and the insertion of the DFTS into the optical chain. The noise
equivalent power of the detectors in flight is smaller by a factor of 2, 8, .5, 4.5 at 150, 250,
50 and 460 GHz relative to the one measured in the laboratory 11 . Moreover, it is photonnoise-limited for the channels at 250, 50 and 460 GHz and very close to photon–noise–limited
performance for the 150 GHz channel. Furthermore, the data contamination due to primary
cosmic rays hitting the arrays is less than
for all the pixels of all the arrays, and less than
1 for most of the pixels 11 . These results represent an important step in the TRL
advancement of ID technology in a LE environment, in view of future satellite missions.
3

LSPE

3.1

Scientific Goal

Linear polarization of the CM (curl–free E-mode) is nown to emerge from the physics of
Thomson scattering of a locally anisotropic field of radiation off free electrons at the last
scattering surface, and is correlated with density (scalar) perturbations. The other component
of CM polarization (curl-li e -mode) is, at small angular scale, the result of E–to– lea age
due to gravitational lensing of the CM photons from large scale structures along the path to
us. At large angular scales, -modes are generated by the presence of a gravitational waves
bac ground (tensor perturbations) produced at the epoch of inflation. A detection of -modes
would represent the final confirmation that inflation really occurred. The measurement of r, the
ratio between the amplitude of tensor perturbations and that of scalar ones, would indicate the
energy scale of the inflation 21 , providing the ey to complement our current understanding
of the early universe. The current upper limits on r is r 0,0 at 95 c.l. 22 . -modes are a
very tiny signal (fractions of a
in CM units), so a –mode measurement demands careful
strategies, both in instrument design to mitigate the instrument systematics and in accurate
treatment of the large signals from the foregrounds (synchrotron emission and thermal dust
emission). The LSPE pro ect is been developing with this intent. It features a low frequency
ground-based telescope, LSPE STRIP, and a high frequency balloon-borne instrument,
LSPE S IPE, to perform a large scale map of the polarized s y from 40 to 260 GHz, with the
target to constrain r at the level 10-2. Here we focus on LSPE S IPE.
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S ES I E
The Instrument

S IPE (Short avelength Instrument of the Polarization Explorer) is a multiband cryogenic
Sto es polarimeter coupled to a 50 cm aperture refractive telescope. Radiation from the s y is
focused on two independent focal planes (one per polarization), populated by sets of multi–
moded Transistor Edge Sensor (TES) bolometers centered at 150, 220, 240 GHz. These are
coupled with the radiation through smooth–walled conical horns (fig. 6 (d), (e), (f)). The 150
GHz array is the CM channel, while the 220 and 240 GHz arrays are dedicated to
measurements of polarized dust emission (synchrotron emission is monitored by STRIP). The
polarization of the s y brightness is modulated by a 50 cm rotating Half ave Plate (H P),
followed by a linear polarizer. The detectors and the optical elements are cooled by a cryogenic
system consisting of a wet L4He cryostat plus a L He refrigerator for the last stage. Large (8
mm diameter) spiderweb TES bolometers have been custom developed for S IPE. The readout
electronics is based on a Frequency Domain Multiplexing (FDM) scheme with a mux factor
16:1: the cold part is based on LC filter boards (including the bias resistor) at 00 m , while
the S UIDs are at 1.6 . Fig. 6 (a) and (b) shows a s etch of the S IPE gondola and of the
cryostat hosting the focal plane.

(a)

(b)

(c)

(d)
(e)
(f)
igure (a), (b), (c) S etch of the S I E gondola, the cryostat and
rotation mechanism (d) ultimode TES
bolometer absorber (e) Detector horn (f) sample of a pixel assembled on one of the two S I E focal planes.

The innovative subsystems of S IPE are the H P rotation mechanism design (fig. 6(c)) based
on a superconducting magnetic suspension system, allowing continuous rotation at 60 rpm,
corresponding to a 4 Hz modulation of the linearly polarized signal, and the multimode
detectors. This ind of detectors trades angular resolution for an increased optical efficiency
(8800 of radiation modes are detected in S IPE), while eeping the number of bolometers very
low ( 0). This means that each detector, instead of detecting a single mode is able to be
sensitive to many modes (N) of the incoming radiation, thus boosting the effective photon noise
limited sensitivity of each bolometer by a factor √𝑁. The multimode sensitivity implies obvious
challenges in detector design 2 . The limited number of detectors and readout wires allows to
comply with the strong constraints on power supply of a stratospheric night flight.
3.3

The Status

The main subsystems of the S IPE instrument are under fabrication and testing. The
clamp release system for the magnetically levitating rotor, allowing to eep it in place before
the superconducting transition of the support magnets, has been prototyped and successfully
tested at cryogenic temperatures 24 . The rest of the components (i.e. superconducting
magnets, rotor permanent magnet, control coils and control electronics) has been built and
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individually tested. The full system, including the long duration cryostat and the telescope, will
be assembled and tested in the coming months. Recent tests on a prototype of the detector plus
its horn with a coherent source at 128 GHz demonstrate a response consistent with the model
25 . More extensive, broadband tests at system level are planned. The first functional tests of
the electronics (tone generation) on the prototype flight model have been performed 26 .
Gondola construction is underway. The pre–integration campaign is scheduled at the end of
2019. The first launch opportunity for S IPE is late Arctic inter 2020.
3.4

The launch challenges

The LSPE mission will be more challenging wrt to a mission executed in the summer period.
Since the CM
-modes is very small and at large scales, it is necessary to avoid solar
irradiation and the presence of the sun in the sidelobes, and to reduce instrument and
environment temperature. This means that the payload needs to acquire measures for at least 8
days (goal 15 days) with 95 of the time in dar conditions. This means that the mission should
be executed in polar regions during the polar night. The analysis of the launch campaign
challenges shall mainly consider the following points: payload tra ectories, ground meteo,
dar ness conditions, overflight and landing permissions, recovery opportunities, safety
(operators and population), logistics. The northern hemisphere offers the Svalbard and Esrange
launch sites as the best options. The latter is the launch facility of the Swedish Space
Corporation. It offers good logistic support than s to the facilities offered by the base but it is
located in a southernmost position wrt the former, so the probability to fulfill the dar exposure
requirement is lower. The launch opportunities, being in the winter time, will be less wrt the
summer time launch opportunities due to the bad weather conditions on the ground. Another
aspect to be considered is the circulation of the winds in the northern hemisphere, which is more
unstable wrt to the summer one. This influences also the predictions of the tra ectories. The
southern hemisphere offers launch sites in Antarctica. Here the night circulation is more stable
and could allow a more accurate prediction of flight tra ectories. However, ground weather
conditions ma es the logistic operations hard, and the safety of the personnel who operates the
launch can be critical. Another aspect to be considered for the choice of Antarctica sites is the
compatibility with the measurements performed by STRIP, which will be located in Tenerife
and will observe the northern s y. The analysis of the challenges is still on going and the final
solution will ta e into account all these challenges.
4

CONCLUSIONS

limpo and LSPE are spearheads of the astrophysics experiments in Italy, both from a
technological and scientific point of view. Than s to the experience gained by ASI in this field,
the stratospheric activities allows to fulfill the ob ectives of these experiments at lower costs
and in a short term allowing to eep competitive the scientific results at international level.
Stratospheric activities have been increasing, also at international and European level, gaining
a wide range of experiments.
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ABSTRACT
Propeller blades and turbulent boundary layer represent the main noise sources from a turboprop aircraft, causing both passenger discomfort and community annoyance.
In this paper the interior noise reduction of a T/P aircraft, focusing on the passenger perceived
noise, is carried out through the optimization of several passive technologies.
To this aim, the numerical model of a full T/P aircraft including both composite primary and
secondary structures subjected to the acoustic loads generated by the propellers and the
turbulent boundary layer (TBL) is described and both Finite Element method (FEM) and
Statistical Energy Analysis (SEA) approaches have been applied to model the global fluidstructure interaction phenomena of the whole cabin at low and high frequency.
Results, in terms of Sound Pressure Level (SPL) and different acoustic indices have been
carried out for each single investigated technology. Moreover, in view to find a final
configuration that take into account the best technology for each subcomponent, all the
investigated technologies have been finally developed and parametrized at cabin level to drive
the optimization process and finally the acoustic response within the interior cavity has been
evaluated in terms of subjective (sound quality) and objective (SIL3, OASPL) metrics at the
passengers sitting position.
Keywords: aircraft cabin, modelling, comfort, noise, optimization
1

INTRODUCTION

The soundproofing of a T/P aircraft is not a trivial task; noise reduction requirements come into
conflict with weight, installation and cost limitations that prevent technologies and
methodologies that would beneficially affect the passengers’ comfort from being adopted. The
contributions of both TBL and propeller blades implies that both low (less than 300 Hz) and
high (up to 10000 Hz) frequency loads have to be downcast. Currently no technology is able to
work effectively in such a wide spectrum, therefore a combination of active and passive
technologies has to be adopted. Through numerical simulations, the impact of such technologies
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on the cabin pressure filed can be evaluated, but not without efforts; the 2 used approaches
cannot exploit the same model, have practical limitations in terms of frequency range and
limited reliability for some applications. To effectively evaluate the impact of the
soundproofing, an automated procedure is required; starting from a validated initial model, it
removes the manual effort to modify the model to couple with the configuration if interest and
can be used for both to perform design studies and optimizations. The automation procedure is
composed of 3 key steps: identification of the design variable(s) and their mapping onto the
parametrized numerical model(s); analysis; postprocessing of the results. A Process Integration
and Design Optimization (PIDO) software has been used to wrap the VA One and NASTRAN
and their analyses, with pre- and post- processing tools created to tailor the model to match the
desired soundproofing configuration. The objective is to effectively investigate how new
materials and approaches affect the passengers, identifying critical aspects and highlighting
solutions of potential interest for more in-deep investigations.
2

CABIN SEA MODEL DESCRIPTION

A fuselage trunk has been modelled using the software VA One, through the SEA module. In
view to distinguish the SPL along the fuselage at the different stations, necessary to evaluate
the noise level at various distances from the noise source, the fuselage trunk has been divided
in several subsections. An isometric view of the SEA fuselage model is shown in Fig. 1, where
it can be noted the internal subdivision through the cavities, the different colours of the skins
(according to material and properties), the application of the external loads and the Semi Infinite
Fluids (SIF). Detailed model description is available at Petrone at ali. [1].

Figure 1: SEA model with applied TBL loads at different sections.

The nominal passive soundproofing configuration of the cabin exploits fiberglass reinforced,
laminated, lining panels with Nomex core, and aeronautical glass wool thermoacoustic
blankets. This setup has been analysed and used as a reference to evaluate the changes in terms
of weight and noise environment properties. Lining and blanket weight have been determined
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using their known (blanket) or estimated (lining) densities, thicknesses, and model-measured
total surface.
3

OPTIMIZATION WORKFLOW SETUP

The overall structure of the integrated Multi Disciplinary Optimization (MDO) problem,
implemented in the Optimus PIDO, is illustrated in Figure 2.

Figure 2: Top Level MDO Workflow.

The MDO is composed of 10 sequentially connected and operated blocks, that wrap analysis
and pre/post-processing scripts and routines; these are required to evaluate loads, convert results
and prepare the models according to the values of the design variables of the undergoing
investigation. From an operative point of view, the workflow can be broadly divided into 3 main
phases: a pre-processing sequence (left side, azure and, light green), an analysis group (central)
and post-processing tasks (right).
Data acquisition modules:
Reduce Airframe gets the current versions of the simplified airframe FEM and SEA
models (also includes the simplified interior model generation).
Propeller Loads returns the loads introduced by the propellers in terms of pressure on a
given grid of control points.
Turbulent Loads evaluates the contributions of the Turbulent Boundary Layer function
of altitude and Mach number.
Processing and analysis:
Materials and Models maps the design variables to the list of materials and technologies
Preprocess FEM model adapts the FEM input files to correctly represent the design
variables. As for the subsequent SEA model customization, this includes, but is not
limited to, materials’ property adjustments, changes in ply thicknesses or sequencing.
Preprocess SEA mode tailors the parametrized VA One model to be compliant with the
undergoing analysis in terms of materials and technologies.
FEM Analysis performs low frequency (LF) analysis using NASTRAN.
SEA Analysis performs high frequency (HF) analysis using VA One.
Postprocessing:
Results Assembly combines the FEM and SEA results to generate the full spectrum of
the responses.
Sound Quality Evaluation, post-processes the cabin pressure information at specific
coordinates to evaluate the subjective metrics [2].
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According to the SPL frequency response obtained for the baseline configuration, the most
significant contribution to the overall internal noise is found in the 200-1500 Hz frequency
range, mostly associated with the TBL. The BPF tonal contribution to the OSPL is less relevant
and appears as second-order compared to TBL one. In force of these considerations, the
optimization strategy has been adapted to exploit the computationally faster SEA approach
(about 10 minutes for a single analysis ranging from 100 to 10000 Hz for the SEA, several
hours for the lower Octave bands using the FEM), to identify the best configurations for the
lining and thermo-acoustic blankets. Subsequent analysis will be performed using the FEM,
thus including the unexplored 31.5 to 100 Hz frequency range, to refine the choice of the best
configuration. The workflow has been implemented to include or avoid the FEM evaluation
according to the user’s requirements. This switch also addresses the post-processing routines.
3.1

Design Variables

The cabin models have been parametrized to allow for a limited set of elements to represent a
soundproofing configuration. From an optimization point of view, what is required is a vector
of inputs able to couple with the scripts in the sub-workflows that handle the model complexity
and add or remove elements in order to match the foreseen analysis configurations. The vector
must be able to define in a univocal way the features of the model under analysis. This is
required as optimization methods will evaluate the relationship between the design variable
values and the objectives, and the presence of multiple configuration associated with the same
results could slow down the convergence process. A single set of design variable has been
defined; this vector specifies the technologies and materials that are applied airframe-wide.
Possible fractioning of the cabin into different sections with tailored solution has not been
investigated yet.
The design variables used in the reported analysis only affect the passive soundproofing of the
cabin, specifically the composition and thickness of the trim panel and thickness of the
thermoacoustic blankets. The set of 5 design variables, 3 continuous (thicknesses) and 2 integers
(IDs of the materials), is resumed hereafter:
Lining panel, stacking sequence. Three lamination sequences have been foreseen, all
based on Glass Fiber (GF) for mechanical purposes, with different ordering of core
material(s) and Viscoelastic Layer (VL). The configurations can be summarized as: 3[GF/Core/GF], 5- [GF/Core/GF/VL/GF] and 7- [GF/Core/GF/VL/GF/ Core/GF].
Lining panel, core material. It can be either a commercially available, industrial foam
or a user-defined one. Four materials have been modelled: Nomex, Airex, Tegracore
and the Metamaterial developed at PoliTO [4].
Lining panel, core material thickness. It influences the panel density per square meter
and the sound transmission. In the multicore lining panel (7) the core has been split into
2 equal, half-thickness layers.
Viscoelastic layer thickness. This layer is used only for the 5- and 7-layers
configurations.
Thermoacoustic insulation blanket, thickness. The blankets have both acoustic and
thermal insulation properties. The selection of the material, up to now, has been not
included in the process and, to ensure the fulfilment of the heat padding, the minimum
thickness has been constrained not to be lesser than the nominal.
Additional design variables that have been defined but not used in the contest of the reported
analyses include the materials used for the thermal blanket and the viscoelastic layer, wire rope
absorbers, active noise controls in the lining panels and in the seats’ headrest. The latter two
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technologies have a limited impact on the SEA-explored range of frequencies, consequently
their evaluation and been postponed.
3.2

Constraints and Objectives

The optimization process is subjected to performances (e.g. maximum allowable noise level),
weight, and geometrical (installation) constraints. Intermediate evaluations are required to
ensure that specific properties are within assigned margins; as an example, the selection of
lining panels’ core material and thickness affects the overall panel stiffness, a property
restrained by aeronautical regulation. To compensate, the number of plies in the upper and lower
GF layers are adjusted; this affects the panel density. Other constraints arise from geometric
limitations, imposed by the airframe. Quantitative details of the used constraints and model key
figures have been provided in Table 1.

Constraints:
Analysis type:
Design variables:
Analysis Output Pressure PSD
(Pa2/Hz):
Postprocessing:

FEM
lining geometry,
lining stiffness
total weight
Static for stiffness estimate
Narrow Band Modal
Frequency Response
Lining geometry
Lining properties
Blanket geometry
Frequency response at
passenger head positions
OSPLA dBA
SIL dB
Sound Quality Metric

SEA
Lining geometry
lining stiffness
total weight
Third Octave Frequency
response
Lining geometry
Lining properties
Blanket geometry
Frequency response on “Head
Cavity” acoustic
OSPLA dBA
SIL dB
Sound Quality Metric

Table 1: Passive soundproofing optimization: Design variables – Output parameters management.

Preliminary investigations highlighted that, with respect to the nominal configuration, it was
not possible to achieve a measurable reduction in terms of cabin noise without a weight
increment, Figure 3.
Therefore, instead of a single optimization aimed at noise minimization, three different sets of
optimizations have been performed, each featuring an increased new value for the total weight
constraint. The objective is to investigate the possible noise environment improvements with
respect to a different added-weight scenario. The considered constrained weight is the total
soundproofing weight (sum of lining and blanket), thus allowing for the evaluation of solutions
that affect either concept. The thresholds for the added weight 3 scenarios (compared with the
nominal configuration) are +2.84%, +7.56%, +14.65%.
The weight is calculated as a function of the soundproofing surfaces, thicknesses, and densities;
possible effects of specific installation requirements have not been taken into consideration at
this stage of the process.
The objective function is the final evaluation of the performance of the proposed solution of the
MDO problem.
Three different objective noise metrics have been evaluated for the two target areas, the average
passenger head and the service area: max measured value [dB], OSPL [dBA] and SIL3 [dB].
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Figure 3: Pareto front evaluated from multi-objective minimization of both total soundproofing weight
variation % (GOAL1) and Passengers OSPL variation % (GOAL2).

4

OPTIMIZATION STRATEGY

The design variables vector is a combination of integers and floating-point; this limits the
number of possible algorithms that can be used as optimization with non-relaxing integers has
some mathematical limitations (and numerically represent an NP-hard problem).
Several algorithms deployed as part of the Optimus kernel can tackle problems with this kind
on input variables, most noticeably Mixed Integers, Simulated Annealing and the Hooke-Jeeves
methods [2]. The non-negligible drawbacks of these problems in general and numerical
methods to address them are represented by the number of iterations required to achieve
convergence (if any), and by the complexity that any attempt to demonstrate the optimality of
the solution would face.
A single analysis of the SEA-workflow, from model customization to results extraction and
conversion, takes about 12 minutes and 20 seconds, with most of the time required for VA One
execution. Marginal variations (in the order of few seconds) are possible due to VA One
convergence requirements, typically associated with laminates with thin layers at 8000 Hz and
beyond. Due to the intention to perform the optimization at least 3 times (for the different addedweight targets), an approach based on surrogate models has been preferred. In order to pursue
this methodology, the optimizations are performed using the mathematical representation of the
problem at hand instead of the problem itself, thus allowing for inexpensive evaluations. This
requires a reliable proxy for the analyses; due to the lack of pre-existing datasets, Design Of
Experiments (DOE)s have been used to explore the design space and finally collect the data
needed to characterize the design variable/outputs relationship.
Two distinct DOEs have been performed. The first has been a Full Factorial (FF). The FF
method ensures that the boundaries of the design variables range are explored, and requires 2n
experiments, where n is the number of design variables (therefore 32 analysis plus an additional
one to assess the nominal configuration). This evaluation required 5 hours, 23 minutes.
Although able to provide indications on the output values related to boundary values, the FF
offers a poor investigation of the inner part of the design range. To address this limitation, a
second DOE has been performed, using the Latin Hypercube Design approach [2]. A set of 200
experiments has been prepared, which took 37 hours, 55 minutes to compute.
The combined investigations highlighted a reasonable degree of linearity and monotonicity
between used design variables and evaluated KPIs, Figure 4. This is particularly evident for the
effects of core thickness (thinner cores require more GF layers, thus leading to heavier panels
with improved vibration dampening) and blanket thickness (thicker insulation intuitively
reduces the transmitted energy).
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The correlation plot marks the negligible impact of the viscoelastic layer. The DOEs and the
Response Surrogate Models exams showed no signs of local minima spread over the design
space.

Figure 4: Pearson and Spearman correlation indexes from DOEs results.

Surrogate models have been validated before their exploitation for optimization; and the cubic
Radial Basis Function model has been identified as the most accurate (R2press for all the outputs
close to +1).
5

OPTIMIZATION RESULTS

Candidate configurations have been reported for the performed optimizations targeted at the
multiple weight limits. Analyses have been set-up including and removing the metamaterial
from the list of possible core materials; preliminary assessment determined that this material
has a significant edge over conventional cores. However, due to possible uncertainties in the
extrapolation of its properties for the SEA model characterization, strategies based on
traditional materials have been investigated too. Table 2 resumes the main features of the
identified optimal solutions.
Soundproofing mass
Metamaterial
Lining core mat.
Lining core thick.
Lining sequence
Blanket thickness
Lining weight
Blanket weight
Pax max dB
Service max dB
Pax OSPL dBA
Service OSPL dBA

+ 2.84%
Included
Tegracore Meta.
4.81%
12.86%
3
3
17.85%
32.55%
-4.42%
-12.15%
17.88%
33.15%
-3.35%
-6.69%
-1.94%
-2.54%
-3.13%
-6.21%
-1.56%
-2.00%

+ 7.56%
Included
Tegracore Meta
4.76%
5.17%
3
3
27.69%
32.55%
-2.73%
-4.72%
27.72%
32.54%
-3.69%
-6.88%
-2.14%
-2.65%
-3.41%
-7.36%
-1.76%
-2.10%

+ 14.65%
Included
Tegracore Meta
3.95%
-4.03%
3
3
26.77%
32.55%
8.06%
5.13%
26.85%
33.32%
-4.14%
-7.11%
-2.33%
-2.78%
-3.83%
-6.56%
-1.93%
-2.23%

Table 2: Optimized configurations.

In the analyses without metamaterial, the Tegracore is always identified as the best core.
Generally speaking, the overall trend over the weight increment is to:
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increase the core thickness, therefore decrease the density due to the higher amount of
skin material required to satisfy the stiffness constraint.
Increase the thermal blanket thickness.
The viscoelastic based concepts (stacking sequences 5 and 7) fail to show among the best
performing of each added weight categories. This is due to the limited efficacy of the SEA
analysis in propagating the information related the viscoelastic transmission loss.
6

CONCLUDING REMARKS

The limited noise reduction from +7.56% to +14.65% added weight suggests that the
intermediate solution is more flexible and provides a weight margin that can be dedicated to
other technologies. Some uncertainties on the used models have not been addressed yet and be
will subjected to closer investigations; these include Metamaterial characteristics (used
properties and validity of the equivalent characterization), and Viscoelastic dampening
properties (with specific attention to their integration in the SEA model/its capacity to consider
them).
To solve this issue, the only feasible approach is to perform additional numerical and
experimental investigations to better characterize and validate them. Once that more accurate
material models are available, they will be exploited both to refine the SEA analysis and to
tailor the FEM models to achieve a combined, comprehensive optimization of the cabin
soundproofing.
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ABSTRACT
Adhesive junctions or co-infusion of skin and stiffeners represent efficient manufacturing
processes for aircrafts composites stiffened panels leading to weight saving, although they
have not been widely adopted yet due to certification issues and the lack of well-established
design tools and procedures.
Airworthiness requirements for composite structures pose major challenges to the
certification of adhesively bonded or co-infused stiffened structures. FAA Advisory Circular
20-107B prescribes the methods for substantiating the limit load capacity of any bonded
stiffener, the failure of which would result in catastrophic loss of the airplane. Most of today
design approaches lead to stiffer and heavier structures if compared to letting the compressed
skins to work in post-buckling until failure. In order to exploit the full structural potentiality
of this type of structures under compressive loads new design approaches, mostly based on
Finite Element Modelling, have to be developed and validated with experimental results. In
this context, the joining technique of the stringers to the skin has a particular importance,
barely influencing the linear behavior of a stiffened plate until its first instability load, but
being responsible for relevant differences in the ultimate failure load. Within this paper
compressed stiffened plates obtained by different manufacturing processes have been
modelled with approaches of increasing complexity, from “classical” FE models to predict
the first buckling load, to post-buckling analyses up to more refined techniques including the
behavior of the skin-stiffener interface. These latter, based on the use of cohesive elements,
allow to account for interface properties due to different manufacturing processes. A critical
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analysis of the numerical and corresponding experimental results as well as a comparison
with the expected nominal structural performances will be presented.
Keywords: composites stiffened panels, post-buckling analysis, non-linear finite element
analysis, compression tests of stiffened panels.

1

INTRODUCTION

Considerable weight reductions might be possible in composite stiffened structures by
allowing them to buckle well within their operational load envelope and to reach failure in the
post-buckling regime.
However, the design of primary components that operate safely well beyond their buckling
load is still a challenging task since out-of-plane deformations, due to buckling, may
detrimentally interfere with pre-existing defects or in-service damage and lead to premature
failures.
In order to exploit the weight saving promised by a stiffened structure working in the post
buckling regime, a reliable analysis method is required in order to predict damage initiation
and evolution, and to determine the final failure load [1].
One of the most relevant damage modes exhibited by stiffened composite panels, such as
those typically employed in airframes, is the skin-stringer debond caused by the relatively low
interface strength [2].
Delaminations and debonds can be modelled numerically using different approaches among
which the Virtual Crack Closure Technique (VCCT) [3] and cohesive interface elements [4]
are the most widely used.
In this work, cohesive elements are used to model the debonding occurring at the main
interfaces of the mono-stringer panel, i.e.: the skin to stringer cap interface and the cap to
stringer foot one. Analyses are developed to study the debonding onset, due to the increasing
mono-axial compression load in the post-buckling regime, and the propagation of the debonds
up to collapse 1.
2

FINITE ELEMENT MODELLING OF STIFFENED PLATES UNDER
COMPRESSION – BUCKLING AND POST-BUCKLING “CLASSIC”
APPROACHES

A preliminary buckling and post buckling analysis has been carried out on the two stiffened
panels, whose properties are reported in Table 1, and the results in terms of local strains (at
five locations showed in Figure 6) have been compared to the experimental measurements.
The FE numerical simulations have been performed using both non-linear transient and
postbuckling analyses with the Siemens NX Nastran code. The first one simulates the loading
process adopted during the experimental tests, the latter has been conducted to estimate the
failure indices starting from the material allowables. However, in this analyses no failures
mechanisms are taken into account, they will be considered later on as described in the next
sections of the paper. For this reason there is no difference between the FE models of the coinfused and secondary bonded panels. Therefore the results reported in the present section are

1

Collapse is identified on the load–displacement curve by a sharp decrease of the load in correspondence to a
negligible variation of the displacement
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to be considered as representative of both the manufactured panels. This preliminary
numerical analysis has been conducted to have a reliable prediction of the panel behavior
before that would be experienced during the experimental campaign. Table 1 reports the main
characteristic of the tested CFRP panels.

PANEL ID

CS2_AG2_2111601_Bonded

CS2_AG2_2111601_Coinfused

Materials
L x W [mm]
Ply Count

CFRP
445 x 200
Skin: 14 Stringer: 10

CFRP
445 x 200
Skin: 14 Stringer: 10

Layup

Skin: [+45,-45,0,0,90,-45,+45]s
Stringer: [+45, -45, 0, 0, 90]s

Skin: [+45,-45,0,0,90,-45,+45]s
Stringer: [+45, -45, 0, 0, 90]s

Process Description

Preforms realized by AFP of UD dry
fibers then infused by LRI

Preforms realized by AFP of UD dry
fibers then infused by LRI

Table 1- CFRP panel dimensions and characteristics

Figures 1 show the numerical and experimental comparison: both the first buckling load,
occurring just below 30kN, and the next post-buckling behavior, are well predicted.
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Figure 1: Preliminary FE and experimental comparison of the strains in linear and post-buckling
regimes
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3

POST-BUCKLING AND FAILURE: “ADVANCED” FINITE ELEMENT
MODELLING APPROACHES

A finite element model has been developed to capture the structural response of the monostringer panels, in terms of buckling occurrence, post-buckling behaviour including the
progressive degradation of the major interfaces and ultimately the final collapse under
compression loads.
Modeling and FE simulations are carried out using SIMULIA ABAQUS (Version 6.14)
complemented with python scripting, in order to automatize and parametrize the creation of
the models, and with a user Fortran routine (UMAT) that defines the constitutive behavior of
the interfaces.
The geometry of the panels in created by means of an assembly of three-dimensional parts,
i.e. the skin, the stringer (including the two-part web, the feet, the cap, the filler embedding
the carbon-fiber noodle) and the interfaces (see figure 2). The latter have been modeled by
mean of 3D cohesive elements. An interface layer of negligible thickness has been considered
in the case of co-infused, co-cured stiffener while finite thickness interfaces have modeled to
simulate the bonded panel configuration.

(a)
skin

stringer-web

filler

cap
noodle
stringer-foot

(b)

(c)

Figure 2: Advanced FE model. (a): whole panel; (b) stringer mesh detail; (c) filler mesh detail

The FE model of the stiffened panel is obtained by assembling the different parts, which have
been modelled and meshed separately, and by defining appropriate interaction (TIE
constraints [5]) between the meshes. Stratified composite parts have been modeled using 8nodes Continuum Shell elements (SC8R [5]). The interfaces, i.e. stringer feet–cap and cap–
skin (see fig. 2), have been modeled using COH3D8 elements [5], endowed with a userdefined constitutive law through a dedicated UMAT subroutine [5].
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Ideal tie constraints have been used to link the cohesive layers and the composite parts
meshed by means of continuum shell elements.
The presence of potting at the ends of the panels has been simulated by introducing a rigid
body constraint at the extremities. The reference points of the rigid body constraints have
been used to introduce loads and to define boundary conditions.
3.1

Cohesives

Figure 3 summarizes the main features of the constitutive model of the cohesive elements and
sets the basic notation. The constitutive model links tractions (𝜏𝜏) to separations (𝛿𝛿) by means
of a bi-linear law defined by an internal damage parameter (𝑑𝑑); the mode-mix is identified by
the displacement jump ratio (𝜑𝜑), defined in Figure 2.
In the proposed approach, the shearing (𝛿𝛿1 ) and tearing (𝛿𝛿2 ) modes share the same properties
(onset traction and energy release rate), consequently a combined “s” mode is defined and
used with the opening mode (𝛿𝛿3 ) alternatively termed normal mode, (𝛿𝛿𝑛𝑛 ).
In order to manage loading and unloading at any mode-mix, a displacement jump norm (𝜆𝜆) is
defined as 𝜆𝜆 = �𝛿𝛿𝑛𝑛2 + 𝛿𝛿𝑠𝑠2 .

Figure 3: cohesive nomenclature and mixed-mode traction-separation model

The mode-mix is can be also quantified by the ratio 𝐵𝐵 = 𝐺𝐺𝐼𝐼 ⁄(𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼 ) of applied pure mode
Energy Release rates (ERR). For bilinear traction separation laws an algebraic relationship
exists between 𝐵𝐵 and displacement jump ratio 𝜑𝜑 (see [6], [ 7] and references therein for
further details).
Ratio 𝐵𝐵 is normally used to define the value of the critical Energy Release rate (𝐺𝐺𝑐𝑐 ) at
different mode-mix in terms of pure modes critical ERR, 𝐺𝐺𝐼𝐼𝑐𝑐 and 𝐺𝐺𝐼𝐼𝐼𝐼𝑐𝑐 , that must be provided as
inputs to the model. A Benzeggagh-Kenane law, whose parameter are derived from
experimental data, is used in this work to define the critical Energy Release rate at varying
mode-mix.
When 𝐵𝐵 = 0 the constitutive law reproduces the bi-linear behavior for pure mode I while pure
mode II is relevant to 𝐵𝐵 = 1; pure modes traction-separation laws are then completely
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𝑜𝑜
identified by the onset tractions, 𝜏𝜏𝐼𝐼𝑜𝑜 and 𝜏𝜏𝐼𝐼𝐼𝐼
that must be provided as input, and by the value of
the stiffness (𝐾𝐾) in the linear, undamaged part. In the model 𝐾𝐾 does not vary with mode-mix.
With such hypotheses, Turon et alii [8] showed that the onset tractions in pure modes cannot
be chosen independently in order to have a correct energy dissipation during the delamination
𝑜𝑜
propagation at any mode-mix; they must respect the relationship 𝜏𝜏𝐼𝐼𝑜𝑜 = 𝜏𝜏𝐼𝐼𝐼𝐼
�𝐺𝐺𝐼𝐼𝑐𝑐 ⁄𝐺𝐺𝐼𝐼𝐼𝐼𝑐𝑐 .
From data relevant to pure modes, the displacement jump ratio is used to calculate the onset
displacement jump (𝜆𝜆𝑜𝑜 ) and the failure displacement jump (𝜆𝜆𝑓𝑓 ).
At a fixed mode-mix, the energy dissipated at failure (𝐺𝐺𝑐𝑐 ) is the sum of the energies (𝐺𝐺𝐼𝐼𝑚𝑚 and
𝐺𝐺𝐼𝐼𝐼𝐼𝑚𝑚 ) dissipated by the components, 𝛿𝛿𝑛𝑛 and 𝛿𝛿𝑠𝑠 , of the equivalent displacement jump when
reaching their respective failure values.
After onset, the behavior of the interface at any integration point is determined by the
displacement jump calculated from the displacements of the associated, facing, nodes: for 𝜆𝜆 ≤
𝜆𝜆∗ the behavour is elastic (Figure 3), with degraded stiffness (𝐾𝐾 ∗ = 𝐾𝐾(1 − 𝑑𝑑)), and damage
remain constant, while for 𝜆𝜆 > 𝜆𝜆∗ damage starts growing (see [6], [7] and references therein
for further details).

3.2

Post-buckling analysis set up

The analysis strategy follows a classical two-step approach: a linear eigenvalue analysis
(linear buckle) is performed in order to identify the first buckling modes, then, a
geometrically non-linear analysis is performed starting from a perturbed geometry of the
panel, obtained by a weighted linear combination of some of the extracted buckling modes.
This approach remarkably improves convergence and let complex buckling phenomena and
post-buckling behaviors be captured more effectively.
The preliminary linear buckling analysis has been used to identify the first twenty buckling
modes, in order to perturb the geometry of the model for the non-linear analysis.
An initial imperfection was defined as linear combination of the most significant eigenmodes,
balancing the coefficients according to the deformation energy of the modes, to reach a
magnitude of about 50% of the thickness of the typical ply.
The geometrically non-linear analysis was performed in ABAQUS/STANDARD by using a
dynamic implicit iterative method. Due to its intrinsic numerical damping this solution
algorithm can attain convergence even when cohesive elements start to progressively fail
simulating the actual failure of an interface.
The non-linear analysis has been able to capture the occurrence of buckling and to investigate
the post-buckling behavior accounting for geometrical non-linearity and considering the
progressive failure of the interfaces.
The value of the buckling load could be estimated by means of the first bifurcation of the
local strains in the skin, similarly to what is done experimentally by means of back-to-back
mounted strain gauges.
Ultimately, collapse of the panel has been predicted by a sharp decrease of the reaction load
the load–end shortening curve derived from the non-linear simulation.
4

EXPERIMENTAL COMPRESSION TESTS

The objective of the compression tests is to compare different structural solutions consisting
in different skin-stringer joints technologies, for panels under compression. The final
objective was to compare the compression performance of a co-infused single blade stringer
and secondary bonded one. In order to perform the compression tests and to get a uniform
introduction of the loads, both the panels ends were potted in stainless steel potting frames,
specially designed (Figure 4).
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The two panels were loaded in compression in a 600 KN Galdabini CTM 60 machine (Figure
5). The compression tests have been conducted under displacement control in order to prevent
eventual catastrophic failure due to global buckling of the test article.
Each panel has been installed in the testing machine with the panel cross section centroid
aligned with the loading axis. Shimming between the potted ends of the panels and the test
frame plate were conducted to obtain a uniform load distribution. The panels unloaded lateral
edges were free.

Figure 4: Compression test frames design and manufacturing

An overview of the test set-up may be seen in Figure 5.

(a)

(b)

Figure 5: Galdabini CTM 60 compression test machine (left) and panel set up (right)

Five strain gauges were used to monitor the loading conditions and to perform the shimming
of the potted frames; on each panel were glued two gauges (SG3 and SG4) positioned on the
skin surface at the middle of each free bay, two gauges (SG1 and SG2) back to back on the
stringer left foot and one gauge (SG5) at the center of the stringer's web. The Figure 6 shows
an overview of the strain gauges load monitoring system used.
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Front side

Rear side

Figure 6 - Strain gauges load monitoring system

5

NUMERICAL-EXPERIMENTAL COMPARISON

5.1

Main results of the advanced finite element analyses

The numerical results are presented in terms of local strains in the post-buckling regime vs.
load, displacement field and interfacial damage (SDV1 internal variable) at increasing values
of the compression load. Some of the numerical results can be compared with the
experimental data measured by the load cell and by the strain-gauges.
Figure 7 shows a comparison of simulated and measured strains for the co-infused panel
(similar results are obtained for the bonded panel). Numerically predicted strains closely
match measured ones either in the linear or in the post-buckling regimens; albeit preliminary,
this constitutes a substantial validation of the advanced FE model.

Figure 7: Co-infused panel: simulated vs. experimental strains in post-buckling regime

The load – end shortening curve obtained with the same model is shown in figure 8. Also in
this case, pre and post-buckling response is as expected with the usual change in global
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stiffness in correspondence to the buckling load. Failure results are less satisfactory from a
quantitative point of view with a predicted failure load at about 170 kN, well in excess (+
35%) of the experimental value.

Figure 8: Co-infused panel: simulated load – end shortening curve up to failure

A deeper analysis of the failure mode predicted by the Advanced FE is accomplished looking
at the interfacial damage in the post buckling regime and at failure. Up to 113 kN of axial load
(point 4) no damage is present in the interface (not shown here for sake of brevity); damage
starts on the sides of the skin-cap and stringer foot-cap interfaces at more than 140 kN as
shown in figure 9. The figure shows both interfaces (laminated and solid parts have been
hidden) since damage in the lower one (skin-cap) develops only on the sides that are not
hidden by the upper interface (stringer foot-cap), which develops damage also in the central
part at higher loads (points 7 and 8 in figure 8).

Figure 9: Co-infused panel: interfacial damage (SDV1) in post-buckling regime
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At an axial displacement of about 2.72 mm the axial load predicted by the advanced FEM
drops sharply identifying the global failure of the panel (points 9-12 in figure 8). Thanks to
the implicit solver converged dynamic equilibrium solutions have been obtained and
interfacial damage results can be analysed; they are shown in figure 10.

Figure 10: Co-infused panel: interfacial damage (SDV1) evolution at failure

In the stringer foot-cap interface, damage under the filler on the left hand side (already visible
in figure 9, subfigure 7 and 8) starts growing and rapidly expands, both longitudinally and in
the transverse direction, to interest the whole interface width (figure 10 – subfigure 12).
The predicted failure location and type are compatible with the failure mode observed during
the tests and with the post-failure damage inspections on the co-infused panel.

Figure 11: Co-infused panel: displacement evolution at failure
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Such results are also confirmed by predicted evolution of the deformed configuration of the
panel shown in figure 11. It shows the transition of the stringer web from a symmetrical to a
non-symmetrical out of plane displacement field caused by the failure of the stringer-cap
interface that is located on the left of the symmetry plane normal to the loading axis. The final
configuration (figure 11 – subfigure 12) is qualitatively in good agreement with experimental
observations.
6

CONCLUDING REMARKS

The paper presents the numerical and experimental activities carried out on stiffened CFRP
plates obtained by different manufacturing processes loaded in compression up to failure. The
plates have been modelled with approaches of increasing complexity, from “classical” FE
models to predict the first buckling load, to post-buckling analyses up to more refined
techniques including the behavior of the skin-stiffener interface. These latter, based on the use
of cohesive elements, allow to account for interface properties due to different manufacturing
processes. A critical analysis of the numerical and corresponding experimental results as well
as a comparison with the expected nominal structural performances has been presented.
7

ACKNOWLEDGEMENTS AND REFERENCES

“The project leading to these results has received funding from the Clean Sky 2 Joint
Undertaking under the European Union’s Horizon 2020 research and innovation programme
under Grant Agreement n°CS2-REG- GAM--2014-2015-01”..
REFERENCES
[1]
Boni, L., Fanteria, D., Lanciotti, A., Post-buckling behaviour of flat stiffened
composite panels: Experiments vs. analysis, (2012) Composite Structures, 94 (12), pp. 34213433. DOI: 10.1016/j.compstruct.2012.06.005.
[2]
Krueger, R., Ratcliffe, J.G., Minguet. P. J., Panel stiffener debonding analysis using a
shell/3D modeling technique, (2009) Composites Science and Technology, 69 (14), pp 23522362. DOI:10.1016/j.compscitech.2008.12.015.
[3]
Krueger, R., The virtual crack closure technique for modeling interlaminar failure and
delamination in advanced composite materials, in Numerical Modelling of Failure in
Advanced Composite Materials, Edited by P.P. Camanho and S. R. Hallett. (2015) pp. 3-53
DOI: 10.1016/B978-0-08-100332-9.00001-3
[4]
Hallett, S.R., Harper, P.W., Modelling delamination with cohesive interface elements,
in Numerical Modelling of Failure in Advanced Composite Materials, Edited by P.P.
Camanho and S. R. Hallett. (2015) pp. 55-72 DOI: 10.1016/B978-0-08-100332-9.00002-5
[5]

Dassault Systemes Simulia Corp., Abaqus 6.14, User's Manual, 2014.

[6]
Panettieri, E., Fanteria, D., Danzi, F., A sensitivity study on cohesive elements
parameters: Towards their effective use to predict delaminations in low-velocity impacts on
composites,
(2016)
Composite
Structures,
137,
pp.
130-139.
DOI:
10.1016/j.compstruct.2015.11.011.

1 2

Co-infused and secondary bonded composite stiffened panels
loaded in compression: numerical analyses and experimental
tests in linear and post-buckling regimes
Ricci, Boffa, Garulli, Monaco, Fanteria, Polese
[7]
Panettieri, E., Fanteria, D., Danzi, F., Delaminations growth in compression after
impact test simulations: Influence of cohesive elements parameters on numerical results,
(2016) Composite Structures, 137, pp. 140-147. DOI: 10.1016/j.compstruct.2015.11.018.
[8]
Turon, A., Camanho, P., Costa, J., Renart, J., Accurate simulation of delamination
growth under mixed-mode loading using cohesive elements: definition of interlaminar
strengths and elastic stiffness. (2010) Composite Structures, 92, pp. 1857–64. DOI:
10.1016/j.compstruct.2010.01.012

1 2

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

HYBRID STRUCTURAL HEALTH MONITORING ON A
COMPOSITE PLATE MANUFACTURED WITH AUTOMATIC
FIBERS PLACEMENT INCLUDING EMBEDDED FIBER
BRAGG GRATINGS AND BONDED PIEZOELECTRIC
PATCHES
N. D. Boffaa, E. Monacoa, F. Riccia, M. Barileb, L. Lecceb
a

University of Naples “Federico II” -Department of Industrial Engineering – Aerospace section
Via Claudio 21, 80125, Naples, Italy
b

Novotech srl Piazzale Gabriele D'Annunzio 15 - 80125 Naples , Italy

e-mail: natalinodaniele.boffa@unina.it , web page: www.dii.unina.it/

ABSTRACT
Secondary bonded or embedded sensors are usually adopted in Structural Health Monitoring
of composite structures. Each type of sensor has advantages and drawbacks when used
separately although their proper integrated combination may improve the overall performance
of an SHM system.
The aim of the present work is to evaluate the feasibility of an efficient hybrid SHM system able
to sense and locate low velocity impacts and to localize eventual impact damages at their early
stage with few sensors. A CFRP panel demonstrator with embedded FBGs has been fabricated
through an advanced out-of-autoclave manufacturing process based on the following main
phases: production of dry preforms laid down with a laser assisted automated fiber placement
robot(AFP); insertion of the FBGs network within the stack of the preform according to the
design requirements; high temperature liquid resin infusion process. Disk shaped piezo patches
(PZT) have also been secondary bonded to the panel. Impact detection has been implemented
based on both PZTs and FBGs as receivers, gathering strain waves from the impact location.
A material independent technique, that needs neither a priori knowledge of the material
properties even for anisotropic plates nor a dense array of sensors, is used to locate the impact.
To assess the integrity of the panel after impact localization, damage detection and localization
has then been performed using the most effective sensors, where the selection of these sensors
is possible thanks to the knowledge of the impact location carried out in the previous mentioned
impact sensing mode. The damage localization active tomographic technique is based on
guided waves generated by PZTs and sensed by both PZTs and FBGs. This paper mainly
focuses on the set-up of the array of FBGs sensors in terms of hardware and software matching
the needed signal acquisition accuracy and parameters for both passive (impact detection) and
active (damage detection and localization).
Keywords: Guided waves, Structural Health Monitoring, Damage Index, Delamination,
Debonings.
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1

INTRODUCTION

Engineering structures undergo aging so inspection and maintenance actions are needed to
predict and extend their lifetime and avoid catastrophic failures. Aircraft structures, in
particular, require the highest levels of inspections, since damage-tolerant principle is typically
used [1] to get lighter structures able to withstand fatigue and accidental damages. From this
point of view, an automated inspection process, which is expected to replace all the traditional
schedule-based controls, is a point of fundamental importance to reduce inspection efforts. In
the last years, a significant amount of research has been conducted to investigate the defects
and damages influence on the strength and life of aircraft structures, and to identify the damage
critical typology and size. Moreover, much work has been done in terms of non-destructive
inspection techniques [2] useful for the structural health monitoring (SHM) systems [3]. In this
area, intelligent monitoring systems would enable real time in-service structural and
environmental monitoring and damage detection. An SHM (structural health monitoring)
system, in fact, can be defined as an automated, on-board and real-time monitoring systems that
provide information about structural events in terms of detection and localization, evaluate and
predict structure loading and damage conditions, improve safety and reliability [4] and decrease
life cycle cost by reducing economic losses caused by unproductive downtimes. A wide variety
of embedded or secondary bonded sensors have been investigated and developed for SHM
applications, including active and passive ultrasonic sensors, strain gauges, fiber optic sensors
(FOS), multiaxial accelerometers, wireless sensors, comparative vacuum monitoring [5],
microelectromechanical system (MEMS), etc. Currently, piezoelectric ultrasonic/acoustic
sensors (PZT) are the standard choice for SHM system implementation [6,7,8,9] but, similarly
to accelerometer or strain gauges, these kind of sensors are characterized by a limited
multiplexing capability and their wiring in complex systems is a big challenge. However,
among the above mentioned sensor families, fiber optic sensor has been emerging as an
increasingly important tool for the development of structural health monitoring systems due to
their intrinsic advantages. In particular, their capabilities, such as high multiplexing, great
sensitivity and resolution, small size, light weight, insensitivity to electromagnetic (EMI) and
radiofrequency (RFI) interferences and their extraordinary suitability to be embedded into
structures [10], make optical fiber sensors very attractive for integrated SHM systems [11].
Fiber Bragg gratings (FBG) sensor based structural health monitoring have aroused a lot of
interest in the scientific, industrial and end-user communities [12]. Highly multiplexed FBG
sensors have been used to perform hybrid FBG-PZT SHM systems based on the concurrent use
of FBG and PZT sensors [13, 14, 15] and designed for structural in situ strain detection and
damage acoustic inspections. Fiber optic sensors, in fact, can perform strain measurement in
static low speed conditions (thousands of µstrains in the range of 200 Hz) for operational load
monitoring and dynamic strain measurement in a small ultra-fast speed scale (tens of µstrains
in the range of 500 kHz) for damage or impact detection. Despite the intrinsic advantages of
FOSs in general and of FBG sensors in particular, their wider employment in sensing systems
is still delayed by uncertainty about sensor performances, detection capability and
maintainability, especially when embedded. Again, other issues regard size, weight and
integrability of the interrogation equipment, and the lack of certification.
In this study, the feasibility and the performances of an hybrid structural health monitoring
system for damage detection on composite plates including secondary bonded FBG array or
embedded Fiber Bragg Gratings together with piezoelectric patches are investigated. First the
event identification capabilities have been evaluated and characterized on a composite plate
manufactured with automatic fibres placement including embedded Fiber Bragg Gratings. The
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effectiveness of the embedded sensors has been evaluated for an efficient passive impact
detection system implementation. Then, the damage detection performances based on guided
waves generated by piezo patches have been experimentally assessed on a second composite
panel sensorized with surface secondary bonded FBGs array. A multi-channel fiber optic
acoustic emission (FAESense™) system developed by Redondo Optics[16], has been employed
for FBG interrogation.
2

TEST ARTICLES DESCRIPTION

Two different flat panels have been investigated. In particular, one was used to carry out impact
detection measurements using embedded FBG sensors while the other has been exploited to
perform guided wave propagation and impact detection measurements using secondary bonded
FBG arrays.
2.1

Flat panel with secondary bonded FBG sensors

The first structure investigated is a composite flat panel, made by LAER Costruzioni
Aeronautiche Srl of Acerra, and produced in a handy lay-up process by superposition of woven
carbon fiber sheets, 2/2 twill style, 204 g / m2 dry, impregnated with 55% by weight epoxy
resin.
The fabrics, pre-impregnated with a thermoset matrix, have been produced by Tecnologycom
Srl of Brindisi. The stacking sequence configuration used is [(0.90)], [(0.90), (+/- 45)] 2s,
[(0.90)] while the panel's geometrical dimensions are 550x550x2.6mm.The nominal properties
of fabric laminates and pre-impregnated fibers are summarized in tables below (Table 1 and
Table 2).
E11= E22
E33
G23
G12=G13
ν12= ν31
ν23
ρ
Thickness

[GPa]
[GPa]
[GPa]
[GPa]

51
10
4.1
3.45
0.068
0.42
1432
0.26

[Kg/m3]
[mm]

Table 1: Fabric properties
E11
E22
G12
ν12
Ρ
Thickness

[GPa]
[GPa]
[GPa]
Adm.
[Kg/m3]
[mm]

Min 132.6col
6.87
3.09
0.32
1187
0.13

Table 2: pre-impregnated properties

On the upper surface of the panel (Figure 1) lead zirconate titanate piezoceramics
sensors(PZTs), 10 mm in diameter and 0.25mm thick, have been glued with the dual function
to act as both actuators and receivers. Multiple optical fibers with a single FBG sensor and an
FBG array have been then glued onto the panel surface in order to perform impact detection
and guided waves propagation measurements.
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Figure 1: Flat panel with secondary bonded FBG sensors

In particular, to synchronize the acquired measurements with the signal source, the first FBG
sensor of the array has been was glued onto the PZT source surface. FemtoFiberTec fiber with
a single or an array of laser-written gratings, polyimide coated, have been used. The wavelength
of the used sensors is between 1520 and 1550 nm for the array sensor while was of 1540 nm
for the single FBG fiber optic. The reflectivity values are greater than 50% for the array sensors
and greater than 90% for the single FBGs.
2.2

Flat panel with embedded FBG manufacturing

The second structure investigated is a composite flat panel, produced with AFP-LRI process
(Automatic Fiber Placement with Liquid Resin Infusion) by Novotech srl, instrumented with
six FBG sensors embedded through the thickness. In particular, a flat dry preform was produced
by AFP process and FBGs network inserted within the stacking sequence.
Specifically, a preform composed by 16 plies [902,02,-45,45, 45,-45]s with dimensions
500x500 [mm], divided in four stacks to allow FBG inter-ply placement, two of them having 3
plies plus one with 2 plies and a last stack of 8 plies, has been used as test case (Figure 2).
FBGs have been inserted between the plies, at the interfaces of the 3 stacks taking care to direct
the FBG sensitivity axes aligned with both the top and bottom fibres direction, as showed in
Figure 3. Then the 45 degree FBG is located between top and bottom 45 degree plies, 0 degree
FBG is located between two 0 degree plies and so on.
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(a)

(b)

(c)

Figure 2: a) FBG sensors configuration; b) FBG arrangement through the stacking sequence; c) top
view of sensorized panel

In this way we have avoided delamination between two plies comprising an FBG (delamination
is not supposed to occur between plies with the same orientation) and a distortion due to the
Poisson ratio mismatch occurring between two plies faced with different orientation.
Unfortunately two out of six FBG embedded sensors got damaged during the unpacking process
of the vacuum bag designed for the material curing.

Figure 3: FBGs integration between the four stacks

The AFP (automated fiber placement) technology with LRI (liquid resin infusion) process was
used to produce the panel. The preforming with AFP is a manufacturing technology based on
the automated fiber deposition. It combines the advantages of Filament Winding and the
compaction and cut-restarting capability of the Automated Tape Laying. Single tows of fibers
are first unrolled from a reel and subsequently a compactor roller combined with the action of
a h eat source, a 3 kW laser, lays the tows down on the layup surface (Figure 4a). The core of
the fiber deposition process lies in the head (Figure 4b), which must be able to cut the tow
during deposition and then pick it up again from another point. The AFP cell, developed by
CORIOLIS COMPOSITES (France), is made up of an ABB IRB-6640/2.75m/205kg standard
robot, with an 8-fibre placement head, mounted on a linear axis having 3 meters of working
length. The system is able to process prepreg composites with thermoplastic matrix,
thermosetting and dry binderized fiber.
The dry fibers preform is then impregnated following the Liquid Resin Infusion (LRI) method
in which liquid resin is injected into dry fibers under the application of vacuum.
The resin is heated and injected into a vacuum bag using special means. The part is allowed to
cure under vacuum and temperature following a curing schedule according to the
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recommendation/instructions from the resin system manufacturer. A composite curing oven
coupled with an advanced online monitoring system for the of the manufacturing parameters
control (temperatures, vacuum level) have been used.

(a)

(b)

Figure 4: a) AFP process scheme; b) AFP cell 8-fibre placement head

2.3

FBG embedded panel materials

Resin system selected for FBG embedded panel production is the Solvay PRISM EP2400, a
single part liquid epoxy resin system with a superior toughness, low viscosity and extended
pot-life [17], specifically developed for ease of processing primary aircraft structures. For the
AFP process the dry carbon fiber tape Cytec Solvay Prism TX1100 system has been used to
produce preforms to be infused. Material system for AFP process is reported below in Table
3.
Dry Fiber Material
Epoxy Liquid Resin System

TX1100 IMS65-24K-UD
PRISM EP2400

Table 3: Monostringer demonstrators raw materials

IMS 24K is a family of intermediate modulus, aerospace-grade carbon fibers, for use as
reinforcements in high performance composites. These fibers are produced from
polyacrylonitrile (PAN) precursor and are surface treated to promote adhesion to organic matrix
polymers (Figure 5).

Figure 5: PRISM TX110 dry tape cross section [2]

2.4

Embedded FBG panel NDI controls

The NDI controls have been carried out by a Phased Array Ultrasonic Testing (PAUT) with an
Olympus OmniScan SX flaw detector (Figure 6a) with a 16:64PRphased array unit able to
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perform pulse-echo, pitch-catch or TOFD inspection [19]. An encoded 5 MHz, 64 elements
linear array probe with a straight wedge has been used, coupling the probe and the inspected
panel surface with a specific gel(Figure 6 b). No calibration blocks are used and the specimen
thickness has been taken as reference. Tests have been carried out with the phased array
positioned over the smooth surface of the specimen, the probe is moved physically along the
longitudinal axis while the ultrasonic beam electronically scans along the transverse one (Figure
7a).A mini wheel encoder is used to maintain a precise geometric correspondence of the CScan image with the scanned part.

(a)

(b)

Figure 6: a) Olympus OmniScan SX flaw detector; b) encoded 5 MHz, 64 elements linear array probe
with a straight wed

NDI controls did not detect the presence of defects or macroscopic damage in the material
stratification. The layering appears uniform in terms of thickness and resin distribution.
Sectional S_scan image (Figure 7b) confirms the presence of the glass optical fibers embedded
through the panel thickness.

(a)

(b)

Figure 7: a) S_scan pattern scheme; b) Embedded FBG sensor S_scan analysis.

3

EXPERIMENTAL

3.1

FBG interrogator

A Redondo Optics FAESense-M400 four-channel fiber Bragg-grating acoustic emission sensor
interrogation device based on Two-Wave-Mixing (TWM) integrated optic microchip
technology has been adopted for FBG sensors interrogation.
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In particular, FAESense system is a distributed fiber optic acoustic emission sensor system for
the in-situ unattended detection and localization of structural damage caused by shock events,
impacts, fractures, cracks, voids, corrosion, and delaminations in industrial infrastructures or
transport facilities.

Figure 8: Redondo Optics FAESense-M400 fiber Bragg-grating sensor interrogator

It is based on the integration of proven state-of-the-art technologies: 1) distributed multi-point
array of in-line fiber Bragg gratings (FBGs) sensors sensitive to strain, vibration, and acoustic
emissions, 2) dynamic and adaptive spectral demodulation of FBG sensor dynamic signals
using two-wave mixing interferometry on photorefractive semiconductors, and 3) integration
of all the sensor system passive and active opto-electronic components within a 0.5-cm x 1-cm
photonic integrated circuit microchip. The FAESense-M400 series features a high-power
broadband light source in the C-band 1550-nm window and four individual high sensitivity
detection channels for each FBG sensor in a fiber array (Figure 8). Its miniaturized package,
low power operation, low weight, state-of-the-art data communications, and affordable price
makes it a very attractive for critical applications like structural health monitoring and
prognostics of aerospace and naval complex structures.
3.2

Impact detection with embedded FBG sensors

The performances of the embedded FBG sensors have been experimentally assessed to define
the system feasibility and the amplitude of the obtained signal as a function of depth and
orientation of the embedded sensors. The acoustic source was simulated in drop test with a 12
mm diameter steel ball falling from an height of 35cm on the center of the panel, as showed in
Figure 9.
In the Figure 9, the time history of the impact signal acquired by the 135° oriented with 1540
nm wavelength sensor and embedded at the greater depth through the panel thickness, namely
on the panel middle plane.
Figure 9b refers to the350 kHz sampled signal raw data while Figure 9c refers to the averaged
data using a twenty point running average function. The signals processing was performed with
the Redondo Optics software, supplied with FBG interrogator, properly improved by the
authors.
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(b)

(c)
Figure 9: a) embedded FBG location; FBG 135°: raw signal b) and filtered (running average) signal c)

The signal amplitudes clearly demonstrate the high sensitivity of FBG system to the elastic
waves propagating from the impact location, even when embedded in the panel thickness.
Moreover, the experimental results confirmed the directional sensitivity of the FBG sensors,
showing an higher sensitivity for a wave incidence angle of +/- 30 degrees. ,as already
demonstrated by the author in [13].This result confirms the possibility to use FBG sensors in
the implementation of embedded passive monitoring systems for impacts detection.
3.3
Impact detection and guided waves propagation with secondary bonded FBGs
array
The impact detection performances have been tested by a steel ball random impact and
performed with a 90% reflectivity array with two sensors of 1530 and 1550 nm wavelength and
positioned at a 200 mm distance each other.
A self-built impact tower was used to ensure repeatability of impacts (Figure 10a).
The time histories acquired by the FBG's array show the presence of a significant time delay
between the different FBGs signals; for instance, the signals acquired by the FBG S1 (1530 nm
wavelength) and FBG S2 (1550 nm wavelength) are characterized by a time delay of about
33 s, as showed in Figure 10b.

1 3

Hybrid structural health monitoring on a composite plate
manufactured with automatic fibers placement including
embedded fiber Bragg gratings and bonded piezoelectric
patches
Boffa, Monaco, Ricci, Barile, Lecce

(a)

(b)

Figure 10: a) Panel secondary bonded array sensor; b)FBG1 - FBG3 impact signals.

The obtained results are in good agreement with the same measurements performed with a pair
of PZT sensors placed at the same distance and acquired with an oscilloscope (Figure 11a) .
The time histories FFT (Figure 11b) [13] showed that the higher frequencies excited by the
impact are in the range of 20 kHz and that the time delay measured matches the speed of an
antisymmetric wave with the same frequency content. Despite some thermal and/or electronic
noises, FBGs array are effective in the acoustic source localization.

(a)

(b)

Figure 11: a) experimental time histories by oscilloscope; b) FFT of the time histories acquired in the
impact test [13]

In order to test the FBG capability to properly sense guided wave propagation, a PZT acoustic
source (PICERAMIC PIC255 with a diameter of 10mm and 0.25mm thick) has been used to
excite the zero order antisymmetric A0 guided wave mode. An hybrid sensors configuration
was realized to synchronize the FBGs measurements with the signal source, in which the first
FBG sensor of the array was glued onto the PZT source surface (Figure 1) and acting as signal
trigger. The excitation pulse was set as a 10 Volt peak to peak single cycle tone burst with 20
kHz central frequency. The acoustic source was excited by an HP/Agilent 33120A signal
generator with an amplification gain level equal to 15. The signal time history reported in Figure
12 refers to the first FBG of the array. The signal processing implemented in the data acquisition
software allowed to eliminate much of the noise from the acquired signal matching very close
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the numerical simulation carried out using a FSDT (first order shear deformation theory) model
of the plate, as showed in Figure 12.

Figure 12: Experimental and numerical responses sensed by the FBG and calculated (FSDT) for a 20
kHz single sine surface load (source)

An additional test has been carried out using 4.5 sine cycles in a Hanning window as source
signal. This source is generally used for SHM purposes as returns a narrower frequency content
and allows to excite a reduced number of Lamb wave modes. Specifically the A0 mode has
been excited, as showed in Figure 13, and a very good agreement between analytical and
experimental waveform and wave speed (814 m/s) has been found.

Figure 13: Experimental and numerical responses sensed by the FBG and calculated (FSDT) for a
surface load (source) 10 kHz Hanning windowed 5 sine cycles
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4

CONCLUDING REMARKS

The impact detection was successfully applied using both embedded and secondary bonded
FBG sensors on anisotropic composite plates. The preliminary tests confirm a good FBG impact
detection capabilities and the possibility to integrate FBGs within the material thickness for an
efficient passive impact detection system. Moreover, guided wave propagation tests
demonstrated the feasibility of hybrid FBG-PZT structural monitoring systems for tomographic
methodologies implementation. The innovative manufacturing process performed with the
automatic fiber placement (AFP) and liquid resin infusion (LRI) has showed itself to be a valid
and reliable procedure to integrate FBGs in the staking sequence of composite material without
compromising the functionality of the sensors and material itself. Some improvements are
needed in the vacuum bag implementation procedure and in the post cure sensorized panel
handling in order to better preserve the integrity of the optical fiber free ends. Software and
system improvements are currently in progress in collaboration with Redondo Optics to
increase the reliability of the FBG interrogator when used to sense GW, to reduce the electronic
and thermal noise and improve the data transfer.
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ABSTRACT
Fiber Bragg Grating (FBG) are strain sensors inscribed in Optical Fiber, attractive in
aerospace applications due to their small non-invasive size, multiplexing capabilities, real-time
monitoring and electromagnetic immunity. The first part of this paper focuses on the
instrumentation of a wind tunnel model. Difficulties in non-straight path fiber positioning in
small areas are discussed. It is manufactured a glass fiber Quick-Pack with embedded FO that
follows a customized path, which could be simply bonded to a plane surface. The second part
of this work aims to analyze the use of Fused Deposition Modeling techniques to create wind
tunnel models designed with special features for optical fiber sensor positioning. The additive
manufacturing technique permits to create channels in which the fiber could be embedded. The
compatibility of glues with ULTEM 9085, an amorphous thermoplastic polyetherimide, is
investigated. The material mechanical properties are discussed, then the structural behavior of
some simple models is studied, considering the fiber's influence. A simple test on a beam is
performed, in order to verify the linear behavior of the overall measurement. Finally, a wind
tunnel model is designed, printed and tested.
Keywords: ptical Fiber, Fiber ragg Grating, Fused Deposition Modeling, ULTEM 9085
1

INTRODUCTION

The purpose of load measurements on a wind tunnel model is to ma e available forces and
moments for the correction of tunnel boundary and scale effects, in order to predict the
performance of the full-scale vehicle 1 . Local balances normally consist in heatstone s
bridges installed on a special internal device or directly applied to the model, useful in all the
cases in which is necessary to design the actuation of a flight control surface and when the flight
loads for structural analysis are required. Resistive strain gauges are often problematic in wind
tunnel environments: they need voluminous wiring, their signal is sensible to electromagnetical disturbances, they must be inserted in heatstone bridges for compensation and the
error due to the normal strain direction must be considered. Furthermore, the total time of strain
gauge application, connection and calibration is high.
1
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Clearly there is the need to improve different aspects of wind tunnel test. urns et al. 2
compared optical sensor technologies with traditional foil-based gauges to highlight the
opportunity for implementation in wind tunnel environments additive manufacturing is also
highlighted as a promising alternative technology to conventional fabrication and has the
potential to reduce both the cost and manufacturing time Edwards
and Pieterse 4 have
reported designing and fabricating wind tunnel balances using optical fiber technology, but they
did not treat the topic of local measurements on model s components. This is due to difficulties
in handling the optical fiber: in general, it could be the solution for the highlighted problems,
but the introduction of these sensors ma es more complicated other aspects. ptical fibers are
small but their fragility and shape imply handling and bonding complications (with respects to
strain gauges). Moreover, in order to exploit their multiplexing capabilities a single F bringing
several sensors can be used, in order to locate them in different directions. This operation can
result more complicated when the suitable space in the model is very small (usually the root of
aerodynamics model). The first part of the carried-out wor deals with the resolution of this
problem, through the uic -Pac technique: a customized sensor is designed, manufactured
and tested. The second part of the article aims to exploit at the best the fiber s peculiarities: the
idea come from merging optical sensing systems with additive manufacturing technology, in
order to create light wind tunnel models with embedded sensors to measure local and distributed
loads or the deformed shape of aerodynamic surfaces. The flexibility of additive manufacturing
permits to design the model in order to predefine the presence of sensors. The present wor
analyses a possible embedding method and verify it by experimental testing.
2

INSTRUMENTATION OF A WIND TUNNEL MODEL BY QP TECHNIQUE

This first part of the article focuses on the instrumentation of a wind tunnel model s horizontal
tail. This case study is proposed by Leonardo Aircraft Division. The stainless-steel component
is fixed to the aircraft fuselage s tail and it is clamped at the central cylinder surface. At the
stabilizer roots, the model has been modified removing material in order to obtain four flat
surfaces on which strain gauges and wiring are bonded.

Figure 1 : Horizontal tail Draft

The morphology of the case study implies different issues:
The model s ma es not easy any machine wor ing.
The radius of curvature represents a critical issue for optical fibers. ased on the fiber
thic ness the minimum radius of curvature is fixed.
The fiber is very fragile.
These issues could be solved through the uic -Pac technique. It consists in an F G inserted
between two layers of fiberglass ply, which could facilitate the embedment of optical fiber in
order to create smart structures the concept was proposed by Loutas et al. 5 . The uic -Pac
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concept evolves in something that could help to ma e the fiber to follow non straight path, in
order to obtain a strain sensor useful for different applications. Grego 6 proposed a solution
for the non-straight path uic -Pac that implies a mold with screws at appropriate location,
whose around the fiber passes. This manufacturing isn t suitable for create a device with such
small size, therefore the optimization of the procedure is mandatory.
2.1

Quick-Pack development

2.1.1 Critical Issues
The creation of a non-straight path uic -Pac implies some critical issues:
ending limitation: the fiber gives constrains about the minimum dimension.
Fiber embedding and positioning: the previously used method couldn t be feasible to
produce very small sensors and doesn t guarantee the correct fiber positioning.
Minimum distance between two sensors: the minimum distance between ragg gratings
depends on the manufacturing method in some cases, and it must be considered that the
nominal reflected wavelength of each sensors must be different, considering the strain s
order of magnitude of the studied ob ect. If strain value is high, the ris to have
overlapping pea s increases.
Sensor correct position: the high accuracy in F G s positioning is mandatory, and
usually the supplier doesn t guarantee it. If the position isn t nown, the sensor could be
accidentally placed in a curvature zone and the obtained measure wouldn t be reliable.
Grego 6 demonstrates that the bending losses depends on the coating type, on the fiber s
diameter and on the curvature radius and angle. He finds that the F GS s rmocer fibers are
bending insensitive, as declared by the producer. It means that the rmocer fiber can withstand
low curvature radius without great signal loss. The best choice is to maintain the radius of
curvature above 2.5 mm, otherwise the stress condition on the fiber could become critical. The
125 m diameter fiber stays more easily in place but is more expensive and requires specific
instrumentation in order to be connected to the interrogator.
Since the P should remain confined to a small area, the minimum distance between two
sensors is critical. In designing the measuring system, some limitations due to the adopted
sensors writing technique (Drawing Tower Grating) must be considered. In particular, the
length of the grating changes the intensity of the reflected signal, therefore the choice must be
a trade-off between small-sized devices and easily readable measures. The accurate and precise
position of the grating inside the F can be detected than s to a special device based on a
thermal scanning of the F originally developed at DAER.
2.1.2 Manufacturing Process

(a)

(b)

(c)

Figure 2: Manufacturing process scheme
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The proposed technique is based on the manufacturing of a mold with engraved the path that
the F must follow. The shape of the groove depends by the fiber s diameter, and it must be
enough deep to cointain it completely. For this pro ect the mold is created by a conical mill and
it has a dept of 0.4 mm. The manufacturing steps can be described as follows:
1. The mold is heated around 55 C.
2. A layer of resin is applied. The resin starts the cure and became stic ier.
. The fiber is positioned in the groove. In the critical points the fiber can be fixed with
little stripes of unsupported adhesive (Figure 2(b)).
4. A bundle of unidirectional fiberglass is forced in the groove to ma e the same path of
the fiber the fiber ends are protected by some Teflon tubes (Figure 2(c)).
5. Above the fiber and resin a fiberglass pre-preg fabric is applied.
6. The result is covered by a Teflon tissue film (Figure 2(d)).
After the listed steps the mould is placed in a vacuum bag, ma ing sure that the bleeder
necessary for the vacuum pumping remains only under the mould if is put above the P, it
would affect the surface finish. The vacuum bag is heated in oven at 1 0 C for one hour and
maintained attached to the pump. After the curing it is left to cooling under vacuum.
2.2

Test set up

The section aims to demonstrate that the manufactured uic -Pac can transmit consistently
the strain and consequently the loads applied to the structure, validating the measuring
technique. For this purpose, a uic -Pac with four embedded F G sensors is created by using
a 195 m rmocer fiber, following the procedure described in section 2.1.2. The proposed
scheme is showed in Figure (a). The two sensors positioned on the vertical tract should detect
the vertical force and the bending moment. The sensor oriented by 45 degree should measure
the torque and the horizontal sensor should be the less stressed one and it could be useful to
compensate the thermal effect. The sensors are confined in a 22x16 mm zone designed to the
strain gauges bridges application. uic -Pac is applied to the surface with a cyano-acrylate
glue that cures in few seconds.

(a)

(b)

Figure : uic -Pac Scheme (a) and bonding on the case study (b)

The loads are applied on the wind tunnel model s component through a saddle on which some
points are mar ed. If the load is applied on these spots, all three load s components are nown.
The points are chosen in order to impose pure force (point 0), force and bending moment (points
1 and 2) and force and torque (points ,6 and 9) with respect to the P s centre. The loads are
applied gradually from 0 to 10 g and returning in point 0, and from 0 to 5 in the other points.
The load envelope represents a plausible low speed wind tunnel one, and it is chosen since
usually the F G response is very clear at high strain, but the signal is often more critical to be
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red at small deformation-imposed levels. The loads are imposed both in positive and negative
direction in order to verify to have a symmetric behaviour. The signal is acquired for 20 seconds
each time that the weight is changed.
Points
(mm)
(mm)

0
0
0

1
0
50

2
0
100

-20
0

6
20
0

9
40
0

Table 1: Loading points

2.3

Results

The results are given by showing the wavelength variation as a function of the applied load.
The resolution of the used interrogator (Micron ptics sm-1 0) is in the order of 1 pm. Note
that
can be converted in with a simple conversion formula, neglecting the temperature
dependency.
1
λ−λ
𝜀 = (1−𝑝 ) λ 𝐵
(1)
𝑒

𝐵

where λ𝐵 is the undeformed wavelength reflected by the F G, λ is the measured one and 𝑝𝑒 is
the photo-elastic constant, whose value usually is 0. 8. Figure 4 shows the sensors response
when the load is applied respectively on point 0 and 2. The order of magnitude of the strain is
low, and consequently the λ variation is of some pm, and the measure dispersion is high: the
P is affected by the local strain imposed by the load s application point. Heading for higher
strain value, as you can see in Figure 4(b),
arrives to around 100 pm (sensor 1 and 2) and
the measure is consistent with the expected one: sensor 1 and 2 are the most stressed one, sensor
reads a lower strain (that correspond to the one imposed in the 45 inclined direction) and
sensor 4 stays non-deformed. In conclusion, the developed device is able to transmit
consistently the strain, but in order to have a good accuracy of the measurement system, a
second P must be applied on the bottom surface and the single sensor s signals should be
properly managed to obtain the pure load components.

(a)
(b)
Figure 4: Results with positive load applied, point 0 (a) and point 2 (b)
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FBG EMBEDDING IN FDM MODELS FOR LOAD MEASUREMENT

This chapter aims to demonstrate that is possible to exploit the advantages of the optical fiber
sensors to be embedded in a wind tunnel printed model in order to acquire information local
and distributed loads.
3.1

Additive manufacturing in wind tunnel

D printing has rapidly gained acceptance as an alternative process for constructing durable,
accurate wind tunnel test models. Compared with machining and model ma ing, D printing is
faster for small scale productions, less expensive and more efficient. It can preserve small,
inaccessible features that are difficult to ma e at scale with traditional methods. For example,
internal passages are easy to produce. For this pro ect it is used the Fused Deposition Modelling
technique. FDM ® implies the selectively distribution of a thermoplastic polymer through a
nozzle. The wind tunnel department of Leonardo company uses a Stratasys Fortus machine to
create some components for low speed wind tunnel testing. Among the available materials,
ULTEM 9085 it is chosen for its high elastic modulus and high temperature resistance. Note
that the manufacturing process induces orthotropic behaviour on the material, which must be
considered in the design phase. The properties depend on the built direction, raster angle,
thic ness of the filaments, tool path generation and air gap between raster -8 . El-Gizawy 9
proposed and validated experimentally a numerical model where the material is described as
orthotropic and defined by engineering constants.
Direction

E (MPa)
25 9.4
2 2 .9
2159.6

G (MPa)
0.46
0. 9
0.40

6 5.5
6 5.5
582.82

Table 2: Engineering constants proposed by El-Gizawy 9

3.2

Embedding technique

The idea is to exploit the high design freedom in given by the D printing to create a fiber
accommodation. This production technique permits ideally to print some passing channels,
useful to insert the fiber in zones in which some information are required.
The constrains about the shape and maximum size of the channel depends on the direction if
passes through all the model and it is printed in the growth direction, there are no limits about
the shape of the channel, but the minimum dimension is fixed. If it is placed in the printing
plane the section cannot be rectangular or circular, because of the material collapse during
deposition. This can be avoided by choosing triangular or drop section, with the base s angles
of 45 . The minimum size is by the height of a layer (0.25 mm) and by tolerance. Nominal
height between 0. and 0.9 mm are the most suitable in this case. The fiber must be bonded in
the channel: ULTEM is compatible with epoxy glue and resin. The most common epoxy glues
have a higher viscosity and low pot time. M- ond 600 is a low viscous bi-component glue with
a high pot time that can be easily in ected through a small needle, and than s to the capillarity
property, it should fill the entire channel. It cures at 1 0 C for 1 hour, which is compatible with
ULTEM 9085 thermal resistance.
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(a)

(b)

Figure 4: Printed channels, (a) in the growth direction, (b) in the printing plane

3.3

Beam Testing

3.3.1 Test set up
A three-point bending test on a rectangular-section beam (250x50x10mm) is performed, which
is designed with a triangular-section channel with a nominal height of 0. mm. n the top
surface of the beam there are some equidistant holes, with drop section, in order to get easier
the glue distribution. These passages would help if the needed application requires a nonstraight or very long path. The printing direction is chosen considering the best compromise in
terms of structural rigidity and accuracy and the beam is then printed on the upward laterally.
The test is controlled in strain at 0.2 mm min. A strain gauge is applied on the surface, in the
same position of the F G. Note that, since the fiber is bonded inside the model, at a certain
distance from the beam centre line, the strain measured should be lower than the one measured
by the strain gauge.
3.3.2 Results
As expected, the strain registered by the F G is the 0 of the one measured by strain gauge.
It is worth noting that the loading cycles have the same slope. This residual is measured by both
strain gauge and F G, hence it is due to a material behaviour. The ptical fiber sensor measures
consistently the strain until around 000
without brea age or bonding failure.
hen high
strain is imposed, there is a hysteresis between the loading and unloading cycle, which results
in a residual strain at the end. This behaviour must be considered in a wind tunnel environment:
if after a certain test the aerodynamic shape is deformed, the results are inconsistent. The
hysteresis between loading and unloading cycle is showed in figure 6. The type of constrain
could change the strain induced, but this is a critical aspect that must be considered in the design
of a wind tunnel model with FDM parts.

Figure 5: Load cycles, strain gauge and F G measures
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Figure 6: Higher load cycle, hysteresis between loading and unloading

3.4

Model design and testing

In this section the case study of the second chapter is designed, printed and tested with the F G
embedding technique described in section . .
3.4.1 Design and printing
For this application it is chosen a straight path in which will be posed four sensors at 5 cm
distance each other. The channel direction is chosen by maintaining it at 40 of the
aerodynamic chord of the horizontal tail and the nominal height is 0. mm. An extra channel
is inserted as bac -up plan. The load will be applied on the tail than s to some support
suspended by a wire through some passing channel, normal to the wing mid plane. The printing
orientation is chosen so that the channels remain in the printing plane, in order to have the
maximum accuracy note that this printing direction represents a good compromise, since the
growth direction in the width of the ob ect gives a higher structural resistance. In order to reduce
the collapse ris during printing, it is added a stabilize wall , showed in figure (a).

(a)

(b)

Figure : D Printed model details, (a) printing support, (b) interloc ing.

3.4.2 Bench test
The model is mounted and tested as the steel one. The pass-through holes are necessary to
impose the loads, that are hanged through a little support attached to a nylon wire. n the upper
surface the load is distributed through an aluminium disc under which there is a piece of rubber.
For every load applied the sensors signal is registered for around 20 seconds, and the
wavelength considered is the mean of the one measured during this time. Graphs 9 show the
wavelength variation of each sensors when the point is loaded and unloaded gradually. Sensor
1 is the one at the tip, sensor 4 is the nearest to the end. As expected, considering the previous
test, a slight hysteresis shows up during the test. The wavelength variation registered by the
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four sensors is consistent with their position. This test demonstrates that the response of the
F G sensors is better when the strain of the structure causes a wavelength variation in the order
of 10 pm. As expected, the bonding between the fiber and the tail remains intact during the
different load cycle: the local strain imposed on the sensors zone doesn t exceed 1000 , which
is much lower than the maximum tolerable by the bonding, as verified with the beam s test. In
conclusion, than s to this technology demonstrator, it is proved that a wind tunnel model s
component could be successfully design, simulated and manufactured with ULTEM 9085 and
instrumented with F G sensors embedded in order to measure applied load. Clearly there are
some limitations due to the stiffness of the material, which isn t comparable to the classical
steel s ones commonly used. The technique could be implemented on component constrained
in in different way, hence with lower deformation.

Figure 8: Test set up

Figure 9:

4

avelength variation as a function of the applied load

CONCLUSION

In this wor some possible applications for optical fiber sensors in a wind tunnel environment
are presented. The article describes two parallel studies. The first part of the wor deals with
the problem of positioning F G sensors inscribed in a single fiber in specific configurations in
order to create a strain sensor useful to detect different load s components. The proposed
solution started from the P idea and evolved until it is possible to develop a manufacturing
technique for a small-sized device. The P respects the constrains imposed by the case study
and can be easily bonded to a flat surface it is able to fix the fiber in a plane non-straight path
and it can transmit the strain consistently without slipping. This device could have multiple
applications P was initially intended to be embedded in composite material and the creation
of such a small device could address other issues common in smart structures, for instance if
the designer wants to monitor the stress in an ob ect along different directions.
The second main proposal of this wor is the embedment of optical fiber sensors in printed
models. The design of parts with channels, in which optical fiber could be inserted and bonded,
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is proposed. This wor provides a good basis and guidelines for the design of an aerodynamic
model produced through FDM ® technique, with embedded F G sensors. The wor
demonstrates that the embedding method developed can withstand a strain of 000
applied
statically. The tests performed underline hysteresis of the material present also at small
deformation, and the implications in a wind tunnel test must be further investigated. A possible
application could be the design of movable surface, since the way in which it is constrained is
less critical and the possibility of printing multiple components with different angle with respect
to the fixed surface could eliminate the human error in positioning the control surface. The next
step is to analyse the design of a D non-straight channel, considering the accuracy and printing
direction.
5
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ABSTRACT
The paper presents a structural concept for a flexible structure based on composite corrugated
laminates, which integrates an elastomeric cover to guarantee a smooth aerodynamic surface
and a diffused actuation system designed by using Shape Memory Alloy wires. The components
of the system perform different structural and functional roles, which are described pointing
out the advantages of the specific solutions chosen. The structural concept is adopted to design
a morphing aerodynamic surface by using finite element analyses performed with load
conditions obtained by simplified aerodynamic analyses. Then, the manufacturing process is
set-up and applied to develop a prototype of the system. The numerical model used in the design
phase is assessed with actuation experiments performed on the prototype.
Keywords: Morphing, Corrugated Laminates, Shape Memory Alloys
1

INTRODUCTION

A morphing surface is a structure capable of a progressive and smooth variations of shape that
may represent, in aeronautical applications, a more efficient solution with respect to the rigid
rotations and translations of stiff structural parts, which are currently used in flight vehicles to
control the generation of aerodynamic forces and to adapt the vehicle shape to different flight
segments.
Morphing solutions are expected to bring several advantages, such as enhanced flight
performances in extended flight envelopes, reduced fuel consumption and increased flight
range, decreased drag and noise [1,2]. They may also present advantages from the structural
point of view, due to potential elimination of mechanisms and actuators, which becomes
possible when both the external skin and the internal structures of the morphing surface rely
completely on structural flexibility to accomplish the desired shape variation, like in the cases
presented in [3-5].
All the aforementioned aspects have motivated a large number of studies in the aerospace field
to develop innovative and also disruptive solutions. However, the examination of the morphing
concepts proposed in literature points out that several challenging issues must be addressed to
design a successful morphing system. Indeed, a basic trade-off must be found between a
tuneable flexibility to accomplish shape variations, keeping materials in elastic range, and the
need of sustaining and transmitting the loads applied to the morphed surfaces. Actually,
morphing often requires large displacement only in selected directions, where flexibility must
be accurately tuned and controlled to produce smooth aerodynamically efficient shape
variations (morphing directions [6,7]). On the contrary, along non-morphing directions, shape
change is not required, so that the stiffness and the strength of the morphing structure should
1 51
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be maximized, in order to reduce or avoid the need of additional load carrying elements, which
would unavoidably lead to weight penalties. Such conflicting requirements in different
directions suggest the need of structures with an anisotropic behaviour, which may be
introduced at the level of materials or of structural elements. Moreover, equilibrium in morphed
configuration is often characterized by a requirement of load bearing capability for the actuator
system.
In this paper, a morphing variable camber profile is proposed, which addresses the
aforementioned issues by using different elements. Camber variation requires morphing
capabilities in the chord direction, while bending and torsional stiffness should be maximized
in the span direction. The desired anisotropy is provided by an internal structure made by
combining corrugated composite laminates, which are inherently anisotropic and represent a
well-recognized appealing ingredient for morphing structures [6-10]. The avoidance of
detrimental aerodynamic effects of skin deformation, like bubbling or buckling, is achieved by
refining a solution presented in [6], based on an elastomeric cover supported by means of
honeycomb stripes, which sustains pressures but interfere minimally with overall structural
deformation. Finally, the actuator system is designed to provide adequate force and load
carrying capability in the morphed configuration, by exploiting the properties of Shape Memory
Alloys (SMA) wires [11,12]. Such actuation wires constitute a diffused actuation system, which
is embedded in the structure. Structural and actuation system are designed to produce a camber
variation at wire actuation, by exploiting the properties of the corrugated laminates.
In the following section of the paper, the fundamental properties of the elements involved in
the morphing concept are presented. Thereafter, the design of the system is discussed in a third
section. The manufacturing process developed to produce a first prototype is described in the
fourth section, which also provide the main results of actuation tests and the correlation with
the numerical model. The main findings of the activity are summarized in the final concluding
remarks.
2

COMPONENTS OF A MORPHING CONCEPT BASED ON CORRUGATED
LAMINATES

2.1

Corrugated composite laminates

Corrugated sheets are inherently characterized by strong anisotropic characteristics [13].
Composite corrugated laminates have attracted the interest of researchers working in the field
of morphing structures [8], considering the tuneable compliance and high strain at failures in
the direction along the corrugated profile, which can be several order of magnitude higher than
those in the transversal direction [7]. For such reasons they were proposed for variable camber
morphing profiles [6, 8, 9], in configuration that might exploit their inherent anisotropy, as the
one shown in Figure 1.
The use of composite pre-pregs to manufacture corrugated sheets presents some issues, which
can be solved by adopting the techniques reported in [6-8]. However, composite material
increases the design flexibility with respect to metallic sheets, thanks to the possibility to define
appropriate lay-ups, and generally enhances the maximum elongation that can be reached in the
elastic range, in the morphing direction.
The examples reported in Figure 2 are referred to tests performed on a square-rounded profile
(a) and on a profile obtained by combining two square-rounded profiles (b), characterized by
the presence of closed cells, named twin corrugated profile after [6]. Such profile provides a
higher bending stiffness in morphing direction [14] and the closed cells allow to house a
diffused actuation system in a protected environment.

1
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(a)
Figure 1: Application of corrugated laminate to
variable camber morphing profiles

2.2

(b)

Figure 2:Geometry and testing of a glassreinforced square-rounded corrugate (a) and a
carbon-reinforced twin corrugate (b)

Integration of an elastomeric cover

Aerodynamic studies [15] have proved that the detrimental effect on aerodynamic performance
produced by the airstream flowing on the corrugated surface cannot be ignored and could lead
to reduce, or even reverse, the increment of performances expected by the adoption of a
morphing solution.
Actually, such problem was taken into account in the original proposal of composite corrugated
laminates for morphing [8], and the solution envisaged was based on the introduction of an
elastomeric filler in the “valleys” of the corrugated profile. Other authors suggested the
application of a segmented skins bonded to the corrugated laminate [14].

Neoprene sheets
Honeycomb stripes

Figure 3: Scheme for the integration of
elastomeric cover into a corrugated laminate

Figure 4: Experimental characterization and
numerical model of Neoprene sheets

An efficient and lightweight solution was proposed in [6], which is based on the integration of
an elastomeric cover in the corrugated laminate. The flexible cover is sustained along the
“valleys” by means of honeycomb inserts. It has been shown that such system does not interfere
with the compliance of the corrugate in the morphing direction and minimizes the waviness of
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the surface during morphing. The solution proposed in [6] was implemented by using a siliconic
rubber, to prove the concept. However, such material is not adequate for aeronautical
applications, due to the limited range of operational temperature and the poor resistance to
atmospheric agents. A better choice is represented by Neoprene sheets, which have been
traditionally used in aerospace construction for de-icing deformable leading edges. Specifically
formulated types of Neoprene can work in the range -50°C 130°C and exhibit an excellent
resistance to atmospheric agents. Sheets of Neoprene are commercially available, so that the
integration of the elastomeric cover in the corrugated laminate can be realized as sketched in
Figure 3. For the research activity here presented, 1 mm thick sheets of Neoprene were
characterized by following the BS EN ISO 527-3 standard, with the specimens presented in
Figure 4. A finite element non-linear model, also shown in Figure 4, was developed by using
Simulia/Abaqus Standard. A hyperelastic material model based on a 2-term Odgen potential
was used [16]. The numerical-experimental correlation, shown in Figure 4, indicates that the
numerical model is adequate to represent the elastomer behaviour.
2.3

Shape memory alloy and integration into flexible structures

(a)

( b)
Figure 5: working mechanism of a one-way
effect SMA actuator

Figure 6: Integration of SMA wires in a corrugated
laminate: functional scheme (a) and sketch (b)

Shape Memory Alloys are metallic materials that recover their initial configuration after being
deformed, by applying temperature variations [11, 12]. The most diffused alloy for engineering
application is NiTiNOL, which can exert high forces with very limited size and weight, and
present stiffness and strength properties ideal for load bearing actuators. Typically, SMA
actuators rely on the so-called one-way memory effect, which is exemplified in Figure 5, where
an actuator is initially heated and subjected to a tensile stress at point (1). Then, if temperature
is reduced (2), a phase transformation occurs and the wire elongates. However, when
temperature is increased again (3), the shape memory effect activates and the wire recovers its
initial length. Hence, the effect provides a contraction force under heating and requires to apply
a stress to “rearm” the actuator in the elongated configuration. However, if the actuator works
against a flexible system, like in the sketch of Figure 6-a, the elasticity of the system may be
enough to recover all the deformation when temperature has been reduced. Following these
considerations, a possible integration of a diffused actuation system in a corrugated laminate is
presented in Figure 6-b, where a twin corrugated profile is equipped with a system of wires set
between the two corrugated laminates. In a numerical model, SMA alloys can be represented
by using beam elements with a negative Coefficient of Thermal Expansion (CTE) that can
model the mechanical effects of the contraction due to the phase transformation induced by the
temperature increment [17]. Such simplified approach is adequate to estimate the effect of the
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actuation on a flexible structure and the stress acting in wires, which must remain below
predefined design values to guarantee the capability of performing an adequate number of
cycles [12]. In this work a limit of 150 MPa for an actuator capable of 4% has been considered
for the definition of a realistic engineering application.
3

DESIGN OF A MORPHING SYSTEM BY NUMERICAL EVALUATIONS

The elements presented in the previous section may be combined to design systems capable to
address the multiple issues involved in the development of morphing structures. The concept
presented in this work is aimed to the design of a thin morphing profile, with an internal
structure consisting of a twin corrugated profile made by combining a carbon-fibre reinforced
and a glass fibre reinforced square-shaped corrugated laminates, as shown in Figure 7. A
diffused actuation system made of SMA wires is embedded between the profiles. A top plate is
bonded to the carbon-reinforced laminate. The neutral axis of the equivalent plate formed by
the two corrugated profiles and the top plate is shifted upward with respect to action line of the
SMA actuators (see Figure 7). Hence, when SMA elements are activated, the contraction of the
wires will bend the structure, as shown in Figure 8. If the concept is applied to design a variable
camber profile, the aerodynamic forces raising after the deformation can be efficiently opposed
by the reaction couple provided by axial forces acting in the SMA wires and in the top plate.
Neutral axis of the equivalent plate
Active actuator segments

Carbon‐reinforced top plate
SMA wires

Carbon‐reinforced
corrugated laminate
Glass‐reinforced corrugated laminate

Figure 7: Configuration of the actuated flexible structure

Aerodynamic
forces opposing to
actuation

Actuation exerted by active

Bending moment originated
by external forces
Reaction provided by top
plate and SMA wires

Figure 8: Expected working mechanism of a variable camber profile

The working mechanism presented in Figure 8 has been verified by developing a finite element
model of the systems, which has been used to define a design configuration. The model
represents a simplified aerodynamic surface with constant thickness distribution along the
chord and is aerodynamically shaped leading and trailing edge. The shell-model of a Neoprene
elastomeric cover has also been included in the lower surface, according to the solution
described in Figure 3. The model is presented in Figure 9. SMA wires with 0.2 mm diameters
have been represented by beam elements with an equivalent CTE set to obtain a stroke recovery
of 4% when activated. The corrugated laminates and the top plate were characterized by
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laminated shells considering a lay-up made of carbon/epoxy fabric plies (0.21 mm thick) and
E-Glass/epoxy plies (0.14 mm thick) with Young Moduli of 63250 MPa and 16300 MPa,
respectively. The honeycomb inserts supporting the Neoprene sheet were meshed through solid
elements, by applying the properties of a HexcelTM HRH-10 aramid honeycomb reported in [6],
while Neoprene layer was characterized with the material mentioned in section 2.2.
The model configurations at different stage of bending deflections were introduced in an XFoil aerodynamic model, to evaluate the aerodynamic pressure fields on the profile. A wind
velocity of 42 m/s was chosen, considering the performance of the wind tunnel of Aerospace
Science and Technology Dept. The deflected configurations are presented in Figure 9. Then, a
second set of analyses was performed by applying the aerodynamic load, to provide a more
realistic estimation of deflections and of the strain-stress states in the structural parts. Although
the final aeroelastic configuration is not been identified by such two-step procedure, the results
are conservative as far as the maximum achievable camber variation and the stress states are
concerned. After a sensitivity study on the lay-ups and on the density of SMA wires, the final
lay-up reported in Figure 9 was chosen. The adoption of a SMA wire density of 0.833 wires/mm
led to the results reported in Table 1. Thanks to the limited diameter of SMA wires, the weight
of actuation system remains limited, although a quite high wire density is actually required to
maintain the shape against the aerodynamic load without exceeding the design value of stress.
SMA ribbons may also be used in practical implementation to reduce the complication of wire
installation.
top plate [0]3 Carbon/epoxy fabric
Upper corrugated laminate
[0]3 Carbon/epoxy fabric

Lower corrugated laminate
[0]2 Glass/epoxy fabric
Honeycomb insert
Neoprene Sheet

(a)

(b)

Figure 9: numerical model of the profile (a) and deflected configurations used for load evaluation (b)

Tail deflection without aerodynamic load
Tail deflection with aerodynamic load
Max stress in SMA wires
Max strain in carbon/epoxy top plate
Max strain in carbon/epoxy corrugated laminate
Max strain in glass/epoxy corrugated laminate

Mm
Mm
MPa

87.55
61.28
137.1
919.7
4129
2259

Table 1: main performances of the numerical model in design configuration

4

MANUFACTURING AND TESTING

A demonstrator of the design configuration was manufactured by producing corrugated
laminates according to the geometry presented in Figure 3, by using E-glass reinforced fabric
plies (Figure 10-a) and carbon-reinforced plies. Neoprene sheets were bonded to the
honeycomb and to the glass corrugated laminate by means of a neoprene-based glue (adeprene®
320), capable to comply with large deformation. The actuation system, with a reduced wire
density, was installed between the glass-reinforced and the carbon-reinforced corrugated
laminates (Figure 10-b). A paste adhesive, Araldite® 2014-1, was used to bond the two
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corrugated profile and to embed the SMA wires in the middle. Curing process was performed
at room temperature to avoid activation of the SMA actuators. A detail of the final structure is
shown in Figure 10-c.

(a)

(c)

(b)

Figure 10: integration of elastomeric cover (a) and of actuation system (b) in the corrugated structural
parts, and detail of the manufactured demonstrator (c)

An actuation test was performed on the demonstrator, as shown in Figure 11-a. The expected
bending behaviour was obtained, with a maximum deflection of 48 mm in correspondence of
the end of the corrugated structure (before the trailing edge). The numerical analyses, performed
in the same conditions of the test, without external forces, is shown in Figure 11-b and gave a
deflection of 47 mm, thus providing an appreciable numerical-experimental correlation.
The elasticity of the structure was able to recover almost completely the deflection, with a
residual displacement of 7 mm. It has to be considered that, in a real application, the effect of
the aerodynamic forces would also help the elastic stress to recover the original shape.

(b)

(a)

Figure 11: actuation tests (a) and corresponding numerical analysis (b)

5

CONCLUDING REMARKS

The combination of corrugated composite laminates, elastomeric cover sustained by
honeycomb insert and Shape Memory Alloy actuators made possible the design and the
manufacturing of a morphing concept that appears particularly promising for future
developments.
The design flexibility offered by composite materials was exploited to design an asymmetric
structure that bends under the simple contraction action of Shape Memory Alloy wires. In the
morphing direction, the reaction couple offered by the SMA actuator layer and the top plate can
be tuned to provide an adequate stiffness to meet realistic aeroelastic requirements. The
elastomeric cover integrated in the corrugated laminate proved to be effective to guarantee an
acceptable surface smoothness, even in case of large deflections. Finally, in the non-morphing
direction, the properties of the corrugated laminates guarantee excellent stiffness properties and
load carrying capabilities.
Accordingly, the concept presented in the paper can be considered a first step towards the
development of efficient morphing surfaces in real-world aerospace structures.
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ABSTRACT
This study was aimed at applying remote sensing techniques and Geographic Information
System (GIS) to map radioactive minerals in Mrima hill region in Kwale County earmarked
by high radioactivity. The data used in the study area was from Landsat 8 obtained from
(https://earthexplorer.usgs.gov/) website which was processed by using ENVI5.3 and Arc
Map 10.3 software by means of the band rationing and supervised classification. Different
types of minerals /rocks were mapped by studying spectral anomalies in processed Landsat 8
data using band ratios 6/7, 6/5, 4/2, and supervised classification. The Crosta method was
found to be very useful for enhancing the altered areas with clay and iron oxide mineral.
Areas which were covered by vegetation were not classified and therefore, botanical
indicators were used whereby the spectral signatures of vegetation associated with radioactive
minerals were used. These vegetation species are from the Astragalus, Stanleya, Aster
venustus, and Oryzopsisj species and they included big berry Manzanita, big sagebrush,
Mormon tea, pynon pine. The results were validated by the use of existing radiometric data of
the study area. The radiometric survey data results used for validation revealed that the
vegetation associated with radioactive minerals could be determined in areas with a dose rate
of over 1389 nGy/hr.
Keywords: mineral resources, remote sensing, geographic information system (GIS)
1

INTRODUCTION

Majority of developing nations depend on the activities of mineral exploration to sustain their
economic activities. Adequate information about the minerals maps and the geology of an
area is therefore very useful for the exploration of these minerals. This will require a lot of
investments in terms of time, money and even labor during exploration, especially in remote
areas. This has prompted the use of remote sensing for not only geological purposes but also
for potential investors for the purpose of mineral exploration [1]. Thus, remote sensing has the
advantage of reducing the risks for investors in the mining sectors [2]. Remote sensing was
used earlier for the mapping of vegetation as the sensors were designed for vegetation
analysis only [3]. During the exploration of minerals, mapping on the ground depends on the
data derived from the field and also on the laboratory tests carried out. The data from these
fields is then analyzed by experts in the field of geology for information. The use of remote
sensing technology may not replace the level of this expertise but however, provide
information which is more cost effective. The use of this technology provides information in
large areas which may not be accessible and this will help in isolating potential areas from
non-potential one [4]. The use of remote sensing in geological applications requires more
spectral bands and smaller bandwidth. The information about minerals and rocks are found in
1
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the middle or shortwave and to some extent the thermal region of the spectrum than on the
visible band. Multispectral sensors are useful when carrying out mineral mapping, for
example, the shortwave Infrared bands on Landsat Thematic Mapper 5 and 7 are useful when
carrying out discrimination between different types of minerals and rocks. This has led to the
use of Landsat TM and Landsat Enhanced Thematic Mapper Plus (ETM+) in discriminating
various lithologies [5]. Minerals are constituents of the rocks and the interaction with the
electromagnetic radiation results in unique response for each mineral. These results to unique
spectral response for each mineral thus different minerals have a different spectral response.
Since minerals are the main constituents of rocks, then rocks associated with radioactive
minerals exhibit unique spectral responses with the electromagnetic radiation. This can be
discriminated from other rocks by the use of various image processing techniques and image
classification techniques [6]. Granite rocks are the sole possible source of uranium and
thorium deposits and therefore the study of granites are important in identifying the favorable
sites of these radioactive minerals. The following are the rocks which are associated with
radioactive minerals. They include granite, basalt, biotite, limestone, sandstone, shale, bedded
phosphate and coal rocks.
2

MATERIALS AND METHODS.

2.1 Remote Sensing Data
In this research, we used data acquired from Landsat 8 freely available from U.S. Geological
Survey (USGS). The data was acquired over the period ranging from January 2016 to January
2017.
2.2 Methodologies
The entire methodology included four major parts. The first part was the preparation of NDVI
for the study area. The second part was processing of images for alteration minerals zones
using various remote sensing techniques including false-color composite, band ratio, and
principal component analysis. It was followed by the supervised classification of the image
using maximum likelihood and spectral angle mapper techniques for rocks associated with
radioactive minerals. The final part of the methodology involved the validation of the results
using existing radiometric data of the study area.
2.2.1 Vegetation analysis: calculation of NDVI
In order to mask vegetation it is often useful to calculate a green vegetation index. The most
commonly used vegetation index is the Normalized Difference Vegetation Index (NDVI) and
was used to obtain the threshold value to mask vegetation in the OLI bands. Normalized
different vegetation index (NDVI) derived by satellite remotely sensed data is a good data
source to study the spatial distribution density of vegetation throughout the image in the study
area. NDVI image was used to identify vegetated area from rocks or soils. The NDVI is
defined as;
NIR − Re d
(1)
NDVI =
NIR + Re d
Here NIR is the DN Value of Near-Infrared Radiation, and Red is the DN value of the red band
radiation. The threshold used to mask vegetation in the study area was 0.25.
2.2.2 Band ratio
This image processing technique involved one band divided by another one based on the
spectral characteristics of the materials under study. The result is a ratio of spectral reflectance
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of one band to a spectral reflectance of another band. The remote sensing data for the study
area was processed for discriminating different types of rocks and also minerals using Landsat
8 band ratios (6/7,6/5,4/2), (6/4,4/2,7/3) in RGB for different types of minerals and
vegetation in the study.
2.2.3 Maximum likelihood classifier
This is a method of image classification which involves the calculation of the probability that
a given pixel belongs to a certain class. It is calculated based on the spectral distance of
pixels which are close together. The remote sensing image of the study area was classified
using the Region of Interest (ROI) of the spectral signatures of the rocks derived from the
image using ENVI 5.3 software. The probability threshold for each class was set. The regions
which didn't have the rocks were not classified. MLC assume a normal Gaussian data
distribution of multivariate data.
2.3 Validation of the results
The results were validated by using existing radiometric data of the study area by overlaying
the dose rate classified map of the study with Landsat 8 classified image of the study area
using QGIS software. The geological map of the study area was also overlaid with the
classified map of rocks of the study area. The maps were first georeferenced. Since the
existing data were from the southern part of the hill, we used the interpolated radiometric data
of the study area for validation with the botanical indicators.
3 RESULTS AND DISCUSSION
3.1 Band ratio results
This is image processing technique which involves one band divided by another one based on
the spectral characteristics of the materials under study. The band ratio method was used to
enhance the spectral differences between bands and reduce the effect of shadowing caused by
differences in ground slope. Band ratio of 4/2 enhances the contribution of iron minerals since
reflectance and absorption of iron occur at band 4 and 2 respectively. Absorption caused by
kaolinite, montmorillonite and clay minerals result in low reflectance in band 7 and high
reflectance in band 6. So, the ratio image 6/7 would have bright signatures for clay minerals.
Therefore, the ratio 6/7 for clay minerals, 4/2 for iron oxide minerals and 6/5 for ferrous
minerals in color composite show clay minerals represented by the cyan pixels while iron
oxide is represented by the red pixels and ferrous minerals by the yellow pixels as shown in
figure 1.
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Figure 1: Landsat OLI ratio image (6/7, 4/2, 6/5 in RGB);for the study area.

3.2 Supervised classification results
Image classification is the process where pixels which are unknown are signed to a specific
class depending on their spectral properties. We used supervised classification method where
training data of the spectral signatures of rocks associated with radioactive minerals were
used. The methodusedincluded maximum likelihood classifications. The endmember
collection was obtained from the spectral library inbuilt in ENVI software
3.2.1 Maximum likelihood classification results
This is a method of image classification which involves the calculation of the probability that
a given pixel belongs to a certain class. It is calculated based on the spectral distance of
pixels which are close together. The spectral signatures of rocks associated with radioactive
minerals were used as the training data and the probability threshold for a given rock to be
classified into a particular class was set. The rocks which are associated with radioactive
minerals were then classified into different classes and the results revealed that these rocks
which include alkali granite, serpentine, carbonates, sandstone, and shale were at the edges of
the hill as shown in figure 2 below
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Figure 2: Maximum Likelihood classification for rocks associated with radioactive minerals in the
study area.

Areas which were covered by vegetation and therefore the spectral signatures of rocks could
not be recorded were not classified. The botanical method was used whereby the spectral
signatures of vegetation associated with radioactive minerals were mapped. These vegetation
are good absorbers of selenium and since selenium is found in places where there are
Uranium ores then this naturally growing vegetation will be found there. The vegetation is
from Astragalus species, Stanleya, Aster venustus, Oryzopsisj species and they included
Mormon tea, big berry Manzanita, big sagebrush, and pynon pine. Maximum likelihood
classification technique was used to map them using their spectral signature with a probability
threshold of 0.8 and the results are as shown in figure 4. The areas which were not covered by
vegetation were masked out by applying a threshold of 0.25 in the NDVI product of the study
area.
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Figure 2: Maximum likelihood classification of vegetation associated with radioactive minerals

3.4 Validation
The validity of the applied remote sensing techniques was determined by comparison between
the applied methods and effectiveness of their results with the existing ground truth data in
the exploration area.
3.4.1Vegetated areas validation results
Since the above results were based on areas which were not covered with vegetation, the areas
covered by vegetation were studied by the use of botanical indicators whereby vegetation
associated with radioactive minerals was classified by the use of their spectral signatures. This
was done by first masking out areas not covered by vegetation. These vegetation which are
associated with radioactive minerals are good absorbers of selenium and since selenium is
found in places where there are Uranium ores then this naturally growing vegetation will be
found there. The vegetation are from Astragalus, Stanleya, Aster venustus, Oryzopsisj species
and they include Mormon tea, big berry Manzanita, big sagebrush, and pynon pine. The
classified image of this vegetation was overlaid over interpolated gamma dose rate map of the
southern part of Mrima hill since that was the area where radiometric data existed and the
results revealed that these vegetation were growing in areas with a threshold gamma dose rate
of above 1200nGy/hr. This is attributed to the fact that in high gamma dose rate areas, there is
a high content of selenium and therefore high absorption rate thus the vegetation will
naturally grow there hence their presence in the high dose rate region as shownin 5below.
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Figure 5: Maximum Likelihood classified image of vegetation associated with radioactive minerals
overlaid over interpolated gamma dose rate map of Mrima hill adapted from Kaniu 2018

3.5 Discussion
The available multispectral datasets of Landsat 8 OLI from 23rd January 2016 to 23rd
November 2016 were tested to map lithology and mineralized zones in the study area. A
series of image processing techniques, includingband ratio, and supervised classification
methods have led to identification of vegetation and rocks associated with radioactive
minerals in the study area.
3.5.1 Band ratio method
Despite the improvement in image contrast by band rationing, its weakness is demonstrated
by the reduction in the reflection intensity of objects on the images. Also, there could be more
than one mineral candidate for the same band ratio e.g. Landsat band ratio of 4/2 and 4/1 both
used for discriminating iron minerals and ferrous minerals. The use of band ratio despite the
above disadvantages gives out precise alteration zones.
3.5.2 Supervised classification
Supervised classification was also considered in this study. maximum likelihood classification
was effective in mapping out the rocks and vegetation associated with radioactive minerals in
the study area. It was found out that alkali granite was extensively mapped out in the study
area and it was the common rock found. This is due to the fact that radioactive minerals which
contain U, Th and rare earth metals are usually found in the sedimentary, metamorphic and
magmatic rocks. They are concentrated in acidic volcanic and plutonic rocks.
3.6 Conclusion
The use of Landsat 8 OLI datasets using various image processing techniques proved to be
useful in identification, detection, and delineation of lithological rock units, and alterations
zones for radioactive minerals and rocks associated with radioactive minerals. Using the
radiometricsurvey data for validation showed that maximum likelihood classification and
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spectral angle mapper techniques were found to be the most successful methods for mapping
both rocks associated with radioactive minerals and also the botanical indicators.
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ABSTRACT
Wildfire negatively influences the environment by initiating changes that affect water towers,
wildlife and human habitation and in turn impact the economy immensely. To minimize the
spread and destruction by wildfires, early detection and notification of its occurrence is of
great value. Satellite system offers a useful tool for early detection as its operation is not
limited by accessibity and provides for automated processing and analysis of the data. This
study presents a wildfire detection algorithm (WIDESY) using geostationary satellite for
timely notification as a measure towards minimizing wildfire impact in Kenya through early
detection. The focus is on developing an algorithm that detects thermal anomalies resulting
from temperatures changes and validating the algorithm using MODIS fire products from the
FIRMS system. Analysis of the images between periods investigated showed that the
algorithm’s capability is comparable to the reference system used during validation.
Keywords: Wildfire
1

FIRMS

WIDESY

Algorithm

Kenya

INTRODUCTION

Each year hundreds to thousands of vegetation are consumed by wildfire [7] and there is a
great concern that the effect might increase in the future probably in response to global
warming [9].Some of these vegetated areas offer a considerable input to the economy since
they play a significant role as water catchment areas [2] as well as contributing to the steady
supply of water for hydro electric power generation which contribute to roughly sixty percent
of Kenya’s energy generation [3] The capacity to efficiently respond to wildfire out break and
minimize their effects is enhanced by timely acquisition and distribution of up to date
information regarding their occurrence [6].
Detection of wildfire by satellite based systems have provided considerable substitute to other
systems at fairly lower cost and have also been extensively acknowledged for monitoring
areas where other systems have failed [1]. The application of satellites can be achieved using
either polar based or geostationary satellites. Polar based ones are advantaged by high spatial
resolution required for detecting minor fires but are underprivileged by their small temporal
resolution hence cannot assist with timely identification of wildfires. Their geostationary
counterparts have elevated temporal resolution and offer better opportunities for timely
identification of fires [10].
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2

STUDY AREA AND DATA SOURCES

2.1

Study area

Kenya is positioned between latitudes 4.50 N and 4.50 S and longitudes 340 E and 420 Eright
on the shore of the Indian Ocean and borders Uganda to the western part, Somalia to the
eastern part, Ethiopia to the northern part and Tanzania to the southern part [8]. With an
extent of 582,646 square kilometres of land cover, about 3% of this area is covered by forests
which are coincidentally located in high fire prone areas [4].
2.2

Data sources

High rate SEVIRI sensor level 1.5 data in Geotiff format between fire season of the year 2018
provided images for developing the algorithm. This was expected to span the periods of major
wildfire occurrence which comes around January to March every year. The data was obtained
from the Earth Observation Satellite Images Applications Lab (EOSIAL) of the University of
Rome ‘La Sapienza’ through an ftp link. The FIRMS system provided MODIS fire products
for validation of the algorithm developed.
3

METHODOLOGY

3.1

Algorithm development

Development of a contextual algorithm involves preliminary steps to exclude cloudy and
water pixels from subsequent operations, other steps which are carried out prior to confirming
an actual fire are elimination of high reflecting surfaces and warm backgrounds and bare soils,
Identification of potential fire, background characterization, contextual analysis and rejection
of false alarms.
3.1.1 Cloud elimination and water masking
A pixel based land sea/surface type mask was utilized to identify water, land and coastal
pixels. Only pixels with mask value of 1 for land or 2 for land with coastlines were tested for
fires. Pixels with mask value of zero were automatically classified as water pixels. Cloud
elimination was carried out based on the properties of each observed visible and infrared
channels in the presence and absence of clouds. A threshold was introduced on the reflectance
of VIS 0.6 and VIS 0.8 channels and the brightness temperature of channel IR 12.0 to remove
cloudy pixels. The mean of the VIS 0.6 and VIS 0.8 channels as well as channel IR 12.0 for
cloud contaminated pixels were used.
3.1.2 Eliminating bare soils and warm backgrounds
The difference in brightness temperatures of IR 3.9 and IR 10.8 channels was used to define a
threshold to exclude bare soils and warm backgrounds. The mean of the brightness
temperature difference between the two channels considered was used.
3.1.3 Eliminating high reflecting surfaces
High reflecting surfaces were identified by the method applied by [9] such that any pixel with
a reflectance higher than 0.30 was automatically classified as a high reflecting surface.
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3.1.4 Identifying high probability fires
There are two ways through which actual fires can be identified; the first consists of
classifying pixels with relatively high temperatures and therefore high probability of being
actual fires using a fixed threshold while the other consists of identifying pixels with low
probability of being actual fires and then performing a series of test to confirm them as actual
fires. These two ways are however independent of each other [8]. To set fixed threshold for
detecting high probability fires, the mean and standard deviation of the brightness
temperatures of the images acquired were used.
3.1.5 Identifying potential fires
The mean and standard deviation of the brightness temperatures of the images acquired were
used to set a threshold for potential fire identification. The mean brightness temperature of IR
3.9 channel computed was used.
3.1.6 Characterizing the background
In the absence of fire, the neighboring pixels to those of the possible fires were used in an
attempt to identify real hotspots from naturally heated surfaces. A window starting as a 3 x 3
pixels was selected centered on the possible fires pixels and valid neighboring pixels
identified which was then used to estimate a value. The window was increased slowly
stepwise until at least three pixels were identified as valid. Mean and the mean deviations of
the brightness temperature of channel IR 3.9 as well as that of the brightness temperature
difference of IR 3.9 and IR 10.8 channels were computed using a methodology described by
[5]. These computations were made over a spatial matrix of N x N pixels around a central
hotspot.
3.1.7 Contextual analysis
Upon successful background characterization a series of contextual analysis was performed to
assess the variation of channels IR 3.9 and IR 10.8 in fire and non fire background.
Characteristic features of an active fire were evaluated using temperatures of IR 3.9 channel
and difference in brightness temperatures of the IR 3.9 and IR 10.8channels. These tests were
carried out on the background pixels and the thresholds adjusted based on the response of the
two channels to the variation in the presence of fire and non fire background.
3.1.8 False alarm rejection
Additional steps were introduced to eliminate falsely classified pixels that passed the
contextual analysis stage. This included elimination of desert boundaries, elimination of
coastline pixels and rejection of pixels contaminated by sun glint. These eliminations were
implemented using methodology outlined by [10]. Sun glint and desert boundaries were
removed using a threshold of 0.18 on the reflectance of VIS 0.8 channel and water pixels
were removed using a threshold of 0.20 on the reflectance of the VIS 0.8 channel.
3.1.9 Confirmation of actual fires
This is the final stage that is carried out on the possible fires to confirm them as real fires or
otherwise. The brightness temperatures and brightness temperature difference of the potential
fires minus those of the background fire pixels were used to define a threshold to confirm the
real fires.
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Validating the algorithm

To appraise the quality of the algorithm developed with other independent systems, a counter
of the wildfires detected by the algorithm created was simultaneously contrasted with FIRMS
observation of the same fire. Since temporal resolution of SEVIRI sensor differs with that of
MODIS sensor used in the FIRMS system, only the fires that corresponded to the repeat cycle
of MODIS sensor was used.
4

RESULTS AND DISCUSSION

4.1

Algorithm development

The flow chart below describes the algorithm developed.

Figure1: Algorithm for fire detection over Kenyan territory
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Validation

Fires detected by the system that corresponded to the revisit time of MODIS sensor within the
period examined were visually compared to those obtained from the FIRMS system. The table
below shows the result obtained from such comparison for the month of January, February
and March.

FIRMS
WIDESY
Omitted
Committed

01
24
21
05
02

Months
02
72
57
17
02

03
03
01
02
00

TOTAL
99
79
24
04

Table 1: Monthly summary of fires detected by both MODIS and WIDESY
These results showed that the system detected 79.80% of the fires detected by MODIS with
an omission error of 24.24% and a commission error of 4.02 %
5

CONCLUSION

This study developed a contextual algorithm for wildfire detection over Kenya using SEVIRI
sensor data acquired in the fire season of 2018 between January and March at an interval of
15 minutes. The results were evaluated using reference data on fire events as reported by
FIRMS system. A comparison of the results revealed that the algorithm present very
consistent results when applied to Kenya, Using SEVIRI sensor on board MSG, a
geostationary satellite, this study has revealed that timely detection and therefore notification
is possible. However, the problem of monitoring of the susceptible areas is brought up. This
entails analyzing parameters such temperature at which the fire burns, the extent of the area
damaged by the detected fire, the intensity of the fire detected and even the percentage of
burned biomass. Such parameters are useful when evaluating the extent of damage and laying
frameworks for recovery and minimizing damage caused.
6
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ABSTRACT
Smallholder farmers produce about 70% of Africa’s food supply. These farmers are
vulnerable to a number of risks, mainly climate related, with a tremendous impact on poverty
and food security. Information about crop yield, vegetation condition and weather, among
others, are essential to policy makers to enhance food security. Earth observation data,
analytics and modelling from various sources at a variety of spatial and temporal scales
could be used to develop services and a decision support system in the field of food security.
This paper describes services that are developing in the AfriCultuReS project, devoted to crop
management, namely: crop mapping, crop phenology, crop condition, change detection
within agricultural areas, crop early warning, crop yield. Preliminary results are presented
reflecting the application of the crop service to different African countries. In fact, the focus
of AfriCultuReS project is on the whole African continent, covering various agroclimatic
zones: North-Africa, Sahel, Gulf of Guinea, Great horn of Africa, Western Cape, Equatorial
and Central Africa, and South-Africa. Eight pilot African countries are selected to reflect the
diversity of climate, ecosystem and farming conditions in Africa: Tunisia, Niger, Ghana,
Ethiopia, Kenya, Rwanda, Mozambique, and South-Africa.Concerning the crop management
services mentioned above, all of them relay on the assessment of the crop phenology. Crop
phenological profiles main parameters are assessed through satellite based NDVI historical
projection over a specific site. Then, the phenological function is analyzed to retrieve the
phenological metrics for each pixel. Crop condition assessment service at high resolution
(Sentinel-2 and Landsat 8) will be obtained by analyzing the whole available time series of
Sentinel 2 imagery and applying an intercalibration with Landsat 8 images in order to extend
the time range interval from 2015 (launch date of Sentinel 2A) back of some other years. The
aim of this work is to present the technical design of spatial products for crop developed in
the framework of the AfriCultuReS project.
Keywords: Food security, early warning system, Earth Observation, crop modelling, drought,
weather, water monitoring.
1

INTRODUCTION

Information of crop monitoring, vegetation condition and environmental status at any given
time is essential for early warning systems for food security, as it provides valuable
1
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information for decision-makers. Towards this direction, the EC funded H2020 project
"AfriCultuReS: Enhancing Food Security in African Agricultural Systems with the Support of
Remote Sensing" uses EO based data to develop an integrated agricultural monitoring and
early warning system for Africa that will support decision making in the field of food
security.
Following the concept of co-design, the development of AfriCultuReS services has focused
on the satisfaction of the users' requirements, which were closely tied to the description of
agroecosystems and socioeconomic aspects that reflect the current situation in African
agricultural production, as well as to the priority agricultural risks in the African countries.
The services will be first demonstrated and validated in pilot countries and specific test sites
(see section 2.1), to be further upscaled into the whole African continent.
Crop services are provided by several crop monitoring and early warning initiatives and
programs such as FEWS NET, FAO GIEWS, GEOGLAM, where global bulletins/reports are
published with crop yields and production information and food security alerts. For the latter,
information on crop stress and plant growth is required, distinction should be made between
agricultural and non-agricultural vegetation, and yield should be forecast for specific crops.
In most cases the analysis of NDVI timeseries is used to describe crop condition and derive
growth stages. In particular low and medium resolution NDVI anomaly and Vegetation
Condition Index (VCI) are commonly used. Various field-level crop growth models are used
providing information on crop yield and biomass production.
The aim of this work is to present the technical design of spatial products for crop, using

various EO data.
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Figure 1. Two of the countries covered by the AfriCultuReS project. In red the areas where the crop
services will be validated.

2

DEVELOPMENT OF SERVICES

2.1

Study area

The focus of AfriCultuReS project is on the whole African continent, covering various
agroclimatic zones: North-Africa, Sahel, Gulf of Guinea, Great horn of Africa, Western Cape,
Equatorial and Central Africa, and South-Africa. Eight pilot African countries are selected to
reflect the diversity of climate, ecosystem and farming conditions in Africa: Tunisia, Niger,
Ghana, Ethiopia, Kenya, Rwanda, Mozambique, and South-Africa. The high spatial resolution
crop related services will be validated in the test areas located in Tunisia (Jendouba,
Medenineprovinces) and Kenya (Narok, Nakuru counties) (see Fig. 1).
2.2

Crop services

AfriCultuReS’ crop services include crop mask and calendar, crop phenology and condition,
crop yield and early warning. The definition of some of these services are detailed below.
Crop phenological profiles, assessed through historical NDVI projection over a specific site
were used after interpolation and spline smoothing. Then, the phenological function is
analyzed to retrieve the phenological metrics for each pixel (Laneve et al., 2019, Luciani et
al., 2019). Vegetation development is well described by the following phenological stages: 1)
Start Of Season (SOS), or onset of photosynthetic activity, 2) End Of Season (EOS), or the
very end of the senescence period, 3) the maturity peak located the NDVI maximum value
and 4) the dormancy period, characterized by no photosynthetic activity and related to soil
preparation or soil restoration practices. For all phenological stages key transition dates and
NDVI metrics will be retrieved, as illustrated in Fig.2.
Crop condition assessment service at coarse resolution is provided by the Vegetation
Condition
Index
(VCI)
product
from
the
Copernicus
Land
Service
(https://land.copernicus.eu/global/). VCI compares the current NDVI to the range of values
observed in the same period in previous years. Maps with a spatial resolution of 1km will be
produced every 10 days for Africa. Three VCI classes proposed by Qian, et al. (2016) will be
used (0.7-1: normal vegetation condition, 0.5-0.7: moderate vegetation condition, 0.3-0.5:
poor vegetation growth, <0.3 extremely poor growth condition).
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Figure2: Key parameters of phenological development

3

RESULTS AND DISCUSSION

3.1

Medium Resolution services

The service at medium resolution is a service federation of the GIMMS MODIS NASA-UMD
NDVI anomaly (GMOD09Q1) with a spatial resolution of 500m and provided as composite
8-day product. GIMMS GMOD09Q1 (6v1) is produced from MODIS TERRA data since
2010.
NDVI Anomaly (NDVIA) is the difference between the average NDVI for a particular month
of a given year and the average NDVI for the same month over a specified number of years
(Anyamba et al., 2001). This approach can be used to characterize the health of vegetation for
a particular month and year relative to what is considered normal, which is a good indicator of
drought or declining vegetation health.
The NDVI anomaly indicates the variation of the current decade compared to the long-term
average, where a positive value means enhanced vegetation conditions compared to the
average, while a negative value indicates comparatively poor vegetation conditions.

Figure 3: Example of VCI map for the North-Eastern part of Tunisia.

3.2

High Resolution services

Phenological profiles provide historical NDVI projection over a specific site and can be used
to discriminate for different crop species and to identify crop rotation cycles and biomass
seasonal trends. A pixel-based algorithm has been designed to automatically retrieve
vegetation phenological signature starting from NDVI time series.
The NDVI time series are determined by interpolating the raw NDVI datasets. Spline
smoothing has been achieved based on the description in (Craven et al, 1978, Woltring et al.
1986). This method was employed to find a spline function Sh(t) that minimize a criterion
function Ch(t) for a specific smoothing coefficient h (≥0):
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where ti (i=1,…, m) is the regularly spaced time grid corresponding to the NDVI time series.
Each point of the time series is associated with a weight w(ti), while v is a the adaptative
stiffness weight vector at i. The parameter h controls the spline function shape, from an exact
interpolation (h=0), to straight line (h→∞). In order to switch, from a manually selecting
approach of h, towards an automatic approach, Generalized Cross-Validation was used by
(Craven et al, 1978). This procedure was improved and implemented in GCVSPL. A Matlab
MEX interface for the GCVSPL package, developed by (Reina, 1998) has been implemented.
The phenological function was then analyzed to retrieve the phenological metrics recalled
above (SOS, EOS, NDVIMax, and LGP. From the NDVI fitted function we retrieved five
transition dates corresponding to the aforementioned phenological stages as illustrated in Fig.
2. An example of the crop type classification based on phenology approach is shown in Fig. 4.
Classification+by+phen.+Metrics
Nakuru+county+7+2018+

Figure 4: Example of crop type mapping based on phenology metrics computed by using a time series
of NDVI based on Sentinel 2 images.

4

CONCLUSIONS

The above-mentioned services, together with other services that will be developed within the
AfriCultuReS project, are expected to boost the provision of information on threats to food
security in Africa. For instance, crop products will feed early warning systems for crop yield
failure. In view of the validation phase and the appreciation by the users, services are
expected to improve and make further steps towards being provided in an operational basis.
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ABSTRACT
Research is oriented towards obtaining a Special Equipment able to produce decontaminated
vegetables for human consumption, without using chemical treatments, in compliance with the
conditions set by Nature.
Keywords: greenhouse, hydroponic, extreme_cultivation, CEA, verticalfarm
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INTRODUCTION

For a soldier the diet is a critical factor for physical endurance, since poor nutrition can have
critical consequences on the operational field.
On the other side, supplying troops away from home with fresh vegetables to be integrated into
the daily diet is neither easy nor cheap, nor can it occur at high rates, for logistical reasons.
Cultivating directly in an operating environment is an activity that cannot be done using
traditional techniques and methods, but requires a Special Equipment that is transportable,
installable and made operational where necessary, that can work automatically, simply and
intuitively and that allows production controlled and repeatable, within a completely artificial,
sterile and containment environment, able to completely separate from the external
environment and its contamination.
2

PROJECT’S GOAL

The specific objective of MIG project is to allow the automatic production of high quality
vegetables directly in the operating environment, an innovative aspect that allows localized
production using advanced technologies for growing in a sterile and airtight environment: a
hydroponic "Vertical Farm", inside an ISO20-1C container with containment, sterile, mobile,
modular, completely automated.
3

TECHNICAL BACKGROUND

The technological solutions that have been sought allow the realization, in a standard shelter,
of a completely artificial environment (lighting, air conditioning, irrigation and nourishment,
sterilization, filtration, command and control, ...) for high density hydroponic cultivation of
micro and baby fresh vegetables, rich in bio-available nutrients, high added value, with high
qualities and antioxidant properties, improving the morale of the troops, as well as their
nutrition.
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Cultivating using a shelter allows easy portability and repositioning, as well as easy modularity
of the system; the complete decontamination of the cultivation area, as well as the presence of
filtering systems including CBRN filters, allow the high density cultivation of "clean" food
obtained without using chemical treatments, in a decontaminated environment, without any
exchange with the external environment, with a total computerized control, from sowing to
harvest.
3.1

Methodology

MIG is a standard ISO20 shipping container that can be transported and repositioned with the
normal means of the Armed Forces, in which technical and technological solutions have been
introduced that make it a sterile new generation Hydroponic Vertical Farm able to
autonomously grow high-density vegetables.
The shelter is insulated and airtight to provide thermal insulation to the outside, energy
containment and the necessary internal decontamination, in accordance with ISO14644-1 Class
8, thanks to the division into different environments. Near the access are installed the necessary
infrastructures for the decontamination during the transit of personnel and materials. Particular
devices have been adopted to miniaturize the air treatment unit, the plant feeding systems and
the tanks for the storage of cultivation waters, guaranteeing long operating autonomy.
Particular care was taken in maximizing the cultivation area, with the realization of vertical
cultivation racks made by N superimposed levels; each level is equipped with independent
lighting and irrigation, allowing contemporary cultivations of different varieties. An electronic
cultivation recipe allows the cultivation in a completely automatic way providing autonomously
the management of all the subsystems. A self-contained solution that allows crops without using
chemical treatments for live, ready-to-eat vegetables.
The MIG control by the operator is performed using the touch screen in the Technical Area or
the one in the Cultivation Area, as well as via Wi-Fi from any remote PC, allowing simultaneous
remote monitoring of a complex shelter’s array.
In the future, MIG can easily be converted into an ISO40 container or MIG arrays can be used
to increase overall system productivity.
Figure 1 shows a plan view of the container.
Currently, high density microgreens test crops have been performed, as shown in Figure 2.

Figure 1: MIG Layout
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Figure 2: MIG microgreens cultivation

4

DUAL USE

The MIG Container Farm is designed and built to meet the MIL requirements for
transportability and use in an operational environment, but it finds widespread and
heterogeneous dual use: crisis response, emergencies, hostile environments, humanitarian
missions, peace missions, scientific research, pharma-grade productions, as well as reuse of the
solutions to achieve more extensive cultivations in urban or peri-urban areas and applicability
in space applications (MIG received endorsement from ASI and CNR).
5

CONCLUDING REMARKS

As a result, the same solutions are scalable towards miniaturization for domestic and residential
applications and towards expansion for the construction of large plants; think about the recovery
of industrial buildings for large crops that meet the future food needs, without the use of
phytosanitary harmful to our health and that of our planet.
Climate changes, the increase in pollution make traditional agriculture critical, the MIG
technologies allow a strong innovation that is heterogeneously adaptable to military and dual
uses.
MIG presents itself as a technological reference, scalable downwards for the realization of
Micro-Equipment or upwards for the realization of Macro-Equipment, for vertical hydroponic
cultivation, sterile, automatic, without use of pesticides, of very high-quality vegetables,
healthy, fresh, that do not need to be washed, ready to be consumed, rich in bioactive molecules
(vitamins, mineral salts, anthocyanins ...), to counterbalance the negative effects of stress.
MIG is strongly actual and projected towards the future, considering for example that already
from today the new residential urban constructions envisage replacing the traditional balcony
or terrace with the integration of cultivation environments; these environments can only be
realized
at
their
best
using
the
integrated
MIG
technologies.
If you want to eat a healthy food, obtained in compliance with all the rules of cultivation
provided by Nature before the man altered it, the only way to do it is using the MIG’s solutions
and technologies.
Automatically from seed to table, in absolute decontamination, without the use of chemicals,
regardless of the external environment and contamination.

1
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MIG – Military Innovative Greenhouse
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ABSTRACT
The Italian Space Agency is promoting a roadmap for the design, manufacturing and operation
of a new space re-entry drone. The IPERDRONE program will consist of a series of missions
characterized by incremental objectives, aiming at qualifying new type of missions and related
technologies. The program include, as first steps, the design of inspection services for
spacecrafts and manned vehicles to reduce the EVA missions of astronauts and the retrieval of
payloads and their re-entry on ground.
The paper will present the status of development of the first mission, which will demonstrate
the system's capabilities such as proximity operations, inspection and interaction with a target,
including a close rendez-vous demonstration.
Keywords: space drone, in orbit inspection, re-entry vehicle, cubesat
1

INTRODUCTION

Since the late 1950 s, when the first artificial satellite was launched into space there has been
an interest to inspect the spacecrafts. From simple inspection of non-cooperative vehicles to
debris damage repair, commercial spacecraft life extension, space tug service of cooperative
vehicles, the studies performed so far are many but for a variety of reasons, these systems have
failed so far to come to fruition. ne of the greatest challenges was the level of maturity of the
technologies required, casting doubt on the economic viability and clear industrial need.
In the past decade, there has been a tendency to design and fabricate drones, which can perform
missions in orbit autonomously. Generally, telescopes, satellites, robots and rovers are used in
space. However, due to the advantages of drones compared to other approaches, a wider and
wider research has been carried out by different space agencies in the world, including NASA
to apply drones in space missions. Recently also the European Space Agency is promoting a
program named Space Drone in order to provide a wide set of in orbit services such as debris
removal, post mission disposal, transfer orbit etc. 1 2
Re-entry systems are a pillar for enabling future scenarios in space. The realization of reusable
re-entry vehicle supports the development and the exploitation of LE
low-cost
experimentation, the exploration and scientific experimentations, the commercial utilization of
extra atmospheric resources and the expansion of aerospace operations such as the suborbital
flight.
1

Iperdrone Program

In this context, the Italian Space Agency is promoting a roadmap for the design, manufacturing
and operation of a new space re-entry drone. The IPERDR NE program will consist of a series
of missions characterized by incremental ob ectives, aiming at qualifying new type of missions
and related technologies. The program include, as first steps, the design of inspection services
for spacecrafts and manned vehicles to reduce the E A missions of astronauts and the retrieval
of payloads and their re-entry on ground.
In particular, the requirement on the mass of the vehicle, only 20 g for the first mission, will
ma e it competitive with the heavier existing technology. The design of the vehicle will ta e
into account the safety requirements of the International Space Station in order to enable the
largest variety of missions than s to the flexibility of the design. The paper will present the
scenarios of application of this drone and the status of development of the first mission, which
will demonstrate the system s capabilities such as proximity operations, inspection and
interaction with a target, including a close rendez-vous demonstration.
2

ITALY AND THE RE-ENTRY SYSTEMS

Italian interest in reentry systems dates bac to 198 -1988 and it has evolved from small space
systems to very complex ones.
Technical efforts by Italian industries, mainly supported by the Italian Space Agency (ASI),
enabled Italy to develop technology for reentry systems.
ASI support for reentry system technologies has resulted in a series of successes from national
to international level.
First studies, funded by ASI, saw an extensive definition and preliminary design study of the
Carina capsule, this capsule was a system able to perform microgravity experiments and return
to Earth.
In the frame of technologies, ASI funded many pro ects for the development of the re-entry
technologies such as for example the Advanced Space Assembly pro ect that developed four
different thermal protection systems and related materials. 4
Another extensive program was the Unmanned Space ehicle (US ) funded in the frame of
the PR RA program and managed by CIRA under the supervision of ASI. This program started
in 1999 and developed dedicated technologies and test beds for re-entry systems. 5
The years spent in this research field brought Italy to promote as ma or contributor a European
pro ect named Intermediate e perimental ehicle. This was the most complex pro ect in the
frame of re-entry vehicles managed by the European Space Agency (ESA) with the support of
the national space agencies such as ASI.
Iwas launched with EGA
04 from the Guiana Space Center on 11 February 2015.
Reaching 41 m of altitude and a maximum in orbit velocity of , 5 m s it splashed down in
the Pacific cean and it was successfully recovered. The program allowed demonstrating the
European capacity to design, manufacture and perform a re-entry mission. Italian industries,
research centers and universities participated to the program developing and consolidating
national competences of system engineering and design authority, avionics, mission control,
communication networ , ground stations, antennas and telemetry, recovery operations, mission
analysis and in the scientific field of aerothermodynamics, fluid dynamics, propulsion,
verification. It allowed also the improvement of national manufacturing capacities of
subsystems such as power distribution unit, thermal protections, recovery subsystem and
composites.
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The success of the Ipro ect lead to the next step of the European re-entry program: the
Space Rider vehicle.
The ob ective of this pro ect is to define and develop a reusable orbital laboratory for multiple
space applications able to perform in-orbit payloads operations, de-orbit, re-enter, land on
ground, be re-launched after limited refurbishment, enabling European routine access to and
return from space.
The target missions are micro-gravity experimentation, ISS cargo experiments return, in space
technologies verification. Italy, which has been the ma or funder of this pro ect, sees the
participation of Italian industries as prime and system architecture of this complex system and
as supplier of part of the subsystems.
3

IPERDRONE PROGRAM STRUCTURE AND OBJECTIVES

Considering the rich and fruitful Italian competencies in re-entry systems, the Italian Space
Agency decided to promote a national program named Iperdrone.
In coherence and synergy with the ASI programmatic context, the IPERDR NE program has
the overall ob ective of designing and implementing a small spatial re-entry system. This system
shall be capable of carrying out operations in orbit involving the ISS, and then returning from
low orbit through the atmosphere, until reaching the land surface where, at the end of the
mission, the integrity of the embar ed payload and the functionality of the main subsystems
will be verified.
The IPERDR NE program will be implemented through a series of pro ects, with incremental
ob ectives.
The first pro ect consists in two missions in order to qualify the vehicle and its technologies.
The first, named Iperdrone.0, will perform operations with a non-collaborative target and will
control the de-orbiting disposal phase. The second, named Iperdrone.1, will design a vehicle,
which can operate with the ISS, ega C and Space Rider. For example, a mission scenario
could see Iperdrone as a courier ta ing payloads from ISS and bringing them to Space Rider
and vice-versa. Another scenario could be the inspections of the ISS or ega C.
In the frame of the first pro ect, enabling technologies will be also developed in the fields of:
➢ Innovative propulsion systems for attitude control and De-orbiting manoeuvres
➢ Materials and structures for TPS
These technologies will be implemented in the next pro ects of the Iperdrone program.
3.1

Iperdrone.0 objectives

The main ob ectives of Iperdrone.0 are the following:
• Develop a design which can be compatible with the ISS safety requirements
• Launch and identification of possible ISS resources to be required in future missions
• Manoeuvres around a non-collaborative target, which simulates the space station ega
C Space Rider for capturing images and videos to support the inspection and monitoring
activities.
• Rendezvous manoeuvres and simulation of doc ing manoeuvres with virtual targets (ex:
pre-determined GPS coordinates)
• Simulation of de-orbiting manoeuvres
3.2

Iperdrone.1 objectives

The main ob ectives of Iperdrone.1 are the following:
• Design the vehicle implementing the national technologies as far as possible which can
carry a payload of 10 of the final weight ( about 5 g)
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•
•
•
•
•

Launch with transport and cargo systems that serve the ISS.
Release from ISS or isiting ehicle near the station.
perations such as manoeuvres around the space station for the purpose of detailed
inspection of the external surface to support the crew s operations and rendezvous and
doc ing with a cooperative target.
Controlled de-orbiting manoeuvres.
Return of payloads to the ground with recovery and verification of payload integrity

As example the inspection of areas that have limited, low resolution or completely void visual
coverage from the camera system mounted externally to the vehicle to be inspected, such as the
ISS, could avoid or limit the number of extravehicular operations (E A) performed by robotic
or crew systems providing a 60-degree set of space station images.
For this purpose, the Iperdrone will be provided of an imaging service equipped with advanced
technical capabilities such as high resolution, color and stereoscopic images, D view for a
better depth determination and technologies able to analyze materials up to a few centimeters
on the external surface.

Figure 1 Example of ISS blind spots

4

IPERDRONE.0 STATUS AND DEVELOPMENT

The Iperdrone.0 is approaching the Critical Design Review, which defines both the flight and
ground segment design. The first mission should ta e place in 2020 in order to demonstrate part
of the capabilities of the space vehicle.
The design has been carried out ma ing a preliminary selection of the ISS safety requirements.
4.1

Spacecraft configuration

The configuration is sub ect to changes until the design is completely finalized, but a
preliminary solution is presented here.
The main components on the external surfaces of the CubeSat are:
• The propulsion module which ensures easy separation of volumes within the satellite
• The optical payloads located as far as possible from the propulsion system nozzle to
minimize the ris of plume impingement and contamination
• The star trac ers which are expected to point away from the sun and the collaborating
vehicle minimizing the Field of iew occlusions
• Two UHF -dipoles located on the
face for the space-to-space lin with the
collaborating vehicle and the other for the space to ground TT C lin .
• S- and and GPS antennae
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•

Two solar arrays which will be deployed once in orbit

Figure 2 Internal configuration

The internal volume can be considered as divided in three 2U sections. The propulsion module
occupies half of the lower volume near the – face. The batteries occupy the other half. The
main bus occupies the middle volume, which contain the Attitude and rbital Control System
(A CS) the Command and Data Handling (CDH) and avionics.
The top 2U volume is occupied by the optical payloads and UHF transceivers, which are
mounted on the
face, with the transceivers being as close as possible to their antennae in
order to minimize losses.

Figure 3 Internal configuration

Figure 4 Spacecraft main features

4.2

Operation control center

The IPERDR NE Ground Segment will be a networ composed by the ayser Italia peration
Control Center ( CC) located in Livorno, Italy and by the ehicle Control Center (IPE-CC)
managed by Tyva .
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Figure 5 Operation Control Center (OCC) at Kayser Italia

The Iperdrone Control Center (IPE-CC) will interface with Tyva ground stations and with the
geographically distributed stations for mission data downlin .
The Iperdrone perations Control Center ( CC) will manage the Iperdrone images from the
IPE-CC and will manage the distribution to ASI and to qualified partners. It will guarantee a
reliable transfer of the IPERDR NE data and support the mission operations. ayser Italia will
manage the CC. The CC is already interfaced with the NASA ground and space networ s
and can support future ISS communication protocols.

Figure 6 Iperdrone.0 ground segment

4.3

Iperdrone.0 mission

The Iperdrone mission consists of four macro phases:
1. Release and commissioning. In this phase, there will be the deployment of the CubeSat
and the commissioning of the platform. This phase could last a couple of wee s on
average, depending on the amount of tests and verifications that are to be performed.
2. Non-collaborating target inspection. In this phase Iperdrone will approach the target and
perform the manoeuvres in order to carry out the inspection
. Rendezvous demonstration with a virtual orbiting target.
4. De-orbiting, in this phase there will be the de-orbiting manoeuvre demonstration and
passivation of the CubeSat, which will lower its orbit into a pre-defined re-entry
corridor.
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Figure 7 Iperdrone.0 mission phases.

5

CONCLUSIONS

Iperdrone is a drone that can be employed in different missions. Some examples are its use as
courier of small payloads, which can be transferred between two space vehicles, re-entry of
payloads, inspections of launchers, in orbit inspections of space vehicles. This innovative
employment of such a space drone shows all its synergies with on going space vehicles and
programs such as ISS, Space Rider and ega C.
The Italian Space Agency is fostering this long duration program in order to promote innovative
space transportation systems and the Italian excellences in re-entry technologies.
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ABSTRACT
This paper presents the design, development and test of aser ube, a miniature optical
communication terminal conceived for nano and microsatellites starting from the
form
factor. The wor was carried out in the framewor of ESA contract No.
AD.
A complete engineering model (E ) of aser ube in its intersatellite lin configuration has
been developed and tested. It features ( ) a dual stage pointing and trac ing system based on
a coarse pointing mechanism patented by Stellar project, ( ) an optical head with a full-duplex
optical channel with transmission and reception on the same wavelength for two-way lin s, ( )
a telecommunication section with telecom laser source and receiver and ( ) the terminal
control unit with onboard computer, actuator drivers and data interface.
A validation campaign was conducted to simulate an intersatellite lin scenario with realistic
dynamic disturbance coming from the host satellite attitude jitter. In such conditions, the
aser ube E demonstrated a pointing and trac ing accuracy between and
rad ( )
and it was capable of delivering
bps over a simulated intersatellite lin distance of,
respectively
m with BER of - .
Keywords: laser communication, CubeSat
1

INTRODUCTION

Nano and micro satellites offer a unique mean to realize low-cost space missions accessible to
a large variety of operators and users, and in the last decade their exploitation for commercial
applications has been constantly increasing, with new pro ects based on fleets of small satellites
announced every year.
In this context, the interest for optical communication for point-to-point lin s is steadily
growing due to the inherent advantages of such technology, that are (1) much higher bitrate
and wor able communication distance, compared to traditional RF systems (2) increased
channel security, since laser lin s are immune to amming and are virtually impossible to
intercept ( ) absence of frequency filing regulations, which comes particularly advantageous
since RF bands allocation is close to saturation and (4) possibility to implement uantum ey
Distribution protocols to further enhance the communication security.
1
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Stemming from these premises, Stellar Pro ect is developing LaserCube, an optical
communication terminal compliant to the CubeSat standard, so that it is suitable for integration
on nanosatellite platforms starting from the 6U form factor, though it can be embar ed also on
larger satellites. LaserCube is designed to transmit and distribute unprecedented quantities of
diversified space-borne data, contributing to further increase the business opportunities in the
growing New Space Economy related to the employment of CubeSats, including Earth imagery,
weather forecasting, global telecommunications and internet services. ther perspective
developments could be related to secure communications through the implementation of
uantum Communication protocols.
In this paper, the authors present the results of the LaserCube development under ESA contract
4000121651 1 U AD, which falls within the ESA ARTES Competitiveness and Growth
program – Technology Phase and was financially supported by the Italian Space Agency (ASI).
Section 2 describes the LaserCube architecture and in Section the LaserCube Engineering
Model developed in the aforementioned ESA contract is presented. Section 4 summarizes the
main results from the validation test campaign of the LaserCube EM. Conclusions are given in
section 5.
2

LASERCUBE SYSTEM OVERVIEW

LaserCube is a miniature, two-way optical communication system compliant to the CubeSat
standard, conceived for nano, micro and mini satellites. It is intended to provide a step-change
in communication capabilities of such miniature spacecraft by the exploitation of optical
communication.
The most challenging aspect related to free-space optical communication over long distances is
the required pointing accuracy that is needed to establish a laser lin , due to the extreme
narrowness of collimated laser beams (typically between 1 and 100 rad). This is further
complicated when small satellites are considered, since their attitude control systems cannot
offer the same pointing accuracy and stability of the larger satellites that have embar ed optical
communication systems to this date 1 2
. In fact, the realization of a lasercom terminal for
small satellites is not a mere miniaturization of technology, but requires to tac le the laser
pointing issue with a new approach. To this day, concepts and prototypes of laser
communication systems for nanosatellites typically exploit the spacecraft attitude control for
coarse pointing 4 5 6
8 9 optics are body-mounted to the satellite and fine pointing is
achieved with a tip tilt mirror.
LaserCube tac les this issue by the exploitation of a dedicated dual-stage pointing system,
which is based on a coarse mechanism which, itself, can achieve pointing accuracy of 50 rad
(1σ) or better, and a fine pointing stage that corrects laser steering down to 10 rad (1σ). The
coarse pointing system (SPIN) is based on an innovative technology patented by Stellar Pro ect,
patent No. PCT I 2016 05 14. SPIN (1) relieves the host satellite attitude control system to
perform precise pointing and (2) permits to achieve laser coarse pointing accuracy better than
100 rad (2σ), which is much better than the attitude pointing accuracy that can be achieved by
nano and micro satellites equipped with star trac ers ( 1 mrad), thus ma ing possible to use
C TS hardware for CubeSat ADCS without dedicated star trac ers.
2.1

LaserCube Architecture

The LaserCube top-level architecture is shown in Figure 1 and is common to both the
intersatellite lin configuration (LaserCube-ISL) and the downlin configuration (LaserCubeDL). The main figures of LaserCube-ISL and LaserCube-DL are summarized in Table 1.
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Figure 1: LaserCube architecture based on modular design, common to downlin and intersatellite lin
configuration. nly the
D subsystem is peculiar of the downlin configuration and is conceived as
an add-on pac age.

Specification

Intersatellite Link

Size and Mass

2 U, 2 g

Power
Coarse pointing range
Pointing accuracy (2 )
avelength
Telecom beam width
Telecom channels
Uncoded it Error Rate
Data rate

20

Down Link
2 U, 1.

g

20 (telecom), 1
(telecom), 2 (idle)
10 deg elevation and azimuth

(idle)

100 rad (coarse), 20 rad (fine)
1550 nm (T R ), 808 nm
915 nm (T R ), 808 nm (beacon)
(beacon)
50 rad
0 rad
Up to 2 full-duplex (T -R )
1 T or 1 full duplex (T -R )
pointing opposite directions
10-6
1-5 Gbps from LE (depending
100 Mbps @ 1500 m
on G S aperture)
50 Mbps @ 2000 m

Table 1 : LaserCube main features for the Intersatellite Lin and Down Lin configurations
The Stabilization and Pointing Instrument for Nanosatellites (SPIN) is responsible for orienting
the optical sub-unit (M S) with high accuracy (in the order of 100 rad) towards the direction
connecting two LaserCube units, while re ecting disturbances due to satellite attitude itter and
micro-vibrations. SPIN is the primary stage of the dual stage pointing system of LaserCube.
The Miniature ptical Subsystem (M S) has a dual tas : collect laser light coming from the
remote terminal (both telecom and beacon signals) on dedicated optical sensors and generate
two laser beams (telecom and beacon). It features a fine-pointing mirror which constitutes the
second stage of the dual stage pointing system.
The Miniature Telecom Subsystem (MTS) comprises all the elements that are needed to
generate an optical carrier, modulate the optical carrier with n- ff ey scheme, and detect
the received optical signal.
The Payload Electronic oard (PE ) manages power conversion and distribution, exchanges
data with the satellite bus and manages the control of the dual stage pointing system actuators.
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The uantum ey Distribution Subsystem ( DS) is dedicated to transmission of quantumencryption eys in a downlin scenario it is conceived as an add-on LaserCube subsystem and
has been sub ected to a feasibility study.
LaserCube-ISL features a full duplex (T and R ) communication channel, to allow mutual
data exchange between two satellites. Lasercube-DL is not provided with a receiver channel
since, in space-to-ground applications, data transmission is heavily asymmetric, as data stream
from LE to ground is much higher than uplin ed data, which mainly consists in command and
telemetry updates that can easily managed through standard RF systems. All LaserCube units
are provided with a dedicated laser that acts as beacon for the parent unit (either another
LaserCube unit or an optical ground station).
3

LASERCUBE ENGINEERING MODEL

This section describes the LaserCube Engineering Model for Intersatellite Lin s that has been
developed in the framewor of ESA contract 4000121651 1 U AD.
The LaserCube EM ptomechanical sub-unit, including SPIN and M S, is shown in Figure 2.
The LaserCube EM Electronic sub-unit, comprising MTS and PE , is shown in Figure .

Figure 2. Left: ptomechanical Sub-Unit of the LaserCube Engineering Model it fits in 1 CubeSat unit.
Right: details of SPIN EM.

Figure : LaserCube Electronic unit. Left: MTS. Right: breadboard integrated PE elegant breadboard
model top view with most of the PE sub-units.

The SPIN Engineering Model consists in a 2 rotational degrees-of-freedom (elevation and
azimuth) parallel platform, which is composed by a moving base that is mounted to the host
satellite structure. The controlled movement of the platform serves as coarse pointing
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(accuracy: 100 rad - 2 , range: 10 deg) of the M S along elevation and azimuth angles,
while managing the disturbances coming from the satellite bus. The SPIN technology is
patented by Stellar Pro ect (patent No. PCT I 2016 05 14). The SPIN EM is fully
representative of the flight model in terms of volume, mass and performance.
The M S Scaled Engineering Model is composed by the following elements: (1) a main lens,
(2) a fast-steering mirror (FSM) based on a piezo tip tilt actuator, ( ) an optical system that
separates the optical path of the incoming beacon laser at 808 nm and the incoming and
transmitted telecom laser at 915 nm, (4) an optical sensor that is used to detect the beacon laser
and provide information on the optical unit pointing error, (5) a fibre-to-free-space adapter to
connect the M S to the MTS and (6) a fibre collimator lens from which the beacon laser is sent
towards the remote terminal (another LaserCube unit or a ground station). The M S SEM is
slightly larger than its flight version, which is currently under development.
The MTS breadboard features all the functional elements of one intersatellite lin MTS unit,
which are: (1) an FPGA, (2) the telecom laser and the beacon laser sources with their drivers
and ( ) the telecom receiver with integrated electronics. The MTS breadboard is purely based
on commercial hardware and thus it is not fully representative of the flight model in terms of
mass and size.
The PE elegant breadboard is composed by the Actuators Interface Unit (AIU), the Sensor
Interface Unit (SIU), the Micro-Controller Unit (MCU) and the Power Conversion Unit (PCU).
The Micro-Controller Unit is responsible of handling the whole operation of the dual stage
pointing system, which includes SPIN and the FSM. The control algorithm uses the signal
provided by the laser beacon detector to control the LaserCube pointing direction with respect
to the laser beam coming from another terminal. Secondary tas s of the MCU include the
handling of data and commands exchanged with the host computer, data-logging for diagnostic
purposes, and system status monitoring.
The Actuators Interface Unit comprises all the electronics required to drive the SPIN actuators
and the piezoelectric tip tilt platform of the fine pointing system that is inside the M S.
The Sensors Interface Unit comprises all the electronics required for sensors signals
conditioning and interfacing.
The Power Conversion Unit provides the required regulated power supply to all the components
of the PE . It receives three power lines from the satellite bus: . , 5 and 12 , which are
quite common on CubeSats platform.
MTS and PE flight models will be based on custom PC s compliant to the PC 104 format,
whose design is currently under development.
4

MAIN RESULTS FROM VALIDATION ACTIVITIES

A laboratory validation campaign has been carried out with the goal of demonstrating the
critical functions and performance of the LaserCube Engineering Model, in particular (1) the
pointing, trac ing and satellite attitude itter re ection capability of the dual stage pointing
system and (2) the intersatellite lin performance in terms of bitrate and bit error rate.
4.1

Pointing Accuracy of the dual stage pointing system

In order to test the pointing and trac ing accuracy of the LaserCube dual stage pointing system
under dynamic conditions that are representative of the operational scenario onboard small
satellites, the test bed shown in Figure 4 has been set. It features (1) the LaserCube
optomechanical sub-unit (SPIN EM M S SEM) mounted on top of a pan tilt unit that is used
to impose to the SPIN base a motion representative of the attitude itter of small satellites, (2)
the PE controlling the optomechanical unit, ( ) one M S breadboard providing the laser
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beacon that simulate the presence of a remote LaserCube unit and (4) the ground segment
equipment (power supplies and one PC to monitor the experiment). The whole experiment is
mounted on an optical table with vibration isolation.
After initialization and homing procedure, the LaserCube optomechanical unit aligns itself with
the laser beacon then, the pan tilt unit is activated, imposing a sinusoidal motion to the SPIN
base while the dual stage controller compensates and eeps the optical unit aligned with the
laser beacon. The beacon detector readings are saved as a measure of the pointing system
accuracy. The pan tilt unit has been activated moving one axis at a time, imposing sinusoidal
motions that simulates small satellites attitude itter according to a pre-set profile 10 11 .
Then, the pan tilt unit has been also used to impose simultaneous excitation on both axes,
considering sample points of the disturbance profile curve. According to the test results, the
pointing accuracy is always between and 10 rad (1 ) in the 0.01 – 10 Hz spectrum of
imposed disturbances. The disturbance attenuation profile of the LaserCube dual stage dual
rate pointing, trac ing and disturbance re ection system is between -45 d and -5 d in such
frequency range.

Figure 4. Complete test setup for validation tests of LaserCube pointing, trac ing and disturbance
re ection capabilities.

4.2

Telecom performance

The second ob ective of the validation campaign was to test the telecommunication
performance of LaserCube in a simulated intersatellite lin scenario. For this activity, the test
setup has been augmented with the addition of the MTS breadboard, comprising the
transmission section (FPGA, pigtailed laser telecom 915 nm and driver, attenuator and driver,
optical circulator) connected to the M S SEM and the receiver section (APD receiver,
oscilloscope) connected to the M S breadboard, as shown in Figure 5. The laser driver
modulates the telecom laser output through modulation of its current as a square wave with
given frequency up to 50 MHz (due to current modulation limits of the commercial laser driver),
which correspond to simulated equivalent bitrates, according to a signal provided by the FPGA.
The variable attenuation of the modulated optical signal is set by another module controlled by
the PC. The FPGA thus provides the control signal to the variable attenuator, which can vary
the attenuation from 0 to 0 d in steps of 1d . The modulated attenuated optical signal is fed
to the M S SEM and free-space propagated. At the receiving end (M S
) it is coupled to
either single mode fibre (core: 6 m) or a multimode fibre (core: 100 m) and sent to the input
of the APD Helix receiver. The output differential voltage is sent to the oscilloscope where the
eye-diagram is shown and ER is estimated for different input power levels and different
modulation rates. For each modulation rate the eye diagram is shown for several values of
received power, from 0.8
, to 80 n , which correspond to intersatellite lin distances
between 925 m ad 2920 m.
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Figure 5. Complete test setup for validation tests of LaserCube telecom performance, under disturbances
due to host satellite attitude itter.

First, the single-mode fibre has been used at the receiver and eye-diagram measurements have
been ta en at first with the pan tilt unit non-active. Then, measurements have been ta en with
the pan tilt unit active in this case, though the signal was detectable, the signal power was
suffering from significant variations this is because the focussed telecom laser spot at the fibre
in ection was sub ected to lateral displacement in the order on 1-2 m, which is comparable to
the fibre core of 6 m, resulting in too high pointing losses. Then, the single-mode fibre was
replaced by the multi-mode fibre in this condition, the tests were repeated and no appreciable
variations were measured in the received telecom signal with the pan tilt unit perturbating or
not perturbating the system. This is because, in this case, the pointing loss were negligible.
Also, slight improvement of ER can be appreciated since the multimode fibre can collect more
energy and thus provide a higher signal-to-noise ratio. ER estimation with the use of the multimode fibre at the receiver section is summarized in Figure 6.

Figure 6. ir Error Rate vs intersatellite lin distance for 50 Mbps bitrate (measured in both static and
dynamic tests) and for 100 Mbps (extrapolated from test results).

5

CONCLUSIONS AND FUTURE WORK

This paper summarizes the development of the LaserCube Engineering Model carried out in
the framewor of ESA ARTES C G contract No. 4000121651 1 U AD.
LaserCube is a miniature optical communication terminal for small satellites. An engineering
model (EM) was sub ected to a validation campaign whose goals were (1) the demonstration of
unprecedented pointing and trac ing capability for a laser communication terminal for small



asercube An ptical ommunication System for

iniature Satellites

Sansone et al.

satellites and (2) the demonstration of the expected telecom performance in a simulated
intersatellite lin scenario. The LaserCube EM demonstrated a pointing and trac ing capability
better than 10 rad (1 ) in the expected vibration environment. Under such test conditions, the
EM was capable of delivering 50 Mbps over a simulated intersatellite lin distance of 2100 m
with ER of 10-6.
The activity also included a feasibility assessment for the integration in LaserCube of an addon pac age for uantum ey Distribution, in order to provide enhanced communication
security.
The next step towards the commercial exploitation of LaserCube is the design and development
of the flight model for in-orbit demonstration, which is expected in 2020 for the downlin
configuration of LaserCube.
6
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ABSTRACT
Since March the 22nd 2019 the PRecursore IperSpettrale della Missione Applicativa (PRISMA)
is in orbit on a sun-synchronous orbit at 615 km for a five years operational lifetime. The
PRISMA mission, fully funded by the Italian Space Agency, is based on a technology
demonstrator project, aimed at the in space qualification of an innovative hyperspectral
payload and at the development of new Earth Observation products and applications. In the
upcoming Earth Observation European scenario PRISMA is expected to be a good opportunity
for science and users community to access hyperspectral data, both to develop new application
products and to explore technological innovative contribution of hyperspectral data to Earth
Observation, in the perspective of a future hyperspectral operational mission. PRISMA will
provide images acquired by an innovative electro-optical instrument using an Imaging
Spectrometer, able to acquire in contiguous spectral bands ranging from 400 to 2500 nm,
optically integrated with a medium resolution Panchromatic Camera (PAN). The PRISMA
payload uses pushbroom scanning technique to collect PAN/HYP image strips up to 1800 km
in length and along sub-satellite track.
This paper will report the status of the PRISMA mission and will present the commissioning
phase and preliminary mission exploitation plan.
Keywords: PRISMA, Hyperspectral Data, Earth bservation, Data Policy
1

INTRODUCTION

PRISMA is an innovative Earth bservation mission fully funded by Italian Space Agency
(ASI), based on an innovative electro-optical instrument, combining a hyperspectral sensor with
a mediumresolution panchromatic camera. PRISMA was launched on 22 March 2019 on board
the EGA roc et. PRISMA is potentially of great interest, both for scientific community and
for end users because it could provide an innovative contribution to Earth bservation, than s
to the capability to acquire worldwide lot of data with a very high spectral resolution and in a
wide range of frequencies. The combined hyperspectral and panchromatic products give the
1
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capability of recognition of the geometric characteristics of a scene and may provide detailed
information about the chemical composition of materials and ob ects on the Earth surface,
giving enormous impacts to remote sensing applications. The combined use of H P and PAN
is expected to give an innovative contribution mainly in the field of:
forest analysis (e.g., forest disturbance, forest fires, forest classification, biomass
analysis)
precision agriculture (e.g., crop mapping, crop rotation, crop stress analysis,
fertilization)
inland and coastal waters (e.g., ater quality, chlorophyll monitoring, alga bloom)
climate change and environmental research (e.g., desertification, deforestation,
vegetation stress, environmental degradation and hazards)
raw material exploration and mining
soil degradation and soil properties.
This paper will report the main PRISMA mission characteristics and performances after the
launch, preliminary commissioning activities and early mission exploitation plan
2

PRISMA ARCHITECTURE

The PRISMA system includes Ground and Space facilities able to perform all the functions
requested to provide image acquaisition planning on targets of interest, data acquisition and
downloading to ground station, processing and products delivering to the end user 1 . In the
following figure (Figure 1) the mission architecture is presented:
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Figure 1: PRISMA Mission Architecture

The PRISMA mission can operate in two modes, a primary mode and a secondary mode. The
primary mode of operation is the collection of hyperspectral and panchromatic data from
specific individual targets requested by end users. In the secondary mode of operation, the
mission will have an established ongoing bac ground tas that will acquire imagery to fill up
the entire system resources availability. Daily planning should always include the user
acquisition requests and enough bac ground (systematic acquisitions).
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Area of Interest

PRISMA provides the capability to acquire, downlin and archive images of all
Hyperspectral Panchromatic channels totaling 200,000 m2 daily over the Primary Area of
Interest (Figure 2)

Figure 2: Area of Interest

The Area of Interest is defined as:
- Longitude: in the range 180
- 180 E
- Latitude: in the range 0 S - 0 N
2.2

Commissioning phase

The commissioning phase will is allowing the in-flight verification and calibration of the
payload and the full validation of the System (Space Segment, Ground Segment and ILS
PS
Segment) before releasing the products to the user community. During both the commissioning
and the operational phase, a series of imaging campaigns designed to assess the PRISMA
performance and to generate image products is envisaged. After the end of the commissioning
phase, actually expected to end in late September 2019, it is foreseen a structured three years
CAL AL activity, which will be performed on instrumented sites distributed in Italy in support
to:
- the performance characterization of the instrument
- the verification and maintenance of mission performance over time
- the effective use of data.
A systematic validation process is foreseen both during the commissioning phase and during
the operational phase. The alidation involves the assessment of the accuracy of data and
products, over the relevant spatial, temporal and spectral domains. The overall approach for
validation is based on an extensive use of ground-based data, including airborne surveys with
NIR-S IR scanner possibly coupled with thermal L IR multispectral data and field
activities contemporary to the PRISMA acquisitions. The test sites have been selected
according to the peculiar thematic areas of interest for the mission (Table 1).
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Table 1: Italian test sites.

International test site are still under agreement.
3

SPACE SEGMENT

The PRISMA space segment consists in a single small class spacecraft. The PRISMA payload
is a hyperspectral panchromatic camera with NIR ( isible and Near-InfraRed) and S IR
(Short ave InfraRed) detectors. The expected performance and characteristics for the mission
are reported in the following table (Table 2):

Table 2: PRISMA main characteristics.

It consists of an Imaging Spectrometer, able to acquire in a continuum of spectral bands ranging
from 400 to 2500 nm, and a medium resolution Panchromatic Camera (PAN) 2 .
The PRISMA Hyperspectral sensor utilizes the prism to obtain the dispersion of incoming
radiation on a 2-D matrix detectors in order to acquire several spectral bands of the same ground
strip. The instantaneous spectral and spatial dimensions (across trac ) of the spectral cube
are given directly by the 2-D detectors, while the temporal dimension (along trac ) is given
by the satellite motion (pushbroom scanning concept).
The PDHT will store the acquired data in its internal memory and download it to the ground
station in Matera via a dedicated -band lin .
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GROUND SEGMENT

The PRISMA GS consists of the following main elements:
MCC – Mission Control Center
SCC – Satellite Control Center
IDHS - Image Data Handling Segment Center.
The MCC consists of a unique subsystem, the Mission Planning System (MPS). It is the G S
element responsible for the scheduling of on board operations and for coordinating ground
activities, performing overall mission planning, allocating resources and solving conflicts.
The SCC includes the Satellite Control System (SCS), the Flight Dynamics System (FDS), the
Sband TT C Station (TT C) and the G S Networ (Communication infrastructure connecting
the PRISMA G S centers and facilities).
The IDHS is in charge of performing all the chain from the Users requests management to the
delivery of final products, including reception of images data from the satellite and their
processing. It includes different elements:
- Centro Nazionale Multimissione (CNM)
- L0 Processor
- L1 Processor
- L2 Processor
- Calibration facility
- GCP D .
The CNM provides all ground segment functions related to catalogue browsing, image ordering
from catalogue, standard products processing and product delivery. It includes the -band
ground station used to receive the payload data downloaded by the PRISMA satellite.
The user will access the PRISMA services via web through a unique access point named CNM
Access System (CAS) permitting a Single Sign- n (SS ) authentication and then the access to
the User Interaction Subsystem (UIS). The UIS provides end users with web-based interfaces
for user management, accessing services relevant to catalogue browsing and query, products
ordering, processing requests and help des .
4.1

PRISMA products

The Ground Segment data processing provides at Sensor Radiance (Level 1 products) or at
Surface Reflectance obtained by applying atmospheric correction (L2b L2c product) and
geolocation (L2d products). Users can order new acquisition or catalogue products
of the
T A (Top f Atmosphere) radiometrically calibrated H P and PAN radiance images and or
the Geolocated Geocoded Atmospherically corrected H P and PAN reflectance images.
In detail the deliverable standard products are:
- Level 0 (H P PAN) - formatted data product with appended metadata, including
ancillary data and file formatting information (Archived data)
- Level 1 (H P PAN) - radiometrically corrected and calibrated radiance data in physical
units. This product provides: Top-of-Atmosphere Spectral Radiance Cloud mas Sunglint Mas Calibration and characterization data used and Classification Mas
- Level 2b - Geolocated at Ground Spectral Radiance Product (H P PAN)
- Level 2c - Geolocated At-surface Reflectance Product (H P PAN). This product
includes Aerosol Characterization Product ( NIR), ater apour Map Product (H P)
and Cloud Characterization
- Level 2d - Geocoded version of the level 2c products (H P PAN).
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MISSION EXPLOITATION

PRISMA is a scientific and demonstrative mission, it will play a significant role in the
upcoming international scenario of Earth bservation than to the development of New Data
Processing (methods techniques enabling new applications or services), New Products (e.g.
Data Fusion),Pre-operational downstream services, Exploitation Platforms. Access to mission
data is regulated by the PRISMA mission data policy document 4 .
5.1

Data Access

The access to PRISMA products will be controlled and based on user registration. A license,
containing the terms and conditions of the service shall be signed. User will be allowed to
require new acquisition and or products from catalogue based on archived data. The access to
new acquisition request and products will be sub ect to limits of quota and priority. Products of
level 0 will be accessible only to users belonging to ASI, in order to preserve the industrial
now-how underlying the development of the mission. Product of higher level (L1 and L2) will
be accessible to all users. Currently it is not considered access to new acquisition request for
commercial users.
5.2

Data Policy

The PRISMA Data Policy document establishes technical and legal principles to regulate access
to mission products, in accordance with foreign policy and domestic security. It is based on the
following guidelines:
- To allow a wide use of products in order to validate the technology, maximize the return
on investment and support the development of s ills in an innovative sector.
- To promote the development of domestic competences, in view of future opportunities
at European and international level.
- Promote scientific use and experimentation of innovative application services.
- To allow the development of commercial demonstration services, on the basis of archive
data (as actually foreseen) and in accordance with the characteristics of the mission.
The data policy document also provides the categorization of users and possible uses of
products. Every PRISMA mission user can assigned to one of the followings categories:
A. ASI as system owner and entity carrying out the maintenance of system in operating
conditions and the safeguarding of national security
. Domestic Institutional User (Universities, Research centres, Local authorities, Agencies,
etc..)
C. Foreign Institutional User (Universities, Research centres, Int. authorities, Agencies, etc..)
D. Generic users.
Possible uses of products will be:
- Scientific Use: research and study activities
- Institutional Use: innovative, public utility and non-profit applications
- Commercial Use: pro ects with commercial purposes, currently based exclusively on
archive data.
PRISMA products will be free for new acquisition request and for archived products in the
following cases:
- Category A users
- Scientific Use from Category
- Institutional-Application Use from Category , only on Italian regions
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-

Scientific use and Institutional-Application Use by non-Italian user, limited by a quota
and in the framewor of Agreements or others initiatives (e.g. Announcement f
pportunities, pen Calls, etc).
In remaining cases (e.g. commercial use) products will be sub ect to a fee.
6

CONCLUSIONS

PRISMA is an innovative Earth bservation Italian mission aiming at acquiring and delivering
hyperspectral and panchromatic images of the earth as an original contribution to remote
sensing applications.
Earth bservation is recognized as a ey instrument to support monitoring actions at local and
global scale aimed to ensure environmental sustainability of human activities. An innovative
role is represented by PRISMA Mission in term of development of new analysis methodologies
which involve the capability to observe not only the geometric features but also the chemicalphysical ones of the targets of interest.
PRISMA will provide high quality hyperspectral products (images) on specific individual
targets requested by the users, free of charge and with a mostly open access.
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ABSTRACT
Through thickness reinforcement is based on the introduction of out-of-plane reinforcing
elements within composite laminates. Such elements may consist in metal or consolidated
fibrous rods, i.e. z-pins, for pre-preg based laminates; alternatively, dry threads can be inserted
through the thickness in two-dimensional woven fabric stacks, which are then infused with
resin. Through-thickness reinforcement has been shown to vastly enhance the fracture
toughness of composite laminates, arresting the growth of delaminations under a variety of
loading scenarios, including fatigue and impact. This allows a considerable improvement of
damage tolerance performance in primary composite structures.
This paper provides an overview of the most recent manufacturing, experimental
characterisation and modelling techniques for the trough-thickness of laminates, with
particular emphasis on z-pinning for pre-preg-based laminates and tufting for woven
composites. A finite-element multi-scale modelling framework for the design of throughthickness reinforced composites is presented and validated via a tailored pyramid of testing.
Also, a novel structural health monitoring technique based on the measurement of throughthickness conductivity in through-thickness reinforced laminates is demonstrated.
Keywords: delamination arrest, through-thickness reinforcement, structural health monitoring,
damage tolerant design.
1

INTRODUCTION

Conventional composite laminates comprise reinforcing fibres arranged in two-dimensional
architectures within individual plies. Therefore, bonding between adjacent plies relies solely on
the unreinforced composite matrix. For this reason, composite laminates have excellent specific
mechanical properties in plane, but they are relatively weak in the out-of-plane direction, i.e.
prone to suffer from ply delamination. Impacts are one of the primary causes for the onset of
delaminations, which can then progressively propagate under cyclic loading due to fatigue. The
detection of delamination in service is particularly challenging, since interlaminar cracks are
buried within the bulk material, often with barely visible indication of the presence of damage
on the laminate surfaces.
Through-Thickness Reinforcement (TTR) provides an effective means to inhibit delamination
growth in fibre-reinforced composites. TTR techniques include stitching, z-pinning, tufting,
1 0
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braiding, z-anchoring, 3D weaving and embroidery [1, 2, 3]. Among the latter, z-pinning is the
only TTR method that is directly applicable to prepregs.
Z-pinning consists in inserting small diameter rods in the thickness direction of a composite
plate/shell, hence the reference to the "z"-axis from classical laminate theory. The TTR rods
restrain delamination opening and sliding, thus enhancing the apparent fracture toughness of
the embedding laminate. Z-pins are usually made of high-strength and high-stiffness materials,
such as Titanium alloys or steel, or fibrous carbon composites. In mode I- dominated conditions,
mechanical energy that would have been available to grow interlaminar cracks is actually
dissipated by friction during progressive z-pin pull-out. In mode II, the energy dissipation is
mainly due to plastic deformation for metallic z-pins or to the brittle failure of composite TTR
rods.
Z-pins can be inserted using the ultrasonic assisted process UAZ [5, 6]; in this case the TTR
reinforcement is denoted with the commercial name Z-fibresTM. Recently, a "direct insertion
method" [7] has been patented by Rolls-Royce plc.
Under quasi-static loading, the use of z-pins vastly increases the mode I apparent fracture
toughness (up to 20-fold) and also significantly improves the mode II fracture toughness (up to
4-fold) [6, 8, 9]. In low-velocity impact conditions, z-pinning reduces the delaminated area by
as much as 64% [6, 10, 11], hence increasing the "compression after impact" CAI strength of
composite laminate by up to 45% [12, 13, 14]. It is worth stressing that the CAI metric is very
important for the sizing of composite structures, since it determines the maximum level of
strains that components can withstand according to a "no damage growth" design paradigm.
Hence the adoption of TTR is of primary importance for the development of damage tolerant
composite structures [4].
In order to promote the adoption of z-pinning at an industrial scale, models are needed to
simulate the response of laminates with embedded TTR in the form of small-diameter rods. In
general, this entails the adoption of a multi-scale modelling framework, whereby the
performance of TTR is characterised at single z-pin level and the associated bridging tractions
are smeared on ply interfaces experiencing progressive delamination [15]. The need of
connecting different modelling scales has led to the introduction of several semi-analytical
models to describe the behaviour of single TTR units [16, 17, 18, 19, 20, 22]. Similarly, highfidelity finite element (FE) analysis has been applied at the individual z-pin scale [23, 24, 25].
The latter can accurately represent all the z-pin bridging mechanisms observed in single TTR
pull-out experiments [26], but the associated computational cost is very high, with run-times in
the order of days on high-performance-computing platforms. This is the reason why semianalytical models of the single z-pin response still have significant merit for predicting the
performance of TTR laminates. These models can be effectively considered as "reduced-order"
representations of the pull-out/failure behaviour of single z-pins, which aim to capture the
underlying physics with sufficient detail, but, at the same time, with a cheap computational
cost. Traction-displacement laws for z-pinned interfaces generated at individual TTR level are
usually embedded in cohesive-zone FE formulations for structural-scale simulations [27, 28,
29, 30].
However, the bulk of the existing literature regarding the performance of TTR laminates is
focussed on quasi-static loading cases, as well as low-velocity impact. The characteristic pullout rates are in the order of 10-2 mm/s for the former case and 10 mm/s in the latter regime.
Actual high-velocity impact scenarios on composite structures, e.g. bird strike, usually entails
strain rates on the order of 103-104 s−1. If we assume a characteristic laminate thickness in the
order of millimetres, the aforementioned strain rates correspond to pull-out speeds for TTR
elements of at least 103-104 mm/s. Three very recent contributions to the literature from our
research group have addressed the z-pin performance in the latter regime [31, 32, 33].
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MULTI-SCALE MODELLING FRAMEWORK

A multi-scale modelling framework has been developed to capture the bridging effect
introduced by through-thickness reinforcements such as z-pinning and tufting (Figure 1).
Meso-scale experimental characterisation
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Figure 1. Multi-scale framework for modelling of through-thickness reinforced composites.

1

Through-Thickness Reinforcement for
Enhanced Damage Tolerance of
Composite Structures

Allegri, Melro, Kawashita, Hallett

A series of experimental characterisation tests of the bridging effect of a single TTR were
performed at different mode-mixities. The TTR is orthogonally inserted in a specific fibre bed
– polymer matrix composite. Further details can be found in [30]. The output of these
measurements are the bridging tractions versus total displacements, which allow to calculate
the apparent enhancement to the fracture toughness brought by the TTR (green box in Figure
1).
These measurements allow for the calibration of the semi-analytical micro-mechanical bridging
model, presented in [22]. The latter is capable of predicting the continuous bridging forces
exerted by the TTR on the interlaminar crack faces, as functions of the delamination opening
and sliding displacements. The modelling output at this length-scale is the amount of dissipated
&
$
energy by an individual TTR, !"#
, and its displacement at failure, %" , as a function of modemixity (pink box in Figure 1).
&
$
These two outputs from the micro-scale model, (!"#
- %" ), are fed into finite element models
of macro-scale structural components. At this scale, it is possible to identify the bridging
response and interaction of multiple TTR. This interaction is represented by a smeared
approach, using enhanced cohesive zone elements. This enhancement takes the form of an
additional fracture energy, obtained from the micro-mechanical model, which accounts for the
interlaminar toughening effect due to the presence of the TTR. The exact formulation of this
enhancement effect is defined in Section 4.
There are two main advantages in using this framework to model through-thickness reinforced
composites: its simplicity of application at the macro-scale and its computational efficiency.
The simplicity of application stems from the fact that no a priori knowledge of the exact position
of the TTR elements in the laminate is required, since these are not explicitly modelled. The
model simply requires a standard cohesive element mesh at the interface prone to suffer
delamination. Also, the implementation of the cohesive element and the integration of the
bridging map information from the micro-mechanical model are achieved seamlessly without
any specific intervention required by the user. The efficiency of the model derives from the
very fast implementation into a cohesive law, without the need to constantly search for the
bridging tractions for each time increment of the finite element analysis, as in [30]. Instead, a
tri-linear cohesive law in closed form is implemented, accurately representing the most
fundamental physical quantities governing the bridging effect. These are the amount of energy
dissipated and the total displacement at complete pull-out or bending failure of the TTR.
3

MICRO-MECHANICAL CONSTITUTIVE BRIDGING MODEL

The micro-mechanical model represents the bridging z-pins as Euler-Bernoulli beams
embedded in an elastic medium undergoing small but finite rotations. It is assumed that the
beams are orthogonal to the delamination plane. The beams are embedded in a Winkler type
linear elastic foundation [22]. The TTR fracture is taken into account by using a Weibull
strength criterion. This allows describing the transition from complete pull-out to TTR fracture
with increasing mode mixity ('), which is associated with a decrease in apparent interlaminar
fracture toughness (( $ ). It is postulated that the energy dissipation in pure mode II can be
entirely attributed to the fracture toughness associated with the tensile fibre failure of the
bridging TTR under bending loads. The system of non-linear differential equations given in
. ) bridging forces are
Equations (1)-(3), whereby the axial ()̅), transverse (+,) and bending (expressed as a function of the normalised pull-out displacement (/) and transverse sliding
displacement (0), is numerically solved as a boundary value problem in MATLAB®.
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In Equations (1)-(3), <, :, 0, 8, 6 and 7 are the insertion asymmetry, normalised resultant force
along the TTR, normalised transversal (sliding) displacement, TTR insertion length, Young’s
modulus of the TTR material in the axial direction, and TTR cross-sectional second moment of
area, respectively. The solution for the bridging forces is found by discretising the normalised
pull-out displacement / and mode-mixity ' ranges, so that for each value of ', / increases
incrementally. This numerical procedure is performed until the bridging TTR satisfies the fibre
failure criterion or complete pull-out is achieved.
For each mode mixity ('), the amount of energy dissipated during the pull-out process is
computed. If TTR failure is predicted, then the energy associated with TTR failure in tension
is added, according with Equation 2,
I

( = <8 G )̅d/ +
$

J

L & 9
! C
4 E#

(4)

&

where !E# is the fibre-failure fracture toughness of the TTR in mode I and C is the TTR
diameter.
Input parameters which relate to the intrinsic material properties of the TTR or geometrical
configuration are either known a priori, or they can be assumed from values published in the
open literature. However, parameters corresponding to the disturbed reinforced laminate are
not known and need to be calibrated against meso-scale single TTR testing. There are six
unknown input parameters [22, 30], which can be calibrated by means of a parallelised genetic
algorithm (GA). These are the foundation stiffness provided to the bridging TTR by the
embedding laminate, the frictional properties at the TTR/resin pocket interface during pull-out
and the strength and fracture of single TTRs (see [22] for further details).
The micro-mechanical model is validated against mixed-mode pull-out tests, which involve a
laminate with a single TTR element. Using a quasi-isotropic (QI) laminate stacking as a case
study, the micro-mechanical bridging model is calibrated and validated by means of the
apparent fracture toughness data obtained from mixed-mode pull-out testing of single
carbon/BMI TTRs. As shown in Figure 1, the model is able to reproduce the correct trend of
the apparent fracture toughness as function of the mode-mixity. A summary of the known,
assumed and calibrated parameters are given in Table 1, as per (15).
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Micro-mechanical model
Meso-scale single-pin tests
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Figure 1. Apparent fracture toughness of single reinforced coupons normalised for a 2% areal
density vs. mode-mixity [22, 26].
Table 1. Micro-mechanical model input parameters for T300/BMI TTRs [22].
D (mm)
0.28
E (GPa)
115
N,O (N/mm2)
165

Known TTR insertion parameters
L (mm)
a (-)
8.0
0.5
Assumed stiffness, strength and friction properties
XT (MPa)
V0 (mm3)
m
µ (-)
1860
2250
27
0.7
Calibrated model parameters
&
p0 (N/mm)
p1 (N/mm)
f (1/mm)
!E# (N/mm)
10.5
0.375
1.5
170

As mentioned above, a Matlab® script has been written to solve the system of non-linear
ordinary differential equations. The output of the micro-scale model is a single text file
containing tabulated records of the dissipated energy, calculated according to Equation (Error!
Reference source not found.), and the total displacement at which complete pull-out or TTR
rupture occurs. These are defined according with Equation (Error! Reference source not
found.), where %E and %EE represent the pull-out and sliding displacements, respectively. These
results are output for each mode-mixity ratio, defined as:
'=

%EE
(5)

P%EE9 + %E 9

The output text file has format compatible with the commercial finite element software LSDYNA®, where the remaining parts of the simulation framework are run.
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MACRO-SCALE FINITE ELEMENT ANALYSIS

The bridging length of the inserted TTRs is of the order of magnitude of the laminate thickness,
resulting in large-scale bridging mechanism in addition to interlaminar delamination and other
intralaminar and translaminar failure mechanisms. An explicit scheme is here considered to
avoid severe convergence issues that can be encountered due to material softening.
The user-defined interface constitutive law is written in a Fortran 90 subroutine. At each time
step, the LS-DYNA® solver computes the displacements and opening rates and passes these
arguments to the user-defined cohesive subroutine. The resulting tractions at the integration
points at the end of the time step are computed based on the pre-defined constitutive law, stored
history variables and material constants, and they are passed back to the main part of the finite
element code for use in the next time step.
The matrix material is assumed to follow the Cohesive Zone Model (CZM) described in [3435]. The underlying principles of the CZM are that the inelastic state of the fracture process
zone can be represented by a surface of interface elements. The CZM relates the tractions Q to
displacement jumps % at the crack interface. Damage initiation is governed by the interfacial
strength, which is followed by a linear softening, whereby the energy dissipated during the
crack opening is controlled via the intrinsic toughness !R (i.e. the area under the tractionseparation curve). Tractions are reduced to zero when the displacement jump is equal to, or
greater than, the displacement at failure %& and a new crack surface is formed.
As mentioned before, the modelling strategy described here does not require accounting for the
actual locations of individual TTRs, nor their individual contributions to the energy dissipation.
Instead, a cohesive formulation approach is considered here, where the energy dissipated by an
individual TTR (( $ ) is smeared across the cohesive area of the interface elements, as a
function of the TTR areal-density ()ST ) of the reinforced regions and the diameter of a TTR
(C). This leads to the following expression:
U
!"#
= ( $ ∗ )ST

4
LC9

(6)

U
where !"#
represents the apparent fracture toughness smeared across the interface region. The
rationale for such a choice is that delamination propagation is an intrinsically energy-driven
process, whereby interlaminar crack growth causes a dissipation of mechanical energy.
While a delamination propagates through a z-pinned area, the crack front passes through the
matrix material and it impinges individual TTR elements. We therefore consider the quotas of
mechanical energy dissipated by both the interface "constituents" – matrix and TTR – in a
combined fashion. Given that the dissipated energies are not recoverable, and they are
associated to independent mechanisms, these can be simply summed. The total dissipated
energy associated with the progressive fracture of an interface with TTR is therefore given by:
W
U
X
!"#
= !"#
+ !"#

(7)

This method will from now on be referred as Energy Equivalent Bridging Map (EEBM). The
name stems from the fact that, whilst the actual bridging forces from the bridging maps
calculated by the micro-scale analytical model are no longer used themselves (as in [30]), the
dissipated energy and the displacement at failure computed from those bridging maps are. An
equivalent stress state can be defined and directly related to that of the real bridging forces. This
guarantees identical amount of energy dissipation during crack propagation and the correct
failure mode and displacement for the TTR.
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From this point onwards, an inverse process with respect to a traditional CZM formulation is
followed. In a traditional CZM model, the pure mode I and pure mode II loading conditions are
known a priori, and the combined mixed-mode behaviour is then determined. Using the EEBM
approach, it is the combined mixed-mode behaviour that is initially known, and from it the limit
conditions corresponding to pure tension and pure shear stress at the interface are determined.
Figure 3 represents the concept schematically.
'
%
$"% $&

$""%

!"" , $""

!" , $"

.
,&-

()

$&

%+
!&

!&

θ

/0

!&
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Figure 3. Energy equivalent bridging map.
The area in orange in Figure is completely defined by three parameters. The dissipated
&$
W
energy, !"#
, and the displacement at failure, %" , are known from the micro-mechanical
model described in Section 3. A cohesive stiffness, NR , can be defined by the user, in
agreement with published literature [34-35]. The cohesive behaviour is here modelled using a
tri-linear formulation which accounts for both the failure of the epoxy matrix and the bridging
effect due to the TTR.
Figure illustrates the concept. The red shaded area corresponds to the energy dissipated by the
X
fracture of the epoxy material, !"#
, while the green shaded area corresponds to the energy
U
dissipated by the bridging effect ascribed to the TTR, !"#
. For clarity of the representation, the
areas are not to scale; typically, the energy dissipated by the matrix is much lower than that
dissipated by the TTR.
The area under the tri-linear cohesive law (thick black line in Figure 4) will correspond to the
W
sum of the dissipated energies, !"#
. The maximum stress corresponds to the strength of the
Y$
interface matrix; while the maximum on the green curve, Q"
, can be computed from the two
parameters from the micro-scale model as:
Y$
Q"

=

U
2!"#
&$
%"

(8)

E
The point at which the slope of the damage evolution changes represented by (%"
, Q E ) is defined
by the displacement at failure of the interface matrix, depending on the damage propagation
criterion selected [33-35].
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Figure 4. Illustration of tri-linear cohesive law in the mixed-mode plane.
The corresponding stress is given by:
QE =

Y$ &$
Q"
%"

(9)

&$
YX
%"
− %"

Equation (9) is derived from enforcing the area under the tri-linear curve equal to the sum of
the dissipated energies from both matrix and TTR. The stresses in the progressive damage case
can be calculated from the following:
Q" = Z

YX
YX
Q"
− /[X (Q"
− QE) ,
,
Q E (1 − /[$ )

E
%" < %"
E
%" ≥ %"

(10)

where /[X and /[$ represent the damage parameters associated with each of the propagation
E
regions of the tri-linear cohesive law before and after complete failure of the matrix, at %"
; %"
YX
corresponds to the current displacement in the mixed-mode plane ^, while %" represents the
displacement at failure initiation in the mixed-mode plane ^. Hence:
/[X =
/[$ =

YX
%" − %"
E − % YX
%"
"
E
%" − %"
&$
E
%"
− %"

(11)
(12)

In the elastic regime, the traction and shear stresses can be calculated from:
QE = %" 6" _`a^

(13)

QEE = %" 6" ab:^

(14)

Finally, in the case of unloading with existing damage, the stress can be calculated from:
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%"
YX
YX
⎧[Q"
− /[X (Q"
− Q E )] YX
,
X
E − % YX )
⎪
%" + /[ (%"
"
Q" =
%"
⎨ Q E (1 − / $ )
,
[
⎪
&X
&$
$
E j
%
+
/
i%
−
%
"
⎩
[
"
"

E
%" < %"

(15)

E
%" ≥ %"

The traction and shear stress components can be determined from:
QE = Q" _`a^

(16)

QEE = Q" ab:^

(17)

If the damage parameter /[$ exceeds the value 1, then the integration point is considered failed
and no longer able to withstand any loading. The traction and shear stresses are therefore set
equal to zero. Throughout the analysis, a loading/unloading condition applies. This guarantees
a monotonically decreasing variation of stresses in case of load removal, without further
propagation or recovery from damage, until the loading level that preceded unloading is
recovered. This condition is satisfied if the damage variable at the current time increment is
greater than at any previous time increment. Only if this condition is satisfied there will be
damage progression. If the condition is not satisfied, the integration point is unloaded back to a
stress-free state.
5

MODEL VALIDATION

5.1

Experimental Setups and Modelling Strategy

A series of experimental tests aimed at characterising the behaviour of through-thickness
reinforced coupons at different mode-mixity ratios has been previously performed [30]. The
following is a summary of the test set-up used.
Double cantilever beam (DCB), end-loaded-split (ELS) and mixed-mode bending (MMB) tests
were conducted. For the DCB tests, the ASTM-D5528 standard [36] was followed to generate
a mode I delamination. The ASTM-D6671 standard [37] for mixed-mode bending (MMB)
testing of UD FRP composites was followed to experimentally investigate mixed, mode I/mode
II, cases. Finally, the mode II ELS test follows the guidelines provided by the European
Structural Integrity Society in the standard ESIS-TC4 01-04-02 [38]. Figure 5 schematically
shows the three test configurations.
The TTR rods, i.e. z-pins, were made of pultruded T300/BMI. The specimens had an initial
crack kY formed by inserting a thin PTFE film in the mid-plane of the specimen before curing.
The through-thickness reinforced region covered 22.75 mm in length and spanned the entire
width of the specimen. Having an unreinforced region ahead of the initial starter crack tip gives
a clear indication of the bridging effect of the TTR once a delamination has initiated and
propagated during testing. These experimental characterisations allow for the validation of the
modelling framework described in Section 4, using configurations whereby the predominant
damage mechanism is large-scale bridging, without any other interaction with intra- or translaminar failure.
All models presented here are run using type 19 cohesive element formulation implemented in
LS-DYNA® R7.1.3, with the proposed EEBM user material model. Based on previous
modelling experience [30] and to reduce the computational runtime, a simplified "unit strip"
model is introduced, with plane strain boundary conditions along the edges. The cohesive
element formulation effectively "smears" the periodic TTR arrangement across the elemental
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area, hence the individual representation of the TTRs is not required. The unreinforced region
is modelled with the standard Cohesive Zone Model described in [34-35]. Eight-node
selectively reduced solid elements are used to model the composite laminate beams. This
element formulation accurately captures the laminate rotations. Schematics of the modelling
setup for the DCB, ELS and MMB test cases are shown in Figure 5. Material properties used
for the composite laminate are given in Table 2. The material properties used for the cohesive
elements (both reinforced and unreinforced regions) are given in Table 3. The areal density of
the reinforced region is )ST = 0.02 and the TTR diameter is C = 0.28 mm.

Figure 5. Delamination tests configuration and specimens' geometries [30].
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Figure 6. Simplified unit-strip FE models.

Table 2. Material properties for QI IM7/8552 carbon-fibre-reinforced composite.
6oo = 699
(GPa)
61.60

6pp
(GPa)
13.61

!o9
(GPa)
23.37

!op = !9p
(GPa)
4.55

qo9

(-)
0.32

qpo

(-)
0.07

(-)
0.1

qp9

Table 3. Material properties for cohesive elements.
QEYX
(MPa)
60.0

QEEYX
(MPa)
90.0

X
NEX = NEE
(N/mm3)
10u

X
!E#
(N/mm)
0.21
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(N/mm3)
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(-)
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r
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Numerical Results and Model Validation

A comparison between the test results from the experimental test programme and the numerical
predictions from the macro-scale model is presented in Figure 7 for the pure mode I case.
Results from running the same model with the classical CZM formulation (as if the specimen
did not have any TTRs inserted), and results obtained from using the built-in MAT_138
material model of LS-DYNA for cohesive elements, are also presented for reference. Numerical
simulations from the proposed Energy Equivalent Bridging Map (EEBM) formulation are
shown with a solid blue line. As it can be seen, an excellent agreement is found between the
experimental and numerical results. An initial linear elastic response is observed, after which
the crack-tip propagates through the initial unreinforced region with a consequent small load
drop. The crack-tip then reaches the first row of TTRs, which begin to exert bridging forces.
TTRs partially suppress further crack opening displacements. This phenomenon is
characterised by a gradual increase in the global force response.
In the experimental test, the arms of the laminate are under severe bending conditions, which
lead to localised sub-laminate buckling close to the outer plies of the laminate. Not only failure
from buckling, but also smaller delaminations can be found close to the surface (see Figure 8).
These localised sources of damage in the specimens cause small load drops towards the end of
the test. The finite element models for validation of the cohesive formulation here do not
account for these phenomena, therefore the load curve from the numerical simulation is not
capable of capturing them. This explains why the numerical curve seems to diverge from the
experimental results beyond a crosshead displacement of 35.0 mm.

Figure 7. Comparison between DCB (Mode I) experimental results and numerical prediction.
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Figure 8. Upper half laminate of DCB test specimen after test showing
buckling and delamination in the outer layers.
As mentioned above, three different values of mode-mixity have been experimentally
characterised. The first value, i.e. 25% mode II, is within the range of mode-mixities leading to
a complete pull-out of TTRs, with only few TTRs suffering complete failure. Figure 9 shows
the comparison between the experimental and the numerical results for an effective modemixity of 25%. An excellent agreement between numerical predictions and test results can be
observed. Very similarly to what had been observed on the DCB case, a considerable
displacement of the crosshead at failure is reached in the tests and the simulations. This is due
to the fact that, at this level of mode-mixity, most of the TTRs will still experience a complete
pull-out
The test arrest criterion for the MMB coupons has been defined when the crack-tip reaches 60.0
mm. From this point onwards, there was a tendency for the laminate to suffer other sources of
damage, such as buckling of the outer plies due to bending. Moreover, a secondary delamination
appeared at the loading blocks, as shown in Figure 11. This occurred at a crosshead
displacement of approximately 19.2 mm for MMB 25%. The numerical model captures the
behaviour of the bridging action exerted by the TTRs very well. After an initial linear elastic
stage, the crack-tip propagates through the initial unpinned region, until it is slowed down by
the through-thickness reinforced area. The TTRs resist interlaminar crack growth at low modemixities in a very effective fashion.
The second mode-mixity value was 47% mode II. In this condition, both complete pull-out and
shear failure are expected to occur in the TTRs, leading to a reduced amount of dissipated
energy during the bridging process. Figure 10 shows the comparison between the experimental
results and the numerical predictions. Just like the MMB 25%, there was a tendency for the
laminate to suffer other failure modes (see Figure 11). In the experimental results, a crosshead
displacement of 11.2 mm corresponded to the crack-tip reaching 60.0 mm length. As it can be
appreciated in Figure 10, an excellent agreement between experimental and numerical results
is observed also for the 47% mode-mixity.
Figure 12 shows the comparison between experimental results and numerical predictions for
the mode-mixity value of 69%. The test arrest criterion is again when the crack-tip reaches 60.0
mm. At this mode-mixity, there is a much lower probability for the TTRs to be pulled out, while
TTR failure tends to occur quickly after the start of the bridging process. Consequently, the
amount of energy dissipated in the bridging process is smaller than in the previous cases. When
the crack-tip reaches 60.0 mm, the crosshead displacement is only 7.5 mm. Before the crack tip
reaches this point, the experimental and numerical curves tend to diverge slightly. The
inflection in the numerical curve stems from the loss of stiffness caused by all cohesive
elements entering in the damage propagation region of the tri-linear cohesive formulation.
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Figure 9. Comparison between MMB 25% experimental results and numerical prediction.

Figure 10. Comparison between MMB 47% experimental results and numerical prediction.
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Figure 11. a) Local buckling of the outer plies and b) secondary delamination
in MMB 47% test specimens.

Figure 12. Comparison between MMB 69% experimental results and numerical prediction.
The load-displacement curve seen on Figure 11 presents an initial linear elastic behaviour,
followed by failure of the unreinforced region and then delamination propagation into the TTR
reinforced area. Analogously to the previous test cases, the crack is arrested by the first array
of TTRs, which will continue to bridge the two halves of the laminate until shear failure of the
TTRs occurs. The Energy Equivalent Bridging Map formulation can capture the bridging effort
very well in this test case as well.
The final benchmark test is a pure mode II loading condition. Figure 13 presents a comparison
between experimental results and numerical predictions for the ELS test case. The arrest
criterion for this case is when the crack-tip reaches the clamped end of the specimen. In
complete analogy with the previous test cases, after an initial linear elastic behaviour, the cracktip propagates through the unpinned region until it reaches the first line of TTRs and it is
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arrested. This corresponds to the first line drop in the load-displacement curve, which is
followed by a progressive reloading.
The delamination continues to propagate along the specimen, and it will eventually emerge
from the reinforced region. This occurs without failure of the TTRs. Once the crack-tip reaches
the second unreinforced region of the specimen, it quickly grows and reaches the clamped end
(vertical dashed line in Figure 13 at crosshead displacement of 21.0 mm). In the numerical
results, when the crack-tip reaches the clamped end, some numerical noise occurs. Both
experimental results and numerical predictions agree well at this stage.

Figure 13. Comparison between ELS (Mode II) experimental results and numerical prediction.
6

STRUCTURAL HEALTH MONITORING VIA TTR

6.1

Preliminary Considerations on Multi-Functionality

The majority of the existing research on z-pinning is focussed on the delamination arrest
function of z-pins, and, as a consequence, on the mechanical performance of z-pinned
laminates. On the other hand, it has been demonstrated that un-pinned conductive (carbon-fibre
reinforced) laminates have a strain/damage self-sensing capability, which can be exploited via
electrical resistance (ER) or electric potential measurements [39–40]. It is worth stressing that
“self-sensing” is here intended as the inherent capability of a laminate to generate a detectable
change in electrical signal whenever damage occurs, without the need for additional sensing
elements. As will be demonstrated later, the presence of conductive TTR elements enhances
the inherent self-sensing ability of conductive laminates [41]. A z-pin can be in principle made
of any material that can be processed into small diameter rods. This means that electrically
conductive z-pins may also endow a non-conductive laminate with a delamination sensing
function [42-43].
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The damage self-sensing function provided by conductive TTR is here demonstrated via DCB
laminated specimens comprising arrays of embedded z-pins. The multi-functional method for
delamination sensing/mitigation proposed here is based on having the z-pins in the laminate
protruding from the top and bottom surfaces with arrays of electrodes attached to the z-pin ends.
Since the z-pins act as sensing elements for the through-thickness electrical resistance (TTER)
of the composite, the z-pinned laminate can be considered as a self-sensing structure, where
multi-functionality (mechanical and sensing) is enabled by the z-pins. The self-sensing laminate
in general comprises multiple TTER measurement channels. These consist of surface electrodes
and through-thickness z-pins, which can be in principle connected to the electrodes in various
series/parallel configurations. The electrodes of a sensing channel can be classified into: 1)
terminal electrodes used for the electrical connection between z-pins and signal acquisition
devices; 2) intermediate electrodes employed only for the electrical connection between Z-pins.
These definitions are here applied in a loose sense, since a terminal electrode may also be used
for the electrical connection between z-pins. As mentioned above, in the sensing configurations
considered here, the electrodes are attached directly onto the laminate surfaces, with no
insulating media in between.
6.2

Coupons Configuration, Manufacturing and Testing

In order to verify the feasibility of the multi-functional approach to delamination sensing and
mitigation, z-pinned DCB coupons were manufactured and tested. Commercial T300/BMI Zpins with the diameter of 0.28 mm were employed.
The configuration and dimensions of a DCB coupon are shown in Figure 14, based on the
ASTM D5528 standard [36]. The coupons were made of 48 plies of unidirectional prepreg, with
a quasi-isotropic (QI) stackings sequence: [[0/90/−45/45]3s]s. Strictly speaking, the ASTM
standard applies only to the fracture toughness characterisation of unidirectional stacks. A QI
stacking sequence has been considered here since it is more representative of structural laminate
configurations. A PTFE film is inserted at the laminate mid-plane, between zero direction plies,
to simulate the presence of a delamination, which is progressively grown from the insert under
quasi-static loading. In order to evaluate the effect of the electrical conductivity of laminates
on the delamination detection, two different pre-preg materials were employed, namely:
conductive IM7/8552 (carbon/toughened-epoxy) pre-preg and non-conductive E-glass/913
(glass/epoxy) pre-preg. Both pre-pregs were supplied by Hexcel, UK. The initial delamination
length was 25 mm for both the sets of coupons. A 20 mm long region from the tip of the PTFE
insert was left un-pinned. As shown in Figure 1, an array of 16 x 5 (row x column) z-pins (areal
density of 0.5%) was longitudinally inserted ahead of the un-pinned region. Each of the z-pins
protruded1 mm from the top and bottom surfaces of the coupon. Then, 16 silver/epoxy (1:1
weight ratio) electrode strips were bonded to both surfaces of the coupons. Each electrode was
connected to a single row of z-pins on each side, as shown in Figure 14. Thus, each DCB coupon
comprised 16 TTER sensing channels in total. Each channel consisted of one top electrode, one
bottom electrode and one row of z-pins. The z-pins in a sensing channel were connected to the
two surface electrodes as resistors in parallel. The TTER between the two electrodes in each
channel was measured as a sensing variable by connecting the electrodes to a data acquisition
system. Due to the electrode arrangement, the z-pinned coupons required a different
manufacture process in comparison with the “mechanical” z-pin specimens described in [30].
Specifically, a laminate was first assembled laying-up 48 plies and de-bulking under vacuum
pressure, with the PTFE film (artificial delamination) inserted at the mid-plane constituting the
starter crack. Rubber sheets 1 mm thick were placed on the top and bottom surfaces of the
laminated plate. The z-pins were inserted through the entire thickness of the laminate/rubber
sheets assembly. The excess z-pin lengths were sheared off on both sides of the rubber sheets.
The whole plate was packaged in a vacuum bag and then autoclave cured. The rubber sheets
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were peeled off once the laminate had been cured, leaving 1 mm long z-pin ends protruding
from the bottom and top surfaces of the laminate. The plate was then carefully cut into
individual coupons and hinges were bonded to the coupons using AS89.1/AW89.1 adhesive
(Cristex Ltd., UK). Next, the surfaces of the coupon were cleaned using acetone, before bonding
the electrodes. The latter were placed on the coupon surfaces with the aid of removable moulds.
Each mould had a central slot to accommodate the rows of protruding z-pin ends and the
electrodes. Lateral slots in the moulds helped to connect conductive wires to the electrodes. A
silver-loaded epoxy adhesive was brushed into the moulds. The specimens with the un-cured
electrodes were placed into an oven for curing at 80 °С for 15 min, and then gradually cooled
down. The final coupons with individual electrode pairs and connecting wires were finished by
removing the moulds and milling off any excess silver-loaded epoxy between adjacent
electrodes. Mechanical loading was applied to the DCB using an Instron 8872servo-hydraulic
machine, equipped with a 1 kN load cell. A snapshot of a DCB coupon in the testing rig is
shown in Figure 15. The applied opening displacement rate was 2 mm/min. A paper ruler strip
with a 1 mm scale was attached on one lateral edge of the sample for recording the crack length
via a video camera. Since each TTER measurement channel comprises a single z-pin row, the
words “channel” and “row” will be considered as synonyms in what follows. The data
acquisition system consisted of: 1) a Keithley 2700 digital multi-meter (DMM) as the ER
measurement unit; 2) a Keithley 7703multiplexer as the channel selection unit; 3) a PC running
NI/LabVIEW to record and synchronise load/displacement/ER data. The TTER in all the
sensing channels was measured in a sequential fashion. The TTER resolution and sampling rate
for each channel were set respectively to 6.5digits and 3 readings/s. The data acquisition system
also comprised: 4) an RS232-USB module for the data transmission between the PC and the
DMM; 5) a PCI-9114 data acquisition card for the data transmission between the PC and the
servo-hydraulic machine.

Figure 14. Schematic Diagram of DCB specimen with TTER electrodes.

Figure 15. Snapshot of a DCB coupon undergoing testing.
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In-situ Delamination Monitoring

Regarding the delamination self-sensing performance of the CFRP coupons, the fractional ER
change vs. time relationships for all the 16 channels are given by the blue curves in Figure 16.
The delamination arrival time at the nominal centre of a Z-pin row is indicated by a dashed
redline, while the dashed black line represents the time at which complete pull-out occurred.
Both the delamination arrival and full pull-out times were measured from video recordings of
the tests. Note that the inter-laminar crack may impinge an individual z-pin earlier or later with
respect to the nominal geometrical centreline of the row that the z-pin belonged to. This is
unavoidable, since z-pins are always slightly misaligned, both in plane and through the
thickness. Moreover, in a DCB specimen, the actual delamination front is never perfectly
straight across the width. The TTER signals exhibited consistent trends for each channel in the
CFRP coupons. Until delamination arrival, the channel TTER did not vary. The initial TTER
value ranged between 17Ω and 75Ω, depending on the channel considered. As the interlaminar
crack approached the channel, the ER signal increased in some cases, e.g. channels 3, 7, 12 and
16 in Figure 16. The mechanisms causing the TTER to increase are:
1) the TTR elongation, increasing the z-pin electrical resistance (ER).
2) The reduction of the z-pin/electrode contact area, caused by the cross-sectional contraction
of the TTR due to the Poisson effect and progressive failure of the z-pin/electrode interface–all
these mechanisms increase the z-pin/electrode contact ER.
3) The reduction of the z-pin/laminate contact area, which is also a result of the cross-sectional
pin contraction and that raises the z-pin/laminate contact ER.
The effect of the z-pin extension on the TTER is minor compared with other two mechanisms.
A detailed analysis of these mechanisms can be found in bridging tests of single z-pin reinforced
coupons [41]. On the other hand, each of the channels experienced a rapid TTER decrease when
the delamination fully impinged the corresponding TTR row. Three more mechanisms dictate
this behaviour, namely:
4) the bending of the DCB arms increases the contact pressure between z-pins and electrodes,
this it decreases the z-pin/electrode contact ER the overall channel TTER. Surface longitudinal
stresses due to bending are compressive for both the bottom and top surfaces. These stresses
“squeeze” the electrodes around the z-pin tips, reducing the local contact ER as pointed out
above;
5) As the delamination advances within a row, the z-pins debond first from the electrodes.
Hence, the applied axial stress drops and the TTR axial elastic elongation is reduced, thus
decreasing the channel TTER.
6) When the axial elongation is reduced, the z-pin also swells radially, due to Poisson's effect,
and this also decreases the z-pin/electrode and z-pin/laminate contact ERs.
Overall, there is also some variability in the magnitude of the actual TTER drop with respect to
the delamination arrival time, but the associated trend is consistent for all the channels. When
the crack front reached a position just ahead of a given channel, the z-pins started to be pulled
out first from one of the surface electrodes (either bottom or top). This is consistent with
experimental observations in the literature, where it has been re-ported that z-pin pull-out
always occurs in an asymmetric fashion [8. 10, 15, 30], i.e. from only one of the split sublaminates (DCB arms). At the early stages of z-pin pull-out, the TTER signal either reached a
plateau, as seen in channels 1, 7 and 10, or it continued decreasing, but at a smaller rate, as for
channels 3, 4, 5 and 14. This stage of the overall electro-mechanical response will be from now
on denoted as “pull-out from electrode” (POFE). Eventually, as the delamination progressed,
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the pull-out displacement would become large enough for the z-pin to slide completely out of
one of the surface electrodes, causing a rapid increase of TTER. After all the z-pins in a channel
were pulled out from one of the electrodes, the TTER continued steadily to increase; at this
stage the z-pins were sliding within the laminate. However, the overall electrical circuit for each
channel was still closed because the laminate was conductive. This regime of the overall
electro-mechanical response will be from now on indicated as “pull-out from laminate”
(POFL). Even when the pull-out of all the TTR in a row was complete, the TTER of the
corresponding channel still had a finite value due to the conductivity of the laminate. The TTER
values in all the channels diverged once the two halves of the DCB coupons were fully disbonded, i.e. at the end of the test. The TTER results show that when the crack started
propagating in an unstable fashion, channels 11 to 14 were in the POFL stage, while the
channels 15 and 16 were still in the POFE regime.
The relative TTER change vs. time relationships for all the 16 channels in a GFRP coupon are
presented in [42]. The initial TTER values for the individual channels ranged between 35Ω and
180Ω. The channel TTER in the GFRP coupons may in some cases increase just before the
delamination arrival. After a channel had been reached by the crack front, the TTER value
consistently decreased. This is again due to the same mechanisms taking place in the CFRP
conductive DCB coupons. When the z-pins in a channel started to be pulled out from the
electrodes, the TTER signal tended to reach a plateau. With further loading, the full z-pin pullout from one of the electrodes was accompanied by an overall TTER increase, either with a
continuous rapid trend or in a step-like form. This behaviour is consistent with what observed
in CFRP coupons. However, a finite TTER value was observed even when the z-pins were
sliding into the laminate, despite the fact that GFRP is not conductive. This is because some
carbon fibres originally belonging to the z-pins remained attached to the surface of the pull-out
channel. These fibres maintained the electrical connection between the electrodes and the
z-pins. The presence of these fibres has been confirmed by microscopic observations in [41].
However, the resulting TTER variation was characterised by a noise level much larger than in
the case of the conductive CFRP coupon in the POFL regime. Overall, the TTER signal allowed
detecting the full pull-out process of the z-pins in each channel, as well as the associated
progressive delamination of the coupon.
The differences in TTER values between the CFRP and GFRP coupons are due to nonconductive nature of the latter. In the CFRP coupons, part of the applied channel current flows
through the DCB arms and also through z-pins belonging to other rows. In the GFRP coupons,
all the injected current must flow through the z-pins in the corresponding channel. Nevertheless,
considering the overall remarkable similarity be-tween the TTER trends for the two materials,
it is evident that the z-pins control the channel TTER, as long as they are not fully pulled out
from the electrodes. The conductivity of CFRP coupons leads to a less noisy TTER signal in
the POFL regime. Regarding the mechanical performance of the z-pinned laminates, the mode
I baseline fracture toughness in the unpinned regions was about 0.3 kJ/m2 for CFRP and
0.2 kJ/m2 for GFRP. In the steady-state bridging regime, the material apparent fracture
toughness was 8 kJ/m2 and 10 kJ/m2 respectively for CFRP and GRFP. Hence, a 0.5% areal
density of z-pins is sufficient to increase the fracture toughness by at least one order of
magnitude with respect to the unpinned baselines. Therefore, the z-pins can be considered as
sensors that also enhance the fracture performance, which makes their application particularly
advantageous. On the other hand, it is well known that z-pinning reduces the in-plane stiffness
and strength of composite laminates. The severity of the stiff-ness/strength knockdowns
increases with the z-pin areal density and diameter.
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Figure 16. Through-thickness electrical resistance in DCB coupon channels.
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Figure 16. Through-thickness electrical resistance in DCB coupon channels (continued)
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However, the experimental data presented in [44] suggest that the in-plane knockdowns of
mechanical properties can be estimated at a few percentage points for an areal density of 0.5%
and a z-pin diameter of 0.28 mm, as considered in this study. These knockdowns can most
likely be tolerated, given the substantial increase in toughness and the delamination sensing
function that the z-pins enable. The weight increase due to the presence of the surface electrodes
is around 10% compared to “mechanical” DCB coupons. This is clearly a potential limiting
factor for practical applications of the sensing method described here. However, much thinner
electrodes (e.g. tens of μm thick) could be 3D-printed on the laminate surface in order to
mitigate the mass penalty. Moreover, for the sensing method to work in conductive laminates
it is not necessary to have the z-pin ends inside the electrodes. Indeed, the TTER variation in
the POFL regime is sufficient to determine the location of the delamination front. Finally, multiphysics FE modelling of unpinned delaminated plates [40] suggests that the presence of
delamination causes a through-thick-ness resistance change in the order of 1%. For z-pinned
laminates, the variation of through-thickness conductivity is at least 50%–100% for both CFRP
and GFRP with the crack arrival. This remarkably large effect is easily detectable, and it also
allows inferring the position of the delamination front from the pull-out progression at single
z-pin level, as well as whether the crack propagation is stable or not.
7

CONCLUSIONS

This paper has provided an overview of recent developments in the manufacturing and analysis
of composite laminates with embedded through-thickness reinforcement. A comprehensive
numerical framework has been presented, whereby a user-defined cohesive element
formulation has been developed to simulate the large-scale bridging response of throughthickness-reinforced composite specimens. This is achieved by successfully integrating the
predictions from a micro-mechanical constitutive bridging model into the cohesive element
formulation. The micro-mechanical model describes the mixed-mode loading behaviour of
through-thickness reinforcements as Euler-Bernoulli beams embedded within a Winkler elastic
foundation. It is assumed that the TTR is inserted orthogonally to the delamination plane. This
constitutive model is valid for a general mixed-mode regime and was calibrated using mesoscale test coupons of single TTRs in a QI composite laminate. The output of this model is the
amount of energy dissipated and the displacement at failure or complete pull-out of the TTR
for a range of mixed-mode displacement values. Special user-defined cohesive elements were
developed. These can describe both the resin-rich interface layer and the large-scale bridging
mechanism due to the presence of TTRs. At each time increment, the mixed-mode displacement
at the integration point is used to identify the amount of energy being dissipated by the TTR
and the predicted total displacement at failure for that specific mode-mixity. This information
is used to reverse-build a tri-linear cohesive constitutive law, which correctly represents both
the amount of energy dissipated by the bridging action and the total displacement at failure of
the TTR. This process allows calculation of the traction and shear components of the bridging
forces acting along the cohesive interface. The procedure has been denoted here as an Energy
Equivalent Bridging Map (EEBM) formulation.
Moreover, a method for adding multi-functionality to z-pinned laminates has been
demonstrated at coupon level, through testing of DCB specimens. This approach is based on
distributing surface electrodes connecting multiple z-pins in series/parallel and measuring the
through-thickness electrical resistance during progressive delamination growth. The main
advantages of the proposed method are that: 1) the z-pins provide both a mechanical function
and a sensing function, enabling delamination detection while increasing the laminate apparent
fracture toughness; 2) the TTER variation in the z-pinned laminate is large enough to allow
monitoring the position of the delamination front, as well as the progress of z-pin pull-out; 3)
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this sensing approach is suit-able for both conductive and non-conductive laminates. The
current embodiment of the multi-functional method leads to a significant weight penalty, i.e. a
10% mass increase for the DCB coupons. However, there is scope for improving the currently
manual manufacturing method of the electrodes, which can be in principle 3D-printed on the
laminate surfaces. The same holds true for the electrical connections to the external digital
multi-meter, which could be arranged in compact and lightweight 3D-printed contact rails.
Finally, the application of the method proposed in this paper to structural elements and subcomponents would also require the design of a robust diagnostic system, which must be able to
infer the presence and extent of multiple through-thickness delaminations. In principle, fuzzy
inference systems or artificial neural networks should be able to perform this task when properly
trained in an FE virtual testing framework.
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ABSTRACT
This work investigates the long-term orbit evolution of decommissioned geostationary
satellites, under the assumption that the final disposal maneuver does not occur, due to
failure of the propulsion system. Orbit dynamics is modeled by including all the major orbit
perturbations, i.e. (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and
Moon gravitational pull as third bodies. For geostationary satellites the J22 term, related to
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion
and the Earth rotation. In addition, the third body perturbation due to Sun and Moon is
proven to be responsible of two major effects: (a) precession of the orbit plane, and (b)
chaotic longitudinal dynamics. This work proposes an analytical approach for prediction of
the overall precession motion. Moreover, this research demonstrates the existence of a
chaotic longitudinal dynamics (effect (b)). In fact, repeated and unpredictable migrations
toward different longitudinal regions are proven to occur, and this is in contrast with what
would take place with the only perturbative effect due to J22.
Keywords: geostationary satellites, Earth orbit perturbations, nonsingular equinoctial
elements, space debris
1

INTRODUCTION

In the last decades, the space debris population has grown continuously, and this circumstance
represents a serious hazard for future space missions, as well as for spacecraft being placed in
some specific orbits. To date, multiple studies have appeared in the scientific literature that
address the problem of space debris mitigation and removal. Moreover, the International
Academy Debris Committee has supplied several recommendations to space ventures and
agencies 1 , with the intent of avoiding the increasing deterioration of the space environment.
Specifically, two regions are critically crowded: (a) the spherical shell corresponding to low
Earth orbits, at altitudes ranging from 400 to 800 m, and (b) the circular ring corresponding
to the geostationary orbit. The latter hosts satellites tailored to telecommunications and
weather forecast. These spacecraft are usually equipped with a propellant amount that suffices
to reach proper disposal orbits, at the end of their lifetime.
This wor investigates the long-term orbit evolution of decommissioned geostationary
satellites, under the assumption that the final disposal maneuver does not occur, due to failure
of the propulsion system. Equinoctial orbit elements are employed for long-term orbit
propagations. Moreover, orbit dynamics is modeled by including the ma or orbit
1
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perturbations, namely (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and
Moon gravitational pull as third bodies. In the numerical propagations, the ephemerides of
Earth, Moon, and Sun are employed. For geostationary satellites, the 22 term, related to
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion
and the Earth rotation. This effect is associated with the existence of two stable equilibrium
positions and two unstable equilibrium positions, corresponding to specific geographical
longitudes. As a result, the perturbed motion due only to 22 is completely predictable, and
would consist of nonlinear oscillations about the equilibrium positions. However, the third
body perturbation due to Sun and Moon introduces further complexity, and, together with the
effect of the Earth oblateness, is responsible of the orbit precession motion 2 . The orbit
inclination and right ascension of the ascending node are sub ect to relevant variations as a
result. This wor proposes a geometrical, analytic approach aimed at modeling this effect, and
compares it with the results obtained through numerical propagations. Moreover, this study
investigates the overall longitudinal dynamics, as a result of the combined action of 22 and
third bodies, with the intent of ascertaining if the spacecraft dynamics retains the regular,
predictable behavior due to the only effect of 22.
2

EARTH GRAVITATIONAL FIELD

Due to irregular mass concentrations, the Earth gravitational potential differs considerably
from that generated by a spherical mass distribution. As a result, the gravitational geopotential
may be written in terms of spherical harmonics 2 , associated with coefficients lm and
Legendre polynomials Plm,, and depending on the instantaneous spacecraft latitude ,
geographical longitude g, and radius r ( r , if r denotes the position vector ta en from the
Earth s center). In this research, geostationary orbits are investigated. In order to provide
realistic results, harmonics up to 4 are included in the dynamical modeling, although the main
effects are due to 2 and 22, associated, respectively, with the Earth oblateness and equatorial
ellipticity. In particular, the 22 sectorial term is considered, because it yields a resonant
perturbing effect related to phasing of the Earth rotation and the spacecraft orbital motion.
The inertial Earth-centered frame (ECI) has origin at the Earth s center and is associated with
the right-hand sequence of unit vectors ( , , ), where and lie in the Earth s equatorial
plane. In particular,
is the vernal axis, aligned with the intersection of this plane with the
ecliptic plane, while
points toward the Earth rotation axis. Two additional frames are
introduced: (a) ( , , ), with aligned with r, directed along the local East direction, and
aligned with the local North direction, and (b) ( , , ), also referred to as the local vertical
local horizontal frame (L LH), with aligned with the pro ection of the satellite velocity v
into the local horizontal plane and
pointing toward its angular momentum. These two
frames are related through a rotation matrix that depends on the spacecraft inclination i, right
ascension of the ascending node (RAAN) , and argument of latitude. If
denotes the
Greenwich absolute longitude, then the spacecraft absolute longitude is a=
+ g. The
gravitational acceleration is given by
aJ 2

U

where

r

r

E
r cos

g

N
r

(1)

After expressing ( , , ) in terms of ( , , ), applying Eq. (1) to the gravitational potential
(r )
( )
( h)
expression 2 leads to obtaining the three components ( aJ 2 , aJ 2 , aJ 2 ) of the gravitational
acceleration in the L LH-frame, for subsequent use in the dynamics equations.



Orbit evolution of decommissioned geostationary satellites
2.1

Proietti, Pontani

Average effect of harmonic J2

The average effect of the 2 perturbation yields no variation of the orbit inclination, whereas
the orbit plane precedes about the Earth rotation axis, with the following angular rate 2 :

J2

R
J2 n E
2
p

2

hsat c c

where

n

E

(2)

a

where the symbol 2 denotes the Earth oblateness coefficient, RE and E are respectively the
Earth radius and gravitational parameter, whereas a and p represent the orbit semima or axis
and semilatus rectum
is the unit vector aligned with the orbit angular momentum.
ecause
is parallel to for an equatorial orbit (cf. Fig. 1(a)), harmonic 2 alone does not
alter the motion of a geostationary satellite. The negative sign in the Eq. (2) indicates that the
main zonal harmonic would cause a cloc wise precession about axis c with period of .5
years (in the presence of a hypothetical small inclination). However, the existence of other
perturbations, in particular the lunisolar gravitational attraction, alters the inclination (cf. Fig.
1(b)), and introduces an additional contribution to the real precession experienced by a
geostationary satellite. Section .1 addresses this phenomenon in detail.

(a)

(b)

Figure 1: Nodal precession due to

2.2

2

(a), and due to

2

combined with the lunisolar perturbation (b).

Analytical approach for harmonic J22

The resonant effect of 22 can be treated analytically by using the Hill-Clohessy- iltshire
(HC ) equations 2 , which represent the first-order approximation of the nonlinear
equations of motion, and are useful for the purpose of describing the relative motion of the
satellite with respect to a reference circular orbit of radius Rref . In this study, this is chosen as
the nominal geostationary orbit, and the HC equations are
x

where Rref

n 2 x 2ny aJ( r22)
Rgeo

y

42164 m , x

2nx aJ( E22)

r, y

z

Rref

a

n 2 z aJ( N22 )

, and z

Rref

n

E

Rref

(r )
(E)
, whereas aJ 22 , aJ22 , and

a J( N22 ) denote the components (in the ( , , )-frame) of the perturbing acceleration due to



( )

22.

Orbit evolution of decommissioned geostationary satellites

Under the assumption that
coordinate y, is governed by

y 18 J 22 RE2

and

n2
sin 2
Rref
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, the longitudinal dynamics, associated with

g , ref

cos

22

2y
Rref

cos 2

g , ref

22

sin

2y
Rref

(4)

In the proximity of equilibrium points, the previous equation reduces to the linear forms
(S ) y

6 J 22 RE Rgeo

2

n2 y

(I ) y

6 J 22 RE Rgeo

2

n2 y

(5)

where (S) and (I) correspond respectively to the stable and unstable equilibrium. Equations
(5) represent, respectively, a harmonic oscillator of period equal to 818 days and a divergent
aperiodic motion, whose solution has only local validity. Instead, if the nonlinear equation is
employed, one obtains the longitudinal position portrait depicted in Fig. 2. It is apparent that
oscillatory motion ta es place about the two stable equilibrium conditions, with amplitude
and time evolution completely determined once the initial conditions are specified.

Figure 2: Longitudinal motion due to 22 effect: satellite orbit (blue line) and nominal geostationary
orbit (dotted line). Stable and unstable points: S1 105 , S2
5 E, I1 165 E, I2 15 .

3

THIRD BODY PERTURBATION

The presence of further celestial bodies (other than the Earth) represents another source of
orbital perturbations. Appreciable effects on the geostationary orbit are produced by the Moon
and the Sun. Their gravitational influence is due to the differential action that they exert on
the satellite and on Earth. In general, the perturbing acceleration due to a third body can be
expressed as 2
ab

where

rb, sat
B

rb, sat
B

rb
rb

B

rb, sat

F (q) rb r ,

q:

r (2rb r ) rb 2 and F (q) :

q2 q
1 (1 q)

2

q (6)

is the gravitational parameter of the third body. In Eq. (6), the subscript b refers to

the third body, rb denotes its position relative to the main body (i.e. the Earth), rb
represents the position of the third body with respect to the satellite, rb,sat

rb , rb,sat

rb,sat , and F(q) is a

function introduced by attin . The perturbing acceleration ab is then pro ected into L LHframe, for its inclusion in the dynamics equations.
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Under the assumption that the spacecraft is placed in a circular orbit of radius R

Rgeo , and

that the third body describes a circular orbit about the Earth (at a constant distance r12 ), the
double averaging of the Gauss equations for perturbed orbits yields the following vector
rotation rate of the orbit plane 4 :

R2
hsat h B h B
4 hsat r12
B

B

3.1

( )

Analysis of the orbit precession

The combined effect of 2 and the gravitational pull of Earth and Sun as third bodies is the
precession of the orbit plane about the axis identified by the overall precession rate
M
B

S
B

, where the last two symbols are associated with Moon and Sun,
respectively. Under the assumption that the angular momentum of the Moon orbit is aligned
with the ecliptic pole,
is displaced by an angle
of .1 deg from c , and the angular
momentum describes (in cloc wise sense) the cone portrayed in Fig. 1(b). Moreover, the
overall precession period is given by Tprec 2
, and equals 52 years.
J2

represent an auxiliary angle associated with the instantaneous angular momentum h sat ,
such that
2 occurs after an orbit
0 corresponds to hsat pointing toward c and
precession period. After lenghty developments, omitted for the sa e of conciseness, the
spacecraft inclination and RAAN are given by
Let

i arccos c2 s 2 c

s

2

c 2sign s
1 c

2

2

c

2

s c

where for a generic angle , c : cos and s : sin . If
developments lead to the following approximate relation:

2

0

2

2

c s
1 c

2

2

s2 c

(8)

is small, further analytical

2

(9)

This time behavior for the RAAN repeats every orbit precession period.
4

LONG-TERM ORBIT EVOLUTION

The satellite is supposed to be placed in geostationary orbit at two reference epochs, which
are set to 1 anuary 2020 and 1 une 20 0 in this study. Different values for the initial
geographical longitude are considered, in order to point out some repeated and apparently
unexpected migrations (toward different longitudinal regions), which occur when the satellite
is close to an unstable point.
4.1

Equinoctial elements

An orbit is completely described by the classical orbit elements (i.e. semima or axis a,
eccentricity e, inclination i, RAAN , argument of perigee , and eccentric anomaly E).
However, the perturbation equations for orbit elements become singular for circular (e 0) or
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equatorial orbits (i 0). Hence, for the study of geostationary orbits nonsingular equinoctial
elements P1 , P2 , Q1 , Q2 , and F are introduced . The sixth element is the semima or axis a,
common to both sets F is termed eccentric longitude. The time evolution of the equinoctial
orbit elements is governed by the Lagrange planetary equations (in the Gauss form), which
accepts arbitrary perturbing accelerations, written in terms of their components in the L LHframe (ar, a , ah),

a
( ar w
E w1w2

a 2

P1

aw1w2

2

ar w5

a

E

P2

aw1w2

2

ar w4

E

Q1

F

1
w1

E

a

ah

a

( w2 1) w4
w2
( w2 1) w5
w2

aw1w2 Q12 Q2 2 1
w4
2w2
E

a
E w1w2

Q2

w2 ( w2 1)
2 w1w2 ar
1 w1w2

a w2 )
P1

P2

ah

(11)

ah

Q2 w4 Q1w5
P2
w2

(12)

ah

Q2 w4 Q1w5
P1
w2

(1 )

aw1w2 Q12 Q2 2 1
w5
2 w2
E

(14)

w ( w2 1)
a
w1w2

(Q1w5 Q2 w4 )ah

(15)

The auxiliary functions w1 through w5 depend on P1 , P2 , and F 5 .
4.2

Precession of the orbit plane

The out-of-plane behavior of the satellite, as described in section .1, is strictly related to the
third body effect combined with that of harmonic 2. Figure shows the long-term evolution
of the orbit inclination and RAAN, which is common to all decommissioned geostationary
satellites, regardless of their initial longitude. From inspection of Fig. it is apparent that the
analytic approach developed in Section .1 exhibits excellent agreement with the accurate
time evolutions obtained through numerical propagation.

Figure : Inclination (a) and RAAN (b) time history ( g0 20 , 1 an 2020).
Numerical (blue line) and analytical (red line) time histories are shown.
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Migration effect

If the only effect of 22 is considered, the satellite would oscillate around the nearest stable
longitude. However, the lunisolar gravitational pull affects orbital motion, together with
harmonic 22. According to the initial conditions and reference epoch, different types of orbit
evolutions are proven to exist:
1. the satellite continues to oscillate around the stable point
2. the satellite covers a greater longitudinal range, passing regularly through a single
unstable point
. the satellite passes chaotically through a single unstable equilibrium point
4. the satellite passes chaotically through both the unstable points.
Table 1 summarizes all these cases. Figures 4 through
point out that these irregular
transitions are apparently related to temporary alterations of the orbit semima or axis, induced
by the lunisolar perturbation.
Initial
condition
1 an
2020
1 un
20 0

g0

g0

g0

g0

g0

150 E

160 E

1 0E

180 E

0

2

4

4

2

1

2

4

4

2

1

-

g0

20

g0

g0

10

1

0

1

1
1

Table 1: Type of longitudinal time evolution depending on different initial conditions.

(a)

(b)

Figure 4: Longitudinal motion (type 1), starting at 20
(reference epoch 1 an 2020).

(a) and 10

(b)

Figure 5: Longitudinal motion (type 2), starting at 150 E (reference epoch 1 an 2020).
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(reference epoch 1 un 20 0).

Figure : Longitudinal motion (type 4), starting at 1 0 E (reference epoch 1 un 20 0).
5

CONCLUDING REMARKS

This research addresses the long-term orbit evolution of decommissioned geostationary
satellites, under the assumption that no disposal maneuver occurs. Resonance is related to the
sectorial harmonic 22 of the Earth gravitation field, and would yield predictable nonlinear
oscillations about the equilibrium positions. However, the third body perturbation due to Sun
and Moon produces two ma or effects: (a) precession of the orbit plane, and (b) chaotic
longitudinal dynamics. This wor proposes an effective and accurate analytical approach
capable of modeling effect (a). Moreover, this research proves the existence of four types of
longitudinal time evolutions. Two out of four time-behaviors turn out to be chaotic (effect
(b)), and exhibit multiple migrations toward different longitudinal regions. In conclusion, in
the absence of proper disposal maneuvers, the end-of-life conditions of decommissioned
geostationary satellites certainly deserve thorough analysis, in order to predict their orbit
evolution and provide a correct evaluation on the impact ris at specific longitudes.
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ABSTRACT
HEMERA is a new Research Infrastructure funded by the Horizon 2020 Research and
Innovation Programme of the European Union (grant number 730970). It integrates a large
starting community in the field of tropospheric and stratospheric balloon-borne research, to
make existing balloon facilities available to all scientific teams in the European Union,
Canada
and
associated
countries.
The complementary of
the
HEMERA
members capabilities in the field of balloon systems and operations will offer an easy and
enhanced service to the scientific community. A wide range of scientific and technical themes
are addressed, such as astronomy, atmospheric physics and chemistry, climate
research, fundamental physics, biology, space research and technology.
This program aims at provide a transnational access to balloon flights for all the users;
enlarge and strengthen the network of the community working in balloon science; join the
research to improve balloon technology and scientific instrumentation. Finally, HEMERA
aims at develop strong synergies with the European Union programs.
Keywords:Infrastructure, balloon Science, stratospheric balloon,astrophysics
1

INTRODUCTION

HEMERA is a new Research Infrastructurefunded by the Horizon 2020 Research
andInnovation Programme of the European Union(grant number 730970). It integrates a
largestarting community in the field of troposphericand stratospheric balloon-borne research,
tomake existing balloon facilities available toall scientific teams in the European
Union,Canada and associated countries. The complementaryof the HEMERA members
capabilities in the field of balloon systems and operationswill offer an easy and enhanced
serviceto the scientific community. A wide range ofscientific and technical themes are
addressed(Masi S. et al., (2008)), such as astronomy,atmospheric physics and chemistry,
climate research,fundamental physics, biology, space research and technology. This
1

1
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programme aims at provide a transnationalaccess to balloon flights for all theusers; enlarge
and strengthen the network ofthe community working in balloon science;join the research to
improve balloon technologyand scientific instrumentation. Finally,HEMERA aims at develop
strong synergieswith the European Union programmeCOPERNICUS, be complementary to
theEuropean Space Agency programmes and establishlinks with other European
Commission(EC) infrastructures (e.g. ACTRIS, IAGOS).To do so, HEMERA provides the
possibility to fly small to medium payloads at no coston Centre National d’EtudesSpatiales
(CNES)or Swedish Space Corporation (SSC) gondolasunder Zero Pressure Balloons (ZPB)
andSounding Balloons (SB) (see Section 3). Thecost for the development and construction
ofthe payloads is not included. Moreover, it willprovide a virtual access to the data: those
dataacquired during those flights will be collectedand mad publicly accessible on a dedicated
weportal on www.hemera-h2020.eu.
2

BALLOON SCIENCE IN THE LAST CENTURY

The era of modern stratospheric ballooning, from the beginning of the last century have
provided unique flight opportunities for aerospace experiments. In particular, the Italian
scientific community have played a crucial role, with stratospheric balloons flight since the
‘50s carrying cosmic rays and high energy astrophysical experiments. Launches have been
performed from the Cagliari Elmas Airport in Sardinia, Italy. One of those have been
designed and exploited under the lead of Prof. EdoardoAmaldi, together with the ‘Ragazzi di
Via Panisperna’: Oscar D’Agostino, Emilio Segre, EdoardoAmaldi, Franco Rasettied Enrico
Fermi (see Figure 1). The scientific objective was to study the production of “starge” particles
in the atmosphere, by means the use of emulsions. The flight was successfully exploited in
1953 (Ubertini, P., 2008).

Figure 1: Left: one of the first experiment carried out with stratospheric balloon in Italy is shown. The
balloon,with a volume of about 9,000 cubic meters, was launched from the Cagliari Elmas Airport
(Sardinia, Italy).The experiment was designed and exploited under the lead of Prof.EdoardoAmaldi.
Right: The group ofthe ”Ragazzi di Via Panisperna”: starting from the left: Oscar D’Agostino, Emilio
Segre, Edoardo Amaldi,Franco Rasetti ed Enrico Fermi.
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In Italy, after the World Warr II, the military airport in the area of Trapani-Milo in Italy was
revived as a facility to perform scientific experiment at the beginning of the ‘70s. This facility
was at first managed by the ‘Piano SpazialeNazionale-CNR’ and later by ASI.The italian
scientific community have always been interested in all the science fieldsthat balloon flights
allows to exploit, and in particular high energy astrophysics. Table 1 shows the high energy
astrophysics balloon experiments conducted with the ‘Istituto di AstrofisicaSpaziale e
FisicaCosmica’ (IASF) involved between 1975 and 1991.

Table 1: High Energy Astrophysics Balloon Experiments with IASF participation in the time frame of
1975-1991.

3

PARTNERS

The HEMERA project sets up a large consortiumdealing with balloon-borne research,
thatencompasses 13 Partners fromseven countries:
•

•
•

Space agencies: Centre National d’EtudesSpatiales (CNES) in France; Swedish
National Space Board (SNSB) in Sweden; AgenziaSpazialeItaliana (ASI) in Italy;
DeutschesZentrum fur Luft- und Raumfahrte.V. (DLR) in Germany;Canadian Space
Agency (CSA) in Canada.
Companies operating these balloons and providing the hardware: Swedish Space
Corporation (SSC) in Sweden; Andoya Space Center (ASC) in Norway; Airstar in
France, which provides balloon envelopes.
Scientists fromthe atmospheric sciences, astronomy and astrophysics communities:
Centre National de la RechercheScientifique (CNRS) in France; Karlsruhe Institut fur
Technologie (KIT) in Germany; IstitutoNazionale di Astrofisica (INAF) in Italy;
Heidelberg University in Germany (UHEI); Cranfield University (CU) in theUK.

These partners are mostly European andfrom Canada. Figure 2 shows the location ofthe
institutes, companies and space agencies.

1

3

Runningtitle

Authors’ surname

Figure 2: Locations of the HEMERA partners, encompassing space agencies, companies providing the
facilities and balloons and scientific bodies, such as research centres and universities.

4

HEMERA BALLOONS

Within the HEMERA programme, two different types of balloons will be accessible bythe
users who wants to fly their payloads:Sounding Balloon (SB) and Zero PressureBalloon
(ZPB). Those tropospheric and stratosphericballoon types allows users to collectdata related
to several science fields, startingfrom Earth observations. In fact, atmosphericscience can be
achieved regarding stratosphericchemistry and dynamics. Moreover,astronomy and
astrophysics contributes canbe achieved in different fields, such as solarphysics and cosmic
ray physics, infrared andmicrowave measurements and gamma ray astronomy.Hereafter a
brief description of the SB andZPB balloons characteristics.
4.1

Sounding Balloons

Sounding Balloons are the smallest type of balloon users can access within the
HEMERAprogramme. They allow small payloads withweights up to 3 kg. The maximum
altitudethese balloons can reach is 30 km in the atmospherewith flight durations up to ∼2
hours.Balloons ascents are slower compared to theZPB ones and the payloads are not always
recovered.Figure 3 shows a picture of the SB asexample, while Figure 4 shows the altitude
inkm of the SB as a function of the time flight inhours.

Figure 3: Photo of a Sounding Balloon as an example of the one used within the HEMERA
programme.
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Figure 4: The plot shows the altitude in km of the Sounding Balloon used within the HEMERA
programme as a function of the flight time in hours.

4.2

Zero Pressure Balloons

Zero Pressure Balloons are bigger balloonwhich allow payloads with a weight up to 150kg.
The maximum altitude these balloons canreach is 40 km with a flight time of ∼24hours. The
ascent of ZPB is quite rapid andin this case the payload can be always recoveredthanks to the
presence of a parachutebetween the balloon and the gondola. Figure5 shows the scheme of the
ZPB used withinthe HEMERA programme, while Figure 6presents the altitude as a function
of the flighttime for ZPB.

Figure 5: Scheme of a Zero Pressure Balloon used within the HEMERA programme.

Figure 6: The plot shows the altitude in km of the Zero Pressure Balloon used within the HEMERA
programme as a function of the flight time in hours.
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HEMERA LAUNCHING SITES

HEMERA allows users to launch their instrumentson the balloons from three differentsites:
Esrange (Sweden), Timmins (Ontario,Canada) and Aire Sur l’Adour (France). Figure 7
presents the locations of these launch sites.HEMERA partners are considering a newlaunch
sites in different latitude, including from Sicily, in order toperform medium latitude flights.
The durationof those flights will be of ∼24 hours and thedirection will be toward Spain during
summerand toward Turkey in winter.

Figure 7: Locations of the launch sites used within the
HEMERA programme.

•
•
•

6

Esrange: this is the space operations centerfor SSC and it has been conducting
balloonflights since 1974. The launch facilityoffers flights in air space with low air
trafficdensity and over sparsely populated areas.
Timmins: it was selected in March 2012 as the Canadian ZPB launch site becauseof
its favourable latitude, wind and weatherconditions, low population density in
areassurrounding the city and optimal on-site infrastructure.
Aire sur l’Adour: Flights from Aire surl’Adour have been conducted since
early1960s. This site, located in southwesternFrance, is the main launch base of
CNESand is also the home base for the CNESballoon operations team.
HEMERA EVENTS

Within the HEMERA programme two eventsplanned, the HEMERA Summer School andthe
HEMERAWorkshop. The Summer Schoolis organized in Heidelberg from 9th to 13th
ofSeptember 2019. It is open to advanced masterstudents, PhD students and young
scientistsinterested/involved in balloon research, techniciansand engineers from the
participatingagencies and industries. Major themes of thesummer school will cover the
following:
• The history, early and modern balloon science and industrial opportunities, recent
advances and discoveries.
• The atmospheric environment.
• The general logistics of balloon types, flight control, limitations of the ballooning
environment, launching techniques, regulations.
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Specific scientific and industrial ballooning operations of the agencies.
More detail on modern scientific results from ballooning and the instruments involved.
Future work, opportunities and measurements.

A dedicated HEMERA workshop will beorganized in Rome in autumn 2020. The
programmetogether with the first balloon flightsresults will be presented. Further
informationabout the workshop will be included theHEMERA website www.hemerah2020.eu.
7

CONCLUDING REMARKS

HEMERA is a new Research Infrastructurefundedwithin the Horizon 2020 programme bythe
European Union. It aims at integrate a largestarting community in the field of troposphericand
stratospheric balloon-borne research, in orderto make existing balloon facilities availableto all
scientific teams in the European Union,Canada and associated countries. It offers
troposphericand stratospheric balloon flights atno cost for small to mediumpayloads. To
applyfor those flights Call For Proposals are issuedevery year.
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ABSTRACT
Since March 2019 the PRecursoreIperSpettraledellaMissioneApplicativa – PRISMA is flying
on a sun-synchronous orbit at 620km. The PRISMA mission, fully developed by the Italian
Space Agency (ASI), combines two payloads: a hyperspectral and a panchromatic camera
[1]. PRISMA, together with the Chinese Gaofen-5 (GF-5), are the only hyperspectral sensor
in orbit with similar characteristics in term of GSD and spectral resolution. The PRISMA
hyperspectral payload is a pushbroom scanner covering the full range (VNIR-SWIR) from
400 to 2500nm with 239 spectral bands at a spatial resolution of 30 m with a swath of 30 km,
while the panchromatic camera provides 5m pixel images co-registered with hyperspectral
imagery.
During the commission phase (concluding in September 2019) and for the three successive
years, it is planned a structured CAL/VAL activity on scattered instrumented sites in Italy.
CAL/VAL activities will be conducted in the framework of the PRISCAL project supported by
ASI.
In this communication the CNR IMAA and UNITUS, CAL/VAL activities for the PRISMA
mission will be presented. In particular the test sites belonging to CNR IMAA have been
selected in Basilicata according to the peculiar thematic areas of interest [2] for the mission:
i) topsoil characteristics, ii) vegetation biophysical parameter retrieval.
Keywords: Hyperspectral, calibration, validation, soil, vegetation.
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INTRODUCTION: THE PRISMA PAYLOAD

From March 2019 the PRecursoreIperSpettraledellaMissioneApplicativa – PRISMA is in
orbit on a sun-synchronous orbit at 620km. The PRISMA mission, fully developed by the
Italian Space Agency (ASI), combines two payloads: a hyperspectral and a panchromatic
camera [1].
The PRISMA Payload design is based on a pushbroom type observation concept providing
hyperspectral imagery (239 bands) at a spatial resolution of 30 m on a swath of 30 km (Table
1) with a variable bandwidth across the nominal spectral range, nevertheless the band width is
less than 12nm (i.e. between 7.3 and 11.04nm) in combination with a panchromatic imagery
at the spatial resolution of 5 m.
The two PRISMA images, acquired by the same telescope, are co-registered to allow a correct
image fusion. The PRISMA instrument is a prism spectrometer collecting the incoming
1
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radiation which is dispersed by two spectrometers; the photons are converted to electrons by
the detectors, then the electrical signals are amplified and converted into a digital data stream.
The PRISMA coverage is global with a 29 days (orbit repeat period), while the revisit time on
a specific area of interest is of 7 days thanks to the off-nadir angle of about 18°.
Table 1. PRISMA payload, main characteristics.
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2

THE PRISCAL ACTIVITIES

After the end of the commissioning phase (expected on September 2019), it is foreseen a
structured three years CAL/VAL activity in the framework of a ASI-CNR collaboration
agreement titled PRISCAL (PRISMA CAlibration/Validation). The main aims of the
PRISCAL project is to support the PRISMA mission with the involvement of the national
scientific community through the setup of a network of sites to acquire, maintain, and manage
auxiliary data qualified for the calibration and validation of the optical hyperspectral satellite
data. The PRISCAL activity is foresee to be in synergy with the other multi and hyperspectral
optical missions, such as the future SHALOM mission (ASI-ISA), ESA FLEX mission and
the Sentinel hyperspectral mission CHIME in the context of the Copernicus program.
In this context CNR IMAA, UNITUS DAFNE with the collaboration of SIA, is in charge to
acquire CAL/VAL data, contemporary to the PRISMA acquisitions, in selected test sites in
the Basilicata region. In particular, CNR IMAA is in charge to acquire calibration and
validation data suitable for the retrieval of topsoil characteristics, vegetation biophysical
parameter retrieval. The objective of the CNR IMAA WP is to identify suitable sites in
Basilicata, or in other Italian regions or others countries, already instrumented for CAL/VAL
activities in support of PRISMA calibration and validation activities. The CNR IMAA
activity is required to provide:
•

the characterization of the instrument's performance;

•

verification and maintenance over time of mission performance;

•

effective and efficient use of data;

•

the validation of the land retrieved parameters (soil and crop biophysical parameters)

The CAL/VAL activities includes airborne surveys with VNIR-SWIR scanner (whenever
possible coupled with thermal LWIR multispectral data) and field campaigns activities.
Whenever possible the CNR IMAA activities will be planned in synergy with ESA (i.e.
Fluorescence Explorer – FLEX and the candidate CHIME hyperspectral missions) and the
actual ASI missions’ development (hyperspectral mission SHALOM).
2.1

CNR IMAA activities within PRISCAL

In Basilicata the validation activities for PRISMA products will be carried out in the
experimental farms belongings to the Lucana Agency for Development and Innovation in
Agriculture (ALSIA). Within the ALSIA experimental farm there are different farms with
cereal and forage crops. The selection of the measurement fields will be made based on the
cultural plans of the current agricultural year and the ALSIA instrumentation available in situ.
The ALSIA experimental sites participate to the regional agro-meteorological network
consisting of thirty-eight agro-meteo stations, organized in the Lucano Agrometeorological
Service (SAL) (http://www.alsia.it/opencms/opencms/Servizio/SAL/).
In particular, CNR IMAA is evaluating the opportunity to use the Company in Pignola
(40.557303, 15.757921, 816m a.s.l) due to the proximity to the atmospheric observatory of
the
CNR
IMAA
(http://www.ciao.imaa.cnr.it/)
that
is
an
Aeronet
site
(https://aeronet.gsfc.nasa.gov/new_web/photo_db_v3/IMAA_Potenza.html).
The Experimental farm of Pignola has about 140 hectares, mostly consisting of arable land,
meadows and coppice with tall trees. Every year the Pignola farm cultivates around 17-20
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hectares of cereals. The experimental farm of Pignola of ALSIA has a fully equipped
agrometeorological station.

Figure1: The ALSIA Pignola experimental farm used as CAL/VAL site in the Basilicata Region.

The detection of constant spatial behaviours inside the Pignola fields, which are stable
through time, can be a challenging task for optimizing farming practices by providing
information on possible uniform vigor zones to support agro-management.
On the selected measurements test site selected in the Pignola farm will be performed
contemporary to the PRISMA overpasses:
• acquisition of irradiance and reflected radiance spectra and calculation of the VIS-NIRSWIR reflectance of vegetated surfaces by means of a full range spectrometer 4002500nm, during PRISMA transitions through measurement campaigns in the field;
• Analysis and filtering of spectral, weather and atmospheric data collected in the project
database;
• Set up and maintenance of acquisition infrastructures;
• Comparison of ground measurements with standard PRISMA products for validation.
3

CONCLUSIONS

The CNR IMAA, UNITUS DAFNE and UNIROMA1 SIA activities in the framework of the
PRISCAL project aims at identifying in the Basilicata Region well instrumented test site to be
used to provide auxiliary calibration data suitable for the evaluation and monitoring of the
PRISMA radiometric performances. Data will be used also to the validation of the standard
PRISMA geophysical products related to the retrieval of soil biophysical characteristics and
crop biophysical properties. The project started on June 2019 and is now entering his full
activities as PRISMA has started to recursively acquire data on the selected CAL/VAL sites.
This manuscript described the main CNR IMAA objectives and the activities that will be
realized in the next of activities of the project to support the retrieval of land surface variables
by PRISMA hyperspectral data.
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ABSTRACT
Traditionally, Earth bservation satellites have been based on hundreds of millions euros
institutional programs, usually operated by governments or public entities, and also in case of
dual use missions (e.g. E
opernicus) the very high resolution imagery is not available to the
public.
ith the miniaturization of satellite electronics, the availability of ey-enabling technologies,
li e electric propulsion, and a more extensive use of commercial components, space became
accessible to small satellites, a completely new asset with respect to traditional satellites. The
easier and cheaper access to space made available by this disruptive technology attracted the
interest of new players. hile lowering their cost, small satellites deployed in constellations
continuously improve their performances and Earth bservation services with sub-meter
ground resolution and hourly revisit time are already available on the mar et.
The paper addresses the new Earth bservation mission (and application) scenarios enabled
by the implementation of small satellites (e.g. SITAE platforms in the g launch mass
range) and relevant deployment in constellation (medium
, large
). A set of E
smallsats constellation scenarios are presented, highlighting the mission goals, the innovative
constellation geometry and the new E services enabled for the end users.
These smallsat E constellations provide unique advantages on user side, than s to
. Integration in the same constellation of different E sensors (SAR, AN-RGB, TIR,
)
and consequently E data availability
. apability of enhanced image refresh (access) time from wee ly basis (standard single S
E mission) to hourly basis (constellation of E smallsat)
. Enhanced orbit and attitude control very ow Earth rbit (
m) and S agility
(rapid off-nadir pointing) to perform in-orbit maneuvers in order to access a certain area of
interest on demand
. igh competitivity than s to the low recurrent cost per satellite (both on platform and
payload sides) with
TS-automotive components.
In the frame of New Space Economy, the new opportunities at end user level (in commercial,
institutional, defense and scientific mar ets) are presented, by highlighting the correlation
between new E smallsat technologies and final end user applications.
Keywords: smallsat, constellation, earth observation, electric propulsion
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INTRODUCTION

Current Earth bservation satellite systems is shifting from traditional monolithic satellites to
small, agile distributes systems guaranteeing a comparable level of performances. This
changing paradigm is enabled by recent, fast-evolving technological achievements combined
with the cost reduction and the shortening of the concept-to-launch activities.
The miniaturization of satellite components, the development of ey-enabling technologies,
li e electric propulsion, and a continuous increase in the use of commercial components made
access to space faster and cheaper allowing smaller satellites to increase their competitiveness.
Furthermore, the exploitation of small satellites for E enable designing new mission scenarios
including multi-payload satellite constellation (and mega-constellations) providing the
customers with Earth bservation products with sub-meter ground resolution and hurly revisit
time.
Considering this New Space Economy framewor , in this paper, some examples of the
performances of medium-size constellations of small satellites exploiting the integration of
different type of E sensors are presented in particular, the combination of SAR and optical
products is analysed against the possible applications focusing on the innovation introduced
from the small satellites exploitation. The constellation design drivers were oriented at both
stand-alone payload imaging performances and overall system capabilities. The system
architectures presented are based on the SITAEL S-200 platform hosting payloads currently
available or under development.
1.1
Multi payload systems
Distributed Earth bservation systems presents the customer with many advantages including
performances, time-to-mar et and mission costs. However, one particular advantage achievable
only through the exploitation of distributed systems, is the possibility of providing the customer
with timely observation of the same phenomena with different instruments (e.g. radar and
optical imagery).
Systems designed within this architecture presents the customer also with a high scalability
allowing continuously increasing the overall performances only augmenting the constellation
size. Furthermore, this flexibility reflects also on the robustness of the systems to possible
failures and on the possibility of launching a reduced set of satellites to demonstrate the system
capabilities before deploying the whole constellation.
From an operations point of view, this approach would allow observing the required area with
different instruments, not necessarily all at the same time and from the same orbital position.
Depending on the customer and application requirements, the phenomena of interest con be
observed either with the same instrument, thus exploiting a typical small satellite constellation
or with different instruments, thus expanding the mission to an integrated, multi-payload
constellation.
The system performances considered in the following analyses are based on the characteristics
of a Micro Synthetic Aperture Radar (SAR) specifically designed to be launched on a small
satellite and a very high resolution optical instrument.
1.2
High revisit performances
The system architecture exploiting integrated constellations of small satellites is designed
aiming at providing the customer with:
a) Complete maps of the desired area of interest with a high frequency data refresh
b) ery low revisit time of particularly interesting target area exploiting the small satellite
agility.
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The integrated constellation performances obtained will enable a multi-application service able
of providing the customer with the capabilities of monitoring its assets in spatial, temporal and
spectral distribution, detecting changes and alterations in the short and long period and quic ly
react to unforeseen events thus reducing the ris s and potential interruptions of its business
activities.
1.3
Market Analysis
The proposed architecture fits the current Earth bservation mar et and moves foreward the
boundaries of the availbel performances. Figure compares the operative E constellations
against the payload resolution, the constellation revisit time and launch mass of the satellites.

Figure 1 : Mar et analysis: resolution vs. revisit time.

2
PAYLOAD CHARCTERITICS
The analyses performed in this paper to demonstrate the capabilities of distributed, multipayload constellations ta e into consideration the following instruments:
• A -band Micro Synthetic Aperture Radar (SAR) optimized for small platforms
• A very high resolution PAN-RG camera providing sub-metric native resolution
2.1
SAR P/L
The performances of the radar instrument used to generate the analyses in this paper is a Micro
Synthetic Aperture Radar (SAR), the maximum expression of technological innovation in the
field of synthetic aperture radars. A potential supplier of this type of instrument is Thales Alenia
Space Italia S.p.A.. The proposed SAR new concept includes technological innovation on three
main axes:
Single compact SAR electronic unit, based on the use of an FPGA and fully controlled
by the platform no dedicated radar processor is needed.
State-of-the-art rectangular antenna, composed of slotted waveguide technology, light
and deployable, able to provide excellent performance during signal transmission and
reception.
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Amplification stage of the transmitting chain based on Solid State Power Amplifier
(SSPA) in GaN technology.
The SAR baseline acquisition mode is Stripmap, with single polarization, guaranteeing the
azimuth and range resolution lower than 5 m with a 20 m swath aperture. These performances
can be improved exploiting different operating modes as Spotlight, able to produce radar images
with m resolution (goal 1m I experimental mode), and Scan, increasing the scanned swath. A
summary of the Micro SAR performances is reported in Table .
Parameter
Access Area
Altitude
Swath
Range Resolution
Azimuth Resolution
NESZ (worst value)
Azimuth Distributed Ambiguity Ratio (ave)
Range Distributed Ambiguity Ratio (ave)

Value
18-45 deg
410 m
20 m
5m
5m
-12 d
-22 d
-19 d

Table 1: SAR performances (credit: Thales Alenia Space Italia).

2.2
Optical P/L
This paper example analyses consider the performances of two PAN-RG instruments
available on the mar et or currently under development. The characteristics required are, in
general:
Sub-metric native resolution, aiming at a 0.5 m GSD at the reference orbit of 400 m
High swath ( 25 m) at the reference orbit and or high instrument F
Possibility to apply post-processing technics to increase the native images resolution.
Two possible suppliers have been identified for the development of the PAN-RG payload
with technical and performance characteristics partially meeting the requirements. The possible
suppliers of the optical payload are fficina Stellare (IT) and Satlantis (ESP) the reference
performances are reported in Table 2.
Parameter
Reference Orbit [km]

Ref. Optical P/L
50 SS

Configuration
Spectral Range [nm]
GSD [m]

Three Mirror Anastigmat
(TMA) orsch
PAN RG (400-900)
0.6 (PAN)

Swath [km]
FOV[deg]
Volume [mm3]
Mass [kg]
Power [W]

10-15
1,6-2,5
420mm DIA x
40
0

Table 2: ptical P L performances.
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3
END-USER APPLICATIONS
The possible applications of a distributed E system include:
• environmental control: air, water and land pollution, costal, erosion and forestry
monitoring
• disaster monitoring: earthqua e, fires, landslides
• precision farming
• air and maritime surveillance: homeland security, immigration, illegal traffics, tactical
support
• infrastructure monitoring
• change detection
• mar et and commercial analyses.
In this framewor , new type of applications, such as SAR-optical data fusion algorithms, are
currently being studied and developed. An example of recently studied application is the SARPAN data fusion able to generate real colour SAR images, images matching, artificial
generation of images, features classification. For example, applying data fusion algorithms it
will be possible to generate both artificial optical images starting from SAR data acquisition
and SAR images starting from acquired optical frames. The results will include the advantages
of both types of observation as lower revisit time, all weather SAR data and very high resolution
PAN images.
4
CONSTELLATION EXPLOITATION
The flexibility provided by E distributed systems allows operating the constellation efficiently
both in routine and on-demand acquisition mode. The following paragraphs shows the results
of the analyses of PAN-RG and SAR constellation considering Italy as the potential Area of
Interest (AoI). The constellation orbits selected are standard Sun Synchronous rbits (SS ) at
altitude lower than 400 m, thus exploiting the S-200 electric propulsion system. The satellites
are placed on multiple orbital planes, to increase the potential revisit frequency, and equally
spaced on the same plane, to uniform the mapping times.
The example analyses presented considers:
8 satellites PAN-RG constellation:
o altitude
50 m
o Planes number 2
o Repeat cycle 2 days
o LTDN 10: 0 1 : 0
16 satellite SAR constellation:
o altitude
90 m
o Planes number 4
o Repeat cycle
days
o LTDN 06:00 09:00 12:00 15:00
4.1
Routine operations
The routine operations foresees the mapping of the desired AoI. oth instruments operates in
Stripmap acquisition mode. The maximum mapping refresh time depends mainly on the repeat
cycle of the SS selected and on the Swath F
aperture. Figure 2 shows the maps refresh
time of the PAN constellation, lower than 14 days, despite the 2 days repeat cycle. Figure
instead, presents the mapping refresh time for the 16 SAR constellation, lower than 5 days for
every point in the AoI.
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Figure 2 : 8 PLATiN satellite constellation – PAN-RG maximum mapping time.

Figure

: 16 PLATiN satellite constellation –SAR maximum mapping time.

4.2
On-demand operations
The on-demand operations exploit the S-200 agility performances of off-nadir pointing
allowing access to a - 0 deg area in the across-trac direction. This high level feature enables
a more frequent potential access to nay spot in the selected AoI aiming at managing end-user
request of high frequency acquisition of a particularly interesting phenomena, or to help
managing emergency situation or disastrous events.
The same PAN-RG constellation described above can be operated in on-demand mode
allowing daily potential access to the entire AoI, as showed in Figure 4. Applying the same
operative mode to the SAR constellation, the on-demand potential access to the AoI is always
lower than 4 hours.
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Figure 4 : 8 PLATiN satellite constellation – PAN maximum on-demand revisit time.

Figure 5 : 16 PLATiN satellite constellation – SAR maximum on-demand revisit time.
Figure 6 presents the on-demand performances of a constellation composed of 2 satellites placed on 8
different planes in order to minimize the time between two passages over the same area, considering the
off-nadir pointing capabilities of the S-200 platform. The average potential revisit time is lower than 1
hour and it can be further optimized detailing the AoI characteristics.
Table summarizes the performances of possible different sized constellations of small satellites in
terms of mapping and on-demand revisit times.
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Figure 6 : 2 PLATiN satellite constellation – high revisit option - average revisit time on-demand
requests.

Configuration

PAN Constellation SAR Constellation High revisit Option

N. Satellites

8

16

N. Planes

2

4

Altitude

m

51.6

8
89,8

Repeat Cycle gg

2

Mapping days

Max

10-14

Potential Access hr

Max

20-24

2

Max 2Ave 1,5Max
,4- ,9
Ave 1,1-1,4

459,8
Max 1Ave 0,4-1,9
Max 1,8-2,2
Ave 0,5-0,6

Table : Revisit time constellation performances.

5
SMALL SATELLITE SOLUTION
In the frame of the PLATiN National Program, funded by the Italian Space Agency (ASI),
SITAEL, Thales Alenia Space, Leonardo and Space Engineering are developing a brand new,
all-electric and highly competitive (performances vs cost) small satellite class platform,
identified in the paper as S-200, with a launch mass 200 g (up to 250 g for some
configurations).
The main feature of the platform, the characteristic that sets it apart with respect to other small
platforms in the mar et, is its multi-applicability. Since the earliest stages of the design, in
fact, the S-200 is designed to be compliant with a wide set of applications (from Earth
bservation to Telecommunication to scientific missions) and to be able to accommodate
payloads of different sizes and performances.
This is achieved through the following activities:
• Implementation in the design of a high level of scalability and configurability at
system and subsystem level, including exchangeability of equipment to adapt to
different mission requirements (optional units)
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•

Development of ey Enabling Technologies ( ETs) specifically designed for the S200 platform, in order to achieve performances that are very competitive within the
mini-satellite class.

5.1
S-200 Key Requirements and Target Missions
The main platform characteristics and performances are summarized in the table below:
Platform Main
Parameters
verall S C Main
Dimensions
(excluding external
appendages)
S C Launch Mass
Lifetime
rbit (envelope)
Platform reliability
Multi-Payload I/F
P L Mass
P L olume
(Lx xH)

Thermal I F
A Power
Consumption
Pea Power
Consumption
Power bus oltage
Payload TM-TC I F

Value

800x800x1200 mm
Up to 200-250 g
years (extendable to
5 years)
50 – 800 m
0.
Value
Up to 80 g
Different shapes of
Payload Support
Structure (PSS)
Up to 800x800x550
mm
Decoupling (if
needed)
Active thermal control
(if needed)
Up to 100

(avg)

Up to 50 for 5
duty cycle
Unregulated bus at
22 – 8
CAN us Spacewire

Table 4: Platform performance and P L I F

ithin the envelope specified above, the platform is compatible with a wide range of
missions, in the field of Earth bservation, Telecommunication and others:
• Earth bservation
o
ptical: Hi-Res optical, Hyperspectral, NIR, TIR
o Small SAR both active and passive
• Telecommunication:
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o High-throughput Satellite (HTS)
o Low Data Rate missions
• Science and other applications:
o Space Situation Awareness Space Surveillance and Trac ing (SSA SST)
The platform design and sizing have been performed to ta e into account the missions
mentioned above and others. The multi-applicability requirements is satisfied by a design that
presents a high level of scalability and configurability in terms of payload interfaces but also
internal to the platform.
5.2
Platform Design
As previously stated, the platform physical layout and its functional configuration are mainly
driven by the multi-applicablity and modularity requirements.
The concept layout is defined in terms of 4 (four) specific assemblies, each of them
independent from the others, in order to provide the platform with a high level of:
• Modularity (P F to P L, but also internal to P F)
• Configurability scalability (vs different mission needs and payload I F)
• Compactness (reduced volume, given a certain mass, mainly vs P L allowable
volume and L physical compatibility)
• P F to P L (S C) efficiency (mass volume)
The platform physical layout is divided into four main subassemblies:
•
us Module ( M): standard service module structure with all main P F subsystems
placed in it (with a highly standardized internal layout), providing also the standard
L I F (bottom panel) and all the I F with Solar arrays and Payloads.
• Solar Array Assembly (SAA): the assembly of the solar array panels. The SAA
includes the mechanisms (root hinge, HDRM, SADA if present). The SAA layout
depends from mission features (orbit, S C flight attitude, power need) and can be
configured accordingly. Different layouts are proposed: body-mounted, deployable,
drivable (and combinations)
• Payload Support Structure (PSS): the assembly represent the generic supporting
structure to thermo-mechanically interface with the payloads. It is mission-dependent
and different configurations are structurally possible (simple frame or different
shapes to adapt to specific payload needs.
• P F External Appendages: all the P F external appendages (A CS sensors, C MM
antennas). The final accommodation depends on the required layout orientation of
the specific mission (i.e. flight attitude).
The four sub-assemblies and the SAA are shown in the s etch below:

Figure

: Platform sub-assemblies
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The us Module ( M) presents a highly standardized internal layout in order to accommodate
the platform subsystems. It is nevertheless compatible with the implementation of optional
equipments to satisfy specific mission mission requirements, e.g. Intersatellite Lin (ISL) for
usage in constellation, Payload Interface Unit (PLIU) for Telecom payloads. Figure 8 shows
the main dimensions (envelope) of the satellite, M and PSS:

Figure 8 : Platform and P L envelope

The solar array assembly can generate up to 1.2
of power supply to S C (P F and P L) in
its maximum configuration.
The preferred solution is a combination of body-mounted and deployable solar array panels,
to reduce development costs and eep a high system reliability.
Drivable panels (with SADM) will be considered only for specific mission constraints, e.g.
Telecom missions that requests a constant high power profile over the orbit, not manageable
with battery storage capability.

Figure 9 : Solar array multiple configurations

The Electric Propulsion Subsystem is based on a Hall effect thruster (HT-100) based
subsystem (SITAEL in-house product), providing high delta- capability (up to 800 m s).
The S S is managed by a PPU (Processing Power Unit) also developed by SITAEL, providing
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both high voltage to HET and command control functions. A propellant (xenon) fine
regulation (flow control) system is present on-board, as well as the xenon tan , with a
capacity of 15 g.

Figure 10 : SITAEL HT-100
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ABSTRACT
Li ht pollution is usually measured with round-based obser ations which ha e hi h
accuracy but are spatially limited and cannot produce maps of lar e areas ima es from
Earth-obser in satellites allow to monitor e tended areas but ha e usually low spatial
resolution for most satellites hori ontal resolution is around
m and are time
constrained by orbital e olution. The use of drones and air balloons can o ercome these
limits by measurin upward emission of outdoor li htin at different altitudes allowin
the identification of the most important pollutin li ht sources and the ariation of
emission durin ni ht.
An autonomous instrument for monitorin li ht pollution has been desi ned and tested
for airborne systems: the li htwei ht sensor pac a e is able to measure the intensity and
spectral power density of round emitted li ht detectin upward rays up to 4 away from
the nadir direction.
Than s to the e tremely reduced mass less than
the presented pac a e can be used
onboard drones or balloons achie in different spatial and time resolution dependin on
altitude and planned tra ectory path. The ima in subsystem includes three cameras
e uipped with Sony Cmos bac illuminated sensor and Theia lenses: one of the cameras
uses a RGB color sensor with the purpose of documentation while the two other cameras
use monochromatic sensors: one camera is pro ided with a photopic filter and wor s as a
luminance meter the other uses a isible transmission diffractin
rid with 00
ro es mm and wor s as a raw multi-spectrometer. Analysis of data from the two cameras
enables the estimation of intensity of li ht emission and the identification of different lamp
technolo y used in street li htin .
Ima in system is commanded by a Central Data Mana ement Unit comprisin all
electronic boards for sensor conditionin data ac uisition compression and stora e.
Ac uired ima es position and attitude information are stored into on board non- olatile
memory and may be partially transmitted on round throu h telemetry dependin on
a ailable transmission capacity. Power is pro ided by rechar eable lithium battery pac .
1

5

Design and test of an autonomous instrument for monitoring light pollution from balloons
Bettanini
The instrument has been selected as payload by HEMERA Peer Re iew Group for a
Soundin Balloon fli ht in 2019 from Aire sur l Adour and launch window will be
communicated in Autumn 2019.
Keywords:
1
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INTRODUCTION

Light pollution has been lately recognised as an increasingly important issue not only for
astronomical observations but also for the quality of human life 1 . Several negative effects
are in fact lin ed to excessive illumination produced by on ground activity: the most discussed
one is the increasing loss of visible stars, since more than 80 population of the world live
under light-polluted s ies 2 and the Mil y ay is hidden from more than one-third of
humanity . ther effects are very significant for the living environment and society, since
overexposure to artificial light during night may affect human sleep and health. 4 Light
pollution has also negative impacts on wildlife 5 and is directly lin ed to a large amount
wasted energy inducing significant costs which in the U.S. reach nearly billion dollars
annually. 6
Guidelines on light pollution reduction have been recently introduced in several states and
control activity will be soon required to public entities.
To date light pollution monitoring
is based on ground-based surveys and on notices from associations of amateur astronomer and
private citizens. Ground based surveys are very time and effort expensive and can be applied
only to a limited spatial extent not allowing to reconstruct global maps or to trac light emission
variation.
Global light emission from extended areas is usually monitored using images of orbiting
satellites but these data are not continuous in time and show limited horizontal ground
resolution and, in most cases, do not allow to recognize the typology of the light sources, which
is ey factor to spot sources with a strong emission in the shortest range of wavelengths.
The gap between observations obtained by terrestrial surveys and satellite data can so be
covered by aerial observations: by using colour cameras or monochromatic cameras with
different pass-band filters, a resolution of few tenths of meter can be obtained, allowing also to
differentiate among ma or types of street lamps: mercury vapour, metal halide, low pressure
sodium and high-pressure sodium.
2
2.1

AUTONOMOUS INSTRUMENT FOR MONITORING LIGHT POLLUTION

Need for aerial obser ations
The significative implications of light pollution on health and environment are driving growing
interest in the development of tools able to measure the upward emission of urban areas and to
identify most important light sources. Aerial observations conducted with drones and air
balloons at relatively low altitudes can achieve spatial resolution about tenths of meter using
available C TS hardware, significantly overcoming the measures obtained by satellites. The
on-board measuring system shall be able to discriminate among the different light sources used
for street and outdoor lighting on the basis of the measurement of their power density with a
good wavelength resolution. It shall also have limited dimensions and weight to permit the use
on drones and small balloons for analysing upward emissions on a wide area and over several
hours.
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Furthermore, by properly controlling the flight tra ectory over a limited area it is possible to
trac the time evolution of the luminosity over many hours during the night, following the
dimming of outdoor and street lights.
2.2

Instrument architecture
The proposed sensor suite is able to measure the luminous intensity of polluting sources and
their spectral power density with a wavelength resolution which allows to identify the different
technologies used in illumination. The instrument is a completely autonomous imaging system
commanded by a Central Data Management Unit (CDMU) comprising all electronic boards for
sensor conditioning, data acquisition, compression and storage. CDMU is connected though a
digital hub to the imaging subsystem, which in the baseline flight configuration includes three
digital cameras.
To complete the system devoted to the light measurements, a Stellarnet lac Comet
spectrometer may optionally be added to measure the total upward spectral radiance using a
dedicated usb interface.
CDMU is based on a Raspberry PI running a custom developed application software based on
Linux S. Power is provided by a light weight, high capacity 5S Lithium Polymer (Li-Po)
battery, able to guarantee at least 4 hours of continuous operation. A Power Distribution Unit
manages stable tension conversion to all subsystems. House eeping sensors, environmental
sensors, IMU and GPS are also present to monitor system operation and allow image
georeferentiation. A s etch of the realised architecture is presented in figure 1.

Figure 1 : Realised instrument’s architecture

Acquired data are correlated with system position and attitude and saved on-board. Part of the
data are properly decimated, subsampled, compressed and sent bac to ground in real-time for
mission monitoring purposes. All the acquisition parameters can be configured through proper
telecommands.
Three digital cameras using the Sony STAR IS CM S bac illuminated sensor are installed
in the flying unit. (detailed specifications are provided in table 1). The sensor size is .4 mm x
5 mm with a resolution of 088 horizontal pixels x 2064 vertical pixels. Each of the three
cameras uses a Theia ML410M f 1.4 lens with variable focal length setting focal length equal
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to 4mm the field of view is about 85 allowing to analyse upward emitted rays which are away
from the nadir direction up to 45 . This feature greatly enhances opportunities in the study of
upward-emitting light sources, particularly with respect to satellite measurements.
Camera

acA 088-16gm

acA 088-16gc

Sensor name

IM 1 8LL -C

IM 1 8L

Sensor type

CM S

shutter

rolling

mono color
Resolution (H x

Mono
Pixels)

-C

color
088 x 2064

ptical size

1 1.8

Effective Sensor Diagonal

8.92 mm

Pixel Size (H x )

2.4 m x 2.4 m

Image Data Interface

Gigabit Ethernet (1000 Mbit s)

Table 1: Main specifications of mono and colour cameras.

The horizontal resolution at ground level is about 0.2 m when the system is flying at 200 m of
altitude as in the case of drone flights, covering a surface 60m x 240m and changes accordingly
to altitude in case of balloon launches.
ne of the cameras uses a RG colour sensor with the purpose of documentation, while the
two other use monochromatic sensors and perform a combined measurement of light pollution.
ne camera wor s as a luminance meter and is provided with a photopic filter, the second
camera uses a visible transmission diffracting grid with 00 groves mm in front of the lens
acting as a raw multi-spectrometer with a 2 nm wavelength resolution.

Figure 2 : Instrument flight assembly used with octocopter drone

The combined use of the two cameras produces and estimation of emission and spectral power
density for each framed light source that is recorded.
A picture of the multi-luminance meter and of the multi-spectrometer assemblies is presented
in figure .
The optional use of the spectrometer can provide further information for the discrimination
between light emitted directly from the lighting systems and the contribution of lit surfaces.
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Figure 3. The multi luminance meter (on the right) and the multi-spectrometer (on
the left) assemblies during system testing activity

2.

Instrument testin acti ity
oth camera assemblies (camera, lens and filter) operating as multi luminance meter and multispectrometer have been calibrated in the Photometry and Illumination laboratory at University
of Padova.
The multi luminance meter was placed on a goniometer and characterized scanning its response
for any lighting direction using a reference spot luminance meter onica Minolta LS-100.
The unit showed extremely good results for a C TS solution by approximating the photopic
spectral sensitivity of the human eye, in the visible range, with maximum error equal to 6 of
the pea value.
The multi-spectrometer meter calibration has been conducted using a well- nown and
detectable emission light (mercury vapor lamp) and comparing the multi-spectrometer data with
the measurement from a calibrated spot spectrometer available in the laboratory. ( onica
Minolta CS-1000 with a spectral bandwidth of 5 nm).

Figure 4. Testing activities on multi luminance meter and on multi spectrometer
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The measured power distribution and camera responsivity of the multi-spectrometer meter
showed good agreement with the reference spectrometer and following test activity with
different lamps (sodium and led) underlined the ability to discriminate among the different light
sources used for street and outdoor lighting.
The autonomous operation of the whole flying assembly has been verified in laboratory with a
moc -up of street illumination and with drone test flights

Figure 5. Autonomous SW operation with mockup of street illumination

SOUNDING BALLOON ASSEMBLY
The HEMERA opportunity of a sounding balloon flight is a great possibility to investigate
system performance at different altitudes above 1 m where there is no possibility to have test
flights with drones. Postprocessing of flight images will allow to calculate repeatability and
global uncertainty of measurement at different altitudes and to test system limits. The
correlation with position, altitude and attitude of the flight chain will verify the capability to
identify and measure un nown on-ground light polluting entities.
At the same time the flight will provide data on the overall dynamic response of the flying
system during ascent and descent especially regarding thermal and power implications.
bviously, the instrument is required to operate during night-time with clear s y since presence
of clouds can strongly reduce resolution of elaborated images. (A New Moon lunar phase is
preferred)
In order to comply with flight requirements a dedicated balloon assembly has been designed
and tested: the structure is based on an aluminium frame with D printed high resistant plastic
internal elements. The structure hosts all systems used in the drone assembly.
A picture of the aluminium frame is presented in figure 6.
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Figure 6. Balloon flight structure (side covers removed for showing internal )

Mechanical tests have been conducted to prove the capability of assembly:
•
•

to tolerate accelerations of ,1 g in the vertical direction and ,1 g in the lateral direction
with a safety factor of 1.5 (i.e. 10, g) without any mechanical failures.
to withstand impulsive loads during parachute snap and landing

Mechanical test comprised : triaxial traction tests on the connecting flight chain with 15 g
equivalent acceleration , parachute snatch ( assembly has been released in free fall and
immediately afterward tension has been applied to the upper part of the flight chain), landing
test: (assembly has been released from 10 cm altitude in free fall on a mat on ground) .
hile for traction test a dynamometer has been used to measure equivalent acceleration, for
dynamic test a triaxial accelerometer has been used. An example of data elaboration for
landing test is provided in figure .

Figure 7. Fig. Tri axial accelerometer data during landing test
Long run assembly operation testing campaign in thermal vacuum chamber is planned for midSeptember.
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CONCLUSIONS

A dedicated autonomous instrument suite to monitor light pollution from aerial systems has
been developed and tested at University of Padova. ased on C TS components and with
extremely limited mass and dimensions the system may be used as payload with drones and
sounding balloons providing more than 4 hours continuous operation. The sensor operation has
been tested during calibration campaigns in photometry laboratory, achieving a final
uncertainty level for luminance and power spectral density reconstruction for the framed area
comparable with those of industrial instruments. The system can successfully identify the type
of polluting sources quantifying their emission in terms of luminous intensity and therefore may
be used to trac ground emission sources causing the artificial luminance of the s y. The system
has been tested with drone flights up to 100 m altitude but the performance at higher altitudes
must be verified in a balloon campaign. A dedicated structure has been therefore developed and
tested to be compatible with the requirements of a HEMERA sounding balloon launch.
Mechanical tests have been successfully conducted, while continuous operation in simulated
stratospheric environment will be conducted in thermal vacuum chamber in September.
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ABSTRACT
This paper illustrates the architecture of Navex-1000, an Inertial Navigation System embedding
a GNSS receiver. The system is completely designed and developed in Italy and it is conceived
to be ITAR-free. Navex-1000 is a self-contained, all attitude, worldwide, strap-down navigation
system providing estimates of position, attitude, heading, angular rates, linear velocities and
accelerations. Three different navigation solutions are available: a solution purely based on
inertial data output of the embedded IMU sensor, a hybrid solution exploiting both inertial and
GPS data, and a pure GPS solution. Expected performance has been computed and validated
through extensive simulations.
Keywords: Inertial Navigation, INS/GPS, Kalman Filter, System Architecture
1

INTRODUCTION

This paper presents Navex-1000, a navigation system designed and developed by Northrop
Grumman Italia (NGI). Navex-1000 is a self-contained, all attitude, worldwide, strap-down
Inertial Navigation System (INS) embedding a navigation grade Inertial Measurement Unit
(IMU) and a TSO GNSS receiver. The IMU is based on Fiber Optic Gyroscopes (FOG) and
MEMS technology accelerometers. The system exploits GNSS signals from GPS, GLONASS,
Beidou and Galileo Open Service, including SPS and PRS solutions. In this configuration, the
system is ITAR-Free. If required, in case ITAR-restricted hardware could be used, the system
could be easily reconfigured to embed a SAASM GPS receiver. The design and development
process for Navex-1000 has been carried out focusing on the possibility to easily reconfigure
the system, in order to maximize customer satisfaction and extend system capabilities. As a
matter of fact, the system can host the Jeppesen database, which provides navigation charts,
and/or a Terrain Reference Augmentation System (TRAS), exploiting measurements coming
from a radar altimeter to deal with GPS-denied environments. Future developments also include
the introduction of an embedded air data computer.
Navex-1000 is designed to provide several estimates of the system state, including
position, attitude, heading, angular rates, linear velocities and accelerations. Three different
navigation solutions are provided and described in what follows.
Free-Inertial: a navigation solution based on the sole IMU sensor, certified according to
DO-178C Design Assurance Level (DAL) A.
Hybrid: a blended inertial/GNSS navigation solution, certified according to DO-178C,
using also GNSS data. DAL is upgradable, depending upon the certification level of
GNSS receiver.
pure GPS: navigation data of GNSS receiver certified according to DO-178C DAL C.
1
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The Free-Inertial solution exploits an Extended Kalman Filter (EKF) to obtain rough estimates
of biases and scale-factors of the IMU sensors during a full-performance on-ground alignment
(Gyro Compassing). The core of the Hybrid solution is a tightly-coupled EKF which combines
IMU and GPS measurements, estimating in-flight sensors biases, scale factors and
misalignment errors. This navigation solution is robust against external disturbances such as
GPS outages.
A certified Real Time Operating System (RTOS) guarantees the segregation of the
output solutions with different design assurance levels. In order to do so, the software is
organized into partitions to separate the INS DAL A solution from the EGI and GPS DAL C
solutions. Moreover, the hardware of the system is certified according to the DO-254 level A
standard to comply with the presence of complex hardware, such as FPGA. The system is
therefore designed to fulfill TSO certification requirements.
To guarantee suitable flexibility to comply with both civilian safety requirements and
tight military environmental requirements, the system is designed to satisfy both DO-160G e
MIL-STD-810 G standards.
NGI has also developed a simulation software that emulates system algorithms, in order
to perform an optimal off-line tuning of the Kalman filters, and a Hardware-In-The-Loop
(HWIL) facility. System performance will be tested through extensive simulations with
appropriate Monte Carlo runs.
2

SYSTEM ARCHITECTURE

Navex-1000 can be described from a high-level point of view by analysing two of its main
features: software partitioning, which takes into account the input-function-output behaviour
mostly, and hardware modularity, which considers the electronic modules and physical
interfaces involved.
2.1

System Configuration

The complete configuration of Navex-1000 system consists of the following distinct units.
Navex-1000 Inertial Navigation Unit (INU): the actual self-contained strap-down
inertial navigation system, with embedded GNSS receiver, all in the same chassis.
External SAASM GPS receiver (provision).
Configuration Module (CM): for installation-dependent configuration data storing.
2.2

Software Partitioning

From the software functional point of view, the system is structured as depicted in Figure 1.
Navex-1000 allows for the two GNSS receivers to be embedded or external. A common
configuration (solid line) is the one with an embedded TSO receiver, for civil application, and
external SAASM receiver, for military application, to preserve the ITAR-free feature of the
system.
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Figure 1 : Software functional architecture of Navex-1000

Integration with GPS allows NAVEX-1000 to provide high accuracy hybrid INS/GPS
navigation solution based on an Extended Kalman Filter tightly coupled to GPS data. Use of a
tightly coupled EKF guarantees a high grade of accuracy almost in any condition of satellite
visibility, as data fusion becomes effective also if a GPS Position fix is not available (less than
4 satellites in view). Through such Kalman Filter it is also possible to improve in-flight
estimation of instrument calibration errors, providing navigation grade accuracy also during
long term GPS outages or disturbances. Navex-1000 software is composed of three distinct
platforms:
Free-Inertial platform, providing the pure inertial navigation solution (FI solution).
EGI platform, providing the Embedded-GPS Inertial solution (Hybrid solution).
GPS-only platform, providing the pure GPS solution.
The software modularity reflects the separation of the three navigation solutions. The
Free-Inertial platform has been designed to provide a navigation solution accuracy of 0.8Nm/hr
(CEP50), enough to fly in areas where GPS signal is not available. Such navigation accuracy is
suitable for integration with automatic flight control systems. The FI platform is qualified to
the highest level of design assurance (DAL A) both for hardware (DO-254) and software (DO178C). To maintain inertial data integrity, this platform is not using GPS data, as this will
degrade the design assurance level of outputs provided to flight control systems.
The EGI platform is fully integrated with external or internal GNSS. Provisions allow
integration of embedded SAASM and SPS GPS Receiver, or external SAASM and TSO
certified GPS Receiver. This platform, which provides the most accurate navigation solution,
is software-qualified to DO-178C level C.
The GPS-only platform inherits the software design assurance level of the GNSS
receiver used: level C for SAASM GPS (not qualified according to DO-178C) or level B for
TSO certified GPS.
The software relies on a Real Time Operating System (Integrity RTOS from Green
Hills), which is certified according to DO-178C level A, and ensures complete separation of
the software modules, thus guaranteeing that data integrity is preserved during software
execution.
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The software is partitioned in order to safely isolate level A platforms from level C data,
therefore avoiding, for instance, contamination of pure inertial data with GPS data. Software
partitioning guarantees also design flexibility and code re-usability.
The Input / Output management software, relying on ARINC-429, is also DO-178C level A
qualified. The configuration of output messages can be done according to customer
requirements by composing output data coming from the three navigation solutions.
Programmability of system output has been made easy by means of a dedicated Configuration
Module, which is described in detail in section 3.
The NAVEX-1000 is also hosting the database for the NOAA (National Oceanic and
Atmosphere Administration) World Magnetic Model, used to compute local magnetic variation
and magnetic heading, when external magnetic input is not available.
2.3

Hardware Modularity

The core of Navex-1000 system is the Inertial Navigation Unit (INU), which consists of the
following main modules:
Inertial Sensor Assembly (ISA, mounted on a rugged, vibration isolated sensor block),
Navigation CPU and I/O board (NAV&I/O),
Power Supply board (PS).
The structure of the hardware functional architecture is completed by the embedded
GNSS receiver, as depicted in Figure 2. The main advantage of this design is modularity:
changes at hardware level, i.e. GNSS receiver or IMUs, do not have relevant impact at software
level, thanks to suitable partitioning and shared memories management. This leads to desirable
flexibility at hardware integration level. Navex-1000 concept and exploded view is illustrated
in Figure 3.

Figure 2: Hardware functional architecture of Navex-1000 INU with embedded GNSS receiver.
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Figure 3: Exploded view of Navex-1000 INU.

The Configuration Module contains a non-volatile memory where all installation/configuration
data are stored. These configuration data, read at power-up, are stored with a redundant
approach, so to provide robust consistency check at start-up which prevents using wrong or
corrupted data. In case of INU failure, the presence of the CM avoids the repetition of INU
installation procedures, such as updating mounting configuration parameters, since the CM can
be transferred from the failed unit to the replacement one.
Data contained in the CM are:
INU to body frame boresight angles and lever arms
INU to GNSS antenna lever arm
World Magnetic Model coefficients
Output ICD Data (Labels and Filtering)
Additional data tailored to customer needs
The NAVEX-1000 is delivered by NGI with a factory programmed CM. To ease system
installation on the host vehicle, NGI provides a guided procedure that can be executed on-site
using a generic laptop. The CM is an integral part of NAVEX-1000. All qualification tests are
performed with the CM connected to the system.
3

SYSTEM PERFORMANCE

The NAVEX-1000 operating conditions and performance are specified below.
3.1

Flight Vehicle Operating Conditions

The NAVEX-1000 operates within the following vehicle operating conditions: temperature
from -40°C to +71°C, altitude from -1000ft to 65000ft. Worldwide coverage.



A Navigation Grade ITAR-free INS/GPS System
Designed and Developed in Italy
3.2

Mattei, Scibona,
Lucchesini, Tonelli

Flight Environment

The NAVEX-1000 operates within the following operational flight envelope: speed up to 1200
m/s, load factors from -10g to +10g.
3.3

Dynamic Operating Range

The NAVEX-1000 operates within the following operating ranges: pitch ± 90 degrees max, roll
± 180 degrees max, yaw 0 to 360 degrees range. Angular rates: 7 rad/s. Linear accelerations: ±
10g.
3.4

Free Inertial Solution Accuracy

Free Inertial navigation solution accuracies (RMS whenever unspecified) are reported in Table
1.
Free Inertial Platform
Horizontal Position
Horizontal Velocities
Inertial Altitude
Inertial Vertical Speed
True Heading
Mag Heading
Attitude (Pitch, Roll)
Body Acceleration
Body Rates

0.8 Nm/hr (CEP50)
1 m/s
36 m
1 m/s (2)
0.2 deg
1.0 deg (1)
0.05 deg
2 mg
0.02°/s

Table 1: Free Inertial solution accuracy (RMS). (1) Excluding residual error after Magnetic Variation
compensation (WMM database is used to compute Magnetic Variation). (2) Inertial Vertical Speed
accuracy is intended with pressure altitude available.

3.5

Hybrid Solution Accuracy

Hybrid solution accuracies (RMS whenever unspecified) are reported in Table 2.
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EGI Platform
Hybrid True Heading
Hybrid Horizontal Velocities
Hybrid Position
Hybrid Altitude
Hybrid Vertical Velocity

0.05 deg
0.1 m/s
5m
10 m
0.1 m/s

Table 2 : Hybrid solution accuracy (RMS).

4

SIMULATIONS

In order to minimize aircraft flight test activities for Kalman Filter tuning, NGI developed an
Hardware-In-the-Loop (HWIL) laboratory setup to perform simulation of system performance
using real flight data (see Figure 4).
Simulated sensor is a navigation grade IMU with the following performance.
Gyroscopes range and accuracy (RMS): Range: ±400 deg/sec, Bias: 0.005 deg/hr,
Scale Factor: 20 ppm, Random Walk: 0.0008 deg/sqrt(hr).
Accelerometers range and accuracy (RMS): Range: ±20g,
Bias: 100 μg, Scale
Factor: 50 ppm, Random Walk: 5 μg /sqrt(Hz).
Low and medium dynamics trajectories have been simulated. Results in terms of radial
position error of the Free-Inertial solution are shown in Figure 5 and Figure 6. It is important
to stress that for high-dynamics trajectories simulations, not shown in this work, results have
been proved to be even better, since the EKF estimates of biases and scale-factors are helped
by the persistency of excitation principle.

Figure 4 : Navex-1000 Hardware-In-The-Loop setup
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Figure 5: Low dynamics trajectory results.

Figure 6: Medium dynamics trajectory results.

5

CONCLUSIONS

A navigation grade ITAR-free INS/GPS system architecture designed and developed in Italy
has been presented. Navex-1000 design modularity yields suitable flexibility to meet different
customer needs and allows potential growth capabilities. Simulation results show the
performance effectiveness of the Free-Inertial navigation solution.
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ABSTRACT
The present paper investigates the aerodynamic interaction of a helicopter and ship
airwake exploiting wind tunnel data. A series of wind tunnel experiment, using a scaled
helicopter model and Simple Frigate Shape 1, has been performed to measure forces and
moments acting on the rotor, while the helicopter is approaching the flight deck. With
the rotor positioned at the starting point of the landing trajectory, the load
measurements are used to modify the distribution of the inflow over the rotor in
multibody simulation environment, in order to generate same loads, including thrust,
torque and in-plane moments. Then, an identification algorithm is developed to capture
the effect of ship airwake on the rotor loads during the maneuvers, modeling it as an
external gust to the rotor inflow. The gust velocity is obtained through an optimization
algorithm with the objective of generating same load coefficients as the experiment. The
simulation results show that the same load coefficients as the experiment can be
generated by implementing a linear gust over the rotor with a magnitude that changes
as the rotor moves through the wake of ship.
Keywords: Rotorcraft – Shipboard peration1

ind Tunnel Experiment

INTRODUCTION

Helicopters are regularly required to perform challenging missions in confined areas and close
to obstacles. Search and rescue missions over land and water, urban transport, intervention in
natural disasters such as flooding or earthqua e are some examples in which rotorcraft
interacts with the surrounding environment. In these situations, performance and handling
qualities of the rotorcraft are highly affected by the presence of the obstacles in close
proximity. ffshore operations, li e those involving rotorcraft, from and to moving dec s and
ships are among the most demanding tas s for pilots. In this case, due to the combination of
moving flight dec , flying close to the ship hangar wall, changing speed and direction of the
wind and turbulent ship airwa e, pilot wor load is significantly increased which may
endanger the safety of flight. It has been shown that most of the frequency content of the
unsteady airwa e is concentrated in the range of 0.2-2 Hz 1 . This bandwidth covers the
widely accepted range of pilot closed-loop control frequencies which is less than 1.6 Hz.
The complex aerodynamic environment under which such operations ta e place is
expected to affect directly the handling qualities, and so pilot wor load and safety of
operation. Analysis of safety operating limits for such demanding missions needs a series of
flight test which are inherently hazardous and extremely expensive. Currently, those
1

1
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assessments are typically done only for the most demanding operations such as those of
military helicopters operating on moving ships. Each combination of ship- rotorcraft should
be tested for a range of wind speed and direction in order to find a safe flight envelope.
Consequently, development of the helicopter-obstacle Dynamic Interface Simulation (DIS) is
considered as a viable solution which reduces the cost and hazards of time-consuming at-sea
test campaigns 2 . A better understanding of the environmental conditions could lead to the
development of more accurate simulation environment for such demanding operation to
improve pilot training. All those elements will contribute to the improvement of safety of
rotorcraft operations, which is the ob ective of the NITR S pro ect .
Regarding the complexity of the flow field generated by the rotorcraft-ship interaction,
development of an appropriate airwa e model which can capture the induced airloads of the
rotor is of great importance. arious numerical or experimental approaches can be ta en for
airwa e modelling which result in different levels of the simulation fidelity. The effect of
coupling is worth to be considered in both numerical and experimental analysis of the
shipboard operation. The most simplified approach is uncoupled simulation which means
there is no interaction between rotorcraft and ship airwa e. ne-way coupling approach,
which has been extensively implemented in simulation environments so far, accounts only for
the effect of ship airwa e on the rotor inflow 4 . However, since the airwa es and rotor
dynamics are unsteady and nonlinear, the correctness of the overall solution obtained by the
principle of superposition is highly questionable 5 . The more promising approach is twoway coupling or fully coupled simulation which includes mutual effect of the rotorcraft and
ship airwa e. In this approach, the CFD solver and flight dynamics simulation are run
simultaneously with communication between two codes 6, , 8 . Depending on the
computational cost of the numerical algorithm, this approach might be used in real time flight
simulation. However, the results of coupled simulation need to be validated with experimental
tests.
The approach ta en in this research relies on wind tunnel experiments in order to
improve the fidelity of flight dynamics simulation. This is the first step towards development
of a fully coupled flight dynamics simulation with wind tunnel in the loop. To better
understand the variables of the rotor response, a second-order quasi-steady approximation
of the rotor dynamics can be considered:
𝐷2 𝑞⃑̈ + 𝐷1 𝑞⃑̇ + 𝐷0 𝑞⃑ = 𝐷𝑔 𝑢
⃑⃑𝑔 + 𝐷𝑐 𝑢
⃑⃑𝑐

(1)

Here, 𝑞⃑ consists of all rotor states (including rigid and elastic states) and inflow
variables. To incorporate the inflow variables into this model, the theory of dynamic inflow
should be implemented which relates the airloads of the rotor to the induced-flow distribution
over the rotor dis . Equation 1 clearly shows that the rotor loads are not only function of rotor
states and inflow variables, but also affected by gust velocities. Consequently, it can be
expected to reproduce the low-frequency contents of the rotor response (in terms of loads) by
ta ing these two steps:
• Reconstructing the average and linear variation of the inflow
• Identifying a gust model that is representative of the unsteady wa e caused
by interaction with surrounding environments
This paper presents the identification of gust and inflow models, implementing an
experimental database collected from wind tunnel tests. In the following section, the
experimental setup will be briefly introduced. Then, the multibody approach used for
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modelling the rotor is explained. Finally, the identification algorithm along with the results
are discussed.
2

WIND TUNNEL EXPERIMENT

Considering the shipboard operation as one of the most interactive missions which results in a
complex flowfield that increases substantially the wor load of the pilot, the experiment was
designed to simulate a landing tra ectory of a scaled helicopter on a generic ship. Since the
details of the ship superstructure have not been considered interesting in this research, the
Simple Frigate Shape 1 has been selected which is a highly simplified but representative ship
geometry, developed as a part of an international collaboration in which Canada, Australia,
U and USA evaluated the ability of CFD codes to simulate complex airwa es 9 . This
model has been scaled down with a geometric factor of 12.5 in order to have enough space on
the flight dec for landing of the helicopter model. The experiments were conducted in the
environmental test chamber of the Large wind tunnel of Politecnico di Milano (G PM, see
10 ). Ta ing advantage of the large test chamber (1 .84 m wide, .84 m high and 8 m long),
the geometric scale of 1:12.5 results in quite higher Reynolds Number compared with similar
studies in the literature.
The helicopter model, which has already been exploited in previous wind tunnel
investigations 11, 12 , has four untwisted and untapered rectangular blades and a diameter of
0. 5 m. A constant pitch angle of 10 was fixed in all tests, since the swashplate was not
included in the current setup to trim the rotor. The rotational speed of the rotor was
maintained in all tests by means of a brush-less low-voltage electrical motor with an electric
controller. A Hall effect sensor with sampling frequency of one per revolution was
implemented which acts as the feedbac signal for RPM control. Forces and moments acting
on the rotor have been measured for all points by implementing a six-components balance
nested inside the fuselage. The helicopter model was mounted on a series of traversing guides
so that its relative position with respect to the ship could be changed. The SFS1 model was
instrumented with several pressure taps connected to pressure scanners and high-frequency
pressure transducers, in order to allow for both steady and unsteady pressure measurements.
PI of the ship airwa e and of the helicopter inflow were carried out in order to have a better
understanding of how the interacting flow fields affected the helicopter performance. Figure 2
shows the setup of the experiment mounted inside the G PM.

Figure 1: The test rig mounted inside the G PM

In order to simulate the landing tra ectory, the rotorcraft was positioned in a series of
points representative of a typical fore-aft landing tra ectory and aerodynamic loads generated
by the rotor were measured. The tra ectory, as shown in Figure , consists of five points
(P1
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to P5) that can be divided into two distinctive segments: the initial phase in which the
helicopter approaches the flight dec from stern side along the centerline of the flight dec
and the descent phase, i.e. an oblique path towards landing spot, which is considered close to
the centre of the flight dec . Furthermore, three additional points above the landing point have
been selected in order to simulate a vertical descent (P5 to P8). The reference frame shown in
Figure refers to the rotor reference frame whose x axis ( r) is nose to tail, vertical axis is
bottom to top ( r) and lateral axis is toward the advancing side of the rotor plane.
1500
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Rotor

1000

Zr

P5

500

Xr
0
-3000

-2500

-2000

-1500
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-500
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Figure 2: Side-view of landing tra ectory. Circles and crosses represent the centre of the rotor
for that particular test condition.

To investigate the effect of wind velocity and direction, the experiment has been
carried out in both windy and not windy conditions, for two different wind directions, i.e.
headwind (
0°) and Red- 0 (
0°, port side). However, for the purpose of this paper
only the database of headwind condition will be presented and analyzed. The chosen wind
speed of 4.8 m s corresponds to a full-scale velocity of 20 t and to an advance ratio 𝜇 =
𝑈∞ ⁄𝑉𝑇𝐼𝑃 = 0.047. Load measurements in headwind condition for both horizontal and vertical
tra ectories are presented in the last section in comparison with simulation results.
3

MULTIBODY MODELLING

A multibody model of the experimental rotor has been developed using M Dyn which
is a free general-purpose multibody dynamics analysis software 1 . M Dyn features the
integrated multidisciplinary simulation of multibody systems, including nonlinear mechanics
of rigid and flexible bodies sub ected to inematic constraints, along with smart materials,
electric and hydraulic networ s, active control and essential elements of rotorcraft
aerodynamics 14 . The multibody model developed for this study consists of four elastic
blades connected to the hub by implementing a revolute hinge which allows only rotation
around the feathering axis of the blade. This degree of freedom along with a rigid pitch lin
connected to the swashplate allow us to apply the pitch control. To be consistent with the
experimental rotor, no flapping and lead-lag hinges are implemented in the model. However,
flapping motion has been modeled considering the out of plane stiffness of the elastic beams
which are representing the blade. Eigenanalysis of the model in vacuum shows that the
flapping frequency at nominal rotor speed is 22 percent higher than frequency of the rotor,
𝜈𝛽 1.22 rev. In the following section, Fan-Plot of the flapping mode, which shows the
variation of the natural flapping frequency in different rotor speeds will be compared with
those obtained by the linearized model. The parameters of the model are summarized in 1.
The aerodynamic characteristics of the blade has been modeled using NACA0012 as
the airfoil, considering percent of aerodynamic tip loss at the blade tip. Moreover, ground
effect has been incorporated into the simulation based on the model presented in
15 .
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Fradenburgh conducted ground effect test using a two-bladed rotor with diameter of D 2 ft,
operating at tip-speed of approximately 600 ft sec. The results show that the thrust is
increased by 15 percent when the rotor moves toward the ground from R to 1R. Similar
results were obtained in the experimental wind tunnel tests performed at G PM.
As mentioned before, the current experiment does not represent a dynamic manoeuvre,
which means that the load measurements are related to the steady response of the rotor. So, at
this stage, dynamic inflow is not implemented into the simulation environment and the
induced velocity has been modelled using a static model which has a linear distribution over
the rotor dis 16 :
𝑣𝑖 = 𝑣0 (1 + 𝜅𝑥 𝑟 cos 𝜓 + 𝜅𝑦 𝑟 sin 𝜓)

(2)

The classical vortex theory results give estimates of the factors 𝜅𝑥 and 𝜅𝑦 . Drees
suggested following equations to approximate the linear variation of the inflow 16 :
𝜅𝑥 = 𝑓𝑥 (4/3)(1 − cos 𝜒 − 1.8 𝜇2 )

𝜅𝑦 = 𝑓𝑦 (−2𝜇)

( )

Here, 𝑓𝑥 and 𝑓𝑦 are empirical factors that are incorporated in each of the above
equations to modify the inflow distribution in both lateral and longitudinal directions
(𝑓𝑥 𝑓𝑦 1 in Drees model) 1 . These factors have been set in order to generate same load
coefficients, including thrust, torque and in-plane moments, while rotorcraft is positioned in
the initial point of the landing tra ectory (P1).
Number of lades
Rotor Radius (m)
Angular elocity (rad s)
lade Chord (m)
Free Stream elocity
Advanced Ratio
Tip Mach Number
Tip Reynolds Number

4
0. 5
2 0.1
0.0 2
4.9
0.048
0.
220000

Table 1: Parameters of the rotor model.

4

IDENTIFICATION ALGORITHM

Loo ing at the results of the load measurements while rotorcraft approaching the flight dec
(Figure , 4), it can be seen that the velocity field above the rotor should be modified in order
to get the same loads as the experiment for the whole landing tra ectory. Considering the
long-term goal of this pro ect, which has been explained in the introduction part, the velocity
measurements cannot be implemented directly in the simulation environment. Consequently,
an optimization algorithm has been developed in order to find the external gust component to
reproduce the same loads. Further ad ustment of the inflow empirical factors has been
considered in order to slightly modify the contribution of lateral and longitudinal moments, if
needed.
Gust velocity is considered to have a linear distribution in radial and azimuthal
direction (similar to inflow), so it can be defined as the following equation:
𝑉𝑔 = 𝑉𝑔0 + 𝑉𝑔𝑐 𝑟 cos 𝜓 + 𝑉𝑔𝑠 𝑟 sin 𝜓)


(4)
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Then, the optimization procedure has been done ta ing two steps as follows:
• Finding a constant gust velocity to match the thrust coefficient, considering the
following cost function:

•

𝑀𝐼𝑁(𝐽) 𝑤𝑖𝑡ℎ

𝐽 = √(𝐶𝑡 − 𝐶𝑡𝑒𝑥𝑝 )2

(5)

finding the first harmonics of gust velocity to generate same moment coefficients.
Considering the following cost function:
𝑀𝐼𝑁(𝐽) 𝑤𝑖𝑡ℎ

𝐽 = √(

𝐶𝑚 −𝐶𝑚𝑒𝑥𝑝 2
𝐶𝑚𝑒𝑥𝑝

) +(

𝐶𝑙 −𝐶𝑙𝑒𝑥𝑝 2
𝐶𝑙𝑒𝑥𝑝

)

(6)

It should be noted that since the ground effect has been implemented in the simulation,
the variation of thrust is mainly caused by the altitude change. However, a small constant gust
can be added to improve the matching.
5

RESULTS AND DISCUSSION

The simulation results implementing the solution of optimization algorithm as an
external gust, are compared with the load measurements in headwind condition for all points
along the landing and vertical tra ectory. Figure .a compares the load coefficients for 5
points of the landing tra ectory (P1 to P5). Horizontal axis refers to the same coordinate
system shown in Figure 2. It should be noted that all the results are presented in rotor
reference frame, as defined in Figure 2.
Regarding the experimental results, as it is expected, the thrust coefficient is
increasing while rotorcraft approaching the landing point, since it enters the ground effect of
the flight dec . The presence of the external wind also results in pitch and roll moments on
the rotor. Due to the combination of the wind velocity and rotational velocity of the rotor,
asymmetric thrust is generated in advancing and retreating side of the rotor plane, which
produces a positive roll moment (roll to left). Considering the stiffness of the rotor, roll
moment produces a positive pitch moment (nose up) by tilting the vector of the angular
momentum in bac ward direction. This is also related to the distribution of the induced
velocity in forward flight which results in reduced inflow in fore part and increased inflow in
the aft part of the rotor.
As it can be seen, the simulation results are highly consistent with the measurements
which means the external gust is well representative of the environmental effects on rotor
performance. There is an offset of 25 in torque coefficient that could be related to a higher
profile drag of airfoil given the different Reynolds number and the additional drag of the inner
part of the rotor in experiment compared with simulation in which there is no aerodynamic
contribution for the hub.
Figure .b refers to the same comparison for the vertical tra ectory (P5 to P8). Here,
horizontal axis refers to the rotor altitude from the flight dec as it has been shown in Figure
2. It is notable that in the landing point, which is 0.8R above the flight dec , the rotor is
completely immersed in the ground effect and wa e of the hangar wall. Similar to the
previous results, as the rotorcraft is going upward, thrust is decreasing and in plane moments
are getting closer to the initial point of the landing in which the rotor is less affected by the
ship airwa e.
6
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Figure : Comparison of loads from simulation and experiment. (a): Horizontal
tra ectory (b): ertical Tra ectory
To be more clear, the first harmonics of the gust are compared for all test points
(Figure 4). The results show that initial points of the landing (P1 and P2) do not need
additional modification of the velocity field. However, moving towards the landing point, the
amplitude of the gust will be larger, which is consistent with the variation of the moment
coefficients.
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Figure 4: Lateral and longitudinal components of identified gust for all test points.
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CONCLUDING REMARKS

This wor investigated the aerodynamic interaction between a scaled-down helicopter
and simplified ship geometry in order to develop a gust identification algorithm to be
incorporated into the simulation environment to model the environmental effect on the rotor
performance. To this aim, a series of wind tunnel experiment has been performed to simulate
a typical fore-aft landing tra ectory on the flight dec . A multibody model of the rotor has
been developed in M Dyn for simulation purpose. A linear distribution of the inflow has
been implemented, however, it has been modified with empirical factors in order to generate
same load coefficients as the experiment at starting point of the landing manoeuvre. This
model has been further modified by introducing a gust element into the model, while
rotorcraft approaching the flight dec . The gust velocity is identified through an optimization
algorithm with the ob ective of generating same in-plane moments as the experiment.
Comparison of the results with experimental data shows that the gust element can modify the
inflow of the rotor so that producing same loads in the presence of aerodynamic interaction.
In the future, this approach will be implemented in a closed-loop communication between
full-scale flight simulator and small-scale test setup in the wind tunnel.
7
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ABSTRACT
The Ministry of Infrastructure and Transport, with a specific Act issued in 21017, gave a
mandate to ENAC to define the regulatory framework for implementation of the first
spaceport in Italy, at one of the airports open to commercial civil traffic, certified in
accordance with European regulation no. 139/2014. Several specific selection criteria have
therefore been developed to identify the best site. In parallel, an analysis process of the
available EASA and FAA regulations was initiated, from which to start to identify the
regulatory requirements to follow for the construction and operation of spaceports in Italy.
The article describes the selection criteria and the related procedures that led to the
identification of the Taranto - Grottaglie airport as the site for the spaceflight activities and
the process that led to the preparation of the Spaceport Regulation, thus highlighting the
main differences, in the analysis phase, between the EASA and the FAA regulations and
briefly describing the issues addressed in the Regulation.
1.

INTRODUCTION

The growing interest registered worldwide in the last years for the spaceflight actvities led the
Italian Government to face this new challenge with the definition of several fields of
application in the spaceport sector.
With a Decree issued in July 2017 the Italian Ministry of Infrastructure and Transport, gave a
mandate to ENAC, the Italian Civil Aviation Authority, as competent Authority for
developing the National regulatory framework for Commercial Suborbital Transportation.
ENAC has mainly focused his action on two different and related matters: the designation of
the first italian spaceport and the development of a national regulatory framework.
So, amongst the various activities aimed to implementing the entire operations of the
suborbital commercial transport sector, particular importance is given to the choice of the site
where to host the flight operations of the suborbital aircraft.
1

0

Spaceport in Italy: site identification and definition of regulatory requirements - Berardi, Pandolfi
In consideration of both, the absolutely innovative nature of the subject matter and a demand
for transport (of experimentation and tourism) to be explored, it is believed that only one
spaceport with commercial interests can be located at the moment in Italy.
The identification of the requirements and characteristics that must be satisfied by the site
have been defined by the interdisciplinary Working Group created by ENAC on the subject of
suborbital flights, with the involvement of several firms, above all ENAV, the Italian ANSP,
A.S.I. (Italian Space Agency) and Altec.
2.

SITE EVALUATION PROCEDURE

The evaluation procedure was conducted by taking into consideration the national airports
already used for commercial traffic. In particular the airports already under the application of
EASA Certification (Under EASA Scope - Eu Reg.n. 139/2014) have been evaluated. These
airports are in fact characterized by capacity, already certified, relating to risk management in
correlation with airport and flight activities.
On the basis of these criteria the individual requirements have been classified into clusters of
thematic fields of application. The clusters are:
• Preliminaries;
• Airspace;
• Territory;
• Meteorology;
• Environment;
• Infrastructure.
Within each cluster the different elements of evaluation are declined.
In order to reach, within a transparent selection process, the identification of the best site for
suborbital flight operations, the applied selection procedure is based on a logic of successive
filters.
After the application of each filter, attributable to the aforementioned thematic clusters, only
those airports able to satisfy completely or partially the pre-established requirement were
selected - these on the basis of an assessment based on four levels of judgment.
The evaluation done by ENAC and consolidated within the interdisciplinary Working Group
is based on objective data and deriving from the knowledge of the infrastructural layout and
characteristics of the airports and the environmental contexts that the airports are part of.
2.1

Application of selection procedure for subsequent filters

The evaluation started from the verification of the preliminary requirements constituted as
well as from the actuality of the airport operations from its compliance with the provisions of
EU Regulation n. 139/2014. Compliance with the certification and performance requirements
of these Regulations guarantees the regulatory compliance of both the infrastructures and the
presence of a certified management as an organization and infrastructures, able to assume the
responsibilities of the operations and of the related risk assessments.
For almost all of the airports, ENAC has already carried out the conversion of the Certificate
with respect to the provisions of regulatory adaptation introduced in 2014 by the
aforementioned European Regulation. Therefore the airports being considered are all
characterized by a positive evaluation.
Airspace

1
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This cluster is aimed at verifying that the site in consideration can guarantee the appropriate
operating windows to allow the flight activity (take-off, launch and return) of the suborbital
aircraft.
This evaluation benefited from the support and specialized skills of ENAV for the regions of
controlled airspace of competence.
The qualifying elements, in addition to the presence of the Tower service (TWR) present (or
obtainable) on all airports, are respectively the traffic density of the airspace region in which
the airport considered is included and the traffic volumes of the airport.
The support provided by ENAV for the evaluation of the airspace located beyond FL 305 has
shown that all of northern Italy is crossed by east-west and north-south routes characterized
by high traffic flows. The same evaluation concerns the north-south routes located above the
Tyrrhenian and Sardinian regions. These assessments have in fact led to the exclusion of the
airport sites located there.
At the same time, within the Airspace Cluster, the assessments relating to the volumes of
traffic recorded and forecasted on the airports considered were considered.
Territory
The application of this cluster, aimed at verifying the sustainability of the mutual spaceportterritory relationship, was developed taking into account the experiences developed over the
years by the ENAC in the context of its institutional tasks.
During the evaluation, the orographic context in which the airports are inserted with the
relative limitations/restrictions for the operation of the aircraft if any were taken into account;
the main elements of characterization of the airport surrounding area in terms of the presence
of buildings or areas with high levels of anthropic load or the presence of industries/activities
able to amplify the consequences of an aircraft crash.
Meteorology
The operation of suborbital flight requires VMC conditions, therefore the identified site must
guarantee the maximum availability of days of good weather and optimal meteorological
conditions.
Environment
The environmental sustainability approach, which today characterizes the construction of
airport infrastructures and their functioning, must obviously be guaranteed also as regards the
suborbital flight sector.
The first qualifying element for this cluster is the level of consumption of land, the need to
expand the area by acquiring neighbouring areas to allow the adaptation of the site required
for suborbital flights activity.
The other aspect is related to the need to conduct a specific EIA (Environmental Impact
Assessment)
Infrastructure
This cluster contains the verification of all those infrastructural parameters capable of
ensuring the operation of aircrafts of Code "F". First of all, the availability at present of a
runway characterized by a minimum length of 3000 meters and secondly the availability of
adequate space necessary for the construction of the associated infrastructures (parking areas,
fuel depot, dedicated terminal, ...)
2.2

Selection output

The selection procedure based on the application on the above briefly described cluster was
concluded with the choice of the Taranto Grottaglie airport as the site where operates the
space suborbital flights.
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3.

THE REGULATORY FRAMEWORK

The process that led to the preparation of the Regulation on spaceports in Italy started from
the initial profiles, identified by the ENAC with a policy document, for the overall regulation
of the suborbital commercial transport activity.
It was established that the first spaceport in Italy should be identified among the airports open
to commercial civil traffic, certified under the EU Regulation no. 139/2014.
From a technical perspective, for an innovative activity such as suborbital flights, the
knowledge and the experience gained to date with regards to the measures to be implemented
to guarantee adequate levels of safety and security in the Italian airports, are the starting point
from which the analysis and the regulation have been based.
The airports, with particular reference to those open to commercial civil traffic, are – as we all
know - complex systems that include infrastructures, installations, buildings, whose
management system is defined through an articulated organizational structure, with the
assignment of roles and responsibilities and with the codification of specific management
procedures; spaceport followed this guideline.
3.1 Spaceport system and airport system
The analogical approach to the technical definition of the "spaceport system" in relation to the
"airport system" has started from the concept of creating a "horizontal" spaceport in Italy,
aimed at allowing operations of a suborbital vehicle of the HOTOL type (horizontal take-off
and horizontal landing), for which the launch is a take-off and the return is a landing.
From the opportunity to realize the first spaceport in Italy at one of the airports certified
according to the European Regulation n. 139/2014, considering that the issue and
maintenance of the airport certificate attest the compliance of the infrastructures and the
management system with the regulatory requirements aimed at ensuring an adequate level of
safety for the airports, the concept of "certification" has been extended also to the spaceport.
The need to detail the regulatory requirements for the infrastructures, the operator and the
management system that required compliance with the "spaceport certificate" was therefore
identified for the spaceport.
Starting from the assumptions described above and, above all, from the fact that the HOTOL
suborbital vehicle requires flight infrastructures like an airport (in a nutshell, runway, taxiway,
apron), an analysis was then carried out to provide a definition of "spaceport", both in
technical-physical terms and in managerial-organizational and operational terms. In this
analysis, two parallel paths were followed: on the one hand, an in-depth analysis of how much
of what had already been defined for the airports could be "extended" to the spaceport and, on
the other, the search for what appeared to be, conversely, specific to the suborbital flight
activity and, consequently, additional and / or different from that provided for airports.
The two paths, as outlined above, started from the analysis of the existing regulatory
frameworks that govern and, at the same time, outline what an airport (infrastructure and
management system) is and what a space launch site is. The main rules and regulations (of
European and national matrix) governing commercial civil air transport and the international
rules and regulations (of US origin) governing the issue of licenses for the management of the
launch sites.
The following references have been preliminarily analysed and compared:
• Regulation (EU) n. 139/2014;
• EASA "Acceptable Means of Compliance (AMC) and Guidance Material (GM) to
Authority, Organization and Operations Requirements for Aerodromes" (AMC-GM);
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•
•

EASA "Certification Specifications and Guidance Material for Aerodromes Design
(ADR-DSN CS)"
FAA, CFR Title 14 Chapter III - Subchapter C - Part 420 - License to operate a launch
site.

3.2 Analysis process of the available EASA and FAA regulations
As known, Regulation (EU) n.139 / 2014 establishes the requirements for the issue,
maintenance, modification, limitation, suspension or revocation of the airport certificate,
identifying, in the four Annexes, specific requirements for the Member State Civil Aviation
Authority and for the airport manager. Acceptable methods of compliance with these
requirements, together with guidance material, are contained in the aforementioned AMCGM. The definition of the technical standards of an airport, relating to the infrastructures,
refers to the contents of the technical document Certification Base, for whose elaboration the
EASA provides, as reference, the document CS-ADR-DSN Aerodrome Design.
The CFR Title 14 Chapter III - Subchapter C - Part 420, indicates the information and
demonstrations that must be provided to the FAA for the issue of a license for the
management of a launch site for spacecraft of various kinds as well as the terms and
conditions of validity of the license.
In the Gap Analysis on the European and US technical-regulatory documentation mentioned
above, it was not possible to carry out a precise comparison between the requirements of the
two regulations, not so much for the different field of applicability to which they relate
(airports and launch sites), but mainly because of the different areas they respectively
regulate.
In a nutshell, the FAA standard, although without any in-depth analysis, deals with the
environmental impact assessment of the launch site, security, accident investigation, fire
prevention and protection measures.
The launch site manager must provide the FAA with adequate information for the relevant
environmental impact assessment; must control access to the launch site by unauthorized
personnel (with particular attention to controlling access to the explosive material storage
areas); must define a specific procedure governing the reporting, response, investigation and
cooperation with the Authority in the event of an accident at the launch site; must demonstrate
that, with reference to the launch site configuration, specific safety distances are to be
respected between storage areas of "energy liquids, solid propellants and other explosives"
(necessary for the operation of the vehicle to be launched) and the surrounding areas, with
particular reference to public areas and roads.
The Regulation (EU) n. 139/2014 (also in the in-depth analysis contained in the EASA AMCGM) deals exclusively with airport safety, not with environmental protection, nor with the
security, fire prevention and protection (except within the limits of the coordination between
the operator and the Fire Fighters Brigade in the matter of rescue and firefighting) nor,
ultimately, is it an investigation in the event of accidents (if not limited to the obligations for
the airport manager regarding the reporting of accidents, incidents or events that have affected
or could have affected safety).
In Italy, however, the environmental aspects related to the construction of infrastructures are
not the responsibility of the ENAC but of the Ministry of the Environment. The aspects of fire
prevention and protection relating to the airport's structures and infrastructures are governed
by technical rules issued by the Ministry of the Interior - Department of Fire Fighters
Brigades, Public Relief and Civil Defence, which is also responsible for the rescue service
and firefighting. The investigation activity for civil aviation safety in Italy is owned by the
ANSV - National Agency for Flight Safety. The requirements to ensure airport security are
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governed by European Regulations and Decisions, implemented in Italy through the National
Security Program and the circulars issued by ENAC.
Points of contact between European standards and references and the American standard have
been identified in the requirements governing the application and the issue of the license /
certification.
Both Part 420 and Regulation (EU) n.139 / 2014 (and related Annexes and references to CS
and AMC-GM) make the entry into operation of a launch site and an airport, subject to the
release to the manager of an authorization ("launch license" or "airport certificate") by the
Authority, following a request for a license / request for certification, with proof of
compliance with specific requirements. In both cases, for example, the stipulation of
Agreements between the manager and the Entities, Service Providers, Administrations
involved in the various capacities of the operations are included: the ATC in both standards,
Entities delegated to evacuate public areas during the launch and the Coast Guard in the FAA
standard, the Fire Fighters Brigade in the EASA regulation.
With regards to the technical and infrastructural requirements, the FAA standard introduces
the concept of “flight corridor”, providing specific indications about the safety distances to be
respected in identifying the areas for the storage of explosive material (“liquids energy, solid
propellants and other explosives ", equivalent to aviation fuel depots for airports) in relation
to the surrounding areas and provides specific technical guidance on the lightning protection
system.
Regulation (EU) n. 139/2014 frames the technical and infrastructural "certification
specifications" of an airport within the document "Certification basis", which shows the
physical characteristics of infrastructures, systems, signs, obstacle-limiting surfaces of the
airport to which it refers (identified in relation to the certification specifications contained in
the CS-ADR-DSN on the basis of the aerodrome code) and the related proofs of compliance.
In the EASA documentation there is no mention of fuel deposits or lightning protection
systems: both aspects in Italy, are governed by sector technical legislation: the aspects of fire
prevention and protection are regulated by the Fire Department.
3.3

“Airport Land Use Plan” in the Italian regulations for the construction and
operation of airports
The activity of recognition of the technical-regulatory references available in the airport field
also concerned the “Regulations for the construction and operation of airports”, in force on
the major airports in Italy, until the enactment of Regulation (EU) n.139 / 2014.
This regulation, issued by ENAC, had introduced the technical requirements of the ICAO
Annexes (Annex IV - "Aerodromes") into the Italian civil aviation regulatory framework and,
in particular, the concept of "Airport Land Use Plan ", which proved to be of particular
interest , in relation to the issue of the protection of areas surrounding the spaceport in respect
of the risks pertaining to the exercise of the relative activities.
As reported in the same ENAC Regulation, the “Airport Land Use Plan” is a document
containing the indications and prescriptions to be implemented in the urban planning
instruments of single Municipalities in accordance with art. 707 of the Navigation Code. The
indications and prescriptions aim to protect the territory from the consequences of a possible
aeronautical accident. In this context, the different exposure of the areas surrounding the
airport to the associated aeronautical risk is assessed, which is in essence linked to the
technical-operational characteristics of the runway. Therefore, in relation to the ICAO code of
the runway, areas of risk in the relevant geography are geometrically identified, with
associated limitation, of different entity, of the anthropic load authorized on them. "Human
presence limitation" is then set and activities that are not compatible with the airport's
activities are identified "due to the potential amplification of the consequences of accidents".
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The local territorial administrations (the Municipalities) interested by these areas are obliged
to incorporate the aforementioned limitations in the related planning mechanisms.
3.4 Conclusions
The comparison between the different regulatory requirements, as described above, and the
further in-depth investigative and analytical analysis carried out in relation to the specificities
of the generic suborbital take-off and landing horizontal vehicle, have led to the outline of the
future Italian spaceport in the drafting, expanding, as a matter of fact, how much Regulation
(EU) n. 139/2014 and the related CS-ADR-DSN and AMC-GM refer to the airports.
The regulation for spaceports identifies, for the various areas, the regulatory requirements of
infrastructures, systems and operations, on which, subject to adequate demonstration, the
release and maintenance of the "spaceport certificate" depend. This is necessary to perform
the expected suborbital operations:
• the physical characteristics and the technical requirements of the structures and
infrastructures are identified;
• the duties of the "spaceport manager" are defined;
• the spaceport management system is described and regulated in relation to that of the
airport;
• the permitted operations are specified;
• requirements relating to risk prevention and protection of the territory are identified;
• topics relating to the security of the spaceport are regulated;
• the process relating to the certification request, the issuing of the spaceport certificate and
its maintenance is indicated.
In all areas, the reciprocal interrelations between the airport and the spaceport were
considered.
From a technical and infrastructural point of view, the spaceport uses some of the airport's
flight infrastructure (runway, taxiway) and has additional dedicated ones. Facilities and plants
(such as the storage of fuels / propellants of the suborbital vehicle) - which are not included in
the EASA regulation - are also covered.
The operator of the spaceport is also the airport manager; this is to allow a compatible
management of the same infrastructures, used for aeronautical activities and for activities
related to suborbital operations, for the benefit of safety conditions.
The spaceport management system follows the structuring of airports and takes into account
mutual interdependencies. Within the organization of the manager, the same responsible roles
defined for the airport are identified (which, under certain conditions, could coincide) but with
additional skills. The Security Manager role is added to these figures, a role not defined in
Regulation (EU) n. 139/2014.
In the area of risk prevention and management, in this case too contrary to the provisions of
Regulation (EU) n. 139/2014, explicit reference is made to the fire prevention and protection
regulations to refer to with regards to the construction of structures subject to the control of
the Fire Fighters Brigade, with particular reference to the deposits of substances at risk of fire
and explosion. Finally, in respect of the provisions of the Regulations for the construction and
operation of airports, the areas of territorial protection around the spaceport are expanded in
view of the flight corridors associated with the reference suborbital vehicle.
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ABSTRACT
The main driver of aerospace structures design is the increase in performances of currently in
use components. The behavior of structures is investigated by means of highly accurate finite
elements (FE) analysis. The problem related to this kind of simulations is the high
computational time required to obtain the structural response associated with nonlinear
phenomena. This aspect is particularly significant during the preliminary phase, especially
when the analysis involves an optimization procedure. One strategy to overcome this problem
is the introduction of artificial intelligence techniques in the design phase. This work proposes
an optimization framework based on the approximation of the structural behavior through an
artificial neural network (ANN). The net is exploited during the optimization, performed with a
particle swarm optimizer, in order to reduce the computational effort. FE analysis are used to
train the ANN and to validate the results. The methodology is applied to the optimization of the
fibers shape of variable stiffness cylindrical shells, with the goal of maximize the critical load
taking into account also manufacturing constraints. The higher accuracy offered by ANN with
respect to other global approximation techniques and the time saving, resulting from the
developed methodology, are both highlighted.
Keywords: artificial neural networks, particle swarm optimizer, variable stiffness, buckling
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INTRODUCTION

In the last decades the field of machine learning experienced a remarkable increase in attention
and performance. The possibility to generate programs able to carry out a specific task without
being explicitly programmed is particularly promising in the engineering field. This because
usually when complex non-linear problems are investigated, the evolution of the system under
analysis is too complicated to code or the high computational cost can make the optimization
phase prohibitive. In computational mechanics the behaviour of the structure is approximated
by means of finite element analyses (FEA) that, in addition to being very precise, they are also
very time consuming. A solution to this problem can be found in the field of Artificial
Intelligence tools. The generation of a model able to autonomously understand and approximate
the behaviour of a system can help the designer to generate a reliable metamodel to be used
1
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during the optimization phase to reduce computational efforts. This strategy is not properly new
since many authors already investigate the possibility to take advantage from these models in
the aerospace field. Despite that, the continuous growth in computing power and the evolution
of the mathematical formulations involved, generated by the considerable scientific interest in
this field, makes a deep investigation indispensable to completely understand the reliability and
the power of these models.
This paper provides an investigation in the state-of-the-art methods concerning
Artificial Neural Networks (ANN) with the goal to assist the optimization of a Variable
Stiffness (VS) cylindrical shell. VS composites are a new type of composite materials in which
the fibers are no more constrained to be rectilinear but can follow specific paths. Different
studies have been published regarding the optimization of these laminates, for different
purposes, but the field is still quite new and requires further investigations. This is particularly
true when this concept is applied to cylindrical shells, where the few works present showed the
possibility to considerably improve the buckling load and reduce the problem of these structures
associate to the high sensitivity to imperfections.
2

VARIABLE STIFFNESS CYLINDRICAL SHELLS

The methodology here considered is applied to the optimization of a VS cylindrical shell
previously investigated by Labans and Bisagni [1]. The shell is clamped on the lower edge
while the upper one is free to move only along the axial direction, where is introduced also the
axial load. In this section, a brief description of the modelling techniques adopted to describe
the fibers variation and to model the composite shell are presented.
2.1

Fiber path formulation

The modelling of a VS composite requires the definition of a mathematical formulation to
describe the variation of the fibers angle inside the component. In the following, a new path
formulation is adopted where only axial variations of the shape are allowed. Considering a
reference system with the x-coordinate along the cylinder axis and the y-coordinate tangent to
the unrolled surface of the shell, the fiber shape is defined by:
y(x) = Asin

h

x+

+ tan( )x

where is the height of the cylinder, is the amplitude, is the angular velocity,
is the
phase shift and is the angular coefficient of the linear function.
The expression can be splitted in two terms. The first term is the one that effectively
allows to steer the fibers and is a harmonic function with a wavelength equal to the cylinder
height. The second term instead, is the one that allows to completely take into account the
design space of the constant stiffness composites.
2.1.1 Manufacturing constraint
During the design of the layup it is important to ensure that all the fibers paths are effectively
manufacturable. When a composite material is produced with a fiber placement technology, the
most important constraint is in the maximum amount of steering. The amount of steering is
limited by the value of the maximum curvature that guarantee no wrinkling of fibers. The
absolute value of the curvature of the path is given by:
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|y |

(x) =

3

|1 + y 2 |2
Since the maximum curvature is imposed by the manufacturing machine and since it is
important to explicitly define the design space, the equation is managed in order to obtain a
more useful formulation. Taking the maximum w.r.t and and inverting the equation it is
possible to obtain in closed form the maximum value of the frequency that avoid wrinkling of
the fibers:

(A, , ) =
2.2

1+

h

tan2 (

)

3
2

A

Modelling of the variable stiffness cylindrical shell

The geometry of the structure is 705 mm of height, 300 mm of radius and 8-ply of AS4/8552
CFRP prepreg with a total thickness of 1.448 mm. In order to evaluate the procedure in a limited
amount of time only balanced and symmetric layups are considered. The model is generated
inside the commercial software Abaqus with S4R shell-type elements and a mesh dimension of
approximatively 5 mm, fixed after a mesh sensitivity analysis.
The continuous variation of the fiber angle, and so the continuous variation of the stiffness, is
modelled necessarily with a discrete variation from an element to another. Once the path of a
fiber is defined, it is approximated as piecewise linear with as many pieces as the number of
elements along the axis. In this way, each element of the model has a layup made of rectilinear
fibers, the layup is constant for all the elements belonging to the same cross-section and vary
only along the cylinder axis.
Since it is imposed the constraint of only symmetric and balanced stacking sequences,
the layup of the shell is defined by only two paths [± 1 , ± 2 ] . In Figure 1 a schematic
procedure of the modelling technique is reported, where each ply is represented by the shape of
only one fiber. The coarse mesh in the figure is used only to better understand the procedure.

Figure 1: Variable stiffness modelling technique

3

ARTIFICIAL NEURAL NETWORK

Artificial neural networks (ANNs) are the result of observations of brain processes from an
engineering point of view. Actually, ANN, can be involved to solve different types of problems.
In the field of computational mechanics, the most common application is the supervised
regression in which the network is used as a global approximation tool in order to approximate
the structural behaviour. The basic unit of an ANN is the mathematical model of the neuron,
depicted in Figure 2.
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Figure 2: Mathematical model of the neuron

This unit receives a combination of inputs and elaborates them before shooting
information to other neurons. Two operations are applied to the inputs, the first is a weighted
linear summation with a bias and the second is an activation function, this last necessary in
order to approximate non-linear structural behaviors.
The network is obtained by connecting a certain number of neurons according to
different architectures. For regression problems, the simplest architecture is the feedforward
multi-layer perceptron (MLP), in which neurons are grouped in layers and the signal
propagates always from the first to the last as reported in Figure 3.

Figure 3: Feedforward multi-layer perceptron

The input layer receives the inputs of the system, the output one provides the requested
outputs, and the hidden layers are those used to discover the relation that elapses between the
inputs and the outputs. The network learns how to approximate the behavior of the structure by
modifying autonomously its parameters, namely the weights and the bias through a process
called learning.
4

DESIGN OF THE NEURAL NETWORK SYSTEM

The steps required to design a neural network able to approximate the structural behavior and
replace finite elements (FE) simulations during the optimization are here presented. The most
critical part is the Design of Experiments (DoE). Since ANN is a data driven technique, low
approximation capability results from a training with a not appropriate training set. In addition
to the training set other two set are generated with FEA, one used to modify the hyperparameters
called validation set and one to state the performance of the ANN in an unbiased way called
test set. In total 81 eigenvalues buckling analysis and linear static analysis are performed for
the training set, 27 for the validation set and 27 for the test set.
4.1

Training set definition

The objective is to find the combinations of input parameters that allow to obtain the greatest
information possible from the design space minimizing the number of simulations required.
These two requirements arise from the inability of the network to extrapolate results outside the
training domain and from the necessity to avoid a waste of computational time.
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Since the domain of interest is not simply bounded by the minimum and maximum
values of the inputs, due to the non-linear relationship between the design variables and the
maximum allowable curvature, an ad hoc procedure is required. First of all, the values of
amplitude, phase shift and linear term are sampled with the Latin Hypercube Sampling (LHS)
method. The LHS allows to sample in a near-random way and without overlap. At this point,
for each sample, the value of the pulsation is sampled randomly between zero and the maximum
allowable value. In this way, it is ensured that all the parameters combinations are associated
to configurations free of defects given by fibers wrinkling.
During the generation of the training set also the correlation between the design
parameters is taken into account. Since low generalization capability is resulting when high
correlation is present between the samples, the just presented procedure is repeated until a
training set with low correlation is obtained.
4.2

Loss and metrics of accuracy

During the training, the network learns to approximate the structural behaviour by minimizing
a certain loss function. The loss is calculated as the difference between the approximated
outputs given by the ANN and the real ones obtained with FE simulations. In this specific
application, the network is trained in order to perform multi-task regression, approximating
both the buckling load and the pre-buckling stiffness at the same time. The loss is calculated as
the Mean Squared Error (MSE):
=

1

( − )2
1

1

The MSE is used to update the network parameters but is not able to capture important
aspects as the variance of the error inside the design space. For this reason the quality of the
approximation is evaluated with three different metrics: R-square ( 2 ), Relative Average
Absolute Error (RAAE) and Relative Maximum Absolute Error (RMAE). These metrics are
used to modify the network architecture and the hyperparameters in order to obtain the greatest
generalization possible.
4.3

Training, optimization and validation of the network

The training and optimization phases are strictly related. The hyperparameters are divided in
groups, for each group is executed the training and the performance of the network are evaluated
with the accuracy metrics. Starting from the first group of hyperparameters, the combination
that provides the greatest accuracy is considered optimal, used for the following group and so
on. In this work the hyperparameters are divided in three groups:
a) Activation function, number of nodes and number of layers
b) Parameters initializations, batch size and optimizers
c) Regularization methods and epochs
The optimized network is composed by 32 nodes per layer and 3 hidden layers.
4.3.1 Statement of final performance and model comparison
Once optimized the network, its approximation capabilities must be evaluated onto a set never
seen by the network during the training in order to avoid biased evaluation. In Table 1 a
comparison between the here developed neural network and other 4 metamodeling techniques
analysed by Nik et all. [2] for a similar problem is reported.
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Metamodel
Polynomial Regression (PR)
Radial Basis Function (RBF)
Kriging (KRG)
Support Vector Regression (SVR)
Artificial Neural Network

2

0.462
0.779
0.798
0.680
0.722

RMAE
2.826
1.827
1.859
1.982
0.378

RAAE
0.589
0.346
0.343
0.415
0.099

Table 1: Comparison of metamodeling techniques

From the point of view of the 2 the best metamodel is given by KRG but with an accuracy
value very close to RBF and ANN. Concerning the RMAE and RAAE the most accurate model
is the ANN. 2 and RAAE are two global accuracy metrics while the RMAE indicates the local
level of accuracy. From this comparison it is possible to state that ANN has almost the same
global approximation capabilities of best metamodeling techniques but is capable to better
capture the local behaviour of the system.
5

NEURAL NETWORK ASSISTED OPTIMIZATION

The maximization of the buckling load is achieved through an optimization procedure based on
a metaheuristic algorithm. Since the scope of the methodology here investigated is to reduce
the computational times associated to the structural design optimization a fast bio-inspired
metaheuristic called Particle Swarm Optimization (PSO) is considered. The neural network
previously trained, is now used to approximate the value of the objective function given by the
inverse of the buckling load.
5.1

Optimization results

Since PSO is intrinsically stochastic, principally due to the random initial position of particles,
the optimization procedure is repeated 10 times and in all the cases the maximum buckling load
obtained is very similar Figure 4.

Figure 4: Evolution of the maximum buckling load

At this point it is important remember that the value of the objective function is given
by the global approximation tool. In order to assess the effectiveness of the optimum
configurations obtained the results are validated by means of FEA. In Table 2 the buckling load
and the pre-buckling stiffness associated to best configuration after the validation are shown.
As done in literature, also the values associated to the same geometry with quasi isotropic (QI)
layup are reported in order to have a comparison.
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Quasi Isotropic
Variable Stiffness
Buckling load [kN]
300.39
312.51
Stiffness [kN/mm]
209.19
222.83
Table 2: Optimization results

With respect to the QI configuration an improvement of about 4% in the buckling load and of
about 6% in the pre-buckling stiffness are obtained. In Figure 5 the first mode shape and the
fiber shapes for half of the layup corresponding to the optimal configuration are reported. The
fibers of the outer plies follow an almost complete sinusoidal function while the inner ones
are at ±45°. As it is possible to see the mode shape resembles the superposition of the two
fibers paths. Because of the lack of symmetry of the fibers with respect to the cross-section at
x = h/2 the maximum radial displacements move toward the lower edge. This behavior can
be explained considering that the lower edge is the one with a clamp constraint and this could
help to sustain the load with a stabilizing effect.

(a)

(b)

Figure 5: Optimization results. (a) first mode shape; (b) shape of the fibers

5.2

Computational times

In order to highlights the advantages offered by an optimization procedure driven by a deep
learning algorithm it is important to evaluate the differences in terms computational times
between this methodology and the one which makes use of only FEA. In Table 3 the
computational times required to compute the buckling load and the stiffness with Abaqus
simulation and with the ANN are reported. Besides the big reduction of computational efforts
offered by use of an ANN, which is also able to approximate both the quantities in the same
time, it is important to point out that it allows also to parallelize the approximations. Thanks to
the possibility to write in a matrix form the operations carried out by neurons, the time required
to evaluate one configuration and the one required to evaluate, for example, 100 configurations
is approximatively the same. It is possible to parallelize also FE analysis but with a considerable
increase in complexity in doing so and, in case of neural network, this task is automatically
performed with libraries such TensorFlow.
Abaqus
Buckling load
420 s

Neural Network
Buckling load + stiffness
0.2 s

Stiffness
30 s

Table 3: Comparison of computational times
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It is now possible to compare the total optimization times required by the two strategies.
Since only the optimization with ANN has been performed, the total time required by use of
only FEA is approximated. This time is obtained by multiplying the times required by the two
FE simulations for the number of particles in the swarm and for the number of iterations, and
then adding the time required by the PSO for the evaluations of the constraint and for the
correction of the positions. In order to correctly compare the two strategies, the time spent to
train the network is also taken into considerations. In Table 4 the two optimization times are
reported. Even if buckling analysis are not so computationally expensive a saving of about 2
months and half is obtained.
Abaqus
2133 h

Neural Network
336 h

Times saved
1797 h

Table 4: Comparison of optimization times
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CONCLUSIONS AND FUTURE WORKS

In this paper an optimization framework based on artificial intelligence techniques as been
proposed and investigated. The methodology envisages the training of an artificial neural
network with finite element simulations in order to learn to approximate the structural
behaviour. In this way the network can substitute the expensive simulations during the search
of the optimum configuration where a lot of analyses must be performed. The optimization
makes use of a derivative-free bio-inspired metaheuristic algorithm called particle swarm which
provides a fast convergence with a good result. The framework has been applied to the
optimization of a variable stiffness cylindrical shell for maximum buckling load. An
improvement of both the buckling load and the pre-buckling stiffness with a remarkable
reduction of computational times with respect to the same optimization with only finite
elements analysis has been obtained. The same methodology can be applied to the same
problem removing the strict constraint onto the layup of the configurations and including also
requirements on the post-buckling field. Further improvements are expected in this application.
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ABSTRACT
atastrophic collisions is the name given to those hypervelocity impacts that involve large
Resident Space bjects such as entire satellites and roc et bodies, and result in the partial or
complete disintegration of the colliding objects. These big crashes lead to the production of
new debris large enough to cause other critical blows, and they therefore represent one of the
major drivers of the space debris environment evolution.
It is believed that catastrophic impacts occur when the inetic energy of the impactor is greater
than
oule per unit mass of the target (energy-to-mass ratio E R
g), but this golden
rule does not represent the reality in many situations of practical interest. urthermore, when
this critical threshold is reached, detailed descriptions of the resulting fragment clouds are
normally obtained using the NASA Standard Brea up odel (SB ), that is a set of empirical
formulas used to feed evolution models that predict the space debris population in the future.
owever, it is recognized that the NASA SB is not able capture the complexity of the various
possible impact scenarios, as they result from latest spacecraft designs, as well as the effects of
impact point (e.g. collision on main body vs. collision on appendages). These limitations may
significantly reduce the accuracy of the space debris environment forecasts in the long term,
and may preclude a reliable a-priori assessment of practices and guidelines for space debris
mitigation.
In such context, this paper reports the results of a parametric study of the consequence of
spacecraft collisions, in terms of satellite damage and fragments generation at different impact
point, with focus on the limits of the NASA SB . Numerical simulations are performed with a
new software called ollision Simulation Tool ( ST), that is a brand new semi-empirical tool
developed in the framewor of ESA contract Numerical simulations for spacecraft
catastrophic disruption analysis , led by ISAS- ni D with etamax Gmb as subcontractor.
Based on the simulation dataset, some of the shortcomings of the NASA SB are shown, and a
correction to that model is proposed to better represent the consequences of collision scenarios
involving glancing impacts.
Keywords: space debris, catastrophic collisions, brea up model, fragments distributions.
1

INTRODUCTION

At present, the largest part of the catalogued space debris population consists of fragments
originated by accidental explosions of spacecraft and upper stages, but it is expected that
hypervelocity collisions engaging large ob ects could become the primary source of new debris
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in the mid-term future. In this context, it is crucial to understand the physical processes involved
in spacecraft collisions, because these big impacts are one of the main drivers of the long-term
evolution of the space debris population.
Hypervelocity impacts with sufficient energy to cause the fragmentation of entire satellites and
roc et bodies, with the following creation of new debris large enough to cause other critical
events, are called catastrophic collisions . At present, it is believed that these impacts occur
when the inetic energy of the impactor is more than 40 oule per unit mass of the target
(energy-to-mass ratio EMR 40 g). nce this threshold is exceeded, empirical and semiempirical brea up models may be used to provide detailed descriptions of the resulting
fragments clouds. The most common empirical model is indeed the NASA Standard rea up
Model (S M), whose current version was developed in the late 1990s and provides fragments
mass, velocity, area-to-mass, and characteristic length distributions derived from empirical data
available at that time, including a series of ground-based tests called S CIT 1 2 . A further
improvement of the NASA S M is expected in the next few years than s to the inclusion of
new laboratory test data referring to the brea up of a modern LE spacecraft called DebriSat
. However, it is recognized that the NASA S M has a certain number of wea nesses that
ma e it unsuitable to simulate a variety of collision scenarios of practical interest: the most
significant limit is that the predicted fragments distributions depend only on the total mass of
the colliding ob ects, regardless of the ob ects detailed design and impact point, e.g. side
impacts such as glancing blows on solar panels are assumed to cause the same consequences as
collisions on the ob ects centre of mass (see Equation 1, representing the characteristic length
distribution of new fragments, i.e. the cumulative number of fragments with characteristic
length smaller than Lc. M is the total mass of the event).
𝑁(𝐿𝑐 ) = 0.1 ∙ 𝑀0.75 ∙ 𝐿−1.71
𝐶

Eq. (1)

To address some of the drawbac s of the NASA S M, other semi-empirical tools were
developed in the past: these methods combine empirically-derived relationships from
laboratory test data and observations of orbital brea ups with mass, momentum, and energy
conservation principles. This provides a more solid ground to fragments calculations. Semiempirical approaches are chosen to create simple, fast-running models not requiring very
comprehensive inputs two remar able examples of semi-empirical brea up models are
provided by FAST 4 5 and IMPACT 6
. ther simulations methods describing in details
the hypervelocity impact dynamics, e.g. based on the use of finite elements, discrete elements,
hydrocodes, or combinations of these techniques, are not much used because of the complexity
of the physical problem, the large scales involved, and, most critical, the massive computational
effort requested to analyse collisions with large multipart ob ects such as entire satellites.
ith these premises, this paper reports the results of a parametric study of the consequence of
spacecraft collisions, in terms of satellite damage and fragments generation at different impact
point, with focus on some of the limits of the NASA S M. Numerical simulations are
performed with a new software called Collision Simulation Tool (CST), that is a brand new
semi-empirical tool developed in the framewor of ESA contract Numerical simulations for
spacecraft catastrophic disruption analysis , led by CISAS-UniPD with etamax GmbH as
subcontractor. In the following, Section 2 provides an overview of the CST and its validation
Section describes a set of hypervelocity simulations involving a small satellite with one
deployed solar panel, focusing on the results sensitivity to the impact point. A correction to the
NASA S M is also proposed to better represent the consequences of collisions on appendages
and glancing impacts. Conclusions and future wor are finally discussed in Section 4.
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The Collision Simulation Tool employs a hybrid simulation approach built on a combination
of different methods addressing diverse phases of satellite collisions. In fact, these big impacts
involve two separate damage modes, which develops with different time scales: (1) a diffuse
cascade fragmentation initiated at the impact point, affecting those spacecraft parts that are
directly involved in the local collision process, and (2) a global satellite collapse consequent to
the propagation of shoc waves through components connections and along the structure.
The choice of a hybrid simulation methodology aims at dealing with these different damage
modes with a unified approach. The underlying idea of the CST is to model the colliding ob ects
with a coarse mesh of Macroscopic Elements (nodes) representing ma or satellite parts
connected by structural lin s to form a system-level net (gross discrete-elements mesh), see
Fig. 1. Macroscopic Elements represent spacecraft elementary building bloc s, such as plates,
sandwich panels, oints, etc. The first damage mode (fragmentation) is addressed through the
use of semi-empirical brea up models that are applied at the level of Macroscopic Elements,
depending on impact point, elements materials, and geometry. The second damage mode
(structural failure) is addressed through a discrete-elements-li e simulation of the momentum
transferred to Macroscopic Elements in the net and the energy dissipated inside the elements
and through the lin s.

Figure 1: Example of satellite model: net of Macroscopic Elements connected through lin s

ased on this modelling concept, the simulator core of the CST is divided in three main parts
8:
• The rea up Algorithm for individual Macroscopic Elements, providing empirical
fragments size, velocity, and area-to-mass distributions for a variety of spacecraft building
bloc s. The rea up Algorithm calculates fragments distributions in terms of debris
number, mass, size (area-to-mass), and velocity vectors for those Macroscopic Elements
where a given fragmentation threshold is exceeded. This threshold is based on an energy
criterion and depends from the impact point and direction and from the geometric and
physical properties of every single Macroscopic Element sub ected to impact. The
algorithm models the transition from local damage to catastrophic disruption by defining
the MEs volumes damaged by impacts. nce such volumes are nown, they are filled with
fragments of given size and shape using an approach similar to that employed in computer
graphics for the gaming and the movie industry 9 that involves the generation of predetermined oronoi fragmentation patterns. In fact, using available empirical data, e.g.
10 11 , fragmentation patterns can be adapted to different impact conditions in order to
produce fragments distributions representative of real hypervelocity impact events. Finally,
when fragments size distributions are nown, velocity is calculated for each fragment with
an approach similar to that used by the mentioned FAST tool.
• the Structural Response Algorithm, calculating momentum transfer, energy dissipation,
structural deformation, and fracture. The Structural Response Algorithm simulates the
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global behaviour of the spacecraft structure sub ected to transient loading. This is done
through the integration of a set of differential equations that describe the dynamics of the
Macroscopic Elements net nodes representing the satellite model. These nodes are
sub ected to impact forces provided by the primary collision and multiple hits of secondary
fragments produced by the rea up Algorithm, as well as internal actions consequent to
the deformation of lin s between elements. These lin s describe the system structural
continuity and their properties determine the large-scale response of the whole net,
including the momentum and energy transferred to each ME, the energy dissipation, the
net deformation, the possible rupture of oints, and the elements separation. All lin s are
modelled following ECSS 12 1 and EUR C DES 14 norms for structural unctions.
the Fragments Trac ing Algorithm, which follows the tra ectories of new debris created in
the early stages of the event and detects the resulting multiple secondary impacts on other
satellite parts. The CST has been in fact provided with the capability of modelling the
progressive engagement of the colliding ob ects as well as the multiplicity of secondary
impacts against intact macroscopic elements. This chain reaction is addressed by
propagating the motion of fragments whose size and or energy exceeds a certain threshold,
while small and less energetic debris are collectively included in an expanding cloud of
dust. The Fragments Trac ing Algorithm is based on off-the-shelf engines such as those
retrievable from 15 .

ased on this hybrid simulation methodology, the CST ma es possible to model a large variety
of collision scenarios involving complex systems such as entire satellites with many design
details included. The CST provides statistically accurate results with a computational effort
orders of magnitude lower than hydrocodes and other full physics methods.
2.2

CST alidation

The CST validation was performed by comparison with a series of ground-based impact tests
on simple targets (plates and hipple Shields) as well as spacecraft models. hile for simple
targets the availability of fragments data is limited in the technical literature, in recent years
several impact tests have been performed on spacecraft models, both full-scale and sub-scale,
and these experiments come with more useful information on fragments characteristic length
and area-to-mass distributions. In particular, this paper reports the validation results obtained
with an all-aluminium-alloy satellite (called Lan in the following), whose model is later used
to build the target satellite employed for the simulations described in Section . ther validation
results referring to simple targets can be found in 8 .
Empirical impact data for the Lan satellite refer to a nearly catastrophic collision on cubic
spacecraft made of Al-alloy plates and Al-alloy boxes, with side length 40 cm and mass from
295 g to 1 100 g, impacted by 9 g Al-alloy blunt cone pro ectiles with 41 mm of bottom
diameter and 58 mm length, from to .6 m s 16 . The CST model of the target satellite is
shown in Figure 2. CST results are presented for a test case with pro ectile mass and velocity
equal to 9 grams and .6 m s, leading to an EMR 48.2 g, ust above the classic 40 g
threshold. The laboratory experiment in this case did not result in the complete spacecraft
fragmentation, even though a significant satellite portion was disintegrated. A comparison
between experimental results, CST results and NASA S M is presented in Figure ,
respectively in terms of fragments characteristic length (left) and area-to-mass distributions
(right). The total CPU time for this simulation was about 4 hours (using a eon E5 2640 4 2
G with 10 cores). It is clear that the CST is capable to reproduce the empirical results very
well, more effectively than the NASA S M.
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Figure 2: Lan satellite: physical model (left, 15 ), and CST model (right).

Figure : Fragments characteristic length (left) and area-to-mass (right) cumulative distributions:
comparison between experimental data, CST results and NASA S M.

SPACECRAFT COLLISION SIMULATIONS
.1

Simulation scenarios

In order to generalize the model, a representative solar panel appendix of a 0.4 x 1.2 x 0.05 m
was added to the Lan satellite, and the layout of the internal components was modified to
include realistic equipment such as batteries and reaction wheels. Material properties of
Aluminium-alloys were used for all the elements, with the only exception of density, that was
ad usted according to the real mass of each selected component. In conclusion, the resulting
target model, in the following called modified-Lan , has a mass of 2 g. The blunt cone
impactor was also replaced with a 10 cm side 1- g cubesat with electronic boards inside.
Four different impact scenarios were considered, all with impact speed equal to m s, i.e. with
EMR 50 g, much higher than the classic catastrophic fragmentation threshold of 40 g. The
four collision configurations feature two impacts on the main satellite body (one on the centre
of the face opposite to the solar panel, and one on a body edge, see Figure 4-a and Figure 4-b),
and two impacts on the solar panel (one with velocity vector perpendicular to the panel and
then pointing towards space, and one with velocity vector pointing towards the satellite body,
see Figure 4-c and Figure 4-d).
It is underlined that, according to NASA S M, all the collision scenarios shown in Figure 4
lead to the same result in terms of ob ects fragmentation. In fact, in each of the four cases, both
the EMR and the total mass of the event are the same. However, given the substantial
differences between the various scenarios, different impact consequences have to be expected
in the four different cases.
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Figure 4: Modified Lan satellite hit by a 1U Cubesat (in red, not to scale) on different impact points.

.2

Simulation results

Simulation results are shown in the following figures, in terms of characteristic length
distributions of collision fragments. In each graph, CST simulation results are compared with
the NASA S M (both catastrophic and sub-catastrophic lines, even though only the first one is
applicable to our case given that the EMR is much larger than the 40 g catastrophic threshold).
In the same plots, a fourth line called NASA S M – Cat with correction is also reported,
featuring a proper modification of Equation 1 to account for glancing impacts. The proposed
modification employs only the ob ects mass that is actually involved in the collision
∗ )
(𝑚𝐼𝑀𝑃 + 𝑀𝑇𝐴𝑅
instead of the total mass of the event M, where mIMP and MTAR are the impactor
and target masses the asteris
indicates that only the target mass in the impactor flight path
is considered, provided that such mass is contained in the impactor cross section (pro ected
orthogonally to the velocity vector). Characteristic length distributions for the simulation cases
a and b of Figure 4 are shown in Figure 5, while results for cases c and d of Figure 4 are shown
in Figure 6. The information in Figure 5 and Figure 6 is then summarised in Table 1, in terms
of total number of fragments larger than mm for each of the four analysed scenarios, as they
are predicted by the NASA S M, the CST and the S M with the proposed correction.
Loo ing at the figures, it appears that the NASA S M significantly overestimates the number
of collision fragments. In particular, Table 1 clearly shows that the NASA S M always predicts
the same number of fragments, as the four selected scenarios are exactly the same in terms of
EMR and in terms of total mass involved in the collision. The table also indicates that the
correction we propose is very promising in view to overcome the current limits of the NASA
S M.

Figure 5. Characteristic Length distributions of collision fragments for cases a (left) and b (right) of
Figure 4: comparison between CST result, NASA S M (catastrophic and sub-catastrophic) and S M
with the proposed correction.
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Figure 6: Characteristic Length distributions of collision fragments for cases c (left) and d (right) of
Figure 4: comparison between CST result, NASA S M (catastrophic and sub-catastrophic) and S M
with the proposed correction.

Ntot SBM with

Ntot - NASA SBM

Ntot - CST

a- central impact on main body

1868

051

correction
68 6

b- glancing impact on the main body

1868

01

4411

c- impact on solar panel, towards space

1868

Collision scenario

56

1482

5 86
6140
1868
d- impact on solar panel, towards body
Table 1. Total number of fragments Ntot per collision scenario (only fragments
mm are considered):
comparison between NASA S M (catastrophic), CST, and NASA S M with the proposed correction.

Two screenshots of the fragmentation process simulated by the CST are finally presented in
Figure , comparing case a and case d (both involving the main body s centre of mass, but the
second with collision on the solar panel first).

Figure . Total number of fragments for the scenarios in Figure 4, as they are predicted by the NASA
S M (catastrophic), the CST and the S M with the proposed correction.

It is shown that the fragmentation is better developed in case a, this is probably due to the
shielding effect provided by the solar panel to the main body.
4

CONCLUSIONS AND FUTURE WORK

This paper reports the results of numerical simulations of spacecraft collisions, performed to
study the sensitivity of the fragmentation process to the impact point (collision on centre of
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mass vs. glancing collision on edge vs. collision on appendages). This is ustified by the need
to overcome one of the main limitations of the NASA S M, which is not capable to account
for collisions other than occurring on the main body centre-of-mass and or involving modern
spacecraft designs. Simulations were done with a new semi-empirical software called Collision
Simulation Tool (CST), and the resulting characteristic length distributions of fragments were
compared to those given by the NASA S M. Results clearly demonstrate that the fragmentation
process is highly influenced by the point of impact and the structural properties of the elements
that are first engaged in the collision. Furthermore, it is shown that the NASA S M can
significantly overestimate the size and numerosity of fragment clouds in many situations of
practical interest, especially when glancing blows and impacts on appendages occur. Finally,
based on simulation results, a simple correction to the NASA S M is proposed, which provides
a remar able improvement in the S M capability to capture a wider variety of collision
scenarios. In future, we plan to use CST for a large simulation campaign intended to
systematically explore the ey parameters of satellites collisions, with the aim of improving the
accuracy of currently available brea up models, thus increasing the reliability of long-term
debris environment predictions.
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ABSTRACT
As of 2019, the number of space objects in lunar orbit remains small. Notwithstanding, recent
developments in space technology have reinstated the Moon as humankind’s primary target
for near future space missions. Due to the commercialisation of outer space, human activities
in and around the Moon will increase significantly, as lunar bases, orbital stations and mining
operations for space resources are being developed. With that, the growing number of space
objects and space debris in lunar orbit will pose a significant threat to the long-term
sustainability of the environment around the Moon. The current legal framework to prevent
the proliferation of space debris is considered insufficient to mitigate the problem and prevent
the deterioration of the Earth’s orbital environment. On the Moon, the situation could
deteriorate much faster due to the complex lunar gravity field and the lack of an appreciable
atmosphere to burn up debris upon re-entry. This article addresses the legal challenges and
sustainability issues derived from the planned activities on the Moon. The authors analyse the
applicability to the Moon’s environment of the current legal and regulatory framework for
space debris mitigation and remediation and the subsequent need of a new regime and
stringent rules for the use of the Moon’s orbit.
Keywords: space debris, Moon, satellites constellations, newspace
1. INTRODUCTION
The Moon is the closest celestial body to Earth. After having landed, walked, and carried out
scientific experiments on the surface of the Moon in 1969, numerous countries and private
companies are hoping again to send robotic missions to the lunar surface and to establish a
permanent human presence on the Moon and in its orbit within the next few years. NASA is
now focused on returning humans to the Moon, according to the Space Policy Directive 1 [1],
a change in the American space policy that provides for a US-led, integrated programme with
private sector partners, followed by missions to Mars and beyond. The goal is to send a series
of robotic landers to explore and scout the Moon as part of missions in service of both
science and to benefit the long-term human presence in outer space. Companies, on the other
hand, see on the Moon the possibility of commercial activities and profit-making. During the
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last period of lunar exploration between the 1960s and 19 0s, the US and the Soviet Union
sent do ens of landers and orbiters to the Moon to explore and return samples to Earth. After
the space race ended, the Moon was left relatively unexplored.
In recent years, however, the Moon has become an enticing destination once again. [2] In
201 , China became the third nation to ever soft-land and the first nation ever to land on the
far side of the Moon in 2019. India also has plans to send an orbiter, lander, and a rover to the
Moon in 2019, as part of the Chandrayaan-2 [ ] mission. Israel became the fourth nation to
crash a lander on the Moon, after the eresheet lunar probe, launched by SpaceIL and
operated by the Israel Aerospace Industries, failed to soft-land on the lunar surface.
Historically, only governments have had the capability to engage in these missions, as the
barriers have always been both technological and financial. That is, of course, changing, as
part of the increasing commercialisation of outer space and due to space technology
development leading to decreasing costs, steadily attracting more private investors [ ], a
phenomenon commonly referred to as New Space .
The economic incentive to go back to the Moon is numerous, as a revolution in space launch
systems led to a 90 cost reduction compared to the Apollo days. Projects like ESA’s Moon
Village concept plan to use the Moon as a stepping stone for deep-space missions, paving the
way for human missions to Mars and beyond. Experiments have found evidence of water ice
on the south pole region of the Moon, and companies are interested in scouting out the region
and potentially mining it. In addition, private companies want to use the natural resources on
the Moon to manufacture large infrastructure in outer space for a larger near-Earth economy.
NASA, the European Space Agency ESA , the China National Space Administration
CNSA , oscosmos, A A, IS O, as well as various private initiatives like the oogle
Lunar P I E, the Moon ace and the Moon Village Association are developing business
opportunities and new concepts for the emerging lunar economy.
In the Moon’s orbit, the US-led Lunar Orbital Platform, or ateway, will consist of at least a
power and propulsion element and habitation, logistics and airlock capabilities. NASA plans
to launch elements of the LOP ateway, starting early in the 2020s. This increasing pace of
planned activities, regardless of their goal, will inevitably require a well-established space
infrastructure on and around the Moon. Any rocket launch or satellite activity in orbit
generates some level of space debris. It is safe to conclude that the same will happen in the
Moon’s orbit. On Earth, the quantity of space objects and orbital debris, especially in low
Earth orbit LEO , is causing serious concerns for space agencies and space operators, as it
poses a key threat to the sustainability of outer space, in spite of the current legal framework
regulating space activities.
Studies modelling the orbital evolution of space debris and the effectiveness of current
mitigation measures demonstrate that the application of only the current rules will not suffice
to ensure the future access and usability of outer space. As the Moon becomes the main target
201

for scientific and commercial exploration and exploitation, how should we deal with the
accumulation of space objects and debris around the Moon and ensure the long-term
sustainability of the lunar orbital environment
. OUTER S ACE ENVIRONMENT AND S ACE DEBRIS
Most human activities in outer space take place in LEO, at an altitude between 200 and 2000
km Activities also take place in medium-Earth orbit MEO at an altitude of approximately
between 2000 and below 6,000 km, as well as geostationary Earth orbit
EO at
approximately 6,000 km, the latter particularly important for telecommunication satellites.
[ ] Looking at current debris population models, the current scenario poses a serious risk to
the sustainability of outer space. The ever-increasing population of space objects and,
consequently, space debris, may lead to catastrophic collisions, leading to a further increase
in orbital debris, threatening future launches and space missions. In addition, many satellites
are perfectly operational when they run out of fuel, which is crucial for keeping the satellite
in its orbit. Although all instruments may still be intact onboard a space object, when
operators can no longer manoeuvre them, they decommission the spacecraft. This is
unsustainable in the long term. To be environmentally compatible, decommissioned satellites
need to perform end-of-life disposal activities that are in accordance with international debris
mitigation guidelines and suited for the Earth’s orbital environment. However, when
considering the lunar orbital environment, a lifetime of fewer than 2 years, for instance,
does not seem adequate, in addition to the higher complexity of lunar space debris disposal.
The Moon does not have a dense atmosphere to cause drag or heating on a spacecraft, so
space objects can have a very low orbital inclination and higher orbital eccentricity. Also,
once in a stable orbit around the Moon, space objects will orbit for a long time, as they are
unaffected by atmospheric drag.
A high concentration of space objects might lead to a break-up event called essler
syndrome, which may set up a chain reaction, triggering more collisions. This is particularly
dangerous. The event, as defined by Professor Don essler of NASA in 19 , predicts that,
as the number of space objects in orbit increases, cascading impacts will become more and
more common and create ever-smaller non-trackable bits of debris. A chain reaction could be
set off that ends up with billions of infinitesimal pieces too small to be tracked, rendering any
plans for a long-term human presence on the Moon impossible.
Orbital collisions render active spacecraft and satellites useless and cut their operational life
span instantly. An example of this is the collision between the active US Iridium- satellite
and the inactive ussian Cosmos 22 1 satellite in 2009, which added to both the space debris
issues and cut the operational life span of the US Iridium- immediately. [6]
The Space Surveillance Network is currently tracking more than 0,000 pieces of debris on
Earth’s orbit, of which 16,000 are 10 cm in diameter or larger, while most of them are
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between 1 and 10 cm. There are thought to be more than 1 0 million pieces smaller than 1
cm. Over c.
00 vehicle flights have been launched since 19 . Less than half of the
satellites contained on those missions are currently in orbit, around 000, and even fewer are
still operational - 1
according to the Union of Concerned Scientists. [ ]
The expected lifetimes for debris depend primarily on its location in LEO, the air drag of the
upper reaches of the atmosphere will eventually cause the debris to decelerate and heat up so
that it breaks up under friction, whereas in higher orbits the atmospheric drag is virtually
nonexistent. The Earth has the capacity to self-clean itself whereas the Moon does not. That
is the most urgent issue related to the lunar orbital environment. In 60 years of space
exploration, very little has been done to mitigate and remediate the orbital debris situation on
Earth, and the status is becoming critical. On the Moon, the problem can potentially escalate
much quicker.
. THE CURRENT
FRAMEWORK

INTERNATIONAL

LEGAL

AND

REGULATORY

There are currently five international treaties in place drafted under the auspices of the United
Nations Committee on the Peaceful Uses of Outer Space UNCOPUOS , the only UN
committee dealing exclusively with questions related to international cooperation and the use
of outer space, [ ] four of which have been widely accepted. These five UN treaties establish
the basic principles and obligations of States - at least those who have signed and ratified
them. [9] - when it comes to the use and exploration of space.
The treaties on space law neither expressly prohibit the creation of space debris nor impose
an obligation on States and their space actors to remove space objects from orbit. Mitigation
measures, valuable complementary tools to space law, have so far only been adopted as
voluntary, non-binding instruments and have been partially adopted in the national laws of
some states. [10]
The Outer Space Treaty OST [11] is the most fundamental and all-encompassing of all of
the space treaties. It contains the most basic principles of space law and sets out the
obligations States have to adhere to in order to use and explore outer space. [12] This article,
however, focuses exclusively on the provisions of the OST relevant to the long-term
sustainability of the Moon and the lunar orbital environment.
First, the OST lacks important definitions. ey terms such as space object’ and space
debris’ are not defined by the Treaty. [1 ] When the OST was negotiated, between 196 and
1966, and eventually adopted and entered into force in 196 , the issue of space debris was not
a pressing topic. As a result, despite the OST containing provisions aimed at protecting and
preserving the outer space environment, the OST is not sufficiently developed with the
underlying thought of space debris mitigation nor with the possibility of States Parties to
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remediate the problem. Technical solutions, such as Active Debris emoval, raise legal
questions, namely the legal uncertainty pertaining to the potential removal of another State’s
space object.  egistered space objects can only be subjected to any space debris remediation
method by the state registry itself or with its permission.
In Article I, the OST provides that outer space must be used exclusively for peaceful
purposes, shall be the province of all mankind , and must only be used and explored for the
benefit of all countries, irrespective of their degree of development. It also says that outer
space ... shall be free for exploration and use by all States without discrimination of any
kind, on a basis of equality and in accordance with international law. The freedom to use
and explore outer space is understood to include economic utilisation and the making of
profit. [1 ]
Article VI OST states that State Parties shall bear international responsibility for their
activities in outer space. This obligation naturally extends to activities on the Moon. The
responsibility does not only account for the governmental activities, but also for the activities
of non-governmental entities private companies within its jurisdiction. As private
companies willing to develop activities on the Moon are not subject and therefore not directly
bound by the rules of international law, the provision must be read as calling upon States to
authorise and continuously supervise’ the space activities of their nationals to ensure they
are carried out in conformity and in accordance with the international obligations imposed by
the space treaties. [1 ]
Article VII OST contains the provisions on liability, detailed further in the Liability
Convention LIA [16], which puts forth two distinct liability regimes for two different
kinds of activities. According to this principle, States Parties are liable for any damage caused
by their space objects on both on Earth and in outer space [1 ] if they are launching States
i.e., if they launch or procure the launch of a space object into space, or if a space object is
launched from their territory or facility.
For damage caused by a space object in outer space, elsewhere than on the surface of Earth,
whether it be in orbit or on a celestial body like the Moon, the regime is of fault-based
liability, a principle found in Article III of the LIA . [1 ] Here, it must be proven that the
accused State was at fault for the damage caused to the injured party for damages to be
awarded. [19] However, the lack of a formal definition of fault is also problematic and caused
controversy.
The LIA establishes a victim-oriented regime. [20] When two or more launching States are
involved in a particular incident, they shall be jointly and severally liable for any damage.
This regime removes the burden of proof from the victim since they can seek compensation
from either or each of the launching States or from all of them. When space activities were
mostly performed by States, this regime made perfect sense. However, it is not hard to see
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how this particular provision
commercialisation of outer space.
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Article VIII OST gives States jurisdiction and control over space objects on their register.
While there can be more than one launching State’ for a space object, only one can register
the space object in question. Liability in space law is therefore not based on ownership,
operation or effective control, and ownership of a space object is not affected by it being in
outer space or a celestial body, nor by it being constructed in outer space.
The problem of conflicting jurisdictions arises quickly when space objects are being actively
removed. Not only the space object as its whole falls under the scope of a State Party’s
jurisdiction, also parts from that object. Meaning, when a space object collides or breaks
down, those specific parts still fall under the jurisdictional scope and may not be touched or
maneuvered by any other State without consent. The boundaries of that ongoing jurisdiction
has not yet been set, so it is still unclear when the responsibility dissolves. In Article VIII of
the OST is mentioned that once a State is registered as a launching State, the jurisdiction and
control over such object shall be retained, regardless of the fact that there may be no actual
physical control. Although a space object itself is transferable, the jurisdiction is not.
Consequently this causes barriers in regards to active space removal whereas the mere act of
manoeuvring a part would invoke the sovereignty and would imply a breach of international
law.
Finally, Article I OST is the basic provision for all environmental protection of outer space
[21] and particularly relevant for the long-term sustainability of the Moon. It underlines that
States Parties must cooperate with and assist one another. Moreover, it notes the due regard
of State Parties in their activities towards the corresponding interest of other State Parties to
the Treaty. The Article recalls the obligation of State Parties to, i.a., avoid any harmful
contamination of outer space [22], including the Moon and other celestial bodies. The OST,
however, fails to define both harmful contamination and adverse changes in the
environment . [2 ] Arguably, space debris can be considered a form of harmful
contamination. Deterioration of the lunar environment may create serious obstacles to all
space activities in the form of space debris or nuclear contamination caused by the crashing
of numerous space objects on the surface of the Moon. The practice may also lead to States
Parties to request a consultation as it can cause harmful interference in the peaceful
exploration and use of outer space.
. THE LUNAR ORBITAL ENVIRONMENT
ust as Earth’s orbit will continue to see an ever-increasing activity through satellite
deployment, space operations, and space stations assembly, the same will be true when
lunar-base building and general space activity is in progress. On 1 March 1966, the Soviet
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Union launched Luna 10, the first spacecraft to go into orbit around the Moon, and the first
human-made object to orbit any celestial body beyond the Earth. [2 ]
Since Luna 10, during the first period of lunar exploration, between 1966 and 19 6, 29
manned and robotic missions placed more than 0 space objects into lunar orbit. [2 ] Several
vehicles successfully landed on the Moon and or returned to Earth, including the Apollo
missions. At least
have either reached and crashed into the surface of the Moon, been
manoeuvred out of lunar orbit, or have been abandoned in orbit, constituting a small
population of lunar orbital debris. Notwithstanding, fragmentations of lunar satellites, which
would produce clouds of numerous orbital debris, have not been detected so far.
Several active satellites are orbiting the Moon today. [26] They include NASA s Lunar
econnaissance Orbiter A TEMIS P1 and P2 Acceleration, econnection, Turbulence and
Electrodynamics of the Moon’s Interaction with the Sun and the command module of the
Chinese Chang e -T1 spacecraft, in a stable orbit around the Moon since anuary 201 .
Although the number of satellites in lunar orbit today is small, several projects like the Moon
Village, the Lunar Orbital ateway and mining operations for space resources on the Moon
are likely to contribute to an increase in the number of active satellites in the Moon’s orbit.
Perhaps surprisingly, lunar orbits may also become congested with man-made debris. [2 ] As
the number of satellites on the Moon increases, the situation could deteriorate much faster
than Earth’s due to the complex lunar gravity field, the influence of the Earth and the lack of
an appreciable atmosphere to burn up debris upon re-entry, all making reliable predictions
very difficult. The lack of an appreciable atmosphere means that lunar satellites impact the
surface of the Moon unscathed by atmospheric drag, burning or melting, unlike what happens
on Earth. In addition, without an atmosphere to disintegrate and vaporise decaying orbital
debris, and with the non-uniform lunar gravitational field, matter ejected by manoeuvring
orbital spacecraft in low lunar orbit will end up rather quickly on the lunar surface.
As the Moon is currently barren of any human presence, the impacts of space objects on the
lunar surface are solely an environmental issue. Article I OST is intended to avoid any
harmful contamination of the outer space environment, deliberate or unintentional, and
Article .1 of the Moon Agreement considers the risk of lunar contamination, imposing upon
States the duty to take measures to prevent the disruption of the existing balance of the
Moon’s environment. [2 ] Nevertheless, it is not clear how spacefaring nations operating on
the Moon will prevent the proliferation of space debris on Moon’s orbit and prevent the lunar
surface to become a junkyard of crashed, defunct satellites and space objects. As the activities
begin, the practice of crashing satellites on the surface may potentially cause catastrophic
events to occur on lunar base elements, causing damage and triggering both the OST and
LIA .
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When a satellite in EO wears down and ceases to be operational, it takes a considerable
amount of energy to slow it down so it can move out of the way and burn up in Earth’s
atmosphere. Instead, they have to be moved into a higher orbit commonly referred to as the
graveyard orbit, a region around the planet where these defunct satellites do not interfere with
important operational satellites. To be brought back to Earth and burn up in the atmosphere,
lunar satellites would have to perform a propulsion manoeuvre used to set a spacecraft on a
trajectory which will intersect the Earth s Sphere of influence called Trans-Earth injection
TEI . Uncrewed space probes have performed this manoeuvre from the Moon in past.
However, this proposal neglects the financial costs and the fact that Earth’s orbit is already
congested with man-made debris. It is impractical.
On Earth, the effectiveness of the legal instruments is being put to test and the space debris
mitigation guidelines have proved to be insufficient to prevent the proliferation of debris. On
the Moon, the mechanical, legal and political challenges are even greater and might take the
current legal and regulatory to a breaking point if a bespoke lunar regulatory framework,
clarifying the ambiguities, defying concepts and attributing higher responsibility for the lack
of measures to prevent the deterioration of the lunar environment is not established.
. REGULATION AND S ACE DEBRIS MITIGATION AND REMEDIATION ON
THE MOON
As previously stated, the UN space treaties do not address the problem of space debris. The
negotiations on a possible regulation started in the 19 0s. First with the Inter-Agency Space
Debris Committee IADC , an international governmental forum founded in 199 ,
coordinating efforts to deal with space debris.
In 1999, the IADC began developing the first international consensus on space debris
mitigation, and after several years, the space debris mitigation guidelines were published in
2002. The document outlines a set of technical mitigation measures, which organisations are
encouraged to adhere to. As they are non-legally binding in nature, States have no obligation
to adhere to them. These include 1 limitation of debris released during normal operations,
2 minimisation of the potential for on-orbit break-ups,
post-mission disposal and
prevention of on-orbit collisions. The guidelines also recommend a 2 -year post-mission
maximum lifetime and a 0-year maximum post-launch lifetime. Operators are encouraged to
apply the guidelines to the greatest extent possible’. [29] These uidelines were proposed
considering the orbital mechanics and influence of the atmospheric drag of the Earth. In
principle applicable to extraterrestrial environments, particularly when it comes to the
limitation of debris release and minimisation of on-orbit break-ups, the biggest problem
seems to be post-mission disposal and accumulation of orbiting space objects over time.
The IADC uidelines became the basis for the UNCOPUOS Space Debris Mitigation
uidelines, a document adopted by consensus of the Steering roup in October 2002, and
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revised in September 200 , establishing a series of measures and good practices aimed at
reducing the risk of creation of debris. Another relevant instrument is the ISO Standard
2 11 Space Systems Space Debris Mitigation equirements’, 2011 the international
standard establishing the design and operation requirements to minimise the impact of space
operations on the orbital environment. [ 0]
In 201 , the UNCOPUOS eneral Assembly [ 1] noted with satisfaction’ that some States
were implementing the guideline measures, as states have included in their national space
legislation provisions on space debris mitigation and prevention. [ 2] Once this happens,
these provisions become obligatory for the actors, both governmental and non-governmental
entities, which have been authorised by those States to carry out activities in outer space.
However, the employment of normative reference to such instruments of non-legally binding
character in domestic space legislation raises questions of theoretical and practical character,
as this legislative practice does not necessarily comply with domestic legislative requirements
of being clear, specific and unequivocal by stating that operators must comply with
internationally recogni ed standards and guidelines’ in a broad and generic sense. In spite of
the insertion of these types of provisions in national space laws as an instrument to transform
non-obligatory international norms into rules that are enforceable at least on a national scale,
the main issue with the guidelines is that they are non-binding instruments, meaning that they
are just strong suggestions for nations to abide by, making enforcement rather difficult.
Some delegations noted that making the mitigation guidelines legally binding was not
necessary as it was in the interest of all States to preserve the sustainability of outer space.
However, in spite of this rhetoric, currently, there are some areas in Earth’s orbit that have
reached 90 space object concentration, mainly attributed to orbital man-made debris, i.e.,
satellites and other space objects that are no longer operational. [ ] The IADC noted in 201
that in LEO, the current implementation level of the guidelines was considered insufficient
and no apparent trend towards a better implementation is observed’. [ ] ased on current
practices, there is no reason to assume the situation on the Moon would be any different.
Since there is no internationally agreed legal definition for space debris, the IADC Space
Debris Mitigation uidelines, defines space debris as all man-made objects, including
fragments and elements thereof, in Earth orbit or re-entering the atmosphere, that are nonfunctional. [ ] The IAA Position Paper 199 , 2001 , in its turn, describes orbital debris as
any man-made Earth-orbiting object which is non-functional with no reasonable expectation
of assuming or resuming its intended function, or any other function for which it is or can be
expected to be authorised, including fragments or parts thereof. The fact that both the IADC
and the IAA define space debris as being any man-made Earth-orbiting object , therefore
excluding from the definition any space object in orbit of a celestial body other than the
Earth, demonstrates the inherently problematic consequence of a lack of legal definition.

2021

The issue of debris and orbital collision is even more imminent with small satellites as they
are usually non-manoeuvrable, cannot be deorbited in a controlled manner and are therefore
dependent upon being pulled in by the gravitational pull and, in the case of the Earth, burning
up in the atmosphere. This process can take much longer than expected or predicted.
However, as mentioned earlier, the Moon has no appreciable atmosphere that could burn up
debris, rendering the challenging problem of non-manoeuvrability of small satellites even
more pressing on the lunar orbital environment.
For the long-term sustainability of the Earth’s orbital environment and it order to ensure the
free access to space for all nations, it is recommended a combination of 100 passivation,
90 post-mission disposal and AD as space debris remediation, a technology aimed at
physically removing space objects from orbit. For the long-term access and sustainability of
the activities on the Moon, it will be necessary to regulate payload orbital insertion, docking,
and de-orbiting technologies in order to minimise the accumulation of debris surrounding the
Moon.
All of these documents were conceived without having in mind any long-term, extensive
human activity on the Moon. In spite of this legislative effort, it has become apparent that
these mitigation guidelines are not comprehensive enough and the current legal and
regulatory framework does not adequately respond to the new challenges presented by
NewSpace and future activity on the Moon and other celestial bodies. In addition to being
non-legally binding instruments under international law, as mentioned before, there is still a
considerable amount of countries that have not yet signed and or ratified some or any of the
UN treaties in the first place. The legislative developments that occurred for the Earth’s orbit
are not applicable and or not satisfactory to the Moon’s orbit.
. TECHNICAL SOLUTIONS: AN ANALOGY FROM THE EARTH S ORBIT
Space operators have started planning and working on the possibility of refuelling, repairing
and even resurrecting satellites in outer space. This is called on-orbit servicing’, which is
another possibility to militate the accumulation and clogging of orbital debris. [ 6] The
average distance from Earth to the Moon of about  , 00 km make this proposal
challenging at first. However, as human settlements and based on the Moon become more
common, it increases the chances of lunar satellites being on-orbit serviced’ by Moon bases,
instead of being reliant on shipments from Earth.
NASA proposed a solution to the problem called Space Debris Elimination SpaDE . [ ]
This option was necessary because there was simply no practical method of debris removal to
date. SpaDE would shoot pulses of atmospheric gas at targets that would destabilise their
orbits and force them to re-enter the Earth’s atmosphere and burn up. Meanwhile, ESA is
working on its own solution. Also agreeing that the problem of micro and small debris cannot
be solved, they are also going after the larger pieces. ESA is working on an application called
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the e-DeOrbit, which would use a net to a robotic arm to catch a large piece of junk and draw
them towards the atmosphere where both the hunter machine and the piece of junk would
burn up. [ ] oth methods are impracticable on the Moon orbital environment.
A new and broader approach was provided with the concept of Space Traffic Management’
STM in combination with space situational awareness SSA . Since the availability of slots
in the EO is limited and uncontrollable space debris is increasing, the only way for
operators to avoid collisions is to manoeuvre the operational space object. SSA is therefore
required because it tells the operator where and when to move. The Space Policy Directive[ 9], signed by President Trump on 1 th of une 201 defined SSA as the knowledge and
characteri ation of space objects and their operational environment to support safe, stable,
and sustainable space activities. STM is defined as the planning, coordination, and on-orbit
synchroni ation of activities to enhance the safety, stability, and sustainability of operations
in the space environment under that same Directive, and it is the set of technical and
regulatory provisions for promoting safe access into outer space, operations in outer space
and return from outer space to Earth free from physical and radio-frequency interference’.
[ 0] The term space traffic was already in use in the 19 0s but a more detailed discussion
was initiated only in the late 1990s and culminated in a study by the International Academy
of Astronautics of 2006, [ 1] which became the first truly comprehensive approach to
shaping a new order for the uses of outer space.
Not only the number of satellites is increasing, but also the number of operators, more and
more countries are getting involved in the space industry. The increasing number of operators
makes it even more necessary to coordinate and govern space. There is not yet a standardi ed
system to coordinate, governing is currently up to licensing nations.
In une 2019 the result of more than eight years of organised working groups resulted in the
uidelines for the Long-term Sustainability of Outer Space Activities of the Committee on
the Peaceful Uses of Outer Space. The uidelines provide guidance on the policy and
regulatory framework for space activities safety of space operations international
cooperation, capacity-building and awareness and scientific and technical research and
development. [ 2] The recent development in regards to the concept of sustainability arises
from the increasing complexity that comes from the increasing number of space actors. It
becomes more and more clear that the space in Earth’s orbit is not infinite. Although the
guidelines are provided with the Earth’s orbital issues in mind, COPUOS made some room
for flexibility by recogni ing the guidelines as a living document . [ ] It will be
periodically updated to ensure an up-to-date reflection on sustainable space activities.
Unfortunately this does not necessarily mean that lunar debris is going to be on the agenda
anytime soon, because legislation usually seems to arise when the problem is already almost
irreversible.
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. CONCLUDING REMARKS
Humankind is returning to the Moon, and this time to stay. [ ] Space agencies and private
companies will explore and exploit Earth’s natural satellite in the next decades. Several future
lunar missions are scheduled or proposed by a number of countries, organisations and private
companies. The nature of those missions varies from in-situ analyses, sample-return, orbiters,
and lunar flybys. All these missions will raise questions of how best to minimise and to
dispose of lunar orbital debris.
The current legal and regulatory framework addresses the issue of space debris rather broadly
and lacks key definitions. The most comprehensive international guidelines are soft law
instruments, non-legally binding, and difficult to enforce without the goodwill of spacefaring
nations and space operators. This practice has lead to a critical situation in LEO - which is
predicted to worsen if nothing is done. The lunar environment requires new ideas and more
stringent rules, in addition to a clearer legal approach, complementing the constraints of the
UN space treaties and in compliance with them. Law is an enabler. Operators willing to
invest their financial resources on the Moon need legal certainty and the assurance their
activity and conduct are safely regulated and protected. States, which must authorise and
supervise the space activities of their nationals, also have in their best interest a
straightforward and transparent legal regime.
On the near-term, perhaps the most important tool to mitigate the proliferation of space debris
is post-mission passivation. Proposed unique solutions in the likes of lunar equatorial dumps,
may also prove attractive but might face legal challenges, as stated in Article I OST.
However, as with Earth satellites, prevention is less costly than remediation and debris
mitigation measures tend to be more effective when adopted early in the concept and design
phase. The Moon is only the closest celestial body to Earth, at 0,000km. That is, no pun
intended, astronomically close. The way we choose to act on the Moon will set the parallel
and the standards to every subsequent mission, e.g, to Mars, where the environment is unique
in its own way. The urgency of the problem cannot be overestimated and the need for action
is vital not only for the use of near-Earth space, but for the safe and sustainable long-term use
of the whole cislunar environment.
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ABSTRACT
Shelter systems are a prefabricated cabin designed to accommodate the signals transmission.
The shelter taken into consideration is a military control center used in different scenarios to
fulfill activities for controlling reconnaissance system and missile system. As the internal
operators of the Shelter system conduct several specific missions over a long period of time in
a noisy environment, one of the most important specifications for the shelter system is the
internal noise level at the operator’s ear.
The main goal of the present study is the development of a numerical model well representing
the system in terms of vibro-acoustic response to the effecting noise and vibration sources.
The Shelter System has been designed and modeled with finite elements (FEM) considering
both a structural and acoustic mesh of the internal air volume. A vibroacoustic numerical test
with NASTRAN was then conducted to predict the level of acoustic pressure inside the cavity
and more precisely close to the human ear; the main results obtained concern the acoustic
pressure levels, inside the shelter, generated by the action of the power unit (PGU).
Numerical data have been compared with results of a dedicated experimental campaign to
check and update the numerical assumptions.
Keywords: Vibro-Acoustic Analysis, Military Shelter System, Noise Control
1

INTRODUCTION

The Shelters are able to withstand extreme conditions of use both structural and
meteorological, providing the operator with optimal comfort conditions.
The main requirements that must be kept under control in a shelter enclosure are mainly the
temperature and internal noise level. With reference to this latter aspect, personnel shall be
provided an acoustical environment that will not cause personnel injury, interfere with voice
or any other communications, cause fatigue, or in any other way degrade system
effectiveness. Noise affects human health and performance in several ways. Apart from
environmental considerations, the most critical effects include noise-induced hearing injury
and the impact of signal comprehension on communications, survivability, and mission
effectiveness.
The aim of this paper is to develop a vibro-acoustic model of a shelter system, in order to be
able to predict the internal acoustics noise of a manned shelter system during the drafting
phase. After numerical model validation due to experimental testing, some strategies will be
proposed to reduce the internal noise of the shelter.
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2

SHELTER SYSTEM ARCHITECTURE

The shelter that has been taken into is composed by: an operating cabin where devices are set
up to carry out the mission, a central compartment occupied by an antenna that can be raised
in the operational phase and at the end we have a power unit and a cooling system outside.
The shelter has four large paws that separate it from the ground, thanks to which it can be
positioned horizontally compared to ground.

Figure 1 Military shelter systems

3

ACOUSTIC PROBLEM

Our main interest will be the structural transmission of low-frequency noise; the noise
vibration load, that is considered, is generated only by the PGU that work at 50Hz. Tonal
noise, or tonality, as a component of environmental noise can be an important factor in the
annoyance of people listening to that noise. Environmental noise with audible tonal
components generally results in higher levels of annoyance than broadband noise at a similar
level. [1] [2]
4

NUMERICAL MODELING

Shelter structure can be considered as a complex structure. Due to this fact, modelling the
structure accordingly to the actual structure might be difficult. Therefore, major simplification
in modelling the structure was carried out when constructing the finite element model of the
shelter system. Most of joints, iso-corners and door were all neglected during the model. The
Shelter structure is composed by aluminium truss and aluminium sandwich panels with
thermal acoustic insulation foam inside.
By using principle from finite element method, for a complicated structure, can be divided
into many small elements. The global mass and stiffness matrices of each element can be
divided into many small elements. [3]
The following simplification of modelling was adopted: truss structure has been simulated
with BEAM elements (1D), sandwich panels with PCOMP elements (2D), lumped mass
elements (0D) linked with RBE to simulate the presence of the internal and external
equipment, and finally HEXA elements (3D) to the inner air volume.
The constraint condition was imposed with fixed support on the four lower iso-corner.
Computer aided design (CAD) model was produced first before being imported into a
computer aided engineering (CAE) software, Femap/NX-Nastran, in order to convert the
model into a finite element model. The finite element was created by using about 800k quad
elements.
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Material

Young Modulus
[GPa]

Al5754
Al6068
Foam

68
70
3

Poisson
Ratio
0,33
0,33
0,4

Density
[Kg/m3]
2600
2700
500

Table 1 Material data sheet

5

MODAL ANALYSIS

The numerical modal analysis was performed on the both structural and acoustic parts
separately and at least it was performed also on the full model considering the fluid-structure
interaction.
As shown below the main normal modes all fall within a range of 50Hz,
therefore a strong fluid structure will be achieved.

(a)

(b)

(c)

(d)

Figure 2 Main structural normal modes: (a):10,5Hz; (b):48,3Hz; (c):50,9Hz; (d):54,9Hz

(a)

(b)

(c)

(d)

Figure 3 Main acoustic normal modes: (a):47,2Hz; (b):68,9Hz; (c):72,6Hz; (d):87,2Hz
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(a)

(b)

(c)

(d)

Figure 4 Main vibro-acoustic normal modes: (a):10,5Hz; (b):18,9Hz; (c):41,1Hz; (d):51,0Hz

6

EXPERIMENTAL TESTING

Whole experimental tests have been performed with following depicted testing tools,
connected to the SCADAS mobile.

(a)

(b)

(c)

(d)

(e)

Figure 5 Test instruments: (a): SCADAS mobile; (b): hummer; (c): accelerometer;
(d): pressure probe; (e): microphone

6.1

Operative condition characterization

6.1.1 ODS - Operating deflection shape
An operating deflection shape (ODS) is defined as any forced motion of two or more points
on a structure. Specifying the motion of two or more points defines a shape. Stated
differently, a shape is the motion of one point relative to all others. Motion is a vector
quantity, which means that it has both a location and a direction associated with it. Motion at
a point in a direction is also called a Degree of Freedom, or DOF. [4]
This technique has been performed so as to simplify the setting setup of the boundary
condition, in fact it was used the operative configuration; an accelerometer has been
positioned on the power units (Master accelerometer) and other satellites accelerometer
(Slave) has been positioned in a lattice position on structure as shown in the following figure.
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(a)

(b)

Figure 6 Accelerometers disposition: (a): Master accelerometer; (b): Slave accelerometer

Experimental tests show that the noise source is mainly tonal at 50hz which is the regime
where the power unit works.

Figure 7 Vibration noise of the PGU

6.1.2 SPL - Sound pressure level
At the same time the sound pressure level inside the shelter was measured while the current
generator was switched on. The measurement was carried out thanks to the use of two
microphones placed inside the passenger compartment; as shown in figure 8 (b) also in this
case the vibro-acoustic noise is mainly tonal at 50Hz.

(a)

(b)

Figure 8 Sound pressure level: (a): Test setup; (b): SPL (dB)

7

NUMERICAL FRQUENCY RESPONSE

To validate both the structure and the acoustic volume it is necessary to carry out a numerical
frequency response analysis on the whole model, with which it could be possible to make the
comparison with the ODS. [5]
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7.1

Load calibration

The force calibration was performed through an iterative process, where at first a unitary force
was placed in the PGU’s centre of mass and then thanks to the accelerometric acquisition it
was possible to calibrate that force.
8

COMPARISON

After the forcing calibration it was possible to make a cross correlation between all the
experimental and numerical acquisitions. Where necessary the following validation process
was used to achieve a good correlation with the actual structure.

Figure 9 Validation strategy

Only some of the calibrated accelerometers are shown below, they show the experimentalnumerical accelerometric trend.

(a)

(b)

(e)

(c)

(d)

Figure 10 Numerical and experimental frequency response correlation: (a): accelerometer
acquisition; (b): correlation in point 1; (c): correlation in point 2; (d): correlation in point 3;
(d): correlation in point 4.
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At the same time, the numerical frequency response analysis provided information about the
SPL inside the shelter; to validate the acoustic cavity, the numerical analysis was compared
with the microphones acquisition placed inside the operating area

(a)

(b)

Figure 11 Acoustic analysis - SPL: (a): acoustic noise on human ear level; (b): Numerical and
experimental correlation of SPL

At last the numerical and experimental operative deformation were compared under the
operative load condition so as to have a further confirmation about the numerical model.

(a)

(b)

V
(c)

(d)

(e)

(f)

Figure 12 Numerical and experimental correlation of frequency response analysis at 50Hz:

(a): numerical acceleration y-direction; (b): experimental acceleration y-direction;
(c): numerical acceleration z-direction; (d): experimental acceleration z-direction;
(e): numerical acceleration x-direction; (f): experimental acceleration x-direction;
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9

CONCLUSION

The present study was undertaken to correlate the experimental tests to the data gathered from
the finite element analysis of the shelter system. The result of this investigation show that
discrepancy is unavoidable when constructing model for a complex structure such ad Shelter
because of inaccuracies in parameters assumption and simplification in process of modelling.
These deviations can be accepted because the discrepancy between numerical and
experimental result is low. Whith that predictive acoustic model it’s possible to make some
acoustic improvement and evaluation or it’s possible to increase the complexity of shelter’s
finite model element such as including also the internal source like air conditioner and
workstation noise.
10
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ABSTRACT
Control of interior noise levels in turboprop aircraft has been a significant research area
over the last two decades. The reason is that, the turboprops, are more fuel efficient than jets
on shorter, slower routes but present a strong potential for unacceptably high structure-borne
noise levels in the aircraft fuselage.
These high noise levels would require very efficient fuselage sidewall transmission loss at a
propeller blade passage frequency in the range of 150 to 300 Hz. To meet these technical
requirements in terms of internal noise reduction, the use of insulating materials between
interior trim panels and the fuselage is required.
The methodological process is based on a Vibro-acoustical numerical Finite Element
approach, to evaluate the Sound Pressure Level (SPL) at passenger ear level.
Based on the target of the study, different materials and possible stratifications have been
experimentally studied in terms of acoustic properties and performances.
Through this numerical tool it has been possible to evaluate the best configuration and
optimize the blanket choice to obtain the target SPL reduction considering different fuselage
location, acoustic cavity and target weight of the complete insulation package.
Keywords: Vibro-Acoustic Analysis, Blade Passage Frequency, Noise Prediction, Blankets

1

T

INTRODUCTION

hese work takes part of the European project CLEAN SKY2 S.P.A.I.N. (Smart Panel for
SAT Aircraft Cabin Insulation).
Project has the purpose to improve the acoustic for General Aviation Aircrafts and more in
general for the Small Aircraft Transportation (SAT) community by providing a performant,
cost effective and lightweight cabin insulation system. The Topic manager of the project is the
Czech aircraft manufacturer Evektor, which provided the objectives in terms of sound
pressure level in the cabin and weight of the system. The companies involved in the project
are Protom, with rules of project Coordinator and system design and TI&A, partner for the
construction and installation of the insulation system on a demonstrator (EV-55 aircraft).
The main project innovation is a new mounting configuration which provide the insulation
blanket linked to the Cabin lining panels instead of the primary fuselage structure (skin)
allows faster access to wiring and an easier replacement of the blankets.
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(a)

(b)

Figure 1: (a) New Mounting Configuration; (b) Analysed Panel and Available Acoustic Cavity

Different blanket's configuration have been considered in terms of different insulation
materials stratification in relation to critical frequencies, external pressure and maximum
acoustic cavity located in different aircraft areas and define the insulation system optimization
without losing sight, the acoustic and total weight requirements.
To achieve this aim, a methodological process has been used, based on a numerical Vibroacoustic Finite Element approach, to evaluate the Sound Pressure Level (SPL) at passenger
ear level.
2

TURBOPROP INTERIOR NOISE INVESTIGATION

Generally, an aircraft is affected by several noise sources; the noise level and spectrum
depend on the aircraft, the engine power unit, the broadband excitations related to the
turbulent boundary layer, propulsion system and flight phase. Turboprop aircraft present an
important contribution form the airbone path generated by the propeller system mainly due to
the short distances between the propeller tip and the fuselage. This noise sources is mainly an
harmonic source and as a general rule, the fan Blade Pass Frequency (BPF) noise level
intensity varies with the number of blades (t) and the rotation speed of the wheel in RPM (n)
and can be expressed as :
𝐵𝑅𝐹 =

(1)

𝑛𝑡
60

Results of preliminary noise and vibration measurements will be presented here. These
measurements were realized by EVEKTOR on the EV-55 airplane without interior panel
during flight test FL100 RPM 2200 (Cruise condition); microphone was step by step located
in 3 points (mark of points = UZL). An analyser BaK 2238 was used for the measurement.

(a)

(b)

Figure 2 (a) In flight SPL at UZL2 ;(b) In flight SPL at UZL3

2036

Vibro-Acoustic Response Analysis and experimental validation of a Turboprop Insulation
Package
3

FUSELAGE FEM ANALYSIS AND EXPERIMENTAL COMPARISON

3.1

Mesh and Materials

To define the FEM model of the fuselage, a structural and acoustical analyses has been made
and the SPL response has been compared with the in-flight measurement to validate the
model.
Once verified a subsequent forecast of the internal fuselage noise with different deck
configurations has been made.

(b)

(a)

Figure 3 (a) Fuselage CAD model; (b) Fuselage FEM model

Mesh has been made on the fuselage CAD supplied by Evektor. In the model, all stringers
have been made with 1D elements (BEAM), whit same section of the CAD model. The spars
modelled with 2D element (spar web) and 1D element (spar caps). The floor has been
modelled with a sandwich panel, made by 2 layers of aluminium and a mid-layer of
aluminium honeycomb.
Follow materials has been used:
Material
Aluminium (Skin)
Aluminium (Stiffening)
PMMA (Windows)

Elongation Modulus E
70000 MPa
72400 MPa
3300 MPa

Poisson Ratio ν
0.30
0.30
0.37

Density ρ
2700 Kg/m3
2780 Kg/m3
1910 Kg/m3

Table 1 Materials property

3.2

Modal analysis

To identify the structural and acoustical resonant frequencies a modal analysis has been made
to evaluate contribution at the interior noise of both.
In the acoustic characterization, the acoustic cavity has been modelling with PFluid hexaelement and the air property in FL100 condition, has been considered.
FL100 Air
Density ρ
Speed of sound c

0.91 kg/m3
326000
Table 2 In flight ISA Air property

Particular attention has been given to the identification of the common resonance frequencies:
these had to be avoided cause intensive energy exchanges between fluid and structure. First
structural and acoustic modes have been reported:
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Figure 4 Structural Modal Shapes at 23.22 Hz and 36.85Hz

Figure 5 Acoustic Modal Shapes at 36.41Hz and 50.85Hz

3.3

Coupled Fluid Structure Interaction

At this stage the coupled modal analysis has been analysed to evaluate the resonance
frequencies of the coupled system; the modal shapes near critical frequencies has been
reported:

Figure 6 Coupled modal shape at:150 150.5 Hz

Figure 7 Coupled modal shape at:192.2 398.9Hz
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3.4

Pressure fields modelling

To estimate the aerodynamic load caused by the passage of the blade, the sound pressure level
in operational flight has been analysed in a reverse engineering approach; consequently, the
equivalent pressure distribution on the outside of the fuselage was calculated.

(a)

(b)

Figure 8 (a) Evektor Co-rotating Propeller; (b) Generic Pressure Distribution Acting on Fuselage

This was achieved by setting the SPL on the UZL2 microphone and verifying the numerical
correspondence with the reading of the UZL3 microphone.

(a)

(b)

Figure 9 (a) Imposed SPL in UZL2; (b) SPL read in FEM model.

As regards the boundary conditions: a condition of free field has been assumed in the front
section of the fuselage and a reverberant field in the rear section, since the fuselage section
ends in the rear plane at that point.
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3.5

Sound pressure at Ear level map

After the validation of the model, the sound pressure map has been obtained whit a direct
frequency response at passenger’s ear level. The following images describe the SPL in critical
frequencies analysed:

Figure 10 SPL at Ear Level at 152 and 300.2 Hz

4

DESIGN AND TESTING OF DIFFERENT BLANKET PACKAGE

Different insulation materials have been analysed and compared to define the best blanket
stratification and in this choice, it was preferred to opt for materials already certified in the
aeronautical field (CS23 / FAR23) using as a benchmark for the choice, the relationship
between weight, cost and performance.
Blanket has been designed in relation to the available acoustic cavity (considering structural
frames and cabin wiring) and external pressure acting on the fuselage.
The following blanket packages have been selected:
Insulation Package Id.
#1
#2
#3
#4
#5

Description
Sound Block Roger Bisco HT-200 + Microlite 3/8’’ 1.2pcf +
Microlite 2’’ 0.6 pcf
Sound Block Roger Bisco HT-200 + Microlite 3/8’’
Sound Block Roger Bisco HT-200 + Aerocell SK-13200 + Sound
Block Roger Bisco HT-200
Aerocell SK-13200 + Sound Block Roger Bisco HT-200
Microlite 3/8’’ 1.2pcf + Basotec UL
Table 3 Selected Insulation Packages

The parameters of absorption, transmission loss and impedance has been measured, for all the
package, with a kundt tube.
The system used for the execution of the tests is the BSWA mod. SW422 / SW477 which
allows to perform sound absorption measurements according whit the standard.
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Figure 11(a) Experimental facilities; (b) Tested Samples

Figure 12 Packages characterization: (a) Absorption coefficient; (b) TL

4.1

Preliminary Insulation System Experimental Analysis

The preliminary insulation blankets configuration has been realized, setting on the interior
panel and the full system has been analysed in the operative mounting.

Figure 13 Preliminary configuration

Transmission Loss has been evaluated with a reverberating box through a sound intensity
probe in the central location of the interior panel.
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(a)

(b)

Figure 14 (a) Measurement Setup; (b) Experimental Noise Reduction

5

PREDICTED FUSELAGE NOISE REDUCTION

After the preliminary insulation package experimental measurements, the value of the
impedance for the interior system (whit all designed stratification and considering the interior
trim panel) has been determined with the Kundt tube.
This value has been employed in FEM model whit the use of Frequency-Dependent Acoustic
Absorber Element (CAABSF) and the SPL on the passenger ear level in the worst frequencies
of interest has been determined:

Figure 15 SPL at Ear Level whit insulation system

6

CONCLUSION

The predictive model makes possible to study different blanket configurations, analysing and
inserting the impedances of all possible designed insulation packages directly in the finite
element model.
The optimization analysis, in this way, gets immediate feedback for every possible absorbent
package choice, making the optimization itself faster and aimed at achieving the requirements
requested set by the client and the best cabin comfort.
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Abstract
The paper describes the take-off performances and characteristics of an unconventional aircraft,
called PrandtlPlane. The PrandtlPlane has a box-wing architecture, founded on the “Best Wing
System” concept due to L. Prandtl, that minimizes the induced drag once wingspan and lift are given.
This configuration has the potential to be a more efficient alternative to conventional tube-and-wing
aircraft, and it is under investigation in the framework of the PARSIFAL project, funded by the
European Union in the Horizon 2020 program. A numerical simulation tool for the take-off dynamics
of the aircraft, based on the non-linear equations of motion, has been developed in order to evaluate
the performance of the aircraft in take-off condition. The VLM solver has been integrated into this
tool in order to evaluate the aerodynamic performance of the aircraft in ground effect at each moment
of the manoeuvre. The same assessments have been made for a conventional tube-and-wing reference
aircraft, with the aim of conducting a performance comparison with the reference PrandtlPlane. The
preliminary results obtained show the aerodynamic and aeromechanical advantages of the reference
PrandtlPlane, in terms of runway length and passenger comfort.
List of Symbols
CL
CLmax
CLα
CLδe
CLδf
Cm
Cm0
Cmα
Cmδe
Cmδf
α
δe
δf
VR
W
g
V
T
D
RT
RN

Lift coefficient
Max lift coefficient
Derivative of lift coefficient respect to angle of attack
Derivative of lift coefficient respect to elevator deflection
Derivative of lift coefficient respect to flap deflection
Pitching-moment coefficient
Pitching-moment coefficient at zero angle of attack
Derivative of pitching moment coefficient respect to angle of attack
Derivative of pitching moment coefficient respect to elevator deflection
Derivative of pitching moment coefficient respect to flap deflection
Angle of attack
Deflection angle of elevators
Deflection angle of flap
Rotation speed
Aircraft weight
Acceleration of gravity
Speed
Thrust
Drag
Vertical reaction of the ground
Horizontal reaction of the ground
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Lift
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Attitude angle
Center of gravity-wheels horizontal distance
Center of gravity-wheels vertical distance
Moment of inertia
Aerodynamic moment
Vertical speed
Trajectory angle
Take-off end speed
Decisional speed
Balanced field length
Initial coordinates of main surfaces
Final coordinates of main surfaces
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Flap Gain
Federal Aviation Regulations
Vertical load factor
Maximum Take-Off Weight
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m
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Introduction
The aviation demand growth is around 4.5% per year [1][2], and it is foreseen to double in a couple
of decades [3]; this trend will be accompanied by the saturation of most of the airports worldwide and
an unacceptable increment of air pollution in the atmosphere with a consequent greenhouse effect
[4][5]. The requirements by ACARE [6] of cutting the CO2 and NOX pollutions and reducing
significantly the external noise around the airport areas will be hardly satisfied by improving the
conventional tube-and-wing aircraft, so the introduction into service of disruptive aerodynamic
configurations is seriously considered a possible solution for obtaining a greener and more efficient
air traffic in the future. Different innovative aerodynamic configurations [7] have been proposed for
the civil aviation of the future as, in particular, Blended Wing Body, Truss Braced Wings, and
PrandtlPlane [8]. To investigate these unconventional configurations, in Europe, in the framework of
Horizon 2020, a call named “breakthrough innovation in aeronautics” has been devoted to finance
cooperative projects to design a “disruptive aircraft” for future air traffic. The project “PARSIFAL”
(Prandtlplane ARchitecture for the Sustainable Improvement of Future AirpLanes), funded by the
European Community, aims at designing an innovative aircraft, based on the adoption of the
PrandtlPlane configuration (in honour of L. Prandtl), and also to compare the performances with those
of conventional reference aircraft. The lifting system of the PrandtlPlane configuration is a box-wing
in the front view, according to the Prandtl’s Best Wing System concept [10]. As is well known, this
configuration minimizes the induced drag among all the possible lifting systems with the same total
lift and the same span [9]. PARSIFAL project aims at demonstrating that the application of the
PrandtlPlane configuration to aircraft with the same overall dimensions of short-medium range
aircraft, in particular with wingspan below 36 m, can increase the payload capacity from less than
200 up to more than 300 passengers, hence with a significant reduction of environmental impact and
direct costs per passenger. Understanding the performance is mandatory for this new architecture,
especially for the take-off phase. It is well known in literature [11][12] that during the take-off phase
the aircraft is subject to a phenomena called “ground effect” which helps the aircraft, but it can be
unfavourable in the landing phase. The ground effect, in the case of a PrandtlPlane, could influence
the aerodynamic characteristics in take-off more than for conventional aircraft, because there are two
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wings positioned at different heights, and the front one is very close to the runway. The main goal of
this paper is to address how the take-off performance of the PrandtlPlane are affected by the main
design parameters in order to define the main performances in terms of balanced field length and
decisional speed. More in details, in the first part of the paper two-reference aircraft are described:
one is a PrandtlPlane aircraft and one is a conventional tube-and-wing configuration. A common
procedure for movables sizing is then described, together with the aerodynamic evaluation methods
adopted in this work. Then, the dynamic simulation modelling and the mathematical model are
defined; in the final part, the main results of the simulation are shown, focusing on the comparison
between the take-off performance of the two reference aircraft. Since the lack of information available
in literature regarding the analysis of the PrandtlPlane in take-off condition, another objective of the
present activity is to provide design tools to be used in the final optimisation of the aircraft.
1. Reference aircraft
Two different configurations have been considered in this work: one is a conventional tube-and-wing
configuration, and the second one is a PrandtlPlane. The reference PrandtlPlane aircraft is called MS1
and represents the result of the first period of the design activities in PARSIFAL project; detailed
description of this configuration is in [13],[14],[15],[17]. The drawings of this configuration and its
main characteristic are reported in Figure 1.

Figure 1 Three views of the MS1 PrP configuration

One of the main objectives of the present analysis is understanding how the take-off performance of
the reference Prandtlplane configuration differs from that of a conventional aircraft. The main
competitors of the PARSIFAL PrP aircraft are represented by the short-medium range conventional
aircraft [17], as the Airbus A320 or the Boeing 737. In this work the reference conventional aircraft
chosen for the performance comparison is the CeRAS CSR01 [18], a public reference model for shortmedium aircraft. The CeRAS CSR01 drawings and its main characteristic are reported in Figure 2.
In order to evaluate and to compare the take-off performance of these two configurations, it has been
necessary to define a common sizing procedure of high-lift devices and control surfaces. Indeed, the
low speed performances, such as those in take-off (i.e. stall speed and CLmax), are strictly related to
the design of these components. A preliminary sizing procedure for both elevators and flaps has been
defined and it is described in [13]; the procedure is based on the trim fulfilment in approach condition.
The trim problem is thus defined:
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{

CL =CLα α+CLδe δe +CLδf δf
Cm0 +Cmα α+Cmδe δe +Cmδf δf =0

Figure 2 Three views of the CeRAS configuration

For the PrandtlPlane there are many possible layout for positioning the movables; the one selected
for the current analyses is represented in Figure 3 (right): the elevators are placed in the root regions
of both wings, the ailerons are installed in the tip regions and the flaps are placed between the
elevators and the ailerons. Front and rear elevators are actuated with opposite deflections in order to
introduce ideally a pitching moment without affecting the total lift. For the tube-and-wing aircraft,
the layout is the conventional one, with the elevators placed on the horizontal tailplane and the flap

Figure 3 Movables layout for the two configurations

on the main wing, as sketched in Figure 3 (left).The trim problem is solved by using the AVL code;
the flap deflection is set as an input, and the aerodynamic solver finds α and δe in order to fulfil
vertical and pitch equilibrium in approach condition, at Maximum Landing Weight. Due to the
limitations of the AVL solver, all the movables are considered as plain flap (also the high-lift devices).
At the end, the low speed performance of the configurations designed with these procedures are
estimated by means of consolidated literature methods, as [19]. The whole procedure is schematized
in Figure 4.
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Figure 4 Preliminary sizing procedure for control surfaces and
high-lift devices

2. Simulation modelling
It is possible to divide the take-off manoeuvre in three different segments: ground-roll, rotation, and
transition to climb, as sketched in Figure 5. In the ground roll segment, the aircraft starts its take-off
acceleration and reaches the rotation speed (VR); the only degree of freedom is the longitudinal
motion of the aircraft on the runway. The rotation segment starts when the VR speed is reached and
consists in the rotation of the aircraft around the main landing gear; this stage terminates when the
aircraft pulls the wheels off the ground. Then, in the transition to climb phase, the aircraft follows a
near circular path followed by the subsequent climb segment. According to Federal Aviation
Regulations (FAR), at the end of the runway the aircraft must reach a minimum height of 35 ft, (called
“screen height”) and, at that point, its speed cannot be lower than 1.2 times the stall speed with flaps
extracted.

Figure 5 Take-off manoeuvre
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2.1 Equations of motion
Following the forces schemes for the three take-off phases reported in Figure 6, the equations of
motion can be written as follows:

Ground Roll:

W dV
=T-D-RT
g dt

{ R +L=W
N
RT =μRN

W dV
=T cos θ -D-RT
g dt

Rotation:

Lift off:

d2 θ

Iy dt2 =MA -RN d-RT h
RN +L=W
RT =μRN
{

W dV
=T cos θ -D cos γ -L sin γ
g dt
W dVz
=T sin θ -D sin γ -L cos γ
g dt

{

Figure 6 Forces schema for the three take-off segments

d2 θ

Iy dt2 =MA

The ordinary differential equations of motion are non-linear, and the degrees of freedom are strongly
coupled so that no closed-form solution is possible; thus, it has been necessary to provide numerical
solutions. The integration is conducted with the Euler Method with a time step of 10-2 seconds; due
to the implementations of the aerodynamic evaluations in each step of the integration, the method has
a high computational cost.

2.2 Mathematical model for the aircraft geometry evaluation with respect to attitude variation
As described in section 2.1, the take-off manoeuvre is composed of three parts: ground-roll, rotation,
and lift-off. During the first phase the aircraft attitude does not change, whereas in the second and
third phases attitude and height change. The main differences between the two last phases is the
position of the instant centre of rotation: during the rotation phase, it is the contact point between the
tires of the main landing gear and the ground; in the lift-off phase, it is the centre of gravity. The
aircraft-ground relative position has to be evaluated accurately in order to estimate the aerodynamic
coefficients in ground effect, so a proper mathematical model has been developed.
Rotation
Exceeding the VR speed, the aircraft deflects the elevator and pitches-up around the ground-tire
contact point. The rotation comes around an axis parallel to the pitch axis, so there is a symmetry
respect to its longitudinal plane, and an easy formulation can be obtained without losing generality.
The reference system has the origin in the nose of the aircraft and, after the rotation, all coordinates
of the main surfaces (e.g. wings and fuselage) change. Indicating with XF, YF, and ZF the new
coordinates in the reference system (τ) and with XI, YI, and ZI the initial coordinates in τ, we obtain:
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XF
cos θ
[YF ] = [ 0
ZF
- sin θ

0
1
1

XR
sin θ XI -XR
Y
0]
]
[
]
+
[
0
I
ZR
cos θ ZI -ZR

The coordinates XR and YR indicate the position of the instant centre of rotation; θ indicates the
rotation of the aircraft.
Lift-off
When the aircraft lift off from ground, the centre of gravity becomes the new instant centre of rotation.
The equations are similar to the previous ones, but we have to take into account the relative distance
ground-centre of gravity (δZ).
XF
cos θ 0
[YF ] = [ 0
1
ZF
- sin θ 1

XR
sin θ XI -XR
0 ] [ YI ] + [ 0 ]
ZR +δZ
cos θ ZI -ZR

All these coordinates allow to define the new geometry in order to evaluate the aerodynamic
coefficient in ground effect with AVL.
2.3 Evaluation of aerodynamic coefficients
The aerodynamic characteristics of an aircraft during take-off are strongly influenced by the ground
effect, whose main consequences are a significant reduction of the induced drag (due to the
modifications of tip vortices and downwash), and an increase of the lift-generating capabilities, also
referred as “air cushion” [11][12]. The ground effect depends on the aerodynamic characteristics of

Figure 7 MS1 (left) and CeRAS (right) AVL models

the aircraft and, in particular, on the clearance of the wings from the ground. For this reason, in order
to realistically simulate the aerodynamics of the aircraft during the take-off phase, it has been decided
to evaluate the aerodynamic characteristics in each time step considered; in fact, the position of the
aircraft with respect to the ground varies during the evolution of the manoeuvre, depending on the
variables z(t) and θ(t), as described in paragraph 2.2. Given the large number of aerodynamic
evaluations to be done for each simulation, the computation of the aerodynamic characteristics has
been carried out using low-fidelity codes, with the aim of limiting the computational time. In
particular, the potential AVL code, based on the Vortex Lattice Method, has been used; with the AVL
code, the evaluation of ground eﬀect has been studied by specifying the symmetry of the aircraft with
respect to the ground plane. A validation procedure to assess the accuracy of AVL when simulating
ground eﬀect has been presented in [20]. The AVL models for the MS1 and CeRAS configuration
are shown in Figure 7. The main differences between the two configurations that affect the
aerodynamics in ground effect consist, obviously, in the shape of the lifting systems (boxwing vs
monoplane), and the engine installation, that influences the ground clearance of the aircraft. In the
case of the MS1 PrandtlPlane configuration, the front wing is very close to the runway, because of
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the fuselage-mounted engine; in the case of a conventional tube and wing aircraft, the main wing has
a larger distance from the runway, due to the wing-mounted engine.
In the following figures the main aerodynamic coefficients (evaluated with AVL considering ground
effect) are reported for the MS1 and CeRAS configurations with respect to α and height (z) variations.
The graphs in Figure 9 show the increase in the lift coefficient as the aircraft approaches the ground,
for both configurations. This is mainly due to the presence of ventral overpressures on the lifting

Figure 9 CL curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0)

surfaces that causes an increase in the lift generated (effect known as 'air cushion'). Smaller the
distance between the lifting surface considered and the ground, larger the effect. For this reason, the
MS1 configuration has a better advantage from the point of view of lift in ground effect, due to the
fact that the front wing (that is the more loaded between the two wings of the boxwing) is much closer
to the ground than the monoplane competitor. Moving from an altitude of 20 meters (calculated with
respect to the centre of gravity of the aircraft) to an altitude of 0 meters, and with a zero attitude angle,
there is a gain in lift coefficient of 28% for the PrandtlPlane, while for the conventional aircraft,
under the same conditions, there is an increase of 13%. The better performance in ground effect for
the boxwing is also evident in terms of CLα, as shown in Figure 8. Compared to the free air flight
condition, the PrP configuration has a gain in CLα equal to 33% during ground roll, while for the
competitor tube-and-wing is only of 14%.

Figure 8 CLα curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0)

The CLα is not constant with α for configurations that are affected by the ground effect; the graph in
Figure 8 shows that lifting performance decreases with the increase in aircraft angle of attack: it is
due to the distance increase between the wing (in particular the front wing for boxwing) and the
runway.
The second significant effect of the proximity of the aircraft to the runway is the reduction of induced
drag, as can be seen from the CDi graphs, shown in Figure 10. Also for this aspect, the ground effect
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performance of the PrandtlPlane is better than the CeRAS; moving from free air to ground roll, the
CL/CDi ratio increases by 87% for the PrP and 38% for the monoplane.

Figure 10 CDi-α curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0)

For the PrP MS1 configuration, as the incidence increases (and therefore in the rotation phase in the
case of a take-off manoeuvre), the front wing moves away from the ground while the rear wing
approaches, causing a pitch stiffening, as can be read from the Cmα-α graph in Figure 11; increasing
the distance of the aircraft from the runway, this effect tends to disappear. For the monoplane, the
greater proximity to the ground causes an increase in pitch stiffness due to the increase in the lift
capacity of the main wing.

Figure 11 Cmα-α curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0)

3. Simulation results
3.1 Definition of BFL according to FAR
The evaluation of the balanced field length (BFL) is crucial for the aircraft performance in the takeoff phase. According to FAR, two “main distances” are fundamental for the evaluation of the
decisional speed (balanced V1) and the BFL: the Take-Off Distance (TOD) and the Accelerate-Stop
Distance (ASD). In this work only dry runway is considered.
According to FAR 25.113 the TOD on a dry runway is the greater of:
a) The horizontal distance (TODN-1) along the take-off path from the start of take-off to the point
at which the airplane is 35 feet above the take-off surface. During the take-off path an engine
failure occurs and is recognized at V1 (delayed of one second respect to engine failure speed
[21])
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b) The 115 percent of the horizontal distance (TODN) along the take-off path, with all engine
operating, from the start of take-off to the point at which the airplane is 35 feet above the takeoff surface.
The first condition is related to a take-off with one engine inoperative (OEI); the second one is related
to a take-off with all engine operative (AEO). The above requirement can be expressed as
TOD= max {TODN-1 , TODN }
Bigger the VEF (engine failure speed), shorter the runway; this is due to the fact that an increase of V1
(i.e. VEF) allows to reduce the distance covered in the ground-roll phase.
According to FAR 25.109 the ASD on a dry runway is the greatest of:
The sum of the distances (ASDN-1) necessary to
a) Accelerate the airplane from a standing start with all engines operating to VEF;
b) Allow the airplane to accelerate from VEF until V1 with one engine operating;
c) Come to a full stop plus a distance equivalent to two seconds at V1.
The sum of the distances (ASDN) necessary to
a) Accelerate the airplane from a standing start with all engines operating to V1;
b) Come to a full stop plus a distance equivalent to two seconds at V1.
The above regulation can be expressed as
ASD= max {ASDN-1 , ASDN }
Higher the V1, longer the runway; this is due to that an increase of V1 raises the distance covered in
the acceleration phase, the deceleration phase, and the distance covered at V1 for two seconds.
3.2 Design parameters: δflap, WTO, (FG),
The main parameters for the take-off analysis of the PrandtlPlane are: flap deflection, take-off weight,
and the Flap Gain, which is defined as the ratio between the rear wing flap deflection (δflap-post) and
front wing flap deflection (δflap-ant). Therefore, chosen the front flap deflection among the values [10°
20° 30°], the rear flap deflection is given by
δflap-post =FG×δflap-ant
The rotation speed follows FAR 25.107, according to which VR has to be higher than V1 and has to
guarantee the reaching of V2. For the CeRAS take-off analysis, all the above parameters are set equal,
except for the flap gain, which cannot be defined for a conventional tube-and-wing configuration.
3.2 BFL - Main results
In this section the results of the take-off simulations, in terms of BFL and V1, are presented. First of
all, the performance of the MS1 PrandtlPlane configuration are discussed; the first parameter analysed
is the Flap Gain. In Figure 12 the curves of the completed take-off manoeuvre (solid lines) and of the
aborted take-off manoeuvre (dashed lines) in case of an engine failure at the corresponding speed
Vfailure are reported. The take-off distances XTO are given in meters and the speeds in m/s. From these
results, also reported in the following Table 1 for front wing δflap_ant=20° and δflap=30°, it clearly
follows that increasing the rotation of the rear flap is penalizing in terms of balanced take-off distance,
while using the rear plain flap in counter-rotation gives a small gain with respect to the case of clean
rear wing.
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%WTO δflap_ant [deg] FG V1 [m/s] BFL [m]
100
20
-0.5
67
2420
100
20
0
68
2530
100
20
0.5
71
2810
%WTO δflap_ant [deg] FG V1 [m/s] BFL [m]
100
30
-0.5
64
2180
100
30
0
65
2290
100
30
0.5
68
2640
Table 1 BFL and balanced V1 for the MS1 varying FG

Figure 12 BFL and V1 for the MS1 varying FG at
δflap=20°

The reason of these trends relies on the specific architecture and balance of the MS1 configuration:
giving a positive flap rotation to the rear plain flap increases the pitch down moment that is in contrast
to the elevator action necessary for the aircraft rotation (Figure 13, left). The graphs depicted in Figure
13 show some relevant take-off parameters of a generic MS1 take-off manoeuvre (without failures).
Moreover, a positive rear flap rotation increases the total drag force during the ground roll
acceleration (Figure 13, centre). However, in the following discussion of the results, the reference
value of FG is set equal to zero; negative FG, in fact, may lead to high values of attitude angles θ
(Figure 13, right) that may be incompatible with the tail-clearance requirements for the aircraft during
the rotation phase.

Figure 13 Pitching moment (left), ground roll drag (center), attitude (right) for a generic take-off maneuver for the MS1
varying FG

The second main parameter that influences the take-off performance is the δflap; this parameter,
consequently to the definition of the FG parameter, has to be intended referred to the front wing flap.
In the graphs of Figure 14 are represented the balanced take-off length for the MS1 configuration,
varying the δflap parameter; the same results are reported in, for two different values of FG. It can be
noted that, for both the FG considered, the runway length requested for the take-off decreases when
the δflap increases.
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%WTO δflap_ant [deg] FG V1 [m/s] BFL [m]
100
10
0
74
2870
100
20
0
68
2530
100
30
0
64
2290
%WTO δflap_ant [deg] FG V1 [m/s] BFL [m]
100
10
0.5
75
3050
100
20
0.5
71
2810
100
30
0.5
68
2640
Figure 14 BFL and V1 for the MS1 varying δflap for
FG = 0

Table 2 BFL and balanced V1 for the MS1 varying δflap

An evaluation of the sensibility on the requested take-off length with respect to the take-off weight
has been done; the results are reported in Figure 15 and in Table 3. The take-off weights considered
are fraction of the MTOW of the MS1 configuration; as expected, the requested balanced field length
is shorter for a lighter aircraft.

%WTO δflap [deg] FG V1 [m/s] BFL [m]
60
20
0
53
1680
80
20
0
61
2130
100
20
0
68
2530
%WTO δflap [deg] FG V1 [m/s] BFL [m]
60
30
0
51
1520
80
30
0
58
1920
100
30
0
64
2290
Table 3 BFL and balanced V1 for the MS1 varying WTO
Figure 15 BFL and V1 for the MS1 varying WTO

Following these considerations, the reference setting for the PrP MS1 configuration in take-off
condition is: δflap=30°, FG=0, WTO=MTOW; this reference configuration is selected in order to
perform comparison with the take-off performance of the reference tube-and-wing.
For the CeRAS configuration, the evaluation of the performance in take-off condition has been done
considering variations of δflap and WTO. As reported in Figure 16 and Table 4, increasing the δflap
value from 20° to 30° does not produce any gain in performance. This may be related to the higher
increase in drag coefficient whit respect to the increase in lift coefficient for this specific configuration
with δflap=30°.

2056

%WTO δflap [deg] V1 [m/s] BFL [m]
100
10
82
3410
100
20
77
3200
100
30
75
3210
Table 4 BFL and balanced V1 for the CeRAS varying δflap

Figure 16 BFL and V1 for the CeRAS varying δflap

As described for the MS1 configuration, also for the CeRAS reducing the take-off weight implies a
reduction in balanced field length. These results are reported in Figure 17 and Table 5.

%WTO δflap [deg] V1 [m/s] BFL [m]
60
20
60
2005
80
20
69
2610
100
20
77
3200
%WTO δflap [deg] V1 [m/s] BFL [m]
60
30
58
2010
80
30
67
2610
100
30
75
3210
Table 5 BFL and balanced V1 for the CeRAS varying
WTO

Figure 17 BFL and V1 for the CeRAS varying WTO

The reference setting for the CeRAS configuration in take-off condition is: δflap=20°, WTO=MTOW.
Considering the reference MS1 setting for the take-off, it is possible to notice that, for the PrP, the
BFL is 28.4% shorter than the BFL requested by the CeRAS. This is mainly related to the higher
aerodynamic efficiency of the Best Wing System and to the higher aerodynamic gain in ground effect
of the MS1 configuration (front wing very close to the ground).
3.3 Thrust Reduction

The above results on the BFL show the shorter runway for the PrandtlPlane MS1 configuration
respect to the CeRAS. Consequently, it can be reasonable to assume a thrust reduction in order to
obtain comparable performances with the PrP clean configuration. The installed thrust, for PrP and
CeRAS, is equal to the 30% of the MTOW, but the previous results have been obtained with a thrustweight ratio equal to 80% of the installed thrust; in the next case, a full thrust has been considered for
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the CeRAS. The results plotted in Figure 18 and detailed in Table 6 show a similar performance
between the two aircraft; moreover, at maximum flap deflection the BFL, for the PrP, is slightly
shorter (of about 90m). Thanks to this preliminary analysis it is possible to consider, for the PrP, an
engine thrust reduction of about 20%, ensuring the same performances, in terms of BFL, of the
CeRAS.

%WTO δflap [deg] V1 [m/s] BFL [m]
100
10
82
2724
100
20
76
2489
100
30
72
2379
Table 6 BFL and V1 for the CeRAS varying flap
deflection at T/W=0.3

Figure 18 BFL and V1 for the CeRAS varying flap deflection at
T/W=0.3

3.4 Standard take-off - Main results
As shown in section 3.2, a different flap deflection or flap gain setting can lead to a considerable
change in BFL. Nevertheless, for a complete analysis, is necessary to focus also on standard
performance, i.e. when no engine failure occurs. The conditions set for PrP and CeRAS simulations
were:
1.
2.
3.
4.
5.

Full thrust by the two engines for all the manoeuvre;
Dry runway;
No wind during the take-off;
Airport at zero altitude;
Standard air condition.

In this section the influence of the main parameters (δflap and FG) are presented for the PrP
configuration; obviously, no flap gain was considered for the CeRAS. In order to evaluate the aircraft
performance, three main quantities are considered: pitch angle at the end of the take-off and average
vertical load factor (nz) during the lift-off phase for the passenger comfort, and the length of the
runway. All the data are evaluated at MTOW. The results in Table 7, Table 8, and Table 9, show for
the PrP a trend for nz: lower the flap gain higher the vertical load factor. It is reasonable to assume
that this trend is due to the PrP configuration; a flap deflection of the rear wing increases the pitching
moment, and a lower incidence angle is developed, so lower lifting force and, consequently, lower
nz.
δflap [deg]
10
10
10

Flap gain
-0.5
0
0.5

nz
1.1
1.08
1.06

θ [deg]
8.3
6.89
5.3
2058

Runway length [m]
2307
2382
2492

Table 7 Vertical load factor, pitch angle, and runway length varying flap gain at δflap =10°

δflap [deg]
Flap gain
nz
θ [deg]
Runway length [m]
20
-0.5
1.13
10.06
1975
20
0
1.1
7.52
2056
20
0.5
1.07
4.52
2212
Table 8 Vertical load factor, pitch angle, and runway length of PrP varying flap gain at δflap =20°
δflap [deg]
Flap gain
nz
θ [deg]
Runway length [m]
30
-0.5
1.16
11.7
1760
30
0
1.12
8.18
1833
30
0.5
1.07
3.8
2021
Table 9 Vertical load factor, pitch angle, and runway length of PrP varying flap gain at δflap =30°

In Table 10 the results of CeRAS take-off show no influence of flap deflection on nz and a slight
influence on final pitch angle.
δflap [deg]
nz
θ [deg]
Runway length [m]
10
1.14
7.93
2696
20
1.15
6.84
2356
30
1.15
5.84
2158
Table 10 Vertical load factor, pitch angle, and runway length of CeRAS varying δflap

Comparing PrP and CeRAS, a shorter runway length and lower nz stand out. The differences, in
percentual terms, are detailed in Table 11. For the PrP a zero Flap Gain is considered.
δflap [deg]
Δnz [%]
Δ Runway length [%]
10
-5.2
-11.6
20
-4.3
-12.7
30
-2.6
-15.1
Table 11 Vertical load factor, pitch, and runway length comparison at FG=0

The results comparison shows a shorter runway length for the PrP; a lower vertical load factor which
increases the passenger comfort, and higher pitch angle for the flap deflection of interest. Considering
a flap deflection of 20° a trajectory comparison is depicted in Figure 19.

Figure 19 Centre of gravity trajectory comparison between PrP and
CeRAS
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Conclusion and future developments
In this paper the preliminary take-off performance and characteristics of a PrandtlPlane aircraft have
been presented. In the first part of the paper two reference configurations have been described: a
reference PrandtlPlane aircraft, developed in the framework of the PARSIFAL project, and a
reference tube-and-wing aircraft selected from the CeRAS database. Then the simulation of take-off
dynamics has been described, followed by the description of the aerodynamic evaluation in ground
effect for the two aircraft. From the preliminary analysis of the aerodynamic results it is evident that
the PrandtlPlane has a higher gain on CL, CLα, and aerodynamic efficiency (lift over drag ratio). The
reason behind this behaviour is strictly related to the configuration architecture, for which the front
wing is very close to the ground. The discussion of the results in terms of Balanced Field Length
analysis and standard take-off analysis is presented in the final part of the paper. From this analysis
it emerges that the reference PrandtlPlane aircraft has better take-off performance with respect to the
conventional competitor, both in terms of take-off runway length (mainly related to the higher
aerodynamic efficiency of the reference PrandtlPlane configuration), and in terms of passenger
comfort. However, the results here presented are preliminary and can be improved; in the future
activities a calibration of the low-fidelity ground effect aerodynamic evaluation will be carried out,
using RANS models. Then, a surrogate model will be built, in order to strongly reduce the
computational time for each take-off simulation; in this way, a wider set of design parameters can be
analysed, and then optimization procedures for take-off manoeuvre can be set up.
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ABSTRACT
The year 2003 saw the successful return of Radar Sounders in Space, after more than thirty
years since the Apollo ALSE experiment, with the MARSIS radar sounder on-board the ESA’s
Mars Express probe setting sail to the destination of Mars, followed two years later by
SHARAD on NASA/JPL’s Mars Reconnaisance Orbiter (MRO).
Following the success of these two missions, it has been decided to exploit the capabilities of
Radar sounders in the ESA’s JUpiter ICy moons Explorer (JUICE) mission, with the RIME
(Radar for Icy Moons Exploration) instrument.
This paper describes the evolution of the Radar Sounder design as a function of new mission
objectives vs. past gained experience
Keywords: radar, sounder, Jupiter, deep space
1

INTRODUCTION

In the recent years, interest for the use of radar sub-surface sounders to probe the interior of
planetary bodies has increased.
These instruments have the capability, on ice or in arid conditions, to penetrate hundred to
thousands of meters below the surface to retrieve information of the inner geological layers.
The first of this kind of instruments was ALSE (Apollo Lunar Sounding Experiment)
developed by NASA/JPL and flown on the Apollo 17 mission in 1972 [1].
Almost 30 years had to pass before radar sounders returned into space.
Now radar sounders are flying or are being developed or considered for a variety of missions,
targeted at Mars, Jupiter, Venus and asteroids.
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MARS – FOLLOW THE WATER

Mars is the most Earth-like planet in the Solar system. After the initial disappointment from
the first images returned by Mariner 4, which performed the first Mars fly-by in 1965,
showing a battered, moon-like landscape, the following missions showed that, despite the
current deserted appearance, Mars could have been much more similar to Earth in the past,
and that water, in either liquid or solid form, could still be present under the surface.
The “follow the water” paradigm soon became one of the major driving for Mars exploration
missions and radar Sounders are the most suitable instruments to search for deep water or ice
reserves.
The first attempt to use radar sounders on Mars was made by the Japanese JAXA which
embarked a radar sounder on the Nozomi spacecraft launched in 1998.
Unfortunately, Nozomi never reached Mars: a propulsion failure didn’t allow the successful
insertion into Mars orbit leading to the loss of the mission.
A recurrent version of its sounder was later successfully flown in Moon’s orbit onboard the
Kaguya (Selene) spacecraft.
The following attempt was to come from Europe…
2.1

MARSIS
Following the failure of the Russian “Mars ‘96” mission, which embarked several European
instruments, the European Space agency decided to set-up its own mission to Mars: Mars
Express.
Many of the instruments were recurrent from those lost on Mars ’96, but there was room for
new others.
One of them was MARSIS (Mars Advanced Radar for Subsurface and Ionospheric
Sounding), from a proposal of Prof. Giovanni Picardi of the University “La Sapienza” of
Rome, capable of doing both subsurface sounding and to act as a ionospheric probe to
measure the plasma frequency of the Mars Ionosphere.
Founded by the Italian Space Agency (ASI) with contribution of NASA, the instrument was
developed by Alenia Spazio (now Thales Alenia Space Italia) as instrument prime, with
important contributions from the Jet Propulsion Laboratory [2].
The main parameter of MARSIS for the two operation modes (SubSurface Sounding and
Ionospheric Sounding) are reported in table 1.

TX Signal:
Bandwidth:
Center Frequency:
Pulsewidth:
PRF
Maximum data Rate:

SUBSURFACE
Chirp

IONOSPHERIC
Sweep of CW Signals

1 MHz
na
1.8, 3, 4, 5 MHz
From 0.1 to 5.5 MHz
250us (baseline)
91.43us
130 Hz
130 Hz
75 kbit/s max (30 kbit/s average)
33kbit/s
Table 1: MARSIS main parameters
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Fig 1: MARSIS Block Diagram

MARSIS has a relatively classical architecture, with digital synthesis of the waveform (chirp)
to be transmitted, superheterodyne upconverter and receiver, and a DSP (……) based signal
processor.
A second receive channel, connected to a monopole antenna (with its null pointed at nadir) is
used to cancel off-nadir clutter echoes in subsurface sounding mode.
In such a mode, the processor implements a unfocused synthetic aperture generation to reduce
the data rate of the instrument.
A range-tracking capability is also included to automatically position the acquisition window
(on-board range compression is required to achieve the required SNR, Signal to Noise Ratio,
for the correct operation of the tracker).
A monochromatic transmit pulse is instead swept over the range 0.1-5.5 MHz allowing to
retrieve from the echo signal the plasma frequency of the Mars ionosphere in Ionospheric
sounding mode.
2.2

SHARAD
While MARSIS was being prepared for launch, the data gathered by the ongoing mission
convinced the scientific community that water and/or ice deposits were likely to be found
relatively close to the surface, leading to the need to complement MARSIS with another
instrument with reduced penetration capability but much better resolution, in order to be able
to discriminate echoes close to the surface.
This meant the request for wider bandwidth, which has been allocated on an higher carried
frequency thanks to the relaxed penetration requirement.
Such an instrument, soon named SHARAD (mars SHAllow RADar sounder) [3] was selected
to be embarked on the NASA/JPL’s Mars Reconnaissance Orbiter (MRO) spacecraft.
SHARAD was developed by Alenia Spazio (now Thales Alenia Space Italy) under ASI
contract and the scientific supervision of dr. Roberto Seu of the University of Rome “La
Sapienza”.
The typical ground penetration of the instrument (depending on the nature of the soil) is in the
order of 1 km, while the along-track resolution, after on-ground SAR processing, ranges from
300 to 1000 metres.
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Parameter
Nominal science orbit altitude:
Extended/contingency orbit altitude:
Topographic margin:
Centre frequency:
Chirp bandwidth (B):
Pulse width:
Receive window width:
PRF (nominal):
PRF (low orbit):
PRF (high orbit):
Radiated power:
Mass
SEB (Electronics Box):
Antenna + cabling:
Power consumption
Acquisition:
Std-By:
*) Can work with halved PRF
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Value
255-320 km
230-407 km
-20/+10 km
20 MHz
10 MHz
85 microsecs
135 microsecs
700.28 Hz *
775.19 Hz *
670.22 Hz *
10 W
11.6 kg
5.5 kg

Fig 2: SHARAD Block Diagram

28W
13W

Table 2: SHARAD main parameters

The block diagram of the SHARAD instrument is reported in fig. 2.
The architecture is that of a classic radar transceiver with one peculiarity: there are no
frequency conversions.
The chirp signal is generated directly on the 20 MHz carrier by the Digital Chirp Generator
(DCG) inside the DES (Digital Electronics Subsystem), in turn part of the RDS (receive and
Digital Section), and transmitted to the TFE (Transmitter and Front-End) which provides high
power amplification, Tx/Rx switching and antenna impedance matching.
The receiver, in turn, is of homodyne type providing amplification, filtering and gain control
directly at RF, followed by an A/D converter sampling the signal centred at 20 MHz at 26.67
MS/sec, so performing a bandpass-sampling.
The sampled data are transmitted to ground with the only further processing of a
programmable coherent presuming and a truncation in the number of bits to limit the data rate
(few bits per samples are adequate being the S/C ratio before range and azimuth compression
- performed on ground – very low)

Fig 3: SHARAD Electronics Box (SEB)
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The ProtoFlight Model (PFM) of the SHARAD electronics (“SHARAD Electronics Box”,
SEB) can be seen in fig. 3.
The metallic structure of the SEB includes heathers and (on the bottom side, which is exposed
to space) a radiator to dissipate the instrument’s heat (in actual flight configuration the SEB is
covered by a thermal blanked leaving only the radiator exposed).
This configuration is required because the instrument is mounted externally to the S/C and has
therefore to take care of its own thermal control.
The box to the right is the TFE, the one to the left is the RDS (DES+Rx).
The SHARAD antenna is a foldable dipole similar to the one used on MARSIS but much
shorter (10 m vs 40 m) and was boxed, when stowed, in a Ge-kapton envelope to protect it
from the dynamic and thermal effect to which it was exposed during the S/C aerobraking
phase.
At the moment of writing, SHARAD is operational in Mars orbital almost 14 years from its
launch and more than 13 since its insertion into Mars orbit.
The data collected by SHARAD has allowed to achieve a deep understanding of the structure
and history of the polar ice caps and on mid-latitude ice accumulations such as LDAs
(Lobated Debris Aprons).
A SHARAD radargram taken over the northern polar cap is shown in Fig 4.

Fig 4: Example of SHARAD radargram

3
3.1

THE JUPITER SYSTEM AND ITS MISTERIES

The JUICE mission and its challenges
The JUICE (JUpiter ICy moons Explorer) is a mission of the European Space Agency (ESA)
devoted to the study of the Jupiter system and, in particular, of its icy moons.
The RIME spacecraft will initially perform fly-byes over Ganymede, Callisto and Europa (at
a distance between 1000 km and about 300-400 km), and eventually enter orbit around
Ganymede (at about 500 km of altitude with a possible optional phase with altitude at about
200 km). Launch is planned by May 2022, followed by more than 7 years of cruise, with
arrival to the Jupiter system at the beginning of 2030.
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RIME will observe the icy-moons ice shells for geological context on hemispheric (thousands
of km), regional (hundreds of km with multiple overlaps), and targeted (tens of km) scales
appropriate for a variety of hypothesis testing. These observations will provide insight into the
dynamic history of the satellites, test models of the formation of their surface features, and
constrain the distribution of deformation in their ice shells as well as global and regional
surface ages. RIME may also constrain the ice shell thicknesses and the role of convective
processes by detecting the ice-ocean interface if the ice is thin (this is possible on Europa),
and the brittle-ductile transition if the ice is thick. Moreover, the sounder can be used to map
the existence of thermal structures in thick ice shells. Liquid water is expected to exist in all
of the icy Galilean satellites as a subsurface ocean and possibly inside shallow reservoirs
within the ice shells. RIME will search for present and past reservoirs of liquid water and
relate the distribution of non-ice material to geological features and processes.
For the above reasons, ESA has considered, from the beginning, to include in the JUICE
payload a radar sounder to map the inner structure of the icy crust of the target moons.
The RIME (Radar for Icy Moons Exploration) instrument, funded by the Italian Space
Agency, is under the responsibility of the University of Trento, with Thales Alenia Space in
Italy as industrial contractor, and contributions from NASA/JPL.
One of the main difficulties of the JUICE mission is the extremely harsh radiation
environment in the vicinity of Jupiter.
Europa (the closest to Jupiter among the target moons) will be target of only two fly-byes
during which a significant portion of the total radiation dose of the mission will be received.
3.2

The RIME Instrument

3.2.1 Instrument Parameters and Architecture
The instrument main parameters are reported in table 3. The instrument is of single-string
design (only the interface to the S/C are redounded). Responsibility for the instrument
electronics lies on Thales Alenia Space in Italy (TAS-I), while the antenna is under the
responsibility of the Spacecraft (Airbus Defense and Space, under contract of the European
Space Agency).
Centre frequency:

Centre frequency:

Type of signal:

Linear Frequency Modulated (chirp) pulse

Bandwidths:

2.8 MHz, 1 MHz

Tx Power:

10 Wpeak radiated nominal (20Wpeak delivered to the antenna)*

PRF:

programmable, 100 Hz to 1 kHz

Pulsewidth:

programmable, 50 to 250 usec

Quantization number of bits:

Programmable, up to 8+8 (I+Q)

Antenna (S/C responsibility):

dipole, 16 m long

*: power averaged within the pulse to account for the non-ideal pulse shape

Table 3: RIME main parameters

The instrument electronics is physically composed by:
•
The Receiver and Digital SubSystem (RDS), in turn composed by the Digital
Electronics Subsystem (DES), containing the instrument control and timing function,
the signal generation, the Rx data acquisition and processing and the
Telemetry/telecommand interface to the S/C, plus the RDS power supply (TAS-I
responsibility) and the Receiver Module, in charge of received signal amplification,
filtering, gain control, and provided by the Jet propulsion Laboratory (JPL).
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The Transmitter (Tx), in charge of high power amplification and Tx/Rx duplexing,
under JPL responsibility.
•
The Matching Network (MN), actually composed by 3 boxes (one central – CMN and two terminal matching networks – TMNs - located close to the antenna terminals),
a passive network in charge of impedance matching between Tx and the dipole
antenna. The matching network is also under JPL responsibility and is tested and
delivered to TAS-I together with the Transmitter.
A block diagram of the RIME instrument is shown in Fig. 5.

•

Fig 5: RIME block diagram

3.2.2 Instrument Operation
The RIME approach (in accordance to ESA requirements for JUICE) is to minimize the
number of operational modes. Actually, the instrument has only one nominal mode for
science acquisition.
•
In OFF condition the power lines from S/C are not energized
•
At power application the instrument enters INIT/STD-BY: only RDS is ON, boot SW
is running
•
In Warm-Up the Application SW is running
•
SCIENCE is the only operational mode. Tx is switched ON and the acquisition is
performed.
The instrument returns automatically to Warm-Up upon completion of the programmed
acquisition sequence
Different acquisition modalities are handled as parameters of the SCIENCE mode
In case of anomaly the instrument protects itself by going to SAFE mode (only RDS ON,
rejects commands until unlocked by dedicated telecommand). A dedicated TEST mode has
been included, its main use will be to support integration tests at S/C level.
Basic acquisition is performed open-loop, requiring significant margins to be introduced in
the SWL to account for the S/C navigation uncertainties.
In closed-loop mode the surface echo position is detected and tracked.
On the basis of the tracker output the sub-set of the sampled window where the echo is
present is selected to be transmitted to the recorder, thus reducing the data volume.
In case of loss-of-lock the acquisition is reverted to open-loop mode.
3.2.3 Instrument On-board Processing
Received signal is sampled directly on the carrier frequency with extraction of the I and Q
components performed digitally (see Fig 6).
A passband-sampling approach is used, sampling the signal at 12 Ms/sec, so it is translated to
3 MHz (with reversed spectrum) (see Fig 6).
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I/Q components extraction is followed by lowpass filtering and decimation to optimize the
data rate.
Two different bandwidths are implemented, with the following decimation rate and final
sample rates:
• 2.8 MHz ! decimation by 4, rate 3 MS/sec
• 1.0 MHz ! decimation by 10, rate 1.2 MS/sec
Components extraction is followed by programmable coherent presumming to reduce data
volume.
The number of bits to be transferred to ground is programmable (from 1+1 to 8+8) on the
basis of expected S/N.

Fig 6: RIME Rx Processing Flow
4

CONCLUSIONS

The RIME instrument, conceived to work in Jovian system, continues the track of radar
sounders like MARSIS and SHARAD which, developed in close cooperation between Italian
Academia and Industry under the sponsorship of ASI, have provided important scientific
results on Mars.
A positive result of this new experiment could lead to think to use the same instrument to
enrich results of future missions, i.e. Venus and/or the same Earth.
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ABSTRACT
A high order quasi-Linear Parameter Varying model is developed for XV-15 that combines
discrete state-space models to provide a continuous model dynamics and trim characteristics
during the conversion manoeuvre. Tracking control system based on gain scheduled linear
quadratic tracker with integrator (LQTI) is designed in order to perform automatic conversion
manoeuvre for XV-15 based on the qLPV model.
Keywords: Tiltrotor, conversion manoeuvre, qLPV, LQTI
1

INTRODUCTION

Tiltrotors can operate over a broad flight envelope. They have the ability to hover like a
helicopter and fly at relatively high cruise speeds and range like a fixed wing airplane. There
are a lot of technical challenges associated with designing a tiltrotor aircraft to enable their
extensive flight envelope and to perform satisfactorily over a broad range of flight
configurations.
Tiltrotor performs a conversion manoeuvre to transform from a helicopter mode to an
airplane mode and vice versa. A safe conversion is performed within a constrained region in
the airspeed versus nacelle angle graph, called the conversion corridor, shown in Figure 1 for
the case of XV-15. Currently, the conversion manoeuvre is flown by the pilot and in general
the pilot workload is higher than in other phases of flight. This situation may not be optimal in
particular, considering the possibility to perform conversion manoeuvre in a civil tiltrotor
aircraft while being guided by the Air Traffic Control (ATC). Moreover, conversion from
helicopter to airplane configuration and vice versa is characterized by high structural loads,
both on rotor and airframe [1, 2].
In order to ensure safety by reducing pilot workload and limit the loads during the
conversion manoeuvre, an automatic conversion system is required. Such systems are
envisioned in the patents [4, 5]. An optimal conversion manoeuvre trajectory can be
predetermined based on safe length from upper and lower boundaries of the conversion
corridor, minimizing aeroelastic instabilities and structural loads etc. This optimal conversion
manoeuvre is then either displayed to the pilot in order to assist in manual conversion and/or
automatically performed by Flight Control System (FCS). An initial work on optimization of
tiltrotor conversion manoeuvre is presented in Righetti et al. [6].
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Figure 1: XV-15 conversion corridor [3]

In the current study, a quasi-Linear Parameter Varying (qLPV) or model stitching
technique [7, 8] is employed for modelling the flight dynamics of a tiltrotor in the conversion
corridor. In this technique, the aerodynamic stability and control derivatives and trim data at
each discrete equilibrium point are stored in lookup tables as function of scheduling parameters.
The corresponding trim data and derivatives are combined with nonlinear equations of motion
and nonlinear gravitational force equations to obtain a continuous qLPV “stitched” model. A
low order qLPV model for NASA’s LCTR2 (Large Civil Tiltrotor, 2nd generation) was
developed in [9] for the purpose of handling quality analyses in hover and low speed. Most
recently, qLPV models for a coaxial-pusher helicopter and a tiltrotor aircraft were developed
by Berger et al. [10]. In both studies, linear state-space models were scheduled with two
parameters only: velocity ! and nacelle angle "# . However, in the current research models are
scheduled with four parameters: altitude ℎ, nacelle angle "# , wing flap angle %& and veclocity
!.
The paper is organized as follows: development of qLPV model is described in detail in
section 2. In section 3, control synthesis of LQTI controller and results of an automatic
conversion manoeuvre are presented. Lastly, a brief conclusion is presented in section 4.
2

QUASI-LINEAR PARAMETER VARYING (QLPV) MODEL

2.1

Theory

Linear Parameter Varying (LPV) models are linear state-space models that depend on time
varying scheduling parameters '()). In this approach, linear state-space models obtained at
discrete trim points are interpolated through lookup tables as function of scheduling
parameters. The LPV model is defined as [7]:
+̇ ()) = ./'())0+()) + 2/'())03())

(1)

A particular case of LPV model is when subset of scheduling parameters is also state of the
system, such models are called quasi-LPV. If the state vector +()) can be decomposed into
scheduling states 4()) and non-scheduling states 5()), then the qLPV model is defined as:
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4̇ ())
4())
6
7 = ./'())0 6
7 + 2/'())03())
5̇())
5())

(2)

An extension to the qLPV model is the stitched model [8], where LPV model is combined with
nonlinear equations of motion including nonlinear gravitational forces.
2.2

Linear Models

In order to develop a continuous LPV model, discrete aeroelastic linear models of XV-15 are
obtained using MASST (Modern Aeroservoelastic State Space Tools), developed at Politecnico
di Milano [11, 12]. Rotor aeroelastic models in MASST are obtained from CAMRAD/JA [13]
using data published in [14, 15].
Linear state-space models and corresponding trim data are obtained throughout the
conversion corridor. Furthermore, models are obtained at four wing flap %& settings (%& =
[0 20 40 75] deg.) and at two altitudes (ℎ = [0 10000] ft). The grid of linear state-space
models for a particular wing flap angle and altitude is shown in Figure 2. Rectangular regular
grid is generated by clipping and keeping the edge models.
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Figure 2: XV-15 linear state-space models and conversion corridor

The linear state-space models obtained through MASST contain 85 states including
rigid body states (9), wing bending 1st mode (2), three blade bending modes in multi-blade
coordinates for each rotor (36), two blade torsional modes in multi-blade coordinates for each
rotor (24), two gimbal states for each rotor (8) and three inflow states for each rotor based on
the Pit Peters model [16] (6). And 10 inputs including 6 rotor controls (collective pitch AB ,
longitudinal ACD and lateral ACE cyclic for each rotor) and 4 aerodynamic control surface
deflections (wing flap %& , elevator %F , rudder %G and aileron %H ).
2.3

qLPV Model

Linear state-space models are scheduled with '()) = [ℎ "# %& !] to obtain a continuous qLPV
model, shown in Figure 3. Two of the scheduling parameters, velocity ! and altitude ℎ, are
dependent upon the states of linear system and hence making the system quasi-LPV. This state
dependency may cause nonlinear feedback.
Trim states, control inputs and stability and control derivatives are interpolated using
the lookup table. The interpolated trim states and controls are subtracted from the current states
and controls to obtain state and control perturbations. The state perturbations ∆+ = + −
+ KG#L /'())0 and control perturbations ∆3 = 3 − 3KG#L /'())0 are multiplied by interpolated
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Figure 3: qLPV model structure for XV-15

rigid body stability and control derivatives, respectively and mass matrix to obtain perturbed
aerodynamic forces and moments. Also, the state and control perturbations are multiplied by
higher order state-space matrices to obtain higher order state derivatives. The interpolation of
state-space matrices is based on low-pass filtered velocity !&#MKFGFN (with a cutoff frequency of
O& = 0.2 rad/s) to ensure same state derivatives for short term. Nonlinear gravitational forces
are added to the perturbed aerodynamic forces and moments and then the nonlinear equations
of motion are implemented to obtain rigid body state derivatives. Aircraft states are obtained
by integrating the rigid body state derivatives combined with the higher order state derivatives.
Note that the Coriolis terms and linearized gravity terms are removed from state matrix
., as these effects are added in the nonlinear gravitational force equations and nonlinear
equations of motion. Moreover, because wing flap angle %& is one of the scheduling parameters,
control derivatives associated with %& in control matrix 2 are set to zero. The effect of change
in %& is preserved implicitly in the model by variation in trim states and controls.
2.4

Actuator Dynamics

A first order actuator dynamics model, Eq. 3, is implemented. Time constants and saturation
limits (obtained from Marr et al. [17]) for each control input are presented in Table 1.
C

QHEK (R) = SDTC
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Time constant
U [s]

Control
Collective AB
Longitudinal cyclic
ACD
Lateral cyclic ACE
Flap %&
Elevator %F

Rotor Controls

Aerodynamic
surfaces

Aileron %H

Saturation limit
[deg.]
[-5 49]

Positive Deflection
Up

0.040

[-10 10]

Forward

0.500

[-10 10]
[0 75]
[-20 20]

0.077

[-13.8 23.8]

Right
Trailing edge down
Trailing edge down
Right trailing edge
down
Right

Rudder %G

[-20 20]

Table 1: Actuator time constants and saturation limits

2.5

Time Response Analysis

Figures 4–6 show the Stability and Control Augmentation System (SCAS) OFF response to a
longitudinal stick input in helicopter, airplane and conversion mode, respectively. Figures 4 and
5, show the correlation of time histories with NASA’s Generic Tilt-Rotor Simulation (GTRS)
model [18]. In Figure 6, the correlation is shown with the Flightlab model of XV-15 [19]. In all
the figures, qLPV model shows fairly good agreement with GTRS and Flightlab models. The
small differences can be explained by the fact that a slightly different gearing ratio for
longitudinal stick to elevator VW is used, when generating the linear state-space models from
CAMRAD/JA. VW = 4.735 deg/in. is used, however, in GTRS and Flightlab models VW = 4.16
deg/in is used.
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Figure 4: Time history correlation of SCAS OFF pitch response in helicopter mode at 0 kts
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Figure 5: Time history correlation of SCAS OFF pitch response in airplane mode at 175 kts
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Figure 6: Time history correlation of SCAS OFF pitch response in conversion mode ("# = 60B ) at
120 kts

3

LINEAR QUADRATIC TRACKER WITH INTEGRATOR

A gain scheduled linear quadratic tracker with integrator (LQTI) [20] is synthesized for XV-15
to perform the automatic conversion manoeuvre. Block diagram of the LQTI controller for XV15 is shown in Figure 7.
Consider a state vector +()) = [+ G ()) ZK ()) ∫ ZK ()) \)]] , where + G ()) ∈ ℜ` is the
regulating state vector and ZK ()) ∈ ℜM is the tracking error state vector, then the augmented
linear state-space model is given as:
+̇ G ())
c
a Ż K ()) b = 6
cHNN
ZK ( ) )

+ G ())
d
g
7 a eK ()) b + f h 3()),
d
d
∫ ZK ()) \)

cHNN = [d

iM×C ]

(4)

The performance index to be minimized is:
C

s

k = l ∫B {n ] ())on()) + p] ())qp())} \)

(5)

The control input of the LQTI controller that minimizes the performance index is:
3()) = −V+())
V = [VG VK V# ]

(6)

The control gain consists of regulating gain VG , tracking gain VK and integral gain V# . The LQTI
controller is designed for each linear state-space model spanning the conversion corridor and is
implemented with qLPV model by scheduling the control gain matrix V/'())0. In order to
ensure global stability of the closed loop qLPV system [21], the control gain matrix is scheduled
based on low-pass filtered velocity !&#MKFGFN , similar to c and g matrices as described in the
previous section.
3.1

Automatic Conversion Manoeuvre

An automatic conversion manoeuvre is performed along the centre of conversion corridor at
constant reference altitude of 0 ft. The tracking states are velocity and altitude + G = [! ℎ].
These states are not part of the linear state-space models and are augmented into the original
system by a coordinate transformation using trim pitch angle AKG#L and trim angle of attack
y
tKG#L = tanxC KG#LzpKG#L :
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Figure 7: Block diagram of LQTI controller

ℎ̇()) = {('()))+ ] ()) = [sin AKG#L ('())) 0 −cos AKG#L ('())) d]+ ] ())
!()) = Ä('()))+ ] ()) = [cos tKG#L ('())) 0 −sin tKG#L ('())) d]+ ] ())

(7)

The linear transformation in above equation is only applied to augment the state matrix in order
to design LQTI to track velocity and altitude. Nonlinear ! = √pl + y l and ℎ =
p sin A − y cos A are used as feedback. The LPV model in Eq. 1, combined with Eq. 4 and Eq.
7, becomes:
⎡
⎢
⎢
⎢
⎣

+̇ ())
c('()))
⎤ ⎡
Ö̇Ü
⎥ ⎢{('()))
Ö̇á ⎥ = ⎢ Ä('()))
ÖÜ ⎥ ⎢ d
Öá ⎦ ⎣ d

0
0
0
1
0

0
0
0
0
1

0
0
0
0
0

0 ⎡ +()) ⎤
ã/'())0
⎤
⎡
⎤
0⎥ ⎢ ÖÜ ⎥ ⎢ 0 ⎥
Ö
0⎥ ⎢ á ⎥ + ⎢ 0 ⎥ 3())
0⎥ ⎢∫ ÖÜ \) ⎥ ⎢ 0 ⎥
0⎦ ⎣∫ Öá \)⎦ ⎣ 0 ⎦

(8)

For each state-space model in the discrete grid of scheduling parameters åℎ × %& × "# × !ç,
same state o and control q weighting matrices are used to compute the control gain matrix V.
Diagonal elements of these weighting matrices are presented in Table 2. Conversion manoeuvre
is essentially a longitudinal motion and hence very high weights are selected (less contribution)
for lateral-directional states and controls. Similarly, as wing flap deflection is one of the
scheduling parameters and is not used as input, the weight corresponding to wing flap deflection
%& is also selected to be very high. Instead, wing flap deflection is scheduled with velocity [22]
as shown in Figure 8.
States
p
w
è
A
Lateral-Directional states
Wing bending and rotor states
Wing bending and rotor states
derivative
ÖÜ
Öá

o
0.1
0.1
95000
95000
106
20

Control Inputs
ABé
ACEé
ACDé
ABê
ACEé
ACDé

q
25000
106
25000
25000
106
25000

0

%&

106

0.5
0.1

%F
%H

9000
106

ë ÖÜ \)

2.5

%G

106

ë Öá \)

5

Table 2: Diagonal elements of state and control weighting matrices
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Figure 8: Wing flap deflection with velocity

It should be noted that in XV-15 the gearing ratios from pilot stick inputs to rotor
controls are function of nacelle angle, and the rotor controls are progressively phased out as the
aircraft converts from helicopter to airplane mode. However, in the current study all control
inputs are used throughout the conversion manoeuvre.
The conversion manoeuvre is performed at a constant acceleration !̇ = 4 kts/s and at a
nacelle angle conversion rate "̇ = 3 deg/s for nacelle angles greater than 75o and "̇ = 8 deg/s
for nacelle angles less than 75o.
Figure 9 presents the conversion trajectory. Time histories of velocity, nacelle angle and
altitude are shown in Figure 10. The performance of LQTI controller is very good in following
the reference velocity and keeping the altitude constant. The change in altitude during the
complete conversion manoeuvre is within ±10 ft.
Figure 11 presents the evolution of aircraft pitch rate and pitch angle during the
conversion manoeuvre. The initial pitch down motion (maximum pitch angle of -20o) is similar
to a helicopter pitch down, in order to accelerate from hover to 40 kts. Later, the acceleration is
achieved by tilting the nacelle forward.
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Figure 9: Conversion manoeuvre along the centre of conversion corridor
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Figure 11: Aircraft pitch rate and pitch angle during centred conversion manoeuvre

Figure 12 shows the variation of control inputs in order to perform centred conversion
manoeuvre. As mentioned earlier, no rotor control input is phased out as a function of nacelle
angle, rather all the controls are utilized during the conversion manoeuvre. The high demand
on longitudinal cyclic ACD and elevator deflection %F (saturation) occurs when nacelle angle
starts to tilt from "# = 60o to 0o.
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Figure 12: Control inputs to perform centred conversion manoeuvre
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Lastly, the longitudinal and lateral gimbal deflections of right rotor are presented in
Figure 13. Maximum longitudinal gimbal "ìE corresponds to maximum longitudinal cyclic
input, see Figure 12.
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Figure 13: Right rotor gimbal during centred conversion manoeuvre

4

CONCLUSION

In this paper, a high order quasi-Linear Parameter Varying (qLPV) model is developed for XV15. The qLPV model is scheduled using four-dimensional lookup table: altitude, nacelle angle,
wing flap deflection and aircraft velocity. The flight dynamics model is also augmented with
actuator dynamics. A gain scheduled linear quadratic tracker with integrator (LQTI) controller
is synthesized to perform an automatic conversion manoeuvre.
In the current study, the only control task is to perform conversion manoeuvre i.e.,
follow a reference velocity while maintaining constant altitude. In the future, other control tasks
can be added by utilizing the higher order states. For example, active control for load alleviation
during conversion manoeuvre and other handling qualities critical manoeuvres.
Control gain matrix along with the linear state-space models are scheduled using lowpass filtered velocity in order to ensure global stability of qLPV model. However, a robust
control approach needs to be developed for qLPV systems to ensure performance and global
stability. Further, an effective control allocation technique must be defined in order to utilize
the redundant control effectors effectively in all three configurations: helicopter, airplane and
conversion mode. Future work will extend to the development of robust nonlinear control
synthesis for qLPV systems and effective control allocation techniques for tiltrotor aircraft.
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ABSTRACT
H2020 Clean Sky 2 FRC IADP extGenCTR will be dedicated to the design, construction and flying of
an innovative Civil Tiltrotor technology demonstrator, the configuration of which will go beyond current
architectures for this type of aircraft. extGenCTR s demonstration activities, led by Leonardo
Helicopters, will aim to validate its architecture, technologies systems and operational concepts, with
significant improvement with respect to the current state-of-the-art Tiltrotors.
T-WI G consortium is working on the composite wing of the GCTR-TD planned to be flying in 2023.
The consortium, led by the Italian Aerospace Research Center, is composed by industrial partners
Magnaghi Aeronautica and Salver (IT), SSM (IT), SMEs OMI (IT) and IB Innovation (DE) and
Universit degli Studi di apoli Federico II (IT). The task undertaken by the consortium is aimed at
designing, manufacturing, qualification and flight-testing of the wing and moveable surfaces of the
GCTR-TD.
T-WI G will manufacture a number of test articles of wing and moveable surfaces in order to achieve
ground qualification before flight.
The involvement of the University of aples in this ambitious plan will be on important topics, among
them the plan and execution of the wing dynamic tests of the T-WI G (both standalone and mounted on
the fuselage, blocked and free moveable surfaces, etc.) and the flight test campaign aimed at measuring
the noise levels and at validating numerical tools. As regards the study of the dynamic behaviour of the
wing, in order to check the robustness and the stability of the results, the modal parameters estimation
will be performed both using commercially available software and by using a in-house developed
Matlab toolbox named ModLab. Finally, U I A and CIRA will carry out studies on the scalability
potential of the proposed solutions for the exploitation of technologies on up-scaled aircraft, belonging
to the same Tilt-Rotor family.
Keywords: NGC Tilt-Rotor Composite Wing, GVT, In-flight Noise Measurements, Aeroelasticity.

1

INTRODUCTION

Tiltrotor is a fairly innovative concept in military aeronautical transport but its introduction in
civil air transport sphere, with additional requirements on reliable and competitive mobility of
passengers, goods and public services, can be considered an absolute cutting-edge technology.
Tiltrotor is a hybrid aeronautical system due to its capability to take off and land like a helicopter
and, by means a configuration change in flight, it acts like a turboprop aircraft with much higher
cruise speed than an helicopter. The main difference between the two operating configurations
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is essentially marked by the direction of the thrust generated by the rotors. When the rotors are
in a vertical position tiltrotor operates like a helicopter and the rotor serves both to generate the
lift and to control the aircraft. When the rotors are rotated downwards, the aircraft begins to
accelerate and a part of lift is generated directly from the rotor while another part is provided
from the wing. Finally, when the rotors are in the horizontal position, lift is generated by the
wing and the control delivered to the traditional control surfaces (stabilator, ailerons and
rudder). The main reason that led to the birth of Tiltrotor is essentially linked to the need to
develop a Runway Independent Aircraft (RIA) i.e. an air transport vehicle able to operate
independently of conventional runways and able to exploit unprepared area, heliport and small
local airfield, in order to solve the congestion problem of modern airports and without the need
to create new, large and expensive infrastructures of land. The vertical lift efficiency of a VTOL
vehicle is not the only interesting capability of this aircraft. Tiltrotor has been designed to
perform a cruise mission usually with definite speed and range requirements. The challenge has
been to extend the capabilities of the standard helicopter to those of a conventional aircraft, in
terms essentially of maximum cruising speed, range and autonomy. Indeed, the intrinsic
characteristics of aerodynamics of the rotor limit both the maximum reachable speed from the
helicopter (about 300 km/h), and the maximum altitude (about 3500 meters), as well as
autonomy (less than an aircraft of equal payload and fuel capacity).
1.1

CleanSky 2, Next Generation Civil Tiltrotor and T-Wing Consortium

The Next-Generation Civil Tiltrotor (NGCTR) is a research and innovation project of Leonardo
S.p.A company concerning the definition and development of an advanced tiltrotor aircraft
demonstrator. NGCTR proposals the best mixture of hover capability and cruise efficiency. An
artistic view of the NGCTR is shown in Figure 1.
The price you pay for its realization including flexibility and operational potential aircraft are
design and manufacturing complexity and cost. The same complicated aspects are found in the
design, manufacturing and testing of the Tiltrotor wing. T-WING project is focused on the
realization of the composite wing and control surfaces of the NGCTR-TD. The wing prototype
construction is planned for 2021–2022 while the real wing is planned to be flying in 2023. The
NGCTR wings are designed and manufactured by a consortium, that was selected in September
2017 and led by the Italian Aerospace Research Centre (CIRA). The project consortium is made
of three SMEs (IBK, SSM and OMI), two Italian aeronautical companies Magnaghi
Aeronautica (MA) and Salver and the University of Naples (UNINA) Federico II. T-wing
consortium took into account criteria as Eco-Design, Low Cost, High uality and Low Weight,
in full agreement with the main objectives CleanSky 2 (CS2) as part of Horizon 2020 Research
and Innovation Framework Program. The cost requirements concern a decrease in both direct
operating costs and recurring costs.
Some of the most innovative and challenging aspects of the wing which will have to cover, are:
a high level of integration (e.g. fuel system, hydraulic system, electrical routing for
avionics, FCS, electrical systems, transmissions, nacelle) for lower complexity, weight and
cost;
the adoption of architectural solutions for optimized accessibility, for easier inspections and
maintenance procedures;
the investigation of composite thermoplastics and Out of autoclave technologies for
cheaper and faster manufacturing operations in order to reduce energy, environmental
impact and waste usage during the manufacturing phase.

2083

U I A A D T-WI G PRO ECT

A. D. Marano

Figure 1: The Leonardo Next-Generation Civil Tiltrotor.

Two of the principal topics of concern in rotary wing structural dynamics are indeed vibrations
and aeroelastic stability. In the wing design the instabilities must be well investigated and
suppressed in all conceivable flight conditions of the tiltrotor. Noise is other important issue
connected with structural dynamic and aeroelasticity. The involvement of the UNINA in this
research plan will regard the study of the dynamic behaviour of the wing, the participation to
dedicated flight campaigns aiming to measuring the noise levels and other activities related to
the aeroelastic stability investigation.
2

GROUND VIBRATION TESTING

For Tiltrotor, compared to a conventional fixed wing aircraft [1]-[2], vibration is a major
problem in all forward-flight conditions, both steady and maneuvering flight. The principal
driver of the vibration problem is the basically unsteady aerodynamics of the large rotors even
in steady forward flight. The rotating masses, such as the propeller, compressor and turbine,
involve a series of rotation-related phenomena ie Coriolis forces, gyroscopic effects and
nonlinear inertial loads. Furthermore, the propeller induces a complicated flow field that
interferes with the nacelle and wing. The vibration problems of tiltrotor wing could occur
mainly in forward flight condition and at high advancement speed. However as GVT results are
carried out prior to the first actual flight and as flight tests are expensive and time consuming
to be executed, GVT are performed in a procedure that must simulate as faithfully as possible
the appropriate dynamics of the airborne configuration, [3]. The main focus of UNINA will be
to contribute to plan and set up wing dynamic tests in different conditions. In T-Wing project
three complete tests are planned. Two tests will refer to the test article stand-alone and the final
dynamic test will be carried out on the wing installed onto the vehicle. The first dynamic test
refers to the wing structure in a green configuration, with empty wing box and without dummy
masses to the ends. Dummy masses, representative of the nacelle-engine-rotor groups, will be
added on both wingtips, for a sensitivity analysis on both frequencies and mode-shapes. Both
tests will be performed simulating as most as possible free-free conditions (absence of boundary
conditions in order to avoid uncertainties due to their numerical simulation). The driving
principle is to check the correlation with numerical models in at least two different conditions
and to get from these models information on sensors’ (namely accelerometers) and excitations’
locations. The second dynamic test refers to a complete structurally wing as realistic and
adherent as possible to that of final assembly, in terms of loads, weights, etc. The aim is to
appreciate a mass effect and checking the robustness and the stability of the modal parameters
compared with analysis and previous tests.
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At a first conceptual stage, the need to perform GVT involves a high degree of knowledge and
compromise among different aspects such as test instrumentation, test set-up, data collection
and assessment at an early stage. The last GVT campaign performed by the UniNa group has
involved the Tecnam P2012 aircraft, shown in Figure 2. Tecnam P2012 is a high wing,
unpressurized, twin-piston engine aircraft that can accommodate up to 11 seats, whose wing
has dimensions quite comparable with NGCTR wing.

Figure 2: Tecnam P2012 aircraft.

Figure 3: Excitation point on the right wing of
the Tecnam P2012.

The ability to analyse the tiltrotor wing for vibration involves a deep knowledge of the dynamic
characteristics. Generally, the dynamic behaviour of the analysed structure is exhaustively
described by natural frequencies, mode shapes and structural damping, [4].
As mentioned previously, dynamic tests will be performed in two fundamental steps: wing
stand-alone and wing installed onto the vehicle. Inside to the wing stand-alone test, control
surfaces will be physically tested individually i.e. on a dedicated test bench or mounted on the
wing with a separate testing procedure. Other important aspect regards the use of dummy mass
installed to the ends of the wing to simulated the mass of nacelle-engine-rotor group. In order
to study the vibration problems and the self-excited aeroelastic instability phenomena, the
require modal parameters can be obtained by means shake testing. This test consists of shaking
the structure at discrete points using one or more electromagnetic shakers. These tools are able
to provide appropriate excitation signal (stepped-sine, swept sine, impulse, random, etc.) to the
test article. By means a sinusoidal linear motion of the plunger respect to the base of the shaker,
the shaker can be easily controlled in amplitude and frequency. The conceptual process consists
in the measuring both the excitations, with strain-gauge-instrumented load cells, and responses
of the structure through several accelerometers, [5]. About the experimental setup, boundary
conditions and mechanical setup are the first important aspects that we must consider. Dynamic
tests will be carried out in a condition which simulates free-free conditions as most as possible.
This boundary condition will be checked by lowering the natural frequencies of the suspension
system which should not interfere with the elastic natural frequencies of the structure under
investigation. One viable configuration could be accomplished by suspending the wing using
bungee cords. The low spring rate of the bungee cords allows the wing to vibrate freely at very
low frequency, reducing the interference with its elastic mode-shapes. A measurement grid of
a certain number of accelerometers will be placed on the wing and on all control surfaces. The
control will be locked during the test to prevent the control surfaces from twisting around the
control fixtures. The measured responses of the structure under exam typically show a number
of peaks revealing the resonance conditions, indicative of with the natural frequencies of the
structure. Although the use of a single shaker implies a minimum effort and management
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difficulty procedure, for large test structure, such as a wing, this approach could exhibit some
strong limitation connected to the internal damping: the structure is able to dissipate the
vibrational energy that shaker provide to it. Basically, the points nearest to the excitation absorb
the most energy and this can distort the measurements and effect the engineering modal data.
Moreover, for the single-point excitation testing, the forcing excites any mode that has a natural
frequency nearby the excitation frequency, and so there will be a mixture of modal responses
within the range of test frequencies.
In order to adequately excite every mode of interest, a multipoint excitation approach or MIMO
test, wherein a multiplicity of shakers works simultaneously, are chosen. Figure 4 shows the
shakers that will be used for the tests (100 Lbf Modal Shop 2100E11 electrodynamic shakers).
These tests will be conducted using multiple excitation types and levels to characterize the
linearity of the wing model as well.

Figure 4: Electrodynamic shakers.

Indeed, it is worthy of note that besides the purpose to obtain mode frequencies, mode shapes
and damping information for the structure, the dynamic test will be performed with the aim to
correlate the aeroelastic FE models of the wing, performed by IBK, with measured results from
the real structure. In order to confirm the robustness and the stability of the experimental results,
the modal parameters estimation will be performed both using commercially available software
and by using a in-house developed Matlab toolbox named ModLab, [6].
ModLab is a toolbox for Experimental Modal Analysis, created with the intent to propose an
easy-to-use’ software to investigate the dynamic behaviour of a given structure.
3

IN-FLIGHT MEASUREMENT OF THE INTERIOR AND NEAR FIELD
EXTERIOR NOISE

The preliminary design concept of NGCTR in terms of performances was about a pressurized
aircraft with a cruise speed of over 320 knots and with a range of over 350 nm, able to increase
efficiency and operational capabilities compared to the current Tilt Rotor configurations. Due
to its distinctive characteristics, the NGCTR is destined to become a viable means of intercity
transport.
As previously mentioned, the main purpose of the design and manufacturing of the wing for
NGCTR is to increase reliability and safety and at the same time reduce weight and cost.
However, one aspect that must be considered is the well-being’ of the passengers: the interior
noise and vibration levels must be satisfactory to the general public as passengers, [7].
Therefore, an important step will be to develop a set of flight test in order to maximise comfort
on board. Measurement and Analysis of noise is a powerful diagnostic tool in noise reduction
for improving the quality of flights. The set of performance criteria in terms of noise that the
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NGCTR must satisfy are related to a conventional AW139 helicopter. In particular, the goal is
for noise to be reduced by 30%. Structural-acoustic measurements will be taken aboard a similar
existing tiltrotor aircraft. As regards the geometry, the NGCTR wingspan will be about 11
meters, whereas the chord will be about 1.8 meters. Moreover, the wing will be provided with
two control surfaces, flaperons for lifting and control, and another lowered used during vertical
take offs. The flight conditions include tiltrotor in airplane mode in level flight in which a
constant altitude is maintained and different flight speeds, [8]. The data will be also acquired to
validate prediction codes capable of accurately predicting the exterior pressure on the fuselage.
The investigations on interior noise prediction in the 'middle range' frequencies by means of
FEM/SEA hybrid methods. Figure 5 shows a potential measurement setup to be installed (blue
and red dots define locations for microphones and accelerometers, respectively, to be installed).

Figure 5: Potential sensors arrangement.

The measurements will comprise exterior surface pressures, structural accelerations and interior
pressures. The external pressure will be measured by surface pressure transducers placed in
several points of the fuselage to form a "T", at the propeller during airplane mode.
One external pressure sensors is shown in Figure 6. A tri-axial accelerometer is shown in Figure
7 while a microphone system (microphone and preamplifier) is shown in Figure 8.
A non-negligible aspect of flight test preparation regards the calibration of these sensors and
test instrumentation in general.
For Flight Tests, a test report will be prepared just after the test, giving a short overview of the
results helping the improvement of prediction methods and measurements’ results, [9].

Figure 6 – Electret
Surface Microphone
4

Figure 7 – Tri-axial
Accelerometer

Figure 8 - Microphone

SCALABILITY

Leonardo Helicopters’ expectation is the development of a family of aircraft that would
commercially debut in the 2030-2035 timeframe. The T-WING Scalability purpose is to
perform studies on the potential application of the technological solutions proposed for the
reference NGCTR, on larger aircrafts of the same Tilt Rotors family, so we can define it as upscaling process. Up-scaled tiltrotors design highly depends on the fruitful implementation of
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NGCTR technologies but the gap between original design and new visions could come with
high technological and financial risks and significant innovation problems. In addition to risk
reduction, development time also has to be reduced.
Due to the multidisciplinary nature of the concept of Scalability (Aeroelasticity,
Crashworthiness, Manufacturing, Performances, Cost Estimating, etc.), some results could be
affected more than others, [10]-[12]. A periodic evaluation and trade-off analyses of the
investigated solutions are necessary. The feasibility analysis of Scalability and the scaling
process of the T-WING technologies is a non-linear sensitivity analysis. By fixing main
Operational Requirements, Performances and relevant data (e.g. weight, wing aerodynamic
characteristics, mission, V-n diagram etc.) the scaling is intended as an iterative process. During
this conceptual process, various possible solutions will be investigated, improved, abandoned
or further developed. At the same time, various design sensitivities become apparent along the
iteration, adding to the desired information base. Each of the promising or non-promising
solution can be plotted in various diagrams and it will contribute to an increase in the degree of
knowledge and guidelines of the up scaling problem. The first step is to individuate the principle
area of investigation, for example Aeroelasticity, Crashworthiness, Manufacturing, Structures
and Loads, etc. Therefore, we identify the input parameters and the most suitable approaches
and skills on which to focus and by means which perform investigates in order to obtain outputs
that define technologies, methods and concepts encouraging and non-encouraging ones for upscaling. For example, from the Aeroelastic point of view, it is necessary to carry out dedicated
studies to evaluate the scalability of the proposed design solutions, by establishing aeroelastic
criteria of similarity. Once the Material and the Loads have been fixed for up scaled tiltrotors,
we can identify the geometric and design variables such as thicknesses and rolling sequence.
Subsequently through architecture optimization methods and flutter analysis methods, the
desirable result is the identification of the torsional and flexural stiffnesses and mass
distribution set so that the up scaling wings will be Flutter Free. The Tiltrotor AW609 aircraft
can accommodate a maximum of 9 people, plus 2 crew.
Given the scalability of the design, LH could opt for an interior layout in the 18-25 passenger
range. Currently, for the fuselage, LH will use a standard AW609 structure, seeing little benefit
in developing an all-new part when the size of an eventual production aircraft may vary.
5

CONCLUDING REMARKS

The involvement of the UNINA in the CS2 JU T-Wing Project regards on the study of the
dynamic behaviour of the innovative wing, the execution of the flight test campaign aimed at
measuring the noise levels and other activities related to the aeroelastic stability and Scalability
investigation. Regarding to testing, in order to study the dynamic behaviour of the wing, the
vibration problems and the self-excited aeroelastic instability phenomena, the require modal
parameters can be obtained by means a MIMO shake testing.
About Flight Test, structural-acoustic measurements will be taken aboard a similar tiltrotor
aircraft, in order to analyse the level of noise and validate codes for prediction of noise.
Regarding the concept of scalability, starting from a model reference of tiltrotor, numerous
parameters are resized in different step, thus describing an up-scaled aircraft with new
characteristics, which, in turn, are subject to investigation. This iteration is guided by the
objective of an aircraft design which optimally satisfies the initial requirements, e.g. Maximum
Take-Off Weight or Loads.
6
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ABSTRACT
Aerofoil morphing, which enables the aerofoil level morphing, such as variable camber, can
be achieved using compliant mechanisms. Density-based and load-path-based topology
optimisation method are two main methods at this moment for synthesising a compliant
morphing aerofoil, for instance, morphing leading edge and trailing edge, which deforms in a
prescribed way when applying to both internal actuation and external load. The aim of this
study is to show the feasibility and validity of the density-based approach compared with the
load-path-based method. We implement both methods for designing the inner structure of
various camber aerofoil. A short comparison between those two methods is given in the end.
Keywords: Topology optimization, Morphing wing, Various camber aerofoil, Structure
1

INTRODUCTION

The word morph derives from the Greek word
morphe), which means shape.
Nowadays, morph in the aviation community indicates the ability to transform the shape of
wings, that is the morphing wing. In general, the morphing wing can be classified into aerofoillevel morphing and wing-level morphing [1]. The former includes variable camber and variable
thickness. Twist morphing, span morphing, folding wing, and variable-sweep wing are
belonging to wing-level morphing[2].
Since the aerofoil is the fundamental part of the wing and aerofoil-level morphing
promises higher reliability, researchers and engineers have been working on this topic for
several decades. The morphing trailing edge obtains much attention. From the viewpoint of
aerodynamic performance and aircraft manoeuvre, the trailing edge is the essential part of the
aerofoil. A morphing trailing edge can be achieved using three different ways: conventional
rigid-linked mechanisms [3], smart materials[4], and compliant mechanisms [5], [6].
Compliant mechanisms, mainly distributed compliant mechanisms, have potential to be
used on morphing aircraft in the future. Different from those conventional rigid-linked
mechanisms, a compliant mechanism is a monolithic structure, and the abilities to transmit
motion are given by its elastic body rather than the presence of joints and pins. The advantages
of compliant mechanisms are a reduction in the part number, gap-free and lighter weight.
The standard design way of a compliant mechanism is very complicated when the
designer does not have an idea about topology and shape to the structure. The structural
topology optimization method may be a suitable way to design the initial topology of compliant
mechanisms for the morphing structure. This method seeks the optimised distribution of
material within a fixed design domain in order to minimise a specified objection function, and
meanwhile satisfying the given constraints[7].
The load-path method and density-based method are two main methods for designing a
morphing structure using compliant mechanisms. Lu and Kota firstly proposed the load-path
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method[8]. In that method, a load-path network is defined prior manually or by an algorithm.
Later, Two-level approach extended this method and combined with aerofoil geometry
optimization in order to tackle the conflicting requirements[5], [9]. The density-based approach
is wildly used in structural topology optimization[10]. Unlike the load-path method, densitybased continuum optimization approach, which belongs to large scale nonlinear optimization
problems, does not require prior knowledge of the topology of the structure. However, it is
traditionally believed that the density-based method is not well suitable for the optimization
problem in which the objection function contains the Least Square Error (LSE, minimum 2norm error) between the deform shape and the target shape comparing to the load-path
approach[11].
This paper aims to show the feasibility of the density-based approach for morphing
structure design application and present a comparison study with the two-level approach. We
first implement a density-based topology optimization method for morphing aerofoil design.
The design domain is divided into elements by a polygonal mesh generator, and the design
variables are the densities of elements. The objective function is the LSE between the marked
points on the deformed aerofoil and the target points on the target aerofoil. The sensitivities of
the objective and constraint functions are found with the adjoint method, and the optimization
problem is solved using the Method of Moving Asymptotes (MMA)[12]. The load path
representation coupled with genetic algorithm and non-linear finite element solver, presented
in [5].
The paper is organised as follows. First, the operation conditions and the optimization
design problem are described in Section 2. Subsequently, the density-based approach and twolevel approach version of load-path method are introduced in Section 3. Finally, Section 4
discusses and concludes the numerical results.
2

PROBLEM FORMULATIONS

All the work in this paper is conducted on the conceptual un-deflected high aspect Common
Research Model (uCRM-13.5), which is developed by Brooks and Kenway[13]. The aerofoil
has a 1-meter chord, and the complaint trailing edge has 40% chord, which is shown
schematically in Figure 1. The operating airspeed is 44 m/s, Reynold's number is 3e6, and the
Angle of Attack equals to 0. A linear displacement actuator is used to actuate the trailing edge,
with a max stroke 27 mm and max force 150 N. The material is Aluminium, which is a common
aeronautical material, with Young's modulus of 70 GPa, Poisson's ratio of 0.3 and allowable
stress of 220 MPa. More details about the operation conditions, structure, and actuator, are
shown in Table 1. The upper skin is fixed to the rear beam, while the lower skin is directly
actuated by a linear displacement actuator and it is free to move along lower skin contour.
Aerodynamic shape optimization with structural constraints is performed before. The
objective is the definition of the optimal morphing shape according to the structural
requirements of the top and bottom skin; the constraint is set in terms of maximum strain
computed as a function of curvature that assures the feasibility of the skin solution from a
structural point of view. Figure 2 shows the optimal shapes coming from the shape optimization.
A maximum deflection of 10° in both upward and downward direction is obtained.
The concept of structural topology optimization is to find the optimal material
distribution within a design domain, by removing and adding material in each element to
minimise specified objective functions, satisfying given constraints. The behaviour of this
physical system usually is represented by the solution to a boundary value problem[10]. The
design target is to find the suitable material distribution, or furthermore, the internal structure
of compliant mechanism, which can address the conflicting operation requirements, such as the
high deformability required to change the aerofoil shape coupled to the load-carrying
capability[9].
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The design requirements can be divided into three by kinematic and load:
1. Down kinematic requirement: minimization of LSE between the deformed shape and
the optimal shape reported in Figure 2(a), together with the corresponding aerodynamic
load applied to the skin when the compliant trailing edge is actuated;
2. Up kinematic requirement: minimization of LSE between the deformed shape and the
optimal shape reported Figure 2(b), together with the corresponding aerodynamic load
applied to the skin, when the compliant trailing edge is actuated;
3. Structural requirement: minimization of LSE between deformed shape, together with
the optimal shape when the skin is loaded, and the morphing mechanism is kept fixed.

Figure 1: Initial outer mould line (dark line) and target curve (solid red line.

(a) Down kinematic

(b) Up kinematic

Figure 2: Optimal shapes and corresponding aerodynamic loads.

Part

Description

Value

Aerodynamic

Design Mach number
Design speed
Reynolds number
Design chord
Material
Young’s modulus
Poisson’s ratio
Allowable stress
TE length
Stroke
Rated force

0.14
44 m/s
3e6
1000mm
Aluminium
70 GPa
0.3
220 MPa
40% chord (400mm)
27mm
150N

Structure

Linear displacement actuator

Table 1: Aerodynamic, structure and actuator matrix.
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3

METHODOLOGIES

3.1

Density-based approach

This section contains all relevant information required to reproduce the numerical results. It
includes a brief description of the formulation as well as the details of the numerical
implementation such as material interpolation scheme, the density filter, optimization method,
the mesh generator, the finite element, the continuation approach in the optimization routine,
and the initial guess of the design variables.
A material interpolation scheme is essential in topology optimization to convert the 0-1
optimization problem into a nonlinear continuous optimization problem. One of the most
common approaches is the so-called Solid Isotropic Material with Penalization material
interpolation scheme. In this scheme, the density ρ is replaced by a penalty factor p into ρp. In
order to control the number of greyscales that appear in the optimal results, the Heaviside
projection is used. It introduces an extra parameter β and provides nonlinear filtering. A density
filter is considered in this optimization routine to eliminate the appearance of checkerboards
problem. In this filter, the influence radius R indicates those elements for which the Euclid
distance to element i are less than the filter radius R will be affected by the density filter[14].
We use the LSE between the original marked points on the deform shape and the target
points on the target curve to parametric the difference between two curves. Therefore, the
objective function of this optimization problem becomes to minimise the LSE. To sum up, the
topology optimization problem, which is formulated by the nested approach and defined with
nonlinear objective function and nonlinear inequality constraints, is stated as follows:
min
x

M

f0

u x

i
m 1

i
N

Vn x

out , m ,i

V*

u x

2
m ,i

i 1, 2,3

0

n 1

s.t.

0

xmin x 1
Ri Rmax 0

system

p x

i 1, 2,3

(1)

K x u x

Above problem is generally characterised as a non-convex problem. Where x is the relative
density vector, Vn is the volume of element n, μ is the volume fraction adjust value from 0 to 1,
V* is the upper limit of the desired volume, M is the number of marked points on the curve,
u(x)out,m,i is the coordinate of marked points when the trailing edge is deformed, u(x)*m,i is the
coordinate of target points, αi is the weight ratio, Ri is the reaction force when applying the
driver and Rmax is the rated force that the actuator can provide. η is a weight ratio, which is used
in the initial optimization process to penalise the influence of these constraints. Moreover, two
load cases are applied to this system individually. Where, i=1,2,3 indicate different load cases,
which are down, up and structural kinematic requirement, as mentioned in Section 2.
The first constraint allows defining the upper bound of the volume of the structure. In the
homogeneous material, the maximum volume is no less than the maximum weight. The volume
constraint is common in the density-based topology optimization routine. It may help us to
control the quality of the compliant mechanisms. The second constraint is the upper and lower
limit of the design variables, which is to avoid ill-conditioning when the density variable is
equal to zero. The last constraint is concerning the ability of actuator. Moreover, p(x)=K(x)u(x)
is the structural equilibrium equation, in which K(x) is the global stiffness matrix, u(x) is the
global displacement vector, and p(x) is the global load vector.
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PolyMesher generates the polygonal finite elements mesh. Since the adjacent polygons
always keep an edge in common with those elements having two connected vertices. The
polygonal finite element meshes can eliminate the hinges problem, in which two elements
connect with each by their vertices[14]. Subsequently, A linear Finite Element Method (FEM)
is adopted into the optimization routine. MMA solver, which is a first-order method and wellestablished in the topology optimization community, has been employed in the code to update
the design variables of the topology optimization problem.
Moreover, both the stability of the optimization processes and the topology optimization
results depend on choices of optimization parameters and an initial guess. For the sake of
avoiding those problems, a continuation method[15] is used for the control of the parameters
and a special initial guess is pre-set. The continuation method tunes the penal factor p, β in
Heaviside projection and other relevant parameters. Our experience is to select p=1 and β=1
run the optimization problem until either convergence or reach the maximum iteration limit. At
this moment, the result contains a pack of grey areas. After this, increase the penal factor in
steps of 0.33 and β in steps of 2, and let the problem either converge or reach the maximum
iteration limit until p=4. In the end, we get a high contrast result which can be easily
manufactured. However, this method may increase the number of iterations as well as the total
computation time. Figure 3 shows the flowchart of the code.
Initial
airfoil

Initial penal factor

Morphing law

FEM analysis

Aerodynamic
force

Mesh
generator

Fluid‐Solid
Interface

No
Converge?
Max Iter. ?

Create initial
design variables

Next penal factor

Objective and constraints
function

No
Sensitivity analysis

Yes

Penal
factor list
end?
Yes
End

Update design variables
by MMA

Figure 3: Schematic flowchart for the program of density-based approach.

(a) Density-based approach

(b) Load path approach

Figure 4: (a) Initial guess and boundary conditions; (b) Initial load path model of the compliant trailing
edge and the characteristic points.

3.2

Load-path-based approach

This section describes the design of the same morphing trailing edge device, performed using
a different tool based on Genetic Algorithm (GA), coupled with a Load Path representation and
a non-linear solver based on finite volume beam elements. More details about the design of
compliant systems can be found in reference [5].
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In the load path representation method, there are three types of load paths: the path
connecting actuation input points to output points, actuation inputs to constraint points, and
constraint points to output points. This method helps reduce the size of the design space by preselecting the load path network and hence guarantees physically correct of the structure.
Since the load path representation is a binary optimization problem, which is suitable to
be incorporated into a GA optimization program. The population of the design problem is
constituted by several individuals, and each individual is composed of design variable that are
the binary path existence variables, the path sequence and the path dimension (for example, the
path cross-sectional dimension). A new generation is produced by a reproduction method, and
the selected parent designs produce new offspring individuals through the genetic operations of
crossover and mutation[16].
4

RESULTS AND CONCLUSION

We implemented both density-based topology optimization method and load-path-based
approach for morphing aerofoil design in MATLAB. Figure 4 shows the initial guess and
boundary conditions in the density-based approach and initial load path model of the compliant
trailing edge and the characteristic points in the load-path-based approach.
In the density-based approach result, the design domain was discretized into 4000
elements, and the optimization program started from an initial guess, which is shown in Figure
4(a). After 2864 iterations and 3 hours 17 minutes of computation time, the result directly
showed in Figure 5(a). The iteration process, including the objective function, volume fraction
and the absolute value of reaction, is shown in Figure 6(a). The final LES residual is 8.78 mm
with 21.5 mm deflection measuring from the tip of trailing edge, with displacement actuation
of 5 mm.
In the load-path-based approach result, the optimization program started from an
original population of 360 individuals and, after 632 generations and 48 minutes of process
time, the multi-objective optimization produced the results in terms of Pareto Front represented
by a three-dimensional surface. In Figure 6(b) all the optimal points included in the 3D Pareto
Front are reported even if they are represented in the plane corresponding to the two kinematic
requirements. The selected design point is characterized by an LSE value of 5.4 mm for
downward deflections and 17.4 mm for upward deflections, and average LSE value of 11.4
mm. This solution represented a single-piece adaptive rib with a span-wise thickness of 21 mm.
Figure 5 shows the corresponding optimal compliant structure of morphing trailing edge
using the above two approaches. The resulting trailing edge configuration of the load-pathbased approach keeps a low level of axial stresses and does not suffer from instability problems.
In both upward and downward cases, the normal stress field inside the machine is lower than
the allowable stress, set to 220 MPa. And a detailed comparison between the density-based
approach and the load-path-based approach can be found in Table 2.
In conclusion, both approaches are well-qualified for designing the inner structure of
the morphing trailing edge. In comparison, the load-path-based approach provides a more
efficient tool, and the final result obtained by the load-path-based approach is more elegant and
straightforward. The density-based approach, although which is using a gradient-based
optimisation method, takes a long time to achieve a stable result due to the high complexity and
nonlinearity of the design problem, and is sensitive to the initial guess. The merit of the loadpath-based approach is acquired by pre-selecting of the reasonable subspace. However, the LSE
in density-based approach is relatively smaller, and the shape is smoother (without the sudden
dimension change between two connecting elements). In the future, both methods can be
combined in cascade. First, a density-based method is used to obtain an initial topology, within
a larger design space, and then a discredited beam element network is generated using a method
similar to the load-path-based approach, and the structure is further optimized.
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(a) Density-based approach result

(b) Load-path-based approach result
Figure 5: Design results.

(a) The objective function, volume fraction and
the absolute value of reaction force change
with iteration.

(b) The Pareto Front related and the selected
design point in red.

Figure 6: Optimization process.

Item

Density-based approach

Structure representation
Design variable (DV)

SIMP
Beam lattice
Elements’ relative densities Path existence; Coordinates;
Beam size
4000
360
Linear
Nonlinear
Sum of weighted LSE
Pareto Front LSE
Gradient-based MMA
Genetic Algorithm (GA)
No
Yes
Yes
No
2864
632
2864
11850 (3 h 17 m)
2880 (0 h 48 m)
8.78
11.4

Load-path-based approach

Number of DV/individuals
FEM
Objective function
Optimization solver
Max stress constraints
Reaction force constraints
Iteration number/generations
Solving FEM times
Total time/seconds
Final LSE residual/mm
(0.5*up+0.5*down)
Volume fraction (weight)
0.3
Deflection* (mm)
44
50
* measuring from the tip of Trailing Edge, with displacement actuation 11 mm

Table 2 Comparison between density-based approach and load-path-based approach
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ABSTRACT
The aerodynamic characterization of the new Vega C space launcher has been carried out by
CIRA in collaboration with AVIO. The aerodynamic database is an important input for the
flight dynamics and the structural design. The Vega C behaviour has been studied through wind
tunnel tests in the range of Mach 0.5 and 3.5 and through numerical simulations for the entire
atmospheric flight envelope. A large test matrix was considered, covering four stages and three
stages configurations, with and without protrusions, including plume, canted nozzle, wind
tunnel sting and Reynolds number from flight to wind tunnel conditions. The paper describes
the experimental and numerical activities, considering global aerodynamic coefficients and
pressure distributions, together with flow visualizations.
Keywords: VEGA-C, Space Launcher, Aerodynamic, EXP/CFD characterization.
1

INTRODUCTION

In 1957, the Soviet Union launched Sputnik 1, the first artificial satellite, a sphere of 58 cm in
diameter and weighing about 84 kg, equipped with four antennas and two radio transmitters.
This event started the race for space exploration and its commercial and strategic exploitation.
Since then, an enormous development has been achieved in many fields as communications,
electronics, computing science, numerical simulation, environmental measurement techniques,
sensors, image and spectral detection systems that has allowed the creation of ever more
sophisticated and efficient satellites compared to the founder Sputnik 1. These allowed the
creation of a worldwide telecommunications network, geo-navigation systems, earth
monitoring systems, meteorological satellites and a great improvement in the scientific research
of our planet and the space that surrounds us. All this has required and continues to require
efficient and reliable transport systems for the launch of new satellites families or space
vehicles.
In this context, the European Space Agency (ESA) offers a fleet of launch vehicles (LV):
Ariane, Soyuz and Vega. Thanks to their complementarities, they cover all commercial and
governmental missions’ requirements, providing access to the different types of orbit from Low
Earth Orbit (LEO) to Geostationary Transfer Orbit (GTO), and even to interplanetary
destinations. The Vega solution complements the Ariane 5 and Soyuz offers for small to
medium payloads, for Sun-Synchronous (SSO) and Low-Earth (LEO) Orbits. Vega is a four
stages launcher vehicle (LV), operative since 2012. The Italian company AVIO is in charge of
the Vega LV development and production.

2098

Vega C Aero characterization

Vitagliano et al.

Following the decisions taken during the December 2014 and December 2016 ESA Ministerial
Councils, ESA and European industry are currently developing Vega C, an upgraded and more
powerful version of Vega. The main objective is to increase the launcher performance and the
flexibility for multiple payloads missions. The published user manuals ([1] and [2]) indicate a
performance improvement of about 65% with respect to Vega.
The Vega C configuration foresees the development of a new and more powerful Solid Rocket
Motor (SRM), named P120c, for the 1st stage, which will also be used as a strap-on booster for
the Ariane 6-2 (2 boosters) and Ariane 6-4 (4 boosters) configurations. The 2nd stage is upgraded using the more powerful SRM Zefiro 40 (Z40). The 3rd stage SRM remains almost
unchanged with the Z9 SRM. The 4th stage provides an improved AVUM+ with 30% more
propellant. A new fairing allows the accommodation of larger and heavier pay loads (Figure 1).
The Vega evolution involves considerable differences in the external geometry. The main ones
are larger first and second stages, new interstage components, larger payload fairing, different
external protrusions both in terms of position and quantity. In Figure 2, Vega and Vega C
geometries are superimposed to highlight the differences. These changes require an in-depth
study of the launcher's new aerodynamics in order to guarantee the correct balance in terms of
weight, thrust and aerodynamic forces, the absence of potentially destructive aerodynamic
instability phenomena as the buffeting [3] and the correct structural design providing the
distribution of aerodynamic loads on the various components of the launcher.

1st stage (P120c)

2nd stage (Z40)

3rd stage (Z9) 4th stage
(AVUM+)

Fairing

Figure 1: Vega C configuration, (figure 1.4.1 of Vega C user’s manual [2] .

Figure 2: Vega C (grey colour) vs Vega (light blue colour) geometry.

CIRA and AVIO, in close collaboration, conducted a numerical / experimental investigation
aimed at defining the launcher's aerodynamic behaviour in all its flight phases. The article deals
with the numerical and experimental activities aimed to characterise the aerodynamic behaviour
at different Mach and Reynolds number. A dedicated scaled model has been designed,
manufactured and subsequently tested in the trisonic INCAS wind tunnel. The paper briefly
describes the experimental and numerical activities and discuss part of the obtained results.
2

EXPERIMENTAL SET UP

The experimental test campaign was conducted at INCAS trisonic blowdown wind tunnel. The
pressurised circuit and the test section sizes (1.2m x 1.2m ) allow to reach high Reynolds
number values. The facility operates in the Mach range between M=0.5 to M=3.5. Two test
sections are available: one with solid walls for subsonic and supersonic speed regimes the
second one with perforated walls for transonic flow. A complete description of the facility is
reported in Munteanu [4]. A modular 1:30 scaled model was designed and manufactured in
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order to withstand the severe aerodynamic conditions and allowing the investigation of multiple
configurations. The model replicates, with and without the external protrusions, both the 3
stages and the 4 stages configurations.
The model was equipped with: a six-component strain gauge balance model TASK 2” (main
features are summarised in Table 1), 57 pressure ports (PTS) distributed along two azimuth
planes at = 120° and = 300° respectively (Figure 3) and an array of 24 dynamic pressure
sensors along the plane at = 0°.
Fz [N]
17800
35.6

Full Scale
Accuracy

Fy [N]
17800
35.6

Fx [N]
2670
5.34

Mx [Nm]
339
0.678

My [Nm]
1638
3.276

Mz [Nm]
1356
2.712

Table 1: TASK 2 balance characteristics.

a)
120°

c)

300°

b)
Figure 3: Pressure Ports location on model : a) front view, b) rear view, c) iso-view (right).

In the fairing, two Scaninvalve ZOC22B/32px pressure transducers with full scale range of ±
25 psi and ±50 psi respectively and accuracy of 0.02% of F.S. were installed and connected to
the pressure ports. Furthermore, an electronic inclinometer was mounted in the fairing in order
to evaluate possible model/sting deformation at high incidence angles and permits post
processing data correction. Two accelerometers were installed on the fairing and on the
launcher base to monitor the start and shutdown wind tunnel shocks. A motorised rear sting
supported the model, allowing a sweep angle between α =-10° to α =10° with an accuracy of
0.1°.
a)

+120°
+135°

+90°
+80°
Z

b)
+45°

c)

HSS-2

HSS-2
HSS-1

d)

Wiring Tunnel
II° Stage

Wiring Tunnel
II° Stage

RACS

+165°

+15°
Ullage Motors

Y

Ullage Motors

0° Wiring Tunnel
III° Stage

+345°

+195°
+315°

+225°

Wiring Tunnel
I° Stage

Wiring Tunnel
I° Stage

+280°

Figure 4: Protrusion description and positions: a) front view, b-c) top view, d) side view

On the model several protrusion were installed reproducing the shape of the following systems:
four Horizontal Separation Systems (HSS) located on the 4th stage at =0° and every 90°; two
Roll and Attitude Control Systems (RACS) located just downstream of the “hammerhead”, at
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=90° and =270°; four wiring tunnels mounted on the 3rd and 2nd stage respectively at
=90° and =270°; eight dummy fairings for the ullage motors on the 1/2 interstage at =15°,
45°, 135°, 165°, 195°, 225°, 315° and 345°; and two wiring tunnels mounted on the 1st stage
placed at =80° and =280°. Figure 4 provides an overview of the location of each protrusion
on the model. Hereinafter, the clean model configuration is named as baseline, while the
configuration with the external fairings installed is indicated as protrusion.
3

NUMERICAL SIMULATIONS

The objectives of the CFD activities were to produce a numerical data base of global and local
aerodynamic coefficients [5], together with distributed loads, to cover the complete range of
the launcher atmospheric flight and to allow for extrapolation of wind tunnel data to flight
conditions. It is worth to note that wind tunnel measurements were carried out without engine
plume, at low Reynolds number and limited Mach number range, and they did not provide
information suitable to compute distributed loads. In particular, CFD results were required in
the Mach number range above 3.5, since no data was available from the WT test.
A large test matrix was considered, covering 4 stages and three stages configurations, with and
without protrusions, including plume, canted nozzle, wind tunnel sting and Reynolds number
from flight to wind tunnel conditions.
Computations from subsonic to supersonic regimes were carried out using the multiblock
structured flow solver ZEN, for steady and unsteady RANS equations, which has been
developed at CIRA for more than two decades [6], [7]. It was used in the past for analysis of
VEGA configuration both in flight and in wind tunnel conditions, demonstrating good
agreement in the complete range of Mach and Reynolds numbers considered [8], [9]. Present
results were obtained with k- TNT turbulence model.
Aerothermodynamic analysis in hypersonic range were carried out using the CIRA NExT code
[10], that solves, on a multi-block structured grid, the RANS equations in a density-based
approach.
Several computational grids were produced in order to perform the flow simulations: 4 stages
clean configuration with nozzle and with wind tunnel sting for subsonic and transonic flows
(free stream Mach from 0.5 to 1.2); 4 stages for supersonic flow (from M=1.7 to M=2.0), axisymmetric, with 6 degrees canted nozzle and with wind tunnel sting; 4 stages for hypersonic
flow (from M=3.5 to M=6.0) and 3 stages for hypersonic flow (from M=4.0 to M=7.0). Finally,
a grid for complete 4 stages configuration with protrusions for transonic and supersonic flow.
17 different Mach numbers in the range between M=0.5 to M=7.0 were simulated, at three
different angles of attack (α=0°, 5° and 10°) for 4 stages and 3 stages configurations.

Figure 5: Complete configuration with protrusions. Left: Blocks boundaries on the surface. Right:
Detail of the surface mesh in the boat-tail region.
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Furthermore the effect of the canted nozzle thrust vectoring was examined in flight conditions
at M=1.7 and M=2.0. Particular care was taken to examine the Reynolds effect by simulating
the two wind tunnel Reynolds number conditions in addition to the flight Reynolds number and
an intermediate value between the experiments and the flight condition. The 4 stages
configuration with protrusion was investigated in WT and flight Reynolds conditions at fixed
incidence angle of α=5° for different Mach (M=0.95, 1.8 and 5.0) and varying the roll angle.
4

WIND TUNNEL TEST PLAN

The experimental test campaign covered a variety of speed conditions from M=0.5 to M=3.5
investigating the 4 stages configuration with and without protrusions. Each WT run was carried
out varying the model incidence angle in the range between α=-10° to α=10° in sweep mode
with an angle resolution of 0.5 degree for the force and moment measurement and a better angle
resolution of 0.1 degree for the pressure measurements. All runs were conducted to the
maximum achievable Reynolds number (Re=8x106), except some ones (M=0.95, 1.05, 1.2, 1.8
and 2.0) that were also performed at the minimum Reynolds (Re=2.5x106) to be exploited for
extrapolation to flight. Each polar was repeated varying the model roll angle, from =-30° to
=150° with step of 30° in order to measure the pressure distribution on different azimuthal
planes. Same procedure was used for the configuration with protrusions in order to evaluate the
effect of the external fairings on the lateral stability.
5

RESULTS

The extensive numerical and experimental test campaign provided a complete aerodynamic
database. The baseline configuration has been investigated varying Mach, Reynolds and
incidence angle. The WT test allowed to investigate a limited range of Mach and Reynolds
number with respect the flight envelope but provided the aerodynamic loads for the complete
range of the incidence angle between α=-10° to 10° with a step of 0.5°. Figure 6 shows the
experimental and numerical aerodynamic coefficients versus α, at M=0.95 and M=1.8
respectively. The diagrams show a good agreement between experiments and CFD for lift and
pitching moment whereas larger difference occurs for CD. The reason is partly due to the
malfunctioning of the balance and partly to the adopted correction procedure to remove the
contribution from the base. This difference is taken into account by the accuracy of the
aerodynamic database. Varying the flow speed from M=0.5 to M=1.2 the drag coefficient
reaches a maximum value induced by the shock wave in front of the vehicle nose. By further
increasing the free stream velocity (up to M=7), the drag coefficient shows a continuous
reduction. Experimental and numerical results have the same trend even when the angle of
attack varies. The experimental results show a negative shift with respect to the CFD due to the
lack of the base contribution. Drag difference becomes negligible at M = 3.5, due to the
reduction of the base pressure contribution with respect to the total drag.

Figure 6: EXP and CFD forebody results: CD, CL and CMy behaviour versus α at Mach 0.95 and 1.8.
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At α=5°, launcher lift coefficient increases up to M=2, and then it remains constant. The
absolute value of the pitching moment shows a similar trend. At α=10°, the CL and CMy have
a different behaviour with respect to α=5°, with the CL increasing up to M=3.5 and then
decreasing, similar behavious shows the absolute value of the CMy. Both CL and CMy are
characterised by a peak at sonic conditions (Figure 7).
The Reynolds effect presents a decrease of the drag and lift coefficient as the Reynolds number
increases. Trend is confirmed by both experimental and numerical results (Figure 8). The
pressure measurements provided a remarkable agreement with the CFD simulation confirming
the reliability of the obtained results (Figure 9).

Figure 7: CD, CL and CMy versus Mach number for CFD and EXP respectively.

Figure 8: CD and CL versus Reynolds number at Mach 0.95 and α=5° for CFD and EXP data.

Top View

Side View

Bottom View

Figure 9: a) CFD Cp distribution colour maps, b) CFD & EXP Cp distribution comparison at
Mach 1.8, α=10° and Re=8 x106 and flight respectively.

=90°,

The numerical simulation provided a detailed description of the external flow field behaviour
detecting the location of the shock wave and the detachment of the longitudinal vortices. At the
same time, the oil flow visualization (Figure 10-a) results confirmed the goodness of the CFD
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skin friction lines (Figure 10-b) showing similar flow pattern. Just the location of the boat tail
vortex is slightly mismatched due to the different Reynolds number. The flight Reynolds CFD
simulation locates the shock wave on the boat tail more downstream with respect to the oil flow
image taken at Reynolds of 5x106. Figure 10-c shows the external flow field in terms of isolevel of the -criterion surfaces. The iso-view and the cross planes clearly show the longitudinal
vortex on the upper surface and the shock waves occurring on the boat tail and on the 2/3 and
1/2 interstages.
The contribution of the external fairings induces a substantial increment of the drag coefficient
and almost negligible contribution on the lift and the pithing moment (Figure 11-a). Varying
the roll angle, a clear effect of the protrusions on the rolling moment is observed. (Figure 11b). The roll angle position induces positive and negative rolling moment depending on the
relative position of the wiring tunnels.
a)

c)

b)

Figure 10: a) Oil flow visualization, b) CFD skin friction lines, c) Iso-level -criterion surface at
Mach:1.8 and α=10°

a)

b)

Figure 11: Protrusion effects am M=1.8: a) CD, CL and CMy vs α, b) CMz vs

6

at α=5°.

CONCLUDING REMARKS

An extensive numerical and experimental investigation was carried out in order to build up the
Vega C aerodynamic database. A successful wind tunnel test campaign was performed at
INCAS trisonic wind tunnel on a 1:30 scaled model integrated by a large number of numerical
simulations to cover the complete range of atmospheric flight conditions. Main effect of the
Reynolds, Mach, incidence angle, roll angle, protrusions on 3 and 4 stages configuration were
addressed. Good agreement between numerical results and experimental measurements in wind
tunnel conditions give confidence about the accuracy of data extrapolated in flight conditions.
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ABSTRACT
Pulsar-based avigation is an emerging technique to help deep space positioning. The idea,
alike G SS, is to make use of beacons in well-known locations to compute the kinematic state
of a space vehicle equipped with suitable receivers. Opposite to G SS, these sources of signal
are not man-made while found in nature, and offered by peculiar stars offering a typical,
extremely precise emission pattern, i.e. the -ray pulsars. The paper quickly recalls the
fundamental concepts for this technique, then reports some interesting relations allowing to
select the better sources and to evaluate the attainable accuracy. After presenting the fixing
procedure, some more original discussion about the geometric dilution of precision is
included, together with results useful for a preliminary analysis.
Keywords: Autonomous Navigation, Deep-Space Navigation, XNAV, Pulsar Navigation
1

INTRODUCTION

Orbit determination, within accuracy requirements related to the specific case, is a main
requirement for every space mission. Orbit determination in deep space is a critical issue,
currently mainly solved by well-prepared, challenging operations from peculiar ground
segments as the NASA DESCANSO [1]. While such a solution recently worked even in the
extraordinary case of Voyager – i.e. at the border or just beyond the solar system – the
performance of Earth-based systems necessarily decreases with the distance, together with a
remarkable increase in the operations’ complexity and overall uncertainty. In addition, the
relevant cost, the expertise needed, the possible requirement to have a navigation fix directly
available onboard are elements promoting technological advances. An interesting option
could be represented by the use of peculiar stars called pulsars, emitting - as a result of the
misalignment between their spin axis and the axis of their extremely strong magnetic field - a
quasi-periodic signal, like beacons. Their accurate-enough timely emission can be exploited
the same way Global Navigation Satellite Systems (GNSS, including GPS, Galileo,
GLONASS, Beidou) do with signals purposely emitted from spacecraft constellations [2],
obtaining time-of-arrival (TOA) measurements in the Earth service volume. Due to the large
number of pulsars, the technique would work – even at the cost of a poorer, yet still useful
and accepted accuracy – everywhere, in the solar system volume or beyond, enabling
autonomous onboard navigation.
While pulsars emit in a broad region of the electromagnetic spectrum – radio
frequencies, visible, X- and gamma rays - the focus for navigation purposes is mainly limited
to the X-rays portion. In fact, such a range makes possible to gather a significant amount of
energy, and current technology allows for detectors compatible with on-board operations.
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Even more important, due to the huge distance of the sources and indeed to their faint signal,
the propagation noise and the number of interfering sources at these frequencies are limited,
making the interval [3 1016 – 3 1017] Hz (in wavelength 1-10 nm) the best trade-off. Among
these pulsating sources, having different natures (neutron stars - either single ones or binary
systems, accreting stars, other sources), main interest stays with millisecond pulsars (MSP),
which stability in the emission can attain the level of atomic clocks. Previous, in-depth
characterization of the emission itself is however required, as irregularities are often present.
Significant steps in advancing the XNAV technique have been attained in recent years.
Supported by the continuous effort of large research projects devoted to fundamental physics,
the sources’ catalogue is enriched, and emissions’ details added. Many measurements are
being directly collected in space, easing the difficult analysis of the noisy data gathered at the
Earth surface. First full XNAV experiments also started. In June 2017 NASA accommodated
onboard the International Space Station (ISS) a compact yet powerful X-rays
detector/spectroscope (Neutron-star Interior Composition Explorer or NICER), investigating
the 200-1200eV energy band with a 100ns timing accuracy. In November 2017, exploiting
NICER detector, the NASA Station Explorer for X-ray Timing and Navigation Technology
(SEXTANT) experiment has been able to obtain the first, real time, onboard XNAV fix for a
spacecraft (the ISS), with an accuracy better than 10 km [3]. China also started an XNAV
program, with the launch in 2016 of a satellite (XPNAV-1, [4]) devoted to test new detectors
and investigate pulsars’ emissions. The promising results obtained [5] should support the
expected follow-on with other spacecraft exploiting the navigation technique. Despite these
successful steps, significant research and engineering work is still needed in order to improve
all steps of the process, both the ones required a priori, as the availability of an accurate
catalogue of correctly time-referenced pulse shapes, as well as the ones to be exploited in real
time, as the analysis of the gathered signal. In addition, the real asset in orbit determination
based on sporadic measurements deals with an effective use of estimators, bridging among
sparse measurements. Such a capability, built on the smooth and easy-to-model dynamical
environment (as already exploited for GNSS navigation in very high orbits [6]) becomes
instrumental in XNAV as it is difficult to foresee several detectors available onboard to point
– for significant duration to collect a useful signal – different stars at the same time: indeed,
scheduling and repointing will be mandatory during the measurement campaign.
Leaving to in-depth analyses [7, 8] for additional information, we shortly recall in the
following the overall navigation fix process, providing some details for the steps involving the
error terms to be taken into account and the measurements’ attainable accuracy, to discuss
then a more original part related to the geometry of the fix and the dilution of precision.
2

XNAV TEC NI UE PROCESS

XNAV is a navigation technique that uses periodic signals emitted from milli-second pulsars
to compute the kinematic state of a spacecraft. Different types of XNAV have been
envisaged:
a) standard XNAV, providing absolute positioning with respect to an inertial coordinate
system centred at the Solar System Barycentre (SSB);
b) incremental XNAV, offering the change in position of the spacecraft between two TOAs
measurement updates, of some interest if a very good guess of the spacecraft position
should be available;
c) relative XNAV between two spacecraft, attainable even with a poorer knowledge of the
pulsar model (i.e. only the frequency components of the pulses are required, not their
accurate timing model).
In the following we will consider the standard technique, which is the basic option that
current, worldwide research activities are targeting. A short reminder of the process, as
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understood at the Guidance and Navigation Lab of Sapienza Universit di Roma, from the
analysis of the existing literature, can be roughly summarized as:
1) preparation of the observation schedule, taking into account the availability of strongenough sources, their location in the field of view and the possible interfering conditions;
2) attitude manoeuvre to orient the detector towards the first selected pulsar, and to maintain
the attained pointing all along the observation (up to tens of minutes);
3) collection of the signal emitted from the pulsar, i.e. of the photons, with accurate (order
of 50 μs for single pulse, up to 1 μs processing several pulses) time-tagging of their TOA)
4) according to the resolution provided by the detector electronics and to the capabilities of
the clocks, partition of the photons’ arrival events among time bins;
5) by cumulating a huge number of arrival events, reconstruction - via the folding technique
[9] - of a credible, accurate enough time profile of the received pulsating signal;
6) transfer of the readings (i.e. their time tags) at the Solar System Barycentre (SSB)
coordinate system: the reference to a truly (almost) inertial reference system, with origin
at rest, is needed to manage the corrections in TOA evaluation;
7) analysis in the frequency domain of the energy content of the signal: the Fourier
transform allows to identify main contributions defining the pulse behaviour;
8) comparison of the pulse shape with the predicted one (from previous, in-depth
characterization of the specific source) that should be received at the SSB: assuming that
the two signals have same characteristics, the components (harmonics) from Fourier
transform allows to relatively – and precisely - synchronize the components of the signal;
9) exact computation of the time interval between signal’s TOA at the spacecraft and at the
SSB: notice that such a computation will be defined as a fraction of the signal period, and
will remain ambiguous for the amount of (additional) full periods - or wavelengths included in the SSB to spacecraft distance (see Figure 1);
10) definition of the ambiguity issue, and evaluation of the actual component of the SSB to
spacecraft distance along the pulsar line-of-sight;
11) optional analysis of the Doppler frequency shift of the received signal at the spacecraft
with respect to the one at SSB to gather information about velocity
12) inclusion of the computed information in the trajectory estimation, likely a recursive
filter involving a model for dynamics and suitable characterization of process and
observation noises;
13) move to the next pulsar identified in the observation schedule and restart from step (2).

Figure 1: Geometry of the phase observation (note the possible ambiguity in the number of cycles)

3

EVALUATION OF T E TIME OF ARRIVAL (TOA)

3.1

Selection of the sources

The selection of the satellites to be included in the schedule depends on the allowed accuracy
(i.e. a function of their characteristics) as well as in their location, to be discussed in the
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following section 4). Table 1 reports some characteristics of the five sources selected for the
simulations of this paper.
Pulsar Identifier

Pulsar Type

RA (J2000)

DEC (J2000)

B1957+20

Rotation

299.90321

20.80420

B1937+21

Rotation

294.91066

21.80420

B0531+21

Rotation

83.63322

22.01446

B1821-24 (Crab)

Rotation

276.13337

-24.86975

XTE J1751-305

Accretion

142.33408

-30.61569

Table 1a: nature and location of the pulsars considered in the simulation exercise.

B1957+20

Period
(s)
0.00160

Flux (2-10 KeV)
erg/cm2/s
5.38 x 10-13

Pulsed Fraction
%
60

Pulse Width(FWHM*)
(s)
8.0 x 10-5

B1937+21

0.00156

4.10 x 10-13

86

2.1 x 10-5

B0531+21

0.0335

9.93 x 10-9

70

1.7 x 10-3

B1821-24 (Crab)

0.00305

1.25 x 10-12

98

5.5 x 10-5

XTE J1751-305

0.00230

1.17 x 10-9

5.5

5.7 x 10-4

Source ID

Table 2b: Emission characteristics of the pulsars considered in simulation exercise
(*FWHM : full-width-half-maximum of the main pulse).

3.2

Assessing measurements accuracy

The accuracy of the pulse time of arrival of measurement depends on a number of factors
including pulsar period, pulse width, intensity of the radiation emitted by the pulsar (photon
flux), size of the detector’s antenna and observation time. Background radiation from bright
objects such as sun also contributes to the increase of noise in the observed measurements.
The above terms can be expressed in terms of SNR (Signal to Noise Ratio) for each pulsar
and pulsars with high rotation speed have significantly high signal to noise ratio. The SNR
can be evaluated as (from [7])
𝐹𝑥 𝐴𝑝𝑓 𝑡

S R=

(1)

√[𝐵𝑥 +𝐹𝑥 (1−𝑝𝑓 )](𝐴∗𝑡∗𝑑)+ 𝐹𝑥 𝐴𝑝𝑓 𝑡

where Fx is the photon flux, A the detector’s antenna area, pf the fraction of the pulsar signal
which is actually pulsed, t the observation time, Bx the background radiation flux, d the duty
cycle (pulse width to pulse period ratio). The following two relations offering the accuracy on
the time-of-arrival and on the ranging measurement hold (W is the pulse width):
𝜎𝑇𝑂𝐴 = 0.5 ∗ 𝑊/𝑆𝑁𝑅

𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 = 𝜎𝑇𝑂𝐴 ∗ 𝑐

(2a-b)

Shorter pulse width provides better accuracy, as it can be also seen by recasting Eqs.(1-2) in
𝜎𝑇𝑂𝐴 ∝ 1/√𝑁

(3)

to report that a certain number of observe pulses is required to stabilize the recovered pulse
profile and indeed to increase the TOA accuracy. Moreover, the sharper shape of short pulses
eases measurements. Table 2 provides TOA and range accuracies for the pulsars listed in
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Table 1, considering 1m2 caption area (additional data reported in Figure 2), integration time
of 1000s and 299792458m/s value for c. For sake of comparison Bx is assumed as constant
for all cases and equal to 3*10-11 erg/cm2/s in the 2-10 keV band, while peculiar observation
geometry could affect this choice. Notice that pulsars B1937+21 and B1821+24, having far
worse S R compared to the Crab pulsar, end up being better in accuracy due to their much
narrower pulse widths.
Pulsar

SNR

𝜎𝑇𝑂𝐴 (𝜇𝑠)

𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 (𝑚)

B1937+21

11.3257

.92709

278.1577

B0531+21

2305.15

.36874

110.6336

B1957+20

6.6632

6.0031

1801.139

B1821-24

25.7622

1.0675

320.2718

XTE J1751-305

96.7242

2.9465

884.0529

Table 2: S R and attainable accuracy of the pulsars considered in simulation exercise.

Figure 2: Attainable accuracy (

4

Ranging)

as function of the length of the observation for Table 1 pulsars.

COMPUTING T E NAVIGATION SOLUTION

The ultimate goal of the received pulsar signal processing is the evaluation of the spacecraft
kinematic state. The goal could be attained by clocking the arrival time of the signal
(frequency 𝜈) at the spacecraft and at a suitable reference point, which is conveniently
selected to be at rest as well as the origin of a relevant suitable, inertial-like reference system
(SSB). Notice that while coordinates with respect to SSB origin are of interest, there is no
hope to accurately evaluate the far huge pulsar-spacecraft distance. The TOA at the spacecraft
should be tagged in the SSB-related timescale, called Barycentric Dynamical Time (TDB).
Aside from a simple linear translation of the time of arrival clocked at the spacecraft, the
transformation includes the correction of some errors, as per the following relation and
meaning:
𝑡𝑇𝑂𝐴_𝑆𝐶(𝑇𝐷𝐵)= 𝑡𝑇𝑂𝐴_𝑆𝐶(𝑆𝐶) − 𝑡𝑑𝑖𝑠𝑝 + 𝑡𝑆ℎ𝑎𝑝 + 𝑡𝑝𝑎𝑟
(4)
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- the dispersion delay (tdisp) is caused by the electromagnetic radiation passing through a
region of electrons or other charged particles and, due to the interaction, be subjected to an
oscillation that slightly slows down the propagation. Higher energy, i.e. higher frequency,
radiation is less affected. The delay is modelled as linear with the electron density, or the
number of free electron e per unit area along the pulsar-to-spacecraft path (d). The resulting
expression, evaluated in ms, is
𝑡𝑑𝑖𝑠𝑝 = 𝑁𝑒 𝑑 ⁄(2.41 10−4 𝜈 2 )
(5)
- the Shapiro delay(tShap) is generated by the bending of spacetime around objects with
massive mass such as stars, leading to electromagnetic waves taking slightly longer to travel.
The delay is given by
𝐺𝑀
𝑡𝑆ℎ𝑎𝑝 = −2 ∑𝑖 𝑐 3 𝑖 𝑙𝑛[𝑛̂ ∙ ⃗𝑟𝑖 + |𝑟𝑖 |] + 𝛥𝑆2
(6)
with G the gravitational constant, Mi the mass of body i, from the Observer to the SSB, c the
speed of light, 𝑟𝑖 and 𝑛̂ the vector and the unit vector from the spacecraft to respectively the
body i and the pulsar, S2 a second-order correction term. The sum in i should be extended to
all the bodies in the solar system but since the Sun accounts for 99.8% of total mass of the
solar system it is usually common to neglect the effects of other planets. The largest possible
time delay is when the Sun is in exact the line of sight between pulsar and the observer,
resulting in a Shapiro delay of 6.829 μs (in rare cases there could be an additional Shapiro
delay due to large clusters of stars in the line of sight between the pulsar and the Earth).
- the parallax effect (tpar) - negligible for far-away pulsars, and less than 1.2 μs even for the
closest ones - is measured by the curvature of the pulsar-emitted electromagnetic waves when
reaching for different positions of the orbit of the Earth, and expressed by
1
𝑡𝑝𝑎𝑟 = 2𝑐𝑑 ⃗⃗⃗⃗
(𝑟𝑖 × 𝑛̂)2

(7)

Notice that these effects should be seen as differential ones, i.e. also present at the SSB
location: however, as the TOA at SSB is just modelled and not actually measured, errors at a
potential SSB receiver can be taken as considered. Once the TOA at the spacecraft has been
reported to the SSB time scale, the difference between the receiving time of the two signals sometimes labelled Roemer delay - is due only to the different path (according to Figure 1), as
𝑡𝑇𝑂𝐴_𝑆𝐶(𝑇𝐷𝐵) = 𝑡𝑇𝑂𝐴_𝑆𝑆𝐵(𝑇𝐷𝐵) + 𝑟.⃗⃗⃗𝑐𝑛̂

(8)

A comparison between the received pulse profile and the companion predicted template
captured at the SSB allows indeed to evaluate the unknown spacecraft position 𝑟 with respect
to SSB. Such a comparison is usually carried on in the frequency domain, and the phase of the
pulse is actually considered. In order to improve the accuracy, the slow spin-down of the
pulsar (derivatives in time computed by the a priori analysis) is included. The phase shift
between the two signals will be expressed as a fraction of the 2 interval, leaving undefined
the integer number of cycles possibly occurring along the difference between the path to the
two receivers (Figure 1). A classical ambiguity problem appears, that can be solved following
several approaches with a trade-off between required time, computational cost and confidence
in the findings [2]. To be noticed that the use of pulsars with largely different periods and the
minute wavelengths proper to X-rays enable effective (i.e. recursive multiple wavelength) and
accurate solution for the unknown SSB to spacecraft distance. The unknown, rewriting the
equation in terms of phase observable 𝜙, can be read in the term τ, linear with the spacecraft’s
distance from SSB:

2111

Preliminary Analysis of the

AV Technique

Dharmarajan and Palmerini

𝜙 𝑆/𝐶 (𝑡) = 𝜙 𝑆𝑆𝐵 (𝑡) + (𝜏 ∗ 𝜐) − 𝑚 + 𝑊𝜙

(9)

where m is the ambiguity (integer number of cycles) and W is the Gaussian noise – quite
different for each pulsar – associated with the measurements. Reporting the information at
SSB at a reference epoch, and multiplying by the pulsar’s spin frequency :
𝜐 −1 (𝜙 𝑆/𝐶 (𝑡) − 𝜙 𝑆𝑆𝐵 (𝑡0 ) = 𝜆 = (−

𝑟 .𝑛̂
𝑐

+ 𝑡 − 𝑡0 ) − 𝑚 ∗ 𝜐 −1 + 𝑊𝜙 ∗ 𝜐 −1

(10)

By collecting the data for a number n of pulsars, and introducing the relevant matrices for the
line-of-sight and for the frequencies,
U

1
𝑐

[𝑛̂1 𝑛̂2 𝑛̂3 .. .. 𝑛̂𝑛

]𝑇

𝜐1−1
, V=[ 0
0

0 0
𝑇
.
0 ], 𝑊𝜆 = 𝑉 [𝑊𝜙1 𝑊𝜙2 𝑊𝜙3 .. .. 𝑊𝜙𝑛 ] (11)
0 𝜐𝑛−1

it is possible to obtain the full solving system (introducing A = [1 − 𝑈],

t, 𝑟 )

𝑡
𝜆 = [1 − 𝑈] [ ] − 𝑉𝑚 + 𝑊𝜆 = 𝐴𝑋 − 𝑉𝑚 + 𝑊𝜆
𝑟

(12)

The expression for position estimate 𝑋̃ can be expressed as a closed form expression with a
covariance matrix given by
𝑋̃ = [𝐴𝑇 𝑅𝜆−1 𝐴]−1 𝐴𝑇 𝑅𝜆−1 (𝜆 − 𝑉𝑚)
(13)
where 𝑋̃ is the position estimate and R is the diagonal covariance matrix of phase estimation.
CONSIDERATIONS ABOUT GEOMETRIC DILUTION OF PRECISION
The final accuracy of the solution is affected by source-observer relative geometry, according
to the geometric dilution of precision (GDOP) concept [2]. The key element in evaluating the
GDOP is represented by the covariance matrix (C) of the ranging measurements:
C E 𝑟 ∙ 𝑟𝑇 ,

𝐶 = [(𝑈 𝑇 𝑈)−1 𝑈 𝑇 ] 𝐶𝑅𝑎𝑛𝑔𝑖𝑛𝑔 [(𝑈 𝑇 𝑈)−1 𝑈 𝑇 ]𝑇

(15)

with U, as per (11), is the matrix containing unit position vectors for each pulsar and
2
2
2
CRanging = diag (𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔
1 , 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 2 … . . , 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 𝑛 )

(16)

2
where 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔
𝑖 are the variances of each pulsar’s measurements considered in previous
section. While CRanging can be assumed as diagonal due to the uncorrelated nature of the errors
2
among pulsars, the 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔
𝑖 are, in general, significantly different. Indeed, the approach to
compute GDOP typical of GNSS systems is not valid anymore, and the following formula is
only a coarse approximation, to be carefully handled in the selection of the sources:

𝐺𝐷𝑂𝑃 = √𝜎𝑥2 + 𝜎𝑦2 + 𝜎𝑧2 ≈ √𝑡𝑟𝑎𝑐𝑒(𝐶) / ̅̅̅̅̅̅̅̅̅̅̅
𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔

(17)

where ̅̅̅̅̅̅̅̅̅̅̅
𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 is an average among the measurements’ accuracies of the different pulsars.
As an example, a GDOP of 2.4 is obtained while using the above pulsars with 1000s
observation time and using a 1m2 detector, assuming a precise clock at the receiver. Figure 3
reports the GDOP behavior for different observation times and detector areas in a possible fix
using the 5 pulsars listed in Table 2 (measurements’ duration is assumed fixed and equal to
1000 s in leftmost plot, area detector is assumed fixed and equal to 1 m2 in the rightmost one).
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Figure 3: GDOP as function of the detector area and of the duration of the observation phase.

CONCLUDING REMARKS
Pulsar-based navigation is attracting increasing effort as a viable solution to deep space
navigation by considering fairly regular, periodic emissions from stars as signal sources.
Recent in-space experiments definitely proofed the validity of the concept and its attainability
with current technology, yet significant activities still are needed to obtain a really usable
product. This paper reports the understanding of the problem gained at the Guidance and
Navigation Lab, and presents some initial analysis on the effect of the geometric distribution
of the pulsars, leading to the GDOP concept similar to the one largely adopted in GNSS.
REFERENCES
[1] https://descanso.jpl.nasa.gov/ (access August 2019).
[2] E.D. Kaplan, C.J. Hegarty. Precise Baseline Determination in Real Time (para. 8.4.3) in
“Understanding GPS: Principles and Applications”, 2nd ed., Artech House, Norwood
(MA), USA, pp.398-422 (2006).
[3] J.W. Mitchell et al. SEXTANT X-Ray Pulsar Navigation Demonstration: Initial On-Orbit
Results, paper 18-255 to be published in Proceedings of the 1st AAS Annual Guidance
and Control Conference, Breckenridge (CO), USA, (2018).
[4] L. Deng et al. Grazing Incidence Focusing X-ray Pulsar Detector and Analysis of
Observation Data, paper IAC-17-A7.3.12 in Proceeding of the 68th International
Astronautical Congress, Adelaide, Australia (2017).
[5] X. Zhang, P. Shuai, L. Huang, S. Chen, L. Xu. Mission Overview and Initial Observation
Results of the X-Ray Pulsar Navigation-I Satellite. International ournal of Aerospace
Engineering, 201 , article ID 8561830, pp.1-7 (2017).
[6] G.B. Palmerini. Assisted GNSS Navigation in Lunar Missions, paper AIAA 2014-4256 in
Proceeding of the AIAA SPACE, San Diego (CA), USA (2014).
[7] S.I. Sheikh et al. Spacecraft Navigation Using X-Ray Pulsars. ournal of Guidance,
Control, and Dynamics, 2 (1), pp.49-63 (2006).
[8] J. Sala, A. Urruela, X. Villares, R. Estalella, J.M. Paredes. Feasibility Study for a
Spacecraft avigation System relying on Pulsar Timing Information, final report for the
ESA Advanced Concepts Team (ACT) Ariadna Study 03/4202 (2004).
[9] Chr. Kabakchiev et al. Detection and Estimation of Pulsar Signals for Navigation, in
Proceeding of the 16th International Radar Symposium, Dresden, Germany (2015).

2113

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019| Rome, Italy

A HYBRID, CONFIGURATION-AGNOSTIC APPROACH TO
AIRCRAFT CONTROL SURFACE SIZING
C. Varriale1*, A. Raju Kulkarni1 , G. La Rocca1 , M. Voskuijl2
1

Flight Performance and Propulsion Section, Faculty of Aerospace Engineering,
Delft University of Technology, Kluyverweg 1, 2629 HS, Delft, The Netherlands
2

Faculty of Military Sciences, Netherlands Defence Academy,
1780 AC, Den Helder, The Netherlands

*C.Varriale tudelft.nl A.RajuKulkarni tudelft.nl G.LaRocca tudelft.nl M.Voskuijl mindef.nl

ABSTRACT
An approach to position and size control surfaces on a given aircraft configuration is presented
in this paper. The approach is hybrid in nature, as it blends methods of different fidelity to
reduce computational time while preserving models representativeness. A high-fidelity method
is used to obtain an accurate aerodynamic database, while a semi-empirical method is used to
express the database as a function of the control surfaces position. The sizing procedure uses
an aircraft Flight Mechanics Model to perform simulations and evaluate the outcome of
Handling and Flying Qualities tests. On this basis, design choices are taken to iteratively alter
the position and span width of control surfaces, and consequently alter the aerodynamic
database. The approach can be applied to any aircraft configuration. In the present work, it is
applied to a commercial transport version of the PrandtlPlane, an innovative box-wing aircraft
configuration, currently under investigation in the framework of the Horizon 2020 project
PARSIFAL. Results show that the method converges from a conservative first guess control
surface arrangement. Control effectiveness calculated with the proposed method in the final
control surface arrangement presents an average 35% relative error w.r.t. the one calculated
with the high-fidelity method. The reduction in computational time and effort is unquantifiable,
as the application of the semi-empirical method is instantaneous and effortless.
Keywords: Flight Mechanics, Knowledge Based Engineering, Control Surfaces, Box Wing.
1

INTRODUCTION

According to forecasts, the number of people using commercial air transportation will nearly
double in the next two decades, resulting in a massive growth of air traffic [1] [2]. In order to
meet the demands of a saturated market and comply with the increasingly stringent regulations
on aircraft environmental impact, researchers are developing innovative and disruptive aircraft
configurations. The PrandtlPlane (PrP) is an unconventional aircraft configuration which
employs Prandtl’s box-wing concept for minimum induced drag [3][4]. This concept is
integrated in an innovative aircraft design, with the purpose of obtaining higher payload
capacity and better aerodynamic efficiency for a given wingspan, as compared to conventional
single-wing aircraft [5].
The double wing system of the PrP offers the possibility to accommodate a large number of
Control Surfaces (CSs). These can potentially allow for Direct Lift Control, improved dynamic
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response to gust and turbulence, and improved comfort and safety on board. The CS redundancy
poses an interesting design challenge, as it is not trivial to determine the optimum position and
size of a given set of CSs. A preliminary approach to this problem has already been presented
in [6]. For a given aircraft planform configuration, the problem has been formulated to retrieve
the optimal arrangement of movables that achieves desired Handling and Flying ualities
(HF s) levels.
In order to perform non-linear Flight Mechanics simulations for the accurate estimation of
HF s, an extensive aerodynamic database is needed to reproduce the aircraft dynamic
behaviour in different regions of the flight envelope. This database contains the dependency of
the aerodynamic forces on angle of attack, angle of sideslip, speed, altitude, CSs deflections
and aircraft configuration (landing, cruise, etc.). The time required to generate it depends on
the level of fidelity of the aerodynamic analyses used: possible examples are panel methods,
Reynolds Averaged Navier-Stokes (RANS) equations, Large Eddy Simulation (LES) and windtunnel test campaigns. Ideally, the aerodynamic database generation is embedded in the design
process, enabling the characterization of each aircraft planform configuration and CS
arrangement generated in the design loop. In practice, irrespective of the fidelity level, the large
number of aerodynamic analyses needed (from several hundreds to a few thousands) makes the
computational effort a critical bottleneck. A feasible approach consists in generating a set of
aerodynamic databases off-line, i.e. before the design loop, and then interpolating them on-line,
i.e. during the design loop [6]. Although speeding up the design process, this approach still
requires significant computational time for the generation of many aerodynamic datasets.
Alternatively, semi-empirical methods can be used. These do not take any computational time,
but use statistical data that is unreliable, or not existent, for straightforward applications to
unconventional aircraft configurations.
If the wing planform is considered frozen, the aircraft inherent static and dynamic stability
characteristics are not affected by the CS sizing process, and their impact on HF s is therefore
constant, assuming that modifications in mass and inertia can be neglected and that the trim
condition has only minor effect on the stability. Only the controllability characteristics are
directly affected by the CS sizing. In this case, a collection of aerodynamic datasets can be
generated off-line, and then interpolated on-line, for arbitrarily selected combinations of the CS
positions [6]. Such an approach is not feasibly scalable if any aircraft planform parameter enters
the design loop.
In this paper, an iterative method is proposed for preliminary positioning and sizing of CSs on
both conventional and unconventional aircraft configurations. This approach is hybrid in nature,
as it integrates a non-linear aerodynamic analysis method with a selected semi-empirical
method. The non-linear aerodynamic analysis is expected to capture the essential details of the
aircraft aerodynamics. The selected semi-empirical method allows to express the CS-dependent
subset of the aerodynamic database as a function of each CS position and size [7]. This function
is derived from statistical and experimental data on swept and tapered wings, and requires
classic wing planform characteristics as aspect ratio 𝐴𝑅, sweep angle 𝛬, and taper ratio 𝜆. This
method makes it possible to modify the movables-dependent aerodynamic dataset at each sizing
iteration, without the need to recalculate it.
The adopted design approach is aircraft configuration agnostic and can be used for both
conventional and unconventional aircraft designs, with any given number of movable surfaces.
It applies to a fixed aircraft planform and therefore does not involve variations in the aircraft
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Figure 1: Geometry model of the reference PrP aircraft, with deflected movable surfaces in a first
guess arrangement.

static stability characteristics. The main application case discussed in this paper is the CS
positioning and sizing of a 300 passenger commercial transport version of the PrP, developed
within the Horizon 2020 project PARSIFAL. A visualization of the aircraft, with a first-guess
CS arrangement is shown in Figure 1.
In the remainder of the article, Section 2 provides an overview presentation of the tools and
methods adopted for the current study. The CS sizing approach is illustrated in more detail in
Section 3, while Section 4 reports and compares results for different test cases. Finally,
conclusions and recommendations for future work are presented in Section 5.
2

OPERATIONAL FRAMEWORK

As mentioned in Section 1, an aerodynamic database is necessary to evaluate the HF s
performance of a given aircraft design. The first step in generating such a database is to select
the type of aerodynamic solver that must be used. In this paper, a 3D Panel Method (3DPM) is
used because it offers an attractive trade-off between the analysis time and the accuracy of the
solver [8]. In order to use 3DPM, a discretized aircraft geometry (i.e. mesh) and wake
information must be provided as input to the solver. As a first step, the aircraft geometry model
has to be generated on the basis of conceptual design information (wing-span, twist and taper
distribution, fuselage length and section shapes, etc.). The different steps required for the
generation of an aircraft aerodynamic database from conceptual design information to the
estimation of HF s are shown in Figure 2.
For the present work, the aircraft geometry, including moveable surfaces, is automatically
modelled and meshed by the Multi Model Generator (MMG) tool, a Knowledge Based
Engineering (KBE) application developed in-house using the KBE system ParaPy1 [8]. The
non-linear aerodynamic analysis is performed with the commercial 3D panel method software
VSAERO2 [9] and updated along the sizing loop with a selected semi-empirical method [7].
The HF s are assessed with the in-house Performance, Handling ualities and Load Analysis
Toolbox (PHALANX) for flight dynamics simulation and Flight Mechanics analysis [10] [11].
These tools and methods are described in the following subsections.

1
2

www.parapy.nl
https://starkaerospace.com/products-services/ami/software/
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Figure 2: From aircraft conceptual design, through geometry generation and meshing, to numerical
aerodynamic analysis.

2.1

Aircraft geometry

2.1.1 Modelling
During conceptual and preliminary design phases, aircraft geometry models are not mature and
detailed enough to support medium- or high-fidelity aerodynamic analyses. Nevertheless, an
aircraft geometry model has to be generated with the available information, with the aim of
refining it for future use in higher fidelity analyses. To this end, the MMG facilitates aircraft
designers in modelling diverse aircraft configurations and their variants, and in preparing
discipline specific models to feed to the various analysis tools involved in the multi-disciplinary
design process. As illustrated in Figure 3, some capabilities of the MMG include: aircraft
geometry generation, mesh generation, STP file generation, VSAERO input file generation and
PHALANX input file generation.
In order to generate the aircraft geometry, conceptual design information must be provided to
the MMG in the form of numerical values. This can be done in one of the following three
formats (Figure 3):
1) A Common Parametric Aircraft Configuration Schema (CPACS) based representation
of the aircraft [12].
2) A JSON input format generated specifically to capture relevant conceptual design
information necessary for geometry generation.
3) A MATLAB output file generated by the Initiator, an in-house, MATLAB based
conceptual aircraft design tool. The Initiator is used to synthetize conventional or
unconventional aircraft designs, including the PrP configuration, from Top Level
Aircraft Requirements [13] [14].
Conceptual design data is read by the MMG, and the geometric model of different
components is created using pre-defined, high-level primitives [15], such as:
1. Wings: swept and tapered wings, with or without kinks, trapezoidal wings and
connecting wings, like side-wings in box-wing configurations.
2. Fuselage: either with or without wing fairings, depending on the level of detail of the
available conceptual design data.
3. Movables: the MMG can generate a movable surface and deflect it, as necessary for
different aerodynamic solvers on any type of wing described above. In the current state,
only plain movables are modelled.
After each component is created, their geometry models are fused together on the basis of
conceptual design information. With such a bottom-up approach, the MMG can generate the
geometry of practically any aircraft configuration. This configuration-agnostic behaviour
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Figure 3: input, output and main capabilities of the MMG.

makes the use of the tool extremely beneficial in the conceptual design phase of unconventional
aircraft.
2.1.2 Meshing
The aircraft geometry model must be provided to aerodynamic solvers in the form of a mesh.
In particular, a structured mesh may be preferred, like in the case of VSAERO [9]. In all cases,
the aircraft geometry model must be treated accordingly. To this end, an algorithm to split the
aircraft geometry into four sided faces is developed and incorporated in the MMG. During the
geometry generation phase, the MMG creates an ontology of aircraft topology which allows it
to discern the relationship between geometry primitives, such as faces and edges, to their
corresponding functional elements, such as the fuselage, wings etc. The MMG then uses this
ontology to perform splitting and meshing operations. The split aircraft geometry is then used
to automatically generate a structured mesh by placing equal number of nodes on the opposite
edges of all quadrilateral faces. The whole splitting and meshing process is independent of the
actual geometry of the aircraft, and can therefore be used to perform meshing irrespective of
the aircraft configuration. An example of surface mesh automatically generated by the MMG
is shown in Figure 4.
In addition to the mesh model, a discretized wake model is necessary to perform aerodynamic
analysis using 3DPMs. For example, after the movables are generated and deflected, a gap is
created between the movable surface of the wing and the fixed part of the wing. Such a gap can
become problematic when resolving the wake behind the wing. In order to solve this, the MMG
automatically constructs transition surfaces, as shown in Figure 5. The MMG can automatically
generate both flexible and rigid wake model, on the basis of the mesh model and of the ontology
of the aircraft topology (fixed and movable trailing edges, wing-fuselage intersections, etc.).

2118

A Hybrid, Configuration-Agnostic Approach To Aircraft Control Surface Sizing

Varriale et al.

Figure 4: Example of surface mesh of the PrP geometry, automatically generated by the MMG.

Figure 5: Automatic generation of transition surfaces in movables gaps to support aerodynamic
analysis using 3DPMs.

2.2

Aerodynamic analysis

2.2.1 VSAERO 3D panel method
Once the mesh and wake information is generated, the MMG automatically compiles it in the
format required by VSAERO, the selected 3DPM for the present work. An aerodynamic
analysis simulation can then easily be run.
3DPMs calculate the potential flow external to a body or internal to a duct when normal velocity
on the surfaces bounding the flow is specified. The velocity potential can be used to evaluate
the velocity of the flow at different locations and thereby the pressures, forces and moments
acting on the body. In order to calculate the velocity potential, the body and its wake are
discretized using a quadrilateral or triangular panels mesh. Series of singularities such as
sources and doublets are associated with each mesh panel. The strength of each of the
singularities is calculated by applying the Neumann condition to the Laplace equation [9].
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VSAERO determines the forces and moments acting on any given body. Furthermore, it
corrects for boundary layer effects using integral boundary layer equations, and corrects for
compressibility effects using the Karman-Tsien rule or the Prandtl-Glauert equation [9]. Results
from a VSAERO simulation, using the input file provided by the MMG model of the PrP, are
shown in Figure 6.

Figure 6: Visualization of VSAERO simulation results for the PrP, using aircraft geometry and wake
models generated by the MMG. Clean aircraft configuration, steady simulation with
𝛼 = 3 deg, 𝛽 = 0 deg, 𝑀 = 0.3.

2.2.2 ESDU semi-empirical method
The VSAERO input generation and output parsing process is wrapped, through the MMG
capabilities, in an outer loop. This serves the purpose of automating the launch of a large
ordered set of aerodynamic analyses that can easily be parsed for the creation of an aerodynamic
database for Flight Mechanics simulation. Although highly automated and efficient, this
process can still take relevant amount of computational time, especially for aircraft
configurations with a high number of movables. In the scope of a design or sizing loop, it needs
to be aided by a faster methods, like an analytical or semi-empirical one.
Based on lifting line calculations, the selected semi-empirical method is validated with
experimental data for applications on straight and tapered wings with plain flaps of constant
chord ratio [7]. The method provides a simple way to obtain the ratio between
•
•

the change in lift Δ𝐶𝐿,𝜂 due to the deflection of a CS spanning from 𝜂𝑖𝑛 to 𝜂𝑜𝑢𝑡 , and
the change in lift Δ𝐶𝐿,𝑓𝑢𝑙𝑙 due to the deflection of a CS spanning across the entire trailing
edge of the wing, i.e. from 𝜂𝑖𝑛 = 0 to 𝜂𝑜𝑢𝑡 = 1.

This is done through the chart reported in Figure 7 [7], where
Δ𝐶𝐿,𝜂
= Φ(𝜂𝑜𝑢𝑡 ) − Φ(𝜂𝑖𝑛 ) = ΔΦ(𝜂𝑖𝑛 , 𝜂𝑜𝑢𝑡 ).
Δ𝐶𝐿,𝑓𝑢𝑙𝑙
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This relation can be used to express the CS-dependent part of an aerodynamic database as a
function of the CSs position and span width. In the same way, it can be exploited to alter it. The
way this method is implemented in the present approach is explained in more detail in
Section 3.2.

Figure 7: Lift variation ratio between partial and full span CSs [6].

2.3

Flight mechanics simulation

Once generated and parsed, the aerodynamic database has to be imported in PHALANX, where
it constitutes only one of the many parts of a Flight Mechanics Model (FMM). Developed in
MATLAB /Simulink, PHALANX is a modular toolbox for non-linear, 6 Degrees Of Freedom
(DOF) flight simulation and analysis. In addition to the aerodynamics module, an engine
module, mass and inertia data, a Flight Control System (FCS) and pilot module are connected
to perform Flight Mechanics simulations. The fidelity of each module depends on its underlying
model and dataset, making the tool data-driven: look-up tables, non-linear analytical functions
and an array of classic semi-empirical methods can be accommodated for both the
aerodynamics and propulsion modules. Alternatively, aircraft data can be input through the
CPACS standard representation [12]. Models from various aeronautical disciplines are
synthesized to assemble the global aircraft FMM. The dynamics simulation is performed by
making use of the Simscape Multibody Dynamics library. This allows to simulate systems
dynamics without the need to explicitly write the analytical equations of motion. In this way, it
is possible to model complex phenomena like relative motion of aircraft parts (e.g. centre of
gravity due to fuel consumption) or wing flexibility, and measure local flight parameters at
specific aircraft locations. The fidelity of the resulting Flight Mechanics analyses will depend
on the fidelity of the input models.
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The flexible structure and the capability to operate regardless of the aircraft configuration allow
PHALANX to operate consistently at different stages of the design process and to make fair
comparisons among application cases. The toolbox has been used in previous works for studies
on novel aircraft configurations, like the Blended Wing Body [16] or the Delft University
Unconventional Configuration (DUUC) [11], and on the preliminary study of HF s of full- and
sub-scale PrPs [8] [10]. A block-scheme overview of PHALANX is shown in Figure 8. A more
detailed insight in the aerodynamic and propulsive model adopted in the scope of this work is
given in the following subsections.
2.3.1 Aerodynamic model
For the present study, the aerodynamic model is generated using the 3D panel method illustrated
in Section 2.2.1. The complete aerodynamic database consists of three sub-datasets, expressing:
•
•
•

the aerodynamic actions as a function of angle of attack α, angle of sideslip β, and Mach
number 𝑀, for the clean aircraft configuration, with no CS deflected.
the differential aerodynamic actions with respect to the clean aircraft configuration
obtained through the deflection of CSs.
the dynamic derivatives of the aerodynamic actions with respect to the roll, pitch and
yaw angular rates 𝑝, 𝑞, 𝑟 as a function of α, β and 𝑀.

In short, each aerodynamic action 𝐹 is expressed in the form of look-up tables as
𝐹(α, β, 𝑀, 𝑝, 𝑞, 𝑟, δ𝑖 ) = 𝐹(α, β, 𝑀, 𝑝 = 0, 𝑞 = 0, 𝑟 = 0, δ𝑖 = 0) +
+ Δ𝐹(α, β, 𝑀, 𝑝 = 0, 𝑞 = 0, 𝑟 = 0, δ𝑖 ) +
+

∑
𝜔 = 𝑝,𝑞,𝑟

(2)

𝜕𝐹
(α, β, 𝑀, δ𝑖 = 0) 𝜔.
𝜕𝜔

This model assumes linear dependence of the aerodynamic actions on the angular rates, and
neglects the effects of aerodynamic interaction among CSs. The ability to detach the CSdependent dataset from the clean configuration dataset is the key feature which has made it
possible to implement the semi-empirical method introduced in Section 2.2.2 [17]. As
explained in Section 2.1, movable surfaces are modelled in the MMG as plain flaps, and their
deflection obtained by geometry deformation. This approach has to be augmented when the
movable surfaces does not represent a CS, but rather a high-lift device, such as a flap. In this
case, classic semi-empirical methods are implemented for the drag and lift increase for various
types of slotted and fowler flaps [18].
2.3.2 Propulsive model
The propulsive model is generated by an in-house, physics-based method for turbofan engine
sizing, referred to as GTpy. This method takes the required thrust, design flight condition and
engine design variables as input. It builds up on the gas turbine performance simulation method
GSP [19] and a design methodology based on thermodynamic cycle calculations [20]. Moving
from the reference flight condition, regarded as the engine design point, GTpy generates engine
thrust and fuel flow maps in off-design conditions, as a function of altitude, Mach number and
corrected fan speed 𝑁𝑓 .The dependency on the latter parameter is then mapped to a normalized
excursion of the pilot throttle command.
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Figure 8: PHALANX top-level conceptual scheme.

3

METHOD AND APPLICATION

In this section, a more detailed explanation of the CS sizing method is given. Section 3.1 focuses
on how the CS arrangement is modelled and controlled throughout the sizing loop. Section 3.2
presents how the semi-empirical method presented in Section 2.2.2 is exploited for the present
application. Section 3.3 gives an overview of the HF s simulations used to test the
controllability of the aircraft FMM. Lastly, the search strategy used to iterate through the sizing
loop is illustrated in Section 3.4. A brief summary is given in Section 3.5, where the problem
formulation is formalized using the classic optimization problems notation.
3.1

Control surface arrangement

For a given aircraft configuration, a first guess positioning and sizing of the CSs is chosen
arbitrarily or on the basis of some other estimation method. Each CS, indicated with an index
𝑖 = 1,2, … , 𝑛𝐶𝑆 , is identified by its chord ratio (𝑐𝐶𝑆 ⁄𝑐)𝑖 , and its spanwise inner and outer
stations 𝜂𝑖𝑛,𝑖 and 𝜂𝑜𝑢𝑡,𝑖 . If the aircraft can be assumed symmetric, the CS arrangement can be
expressed in terms of only the CSs lying on the starboard side of the aircraft.
As it is formulated in the present study, the CS sizing problem consists in determining the
optimal spanwise position of the inner and outer stations of each CS. The chord ratio is given
as an input to the problem, as dictated, for example, by requirements on the internal structure
of the wing, and assumed fixed throughout the sizing loop. For a correct definition of a CS
arrangement, the parameters 𝜂𝑖𝑛,𝑖 and 𝜂𝑜𝑢𝑡,𝑖 must comply with various types of constraints:
•

Degeneracy constraints ensure that each CS has a non-negative span
|𝜂𝑖𝑛,𝑖 | ≤ |𝜂𝑜𝑢𝑡,𝑖 |

•

∀𝑖 = 1,2, … , 𝑛𝐶𝑆

Compenetration constraints ensure that multiple CSs on the same wing do not overlap
|𝜼𝒐𝒖𝒕,𝒊 | ≤ |𝜼𝒊𝒏,𝒊+𝟏 |

•

(3)

∀𝒊 = 𝟏, 𝟐, … , 𝒏𝑪𝑺 − 𝟏

(𝟒)

Hard constraints, if any, limit the position of the CS by taking into account interferences
with other aircraft components (fuselage, vertical tail, etc.) or simply implement
additional design criteria:
|𝜂𝑖𝑛,𝑖 | ≥ |𝜂𝑖𝑛,𝑙𝑖𝑚,𝑖 |
|𝜂𝑜𝑢𝑡,𝑖 | ≤ |𝜂𝑜𝑢𝑡,𝑙𝑖𝑚,𝑖 |
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For the present application, the sizing method has been applied to the CSs lying on the main
wings of the selected PrP aircraft. Following the guidelines identified in previous works, an
inner and outer CS has been placed on each semi-wing [6], for a total of eight control surfaces
on the two wings. In pairs, these serve as elevators and ailerons, respectively. Control surfaces
lying on the two vertical tails and on the two side wings are considered frozen as in the initial
arrangement. They serve as rudders and side-force generators, respectively.
Between the PrP front wing inner and outer CSs, an additional movable surface has been
positioned with the intention of providing high-lift capabilities. This movable acts therefore as
a flap and not a control device. The rear wing does not feature any high-lift device, due to the
much higher pitch moment that their deflection would cause about the aircraft CG. As explained
in Section 3.4, flaps are not an active part of the CS sizing process, since they do not affect
aircraft controllability directly. Their spanwise position is calculated a posteriori at every sizing
loop iteration, so to satisfy Equations 3 – 5 and hence comply with the updated CS arrangement.
Once an initial arrangement is well defined, a full (non-linear, in general) aerodynamic database
is generated as a starting point of the sizing process. The database ideally expresses
aerodynamic forces and moments on the aircraft as a function of flight parameters and control
parameters, like CSs deflections and/or thrust setting.
3.2

Aerodynamic model scaling

With every iteration of the CS sizing loop comes a new arrangement of the CSs. The new
movables arrangement would require to recalculate the full aerodynamic dataset, or at least the
part of it which depends on control surfaces, which is usually the largest one. Using a high- or
mid-fidelity aerodynamic analysis method in the loop would result in a great amount of
computational time per iteration. With the proposed hybrid approach, the number of
aerodynamic analyses is reduced drastically, and thereby the required computational time.
The approach builds up on the semi-empirical method illustrated in Section 2.2.2. At every
sizing loop iteration 𝑘, the position (𝜂𝑖𝑛,𝑖 , 𝜂𝑜𝑢𝑡,𝑖 ) of each CS 𝑖 is known. This allows to use
Equation 1, to calculate the ratio between the variation in lift due to the deflection of a partial
span CS and a full span CS:
𝑘
Δ𝐶𝐿,𝜂
𝑘
𝑘
𝑘
𝑘
= Φ(𝜂𝑜𝑢𝑡
) − Φ(𝜂𝑖𝑛
) = ΔΦ(𝜂𝑖𝑛
, 𝜂𝑜𝑢𝑡
) = ΔΦ𝑘
Δ𝐶𝐿,𝑓𝑢𝑙𝑙

∀𝑘.

(6)

The variation in lift due to the deflection of the full span CS, i.e. the denominator on the lefthand side of Equation 6, does not depend on the position and span width of the same CS at each
iteration 𝑘. By making use of this fact, it is possible to obtain a simple equation which relates
the variation in lift due to the partial span CS at any two iterations 𝑗 and 𝑘:
𝑗

Δ𝐶𝐿,𝑓𝑢𝑙𝑙 =

Δ𝐶𝐿,𝜂
ΔΦ 𝑗

=

𝑘
Δ𝐶𝐿,𝜂
ΔΦ𝑘

⟹

𝑘
Δ𝐶𝐿,𝜂
=

ΔΦ𝑘 𝑗
Δ𝐶
ΔΦ 𝑗 𝐿,𝜂

∀𝑗, 𝑘.

(7)

0
By choosing 𝑗 = 0, Δ𝐶𝐿,𝜂
can be assumed as the CS-dependent lift of the aerodynamic database
generated with high-fidelity aerodynamic methods, as modelled in Equation 2, for the first
guess CS arrangement.
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The quantity
ΔΦ𝑘
= 𝐾𝑘
ΔΦ0

(8)

is a scale factor which depends on the sizing loop iteration, and can be used to alter the original
database as the position of each CS is updated. For the way it is defined, the initial value of the
scale factor is
𝐾 0 = 1.

(9)

At every sizing loop iteration, the original, high-fidelity CS-dependent lift is scaled as
𝑘
0
Δ𝐶𝐿,𝜂
= 𝐾 𝑘 Δ𝐶𝐿,𝜂
,

with 𝐾 0 = 1.

(10)

As prescribed by the semi-empirical method, the scaling factor is applied only to the lift force
generated by each CS. This, of course, also affects the transport moment that the CS generated
about the aircraft Centre of Gravity (CG). The remaining aerodynamic actions are left unaltered
throughout the sizing loop.
As the alteration of the original database is just a scaling, it is reasonable to assume that the
main characteristics of the aircraft aerodynamics, like interactions and non-linear behaviours,
are overall preserved.
3.3

Handling and Flying Qualities analysis

The aircraft FMM is created by linking the aerodynamic model to propulsion, inertial and
control models. No Automatic Flight Control System (AFCS) is implemented for this study.
The objective is in fact to study the inherent controllability of the aircraft, with no form of
augmentation. A mechanical gearing system is modelled to link the pilot stick commands to the
control effectors and to gang the CSs together as described in the following:
•

•

•

Inner wing CSs react to a longitudinal pilot stick command. The two on the front wing
are constrained to have the same deflection angle and therefore act as a single elevator.
The same holds for the two on the rear wing. Moreover, the pair on the front wing is
constrained to have an opposite deflection angle with respect to the pair on the rear
wing. This is close to the traditional way of controlling aircraft longitudinal motion, i.e.
by introducing a pitch moment about the CG.
Outer wing CSs react to a lateral pilot stick command. The two on the front wing are
constrained to have opposite deflection angles and therefore act as a pair of ailerons.
The same holds for the two on the rear wing. The pair on the starboard side, as well as
the pair on the port side, are constrained to have the same deflection angle.
Rudders and side-force generators react to a pilot pedal command. They are all
constrained to have the same deflection angle, in both magnitude and sign.

This classic mechanical gearing architecture has been chosen for it allowed a clear formulation
of the search strategy, as shown in Section 3.4. Once the FMM is assembled, a set of HF s
tests is performed in order to assess the aircraft controllability in various regions of the flight
envelope. For the present study, the selected tests include:
1. Trim in straight and level flight: the aircraft is required to fly in steady horizontal flight
at a given altitude and Mach number.
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2. Steady turn: the aircraft is required to sustain a steady, corrected, turn at a given altitude
and Mach number. The prescribed turn rate is 3 deg/s, and corresponds to the most
common manoeuvre for alignment with the airfield, during approach and landing
operations.
3. Pull/push normal load factor: the aircraft is required to achieve minimum prescribed
values of the normal load factor 𝑛𝑧 as a consequence of a full-stick pull and a full-stick
push pilot command [21].
4. Time to bank: the aircraft is required to achieve a 30 deg bank angle roll attitude within
a prescribed amount of time.
5. Trim with One Engine Out (OEO): the aircraft is required to fly in steady horizontal
flight at a given altitude and Mach number, with the most critical engine being not
operative.
Various combinations of these tests are run for a cruise flight condition (ℎ = 11 km, 𝑀 = 0.79)
and an approach flight condition (ℎ = 0 km, 𝑀 ≈ 0.26), in still air and side-wind conditions.
The prescribed approach speed is extracted from aircraft operations regulations for Category D
aircraft (large jets) [22]. The prescribed side-wind magnitude, 𝑉𝑤 = 25 kts ≈ 12.8 m/s, is
extracted from current regulations for commercial transport aircraft [23]. For both cruise and
approach flight conditions, the aircraft weight is 115 tons, i.e. the sum of its Zero Fuel Weight
(ZFW) and 75% of its Fuel Weight (FW) capacity. The position of the CG is set to obtain a
10% static margin. The HF s test matrix is summarized in Table 1.
Table 1: Handling and Flying ualities test matrix used in the control surface sizing loop. For the
reference PrP, all tests are performed with aircraft weight 𝑊 = 115 tons and static
margin 𝑆𝑀 = 10%.

Cruise
ℎ = 11 km, 𝑀 = 0.79

Approach
ℎ = 0 km, 𝑀 = 0.26

No side wind
(𝛽 = 0)

Straight and level
Push/pull
Time to bank

Straight and level
Steady turn
Push/pull
Time to bank
OEO

Side-wind
(𝛽 ≠ 0)

Straight and level
Push/pull

Straight and level
Push/pull
OEO

Tests 1, 2, 3 and 5, in the above list, are evaluated as either successful or not successful. Test 4
is evaluated on an integer scale from Level 1 to Level 4, according to currently available HF s
criteria [21]. The sufficient level for the test being successful is assumed as Level 2. As shown
in Section 3.5, the HF s tests represent constraints in the CSs sizing loop: the highly discrete
nature of their output makes it impossible to use gradient-based optimizers for this process. The
CSs position and size have to be updated, on the basis of the HF s tests results, according to a
chosen search strategy.
3.4

Search strategy

At each iteration of the CS sizing loop, the tests are run sequentially. If a test is not successful,
meaning that the aircraft model is not able to have sufficient HF s criteria performing the
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specific manoeuvre in the reference flight conditions, the iteration is stopped immediately. If
all tests are successful, meaning that the aircraft is capable of achieving sufficient HF s for all
prescribed manoeuvres in the reference flight conditions, the CS sizing iteration is completed.
In either case, at the end of the iteration, a decision is taken about how to update the CS
arrangement. The decision table adopted for the search strategy is reported in Table 2.
Each of the HF s tests reported in Table 1 is classified as either longitudinal, lateral, or coupled
dynamics. HF s tests that are classified as longitudinal affect only the CSs in the inner part of
the wings. HF s tests that are classified as lateral affect only the CSs in the outer part of the
wings. Lastly, HF s tests that are classified as coupled affect the CSs in both the inner and
outer part of the wings.
At every iteration, if a set of CSs must undergo an increase in span width according to the search
logic, only the smallest CS of set is enlarged. Analogously, if a set of CSs must undergo a
decrease in span width, only the widest CS of the set is reduced. This logic prevents large
unbalance in the spanwise dimension of CSs. After CSs span wise positions are updated, the
remaining movable surfaces classified as flaps are updated accordingly, to comply with
constraints reported in Equations 3 – 5.
The fixed iteration step is chosen in this work as Δηstep = 0.01. The total CS span width, i.e.
the sum of each CS span width, is monitored though the loop:
𝑛𝐶𝑆

(11)

Δ𝜂𝑡𝑜𝑡 = ∑|𝜂𝑜𝑢𝑡,𝑖 − 𝜂𝑖𝑛,𝑖 | .
𝑖=1

The sizing loop is terminated when Δ𝜂𝑡𝑜𝑡 for the latest successful iteration is larger than Δ𝜂𝑡𝑜𝑡
achieved in a previous successful iteration. At the end of the sizing process, the successful CS
arrangements can be compared and an optimum one can be extracted, on the basis of a chosen
design criterion. In the present work, in case of multiple successful CS arrangements with
equal Δ𝜂𝑡𝑜𝑡 , the one with minimum span width of the inner CSs is chosen.
Table 2: Decision table for the adopted search strategy.

3.5

Previous sizing decision

HFQs test outcome

Current sizing decision

+Δηstep

✔

do not alter

+Δηstep

✘

+Δηstep

do not alter

✔

−Δηstep

do not alter

✘

+Δηstep

−Δηstep

✔

do not alter

−Δηstep

✘

+Δηstep

−Δηstep

all ✔

−Δηstep

Summary

The CSs sizing problem, as introduced in the previous sections, can be formulated as the
following optimization problem:
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𝑛𝐶𝑆
Δ𝜂𝑡𝑜𝑡 = ∑𝑖=1
|𝜂𝑜𝑢𝑡,𝑖 − 𝜂𝑖𝑛,𝑖 |

|𝜂𝑖𝑛,𝑖 | ≤ |𝜂𝑜𝑢𝑡,𝑖 |
|𝜂𝑜𝑢𝑡,𝑖 | ≤ |𝜂𝑖𝑛,𝑖+1 |
|𝜂𝑖𝑛,𝑖 | ≥ |𝜂𝑖𝑛,𝑙𝑖𝑚,𝑖 |
|𝜂𝑜𝑢𝑡,𝑖 | ≤ |𝜂𝑜𝑢𝑡,𝑙𝑖𝑚,𝑖 |
𝐻𝑗 (𝜂𝑖 , 𝑖 = 1,2, … , 𝑛𝐶𝑆 ) = 1

∀𝑖 = 1,2, … , 𝑛𝐶𝑆
∀𝑖 = 1,2, … , 𝑛𝐶𝑆 − 1
∀𝑖 = 1,2, … , 𝑛𝐶𝑆
∀𝑖 = 1,2, … , 𝑛𝐶𝑆
∀𝑗

Where 𝐻𝑗 is a function returning the boolean outcome of the 𝑗-th HF s test. The solving
algorithm is represented by the search strategy outlined in Section 3.4. Once this problem is
solved, in case of multiple equivalent optimal solutions, a secondary optimization problem can
be formulated to select a preferred CS arrangement. The whole CS sizing loop, from the
generation of the aircraft geometry model for aerodynamic analysis, to the implementation of
the search logic making use of the HF s tests results, is illustrated schematically in Figure 9.

Figure 9: Overview scheme of the control surface sizing loop.

4

RESULTS

The first-guess CSs arrangement for the reference application case has been assigned arbitrarily
by taking a very conservative choice, i.e. large CSs. Beyond enforcing the consistency and
compenetration constraints reported in Equations 3 and 4, some hard constraints have been
implemented as well. Namely, the inner edge of each inner CS has been constrained to its initial
position, leaving the outer edge as the only variable to be optimized. Analogously, the outer
edge of each outer CS has been fixed. Lastly, the outer edge of the inner rear CS has been
constrained so to prevent intersections with the vertical tail.
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The results of the sizing loop are shown in Figure 10, with the optimum CS arrangement
appearing at iteration 21. In the figure, it can be seen that the total CSs span width is
monotonically decreasing for 18 iterations, before the first HF s test fails due to the lack of
control power. Both the initial and optimum spanwise CSs positions are reported in Table 3,
together with positional constraints, and shown in Figure 11, for quantitative and qualitative
comparison. At the end of the sizing loop, a 61% reduction in total CS span width has been
achieved.
A comparison between available control effectiveness in the initial and optimum CS
arrangement is shown in Figure 12. Curves extracted from three datasets are here reported:
those obtained by means of VSAERO analyses for the first-guess CS arrangement; those
obtained by scaling the latter down to the optimum arrangement by means of the presented
semi-empirical method; and lastly those from the VSAERO database obtained for the optimum
CS arrangement. If compared to the higher fidelity VSAERO aerodynamic analysis methods,
scaling the original aerodynamic database using the procedure outlined in Section 3.2 results in
slightly overestimating the change in control effectiveness due to the resizing of the CS. The
average relative error, between the scaled and re-computed databases, in the estimation of lift
control effectiveness 𝜕Δ𝐶𝐿 /𝜕𝛿 for the optimum CS arrangement is 34%. On the other hand, the
computation time gain is unquantifiable: a VSAERO database with more than 1800 cases
requires from one to three days CPU time (depending on available resources), while the
application of the semi-empirical method is instantaneous and effortless.
It is remarked that, due to the iterative nature of the solver, this approach is only able to find
local optima, and the optimum CSs arrangement is dependent on the initial choice for the CS
arrangement. Initializing the CS sizing loop at multiple stages with high-fidelity aerodynamic
databases is expected to reduce the accuracy error, while increasing the computation time. It is
also noted that mesh settings, like span wise grid resolution, may need to be updated at every
initialization according to the updated CSs parameters. This operation might require manual
intervention, especially in the case of small CSs.
5

CONCLUSIONS

A new approach for aircraft control surface sizing has been shown in this paper. It has been
formulated to be applicable to any given aircraft configuration, with any given number of
control surfaces. The method employs high-fidelity analysis to generate the aircraft
aerodynamic model, and a selected semi-empirical method to alter it throughout the sizing loop.
The approach has been applied to a PrandtlPlane aircraft configuration, achieving acceptable
results with contained computational effort. The accuracy of the method has been quantified
and recommendations have been made to improve it. Future work will focus on formalizing a
more general, multi-fidelity, optimization based approach, by replacing the mechanical gearing
of control surfaces with a control allocation algorithm. This will require the definition of a new
search strategy.
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Figure 10: control surface sizing loop results for the reference PrP.
All HF s tests successful At least one HF s test unsuccessful.
Table 3: Summary of initial and optimum control surface arrangements, with positional constraints.
Positions are given as 𝜂𝑖𝑛 , 𝜂𝑜𝑢𝑡 pairs, span width as 𝛥𝜂.

Control
Surface

Initial
position

Initial
span width

Hard
constraints

Optimum
position

Optimum
span width

Inner Front

0.20, 0.50

0.30

0.20, 1.00

0.20, 0.32

0.12

Outer Front

0.80, 0.95

0.15

0.00, 0.95

0.89, 0.95

0.06

Inner Rear

0.01, 0.20

0.19

0.01, 0.20

0.01, 0.11

0.10

Outer Rear

0.70, 0.95

0.25

0.00, 0.95

0.88, 0.95

0.07

Figure 11: Initial and optimum control surface arrangement superimposed on the reference PrP top view.
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Figure 12: Comparison of control surfaces lift curves with respect to deflection angle (above), and
mean lift control effectiveness (below). Results from the VSAERO analysis on the first
guess arrangement and on the optimum arrangement, and the ESDU scaled dataset for the
optimum arrangement are shown for the 𝛼 = 0 deg, 𝛽 = 0 deg, 𝑀 = 0.3 dataset
breakpoints.
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