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Abstract

High altitude high endurance solar powered UAV can be a solution for many missions. The design

complexity is due to the very high altitudes expected and the low available capacity to supply the

engines. Optimisation carried out here consists in maximising the payload for a �xed total mass. It

requires mass model for each constitutive part of the aircraft. In particular, the mass of the wing is

minimised by the use of composite materials and by tolerate a large �exibility. An new analytical mass

model is proposed here very useful for this particular application. Optimisation shows the existence of

the UAV in a cruise speed versus lift coe�cient diagram. This one revealed an optimal solution having

a payload of about 13% of the total mass of 220 kg for a 24m wing span.

1 Introduction

Solar-powered HALE (High Altitude High Endurance) UAV could be a complement for many scienti�c

missions like earth monitoring (early forest �re mapping, �ood control, hurricane tracking and agriculture

remote sensing [1]), an alternative for surveillance mission (security and border controls) and a substitute

for telecommunication satellites (operates in stationary orbits or at great range, low cost platform, low

cost maintenance, ...). For this kind of operation, these UAVs should have the capabilities to �ight over

the civil transport tra�c at least weeks to months. Since the 90s, several works were carried out on the

design of these UAVs [2, 3, 4, 5]. The NASA ERAST program (Environmental Research Aircraft and

Sensor Technology) was the main project on these problematics. The NASA showed the possibilities of

solar-powered HALE UAVs with several platforms like �Path�nder Plus� prototype which has reached an

altitude of 24 km [6] but this success was decreased by the crash of the �Helios� prototype [7]. The �NASA

Mishap Investigation� concluded to an undamped pitch oscillation at 3 000 ft altitude due to the �complex

interactions between the aerodynamic, structural, stability and control and propulsion systems on a �exible

aircraft�. Therefore, main design variables like wing aspect ratio, cruise speed, wing loading, geometry,

energy storage system for the night �ight . . . are not enough established.

Design di�culty are due to the very high altitude expected (more than 20 km) and the low available

energy to supply motors, energy storage system and electric payload. A simply power analysis for a �xed

total mass shows that cruise speed of these future UAVs must be low. Air density at 20 km comparatively to

0 km is 10 more lower. Therefore, wing surface must be very large. Feasibility can be obtain by decreasing

dramatically structural mass of the aircraft. Firstly, wing mass can be reduced using composite materials

and tolerating high �exibility. Secondly, aircraft mass can be reduced by suppressing lifting and control

surfaces like tail, for example, by using electric motors to control yaw and stable aerofoil. Fig. 1 shows an

artist view of the solar-powered HALE UAV considered here.
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Figure 1: Artist view of the solar-powered HALE UAV

Margins are very small. Optimised UAV should be obtain with multidisciplinary optimisation tools

(MDO). The aim of this work is to compute optimal parameters of a UAV with straight wings for a �xed

wing aspect ratio and a �xed mass. Unlike classical design approach, size and cruise speed are the optimised

parameters to maximise payload. Mass models, which are critical points of this kind of optimisation, are

considered accurately. In particular, a composite wing mass model is proposed. Wing technology consists

of a tubular beam with hybrid carbon/epoxy plies and constant cross section. This analytical model is well

adapted to a wide range of solar-powered HALE UAV with straight wings.

2 Atmospheric and solar radiance models

Design of a Solar-powered HALE need to take account of wind, solar radiation and atmosphere.

Main mission of this aircraft will consist in stationary �ight. Therefore, cruise speed must be higher than

air speed in the �ight area. A study of Romeo et al. [4] shows wind speed in Italy is twice as much lower at

20 km than at 10 km, maximum gust and average wind are equal to 40m.s�1 and 26m.s�1, respectively.
These values are taken as a reference.

The solar radiance model gives the power receive by the photovoltaic cells per unit area, PS. This

radiance power is a function of aircraft altitude h, of aircraft latitude �̂, of day of the year ĵ and solar time

ĥ, which can be written in the following form [2] :

PS = CS�S�S cos iS sin

(
�

ĥ � ĥsunr ise (̂j)

ĥsunset (̂j)� ĥsunr ise (̂j)

)
with

�S = 1 + 0:033 cos
2�ĵ

365
; iS = �̂� 23:45 sin

(
2�
(
284 + ĵ

)
365

)

�S =
1

2

(
e�0:65m(h;iS) + e�0:095m(h;iS)

)
; m(h; iS) =

p(h)

po
(
√
1229 + (614 cos iS)2 � 614 cos iS)

where CS (' 1374W:m�2), �S, �S, iS, p and po(= 101325Pa) are the solar constant, the alleviation

coe�cient of solar radiant �ux through the atmosphere, the coe�cient of variation due to the distance

Earth-Sun, incidence under which the cells see the Sun, static pressure at altitude considered and that on

the level of the Earth, respectively.

The modelling of the atmosphere appears indirectly in the air density.

3 Aircraft

3.1 Drag model

Total drag coe�cient CD is the sum of zero-lift drag coe�cient CD0 and induced drag :

CD = CD0 +
1

��
CL

2

2
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where � = b=l , CL, b and l are the wing aspect ratio, the lift coe�cient, the wingspan and the aerofoil

chord, respectively. The drag coe�cient without lift is assumed to be equal to the sum of drag due to the

aerofoil form and those of the body. Models are elaborate in [8].

3.2 Electric motor mass

The mass of the engines is de�ned by the maximum useful power Pumax = FmaxVc where Vc is the cruising

velocity and Fmax is the maximum thrust. Maximum thrust is de�ned by the ceiling of propulsion such as

Fmax = mg=f where f is the lift to drag ratio. For a speci�c mass Mmot (mass of the engines/maximum

power), the mass of the engines can be written in the following form:

mmot = Mmot

mg

f

Vc

�H
(1)

where �H is the propeller e�ciency. The speci�c power of the engines is supposed to be constant for

all studied UAVs.

3.3 Photovoltaic cell mass

The solar radiance power PS = PSScel is transformed in electric power Pelec by the solar cells with an

e�ciency �cel . Then, electric power is consumed by payload power Ppay load and electric motor power Pmot

with an e�ciency �mot . We have:

Pelec =
Pmot

�mot

+ Ppay load = �celPS (2)

Let us note that the night operation is not taken into account in modelling. Thus, with Eq.(1) and let

us note the cell surface density $cel = mcel=Scel , we can obtain the mass of the cells:

mcel =
$cel

�celPS

(
1

�H�mot

mg

f
Vc + Ppay load

)
(3)

3.4 Wing mass

3.4.1 Wing design

Figure 2: Sketch of the wing con�guration called �tubular structure�

Models used in the optimisation problem need to have a physical sense for a wide range of solar-powered

HALE UAVs. In particular, the wing mass model needs to have a technological sense for a wide range of

wing surfaces. In other word, this model must be generic. The wing architecture proposed is a �tubular

structure� (Fig. 2). The wing with rectangular form is constituted of :

� a tubular beam with non-constant cross sections and constant composite laminate stacking sequence.

At the wing-root, inner and outer radius are ri0 and ro0 , respectively. The wing-root outer radius is

de�ned by the expression ro0 = �r �e l=2 where �r < 1, e and �e = e=l are the relative diameter of

3
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the beam, the aerofoil thickness and the relative aerofoil thickness, respectively. The parameter �

characterised the linear variation of radius along the wing i.e. ro(y) = ro0
(
1� � 2

b
y
)
with � 2 [0; 1],

y 2 [0; b=2] ;

� ultra-light ribs in composite materials (for example, made with RTM process), their total mass is

mr ib � nr ib$r ible=2 where nr ib = E(2b) is the number of ribs (E is the entier function) and $r ib is

the mass of the rib per unit area ;

� ultra-light skins, their total mass is mskin � $skinb(2l + e) where $skin is the mass of the skin per

unit area ;

� secondary parts like components of hinged surfaces, local reinforcements, small tubular beam to

rigidify the trailing edge of the wing, . . . their total mass is mremw = �remwmw where mw and

�remw < 1 are the mass of the wings and the percentage of mass of the secondary parts in the wing,

respectively.

Main beam is assumed to be the only part that bear aerodynamic and inertial forces. If beam was constituted

of homogeneous material like aluminium, the optimisation would be only the computation of geometric

parameters [9]. Nevertheless, the speci�c modulus (Young's modulus/density) of homogeneous materials is

not enough large to obtain a lightweight structure. In modern aircraft structures, carbon/epoxy laminates

are preferred because speci�c modulus can be �ve times larger. This material is chosen for the beam. In

this case, the optimisation is more complex and choices should be made like parameters of the stacking

sequence, carbon �bres, parameters of the beam, . . . These choices are not necessary if an optimisation

algorithm of the stacking sequence is used like a genetic algorithm well adapted for the stacking sequence

search [10].

Here, we choose a generic stacking sequence well adapted to bending and torsion problems: [0�n0 ;�45�n�45
]

where n0 and n�45 are the unknown number of 0� and �45� plies, respectively (Fig. 3). This laminate has

the advantage to approximately uncoupled the �exural resistance problem and torsional resistance problem.

It is well known that 0� plies are the sti�ness and strength optimum for a composite beam in bending as

well as �45� plies are the sti�ness and strength optimum for a composite beam in torsion. If 0� plies

and �45� plies are constituted of various �bres with the same epoxy resin, the composite material is called

hybrid carbon/epoxy material. For example, high modulus carbon �bres used for 0� plies can increase widely
the �exural wing sti�ness. High resistance carbon �bres used for 0� plies can increase the wing strength in

tension and compression.

The aim of the wing optimisation is to minimise the total number of plies (n0 and n�45) and to

maximise the parameter � to minimise the mass of the main beams. If � = 0, the mass is mbeam 0 =

�0�b(r
2
o0
� r2f0) + ��45�b(r2f0 � r2i0) where �i is the mass density of the ply i and rf0 is the boundary radius

of the beam between 0� and �45� plies. If � 2]0; 1] and t
ro0

= 1 � ri0
ro0
� 1, the mass of the beam is

mbeam � 2��
2 mbeam 0 where t is the thickness of the beam.

Figure 3: Laminates orientations
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3.4.2 Forces and moments

To simplify dramatically the modelling and minimise dynamical coupling e�ects between bending and torsion,

the centre of gravity of a wing section is assumed to be located at the centre of the beam cross section

which is located at the aerodynamic centre of the aerofoil (approximately quarter-chord point).

The forces acting on a wing section are composed of aerodynamic forces and inertial forces. The �rst

can be decomposed in two parts, one part provided by the aerofoil and the second one provided by the

position of ailerons. The general case of sizing loads, i.e. JAR22 adapted to HALE UAVs, is presented

in [11]. A simpli�ed formulation is proposed here to obtain an analytical wing mass model with several

assumptions: same aerofoil for all sections ; rectangular wing ; lifting and moment coe�cient of the wing

equal to that of the aerofoil ; lift provided only by the wing.

The �rst loading case is design at extreme load factor (turning �ight stall), where V = Vmax, CL = CLmax.

The stall load factor nmax is replaced by the extreme load factor next to take into account of a safety factor

and gust e�ects. Then, the extremal force and moment per unit of wingspan applied at the centre of the

beam cross section can be written:

Fext = (m �mw �mmot)
nextg

b
; Mext = m

nextgl

b

CMo

CLmax
(4)

where m and g are the total mass of the UAV and the acceleration due to gravity, respectively. The

second loading case is design aileron down limit speed. In this case, we consider the asymetric load factor

nasym = 2
3next . The size of the aileron is computed before to obtain a turn of 180°, with a pitch angle of

45°, at a velocity of 1:4Vs1 in b=3 seconds where Vs1 is the velocity at stall limit for n = 1. The maximal

moment is obtained at extremal position of the ailerons. Then, the asymetric force and moment per unit

of wingspan applied at the centre of the beam cross section can be written:

Fasym = (m �mw �mmot)
nasymg

b
; Masym = m

nasymgl

b

CMo + CM�m�m

CLmax
(5)

where CMo , CM�m and �m are the pitching moment coe�cient at the aerodynamic centre, the pitching

govern e�ciency coe�cient and the pitching govern amplitude, respectively.

3.4.3 Stress analysis

We work with the beam theory and material is assumed to be linear elastic. The small thickness of the

tubular beam comparatively to the radius allows us to assume a plane stress �eld in the skin of the tube.

Therefore, we can work with a simpli�ed laminate theory which assume that coupling e�ect between 0� and
�45� plies is negligible. It is clear that computation results need to be veri�ed with the classical laminate

theory [12] after optimisation.

With these important assumptions and Eq. (4), we can write the maximum/minimum stress in the 0°

plies at the root of the wing due to �rst loading case:

�max :0 =
Eyy0ro0b

8(EI)yyhom
next(m �mv �mmot)g = ��min :0 (6)

with

(EI)yyhom =
�

4

[
Eyy0

(
r4o0 � r4f0

)
+ Eyy�45

(
r4f0 � r4i0

)] � �r3o0tply
[
n0Eyy0 + 2n�45Eyy�45

]
(7)

where Eyyi is the tensile modulus in the y direction for the ply i (Fig. 3). With Eq. (5), we can write

the maximum stress in the �45° plies at the root of the wing due to second loading case:

�max :�45 =
Eyy�45

rf0b

8(EI)yyhom
nasym(m �mw �mmot)g = ��min :�45 (8)

�max :�45 =
Exy�45

rf0 l

2(EJ)xyhom
nasymmg

CMo +
ba
b
CM�m�m

CLmax
(9)
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with

(EJ)xyhom =
�

2

[
Exy0

(
r4o0 � r4f0

)
+ Exy�45

(
r4f0 � r4i0

)] � 2�r3o0tply
[
n0Exy0 + 2n�45Exy�45

]
(10)

where Exyi is the shear modulus in the xy direction for the ply i and ba is the total length of the ailerons.

3.4.4 Strength criterion

It is well known that carbon/epoxy materials can encountered various damage process (matrix damage due

to mechanical stress, thermal stress and hydrometry) and rupture process (�bre fracture, delamination,

interface decohesion, local buckling . . . ) complex to modelled [13]. For the UAV optimisation, the strength

computation must be as simple as possible. Strain or a stress criterion are well adapted. Here, we work

with the Tsai-Wu criterion [12] which can be written in the ply coordinate system :

�2L
XX 0 �

�L�Tp
XX 0Y Y 0 +

�2T
Y Y 0 +

�2LT
C2

+

(
1

X
� 1

X 0

)
�L +

(
1

Y
� 1

Y 0

)
�T = 1 (11)

where L, T and LT signify longitudinal, transverse and in-plane shear ; X , X 0, Y , Y 0and C are maximal

strength in longitudinal tension, in longitudinal compression, in transverse tension, in transverse compression

and in in-plane shear, respectively.

For the �rst loading case and for the 0� plies, local stress are: �L = �yy , �T = ��� = 0 and �LT =

�y� = 0. Therefore,Tsai-Wu criterion is written in the following form:

1

XX 0�
2
yy +

(
1

X
� 1

X 0

)
�yy = 1 ) (�yy �X)(�yy +X 0) = 0 (12)

Classically in carbon/epoxy materials, the longitudinal strength in tension is higher than in compression

X > X 0 then criterion can simply rewrite in a constraint form

�max :0 6 X 0 (13)

In the case of this simpli�ed approach, it can be assumed that �bre fracture in the 0� plies happen

before the fracture in the �45� plies, because maximal strain of 0� plies is lower than �45� plies. This

hypothesis is conservative.

For the second loading case and for the �45� plies, it is necessary to write the criterion in the ply

coordinate system that is computing shear stress in a coordinate system at 45� (or �45�) relatively to

~y . This coordinate system rotation gives the following local stress: �L =
�yy
2 + �y�, �T =

�yy
2 � �y� and

�LT = ��yy
2 . Therefore, Tsai-Wu criterion is written in the following form:

1
4

(
1

XX 0 � 1p
XX 0Y Y 0

+ 1
Y Y 0 +

1
C2

)
�2max�:45 +

(
1

XX 0 +
1p

XX 0Y Y 0
+ 1

Y Y 0

)
︸ ︷︷ ︸

A

�2max�:45 (14)

+ 1
2

(
1
X
� 1

X 0 +
1
Y
� 1

Y 0

)
�max�:45 +

(
1
X
� 1

X 0 � 1
Y
+ 1

Y 0

)︸ ︷︷ ︸
B

�max�:45 = 1 (15)

In the case of this simpli�ed approach, longitudinal stress in �45° plies are neglected. Moreover, in

carbon/epoxy materials, strength in transverse compression is higher than in tension i.e., Y 0 > Y . With

previous X > X 0 assumption, we have A > 0 and B 6 0. Then, Tsai-Wu criterion can be written in the

following form:

�max :�45 6
B +

p
B2 + 4A

2A
(16)

Finally, after some calculations and assuming t
ro0
� 1 and � = 0, the validation of Eqs. (13) and (16)

can be rewritten in the following form that gives directly number of 0° plies and �45° plies in an analytical

form:

6
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n�45 = UpRd


Exy0

(m�mmot�mskin�mr ib)

2�ro0 tply

(
4ro0X

0

bnextg
+b(1+�remw )�0

) � Exy�45
lnasymmg

4�r2o0 tplyD

CMo+
ba
b
CM�m �m

CL2=3

2

4ro0X
0

bnextg

Eyy�45

Eyy0
+b(1+�remw )��45

4ro0X
0

bnextg
+b(1+�remw )�0

Exy0 � 2Exy�45

 (17)

n0 = UpRd


Exy�45

(m�mmot�mskin�mr ib)

2�ro0 tply

(
4ro0X

0

bnextg

Eyy�45

Eyy0
+b(1+�remw )��45

) � Exy�45
lnasymmg

4�r2o0 tplyD

CMo+
ba
b
CM�m �m

CL2=3

4ro0X
0

bnextg
+b(1+�remw )�0

4ro0X
0

bnextg

Eyy�45

Eyy0
+b(1+�remw )��45

Exy�45
� Exy0

 (18)

where UpRd(:) is the upper round-o� function.

Buckling risk in torsion is not taken into account in this paper. To avoid local buckling risk, a thickness

constraint is set t = re � ri 6 tmin where tmin is the minimal thickness of the beam.

3.4.5 Wing �exibility

A wing which satis�es the strength criterion can be too largely �exible, which strongly deteriorate the

aircraft performances. This phenomenon is as much more signi�cant than the wing has a large aspect

ratio. This deformation implies a lift reduction and causes a parasitic drag. It is necessary to de�ne a

displacement criterion i.e., a maximal displacement of the wing tip : uz:max 6 �max
b
2 where �max is the

relative maximal displacement. With Euler-Bernoulli assumption with a constant stacking sequence but

linearly decreasing cross section, the displacement is written after some computations:

uz:max =
nextgb

3

128(EI)yyhom

(
4
m �mmot �mskin �mr ib

mbeam 0
� 2 + �

)
6(1� �) ln (1� �) + 6�� 3�2 � �3

2�4

(19)

Finally, the following criterion gives the parameter �:

find� 2 [0; 1]= uz:max � �max
b

2
= 0

3.5 Remaining structural mass

The mass of the fuselage is expressed with the Roskam model: mf us = 0:232 m0:95 [14]. Lastly, mass of

the tail and the landing gear are supposed to be proportional to the total mass i.e., mtai l = �tai lm and

mgear = �gearm. We note mrem = mf us +mgear +mtai l .

4 Merit function and conceptual constraints

The total mass of the UAV is:

m = mw +mmot +mcel +mrem +mpay load with mw = mbeam +mr ib +mskin +mremw (20)

where mpay load is the mass of the payload. This mass is the variable to maximise. Then, a merit

functionMF to minimise can be obtained:

mpay load

m
= 1� mw +mmot +mcel +mrem

m
= 1�MF (21)

It is clear that mpay load > 0 i.e.,

MF � 1 (22)

The second constraint is the solar cells total surface Scel which must be inferior to the wing surface. In

other word, the cell occupancy rate T = Scel=S must be inferior to the maximal occupancy rate Tmax:

T � Tmax (23)

7
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Table 1: UAV conceptual properties
mmot �mot �H �cel $cel $skin $r i �e �r

N.kW�1 - - - kg.m2 kg.m2 kg.m2 - -

32 0.9 0.9 0.13 0.45 0.1 4.8 0.12 0.9

�max �remw �tai l �gear tmin CLmax CMo CM�m �m next

- - - - mm - - - � -

0.16 0.1 0 0.032 1.5 1.4 0.05 0.5 10 3.1

Table 2: T800/M18 properties for a 0:6 volume fraction

� E11 = Eyy 0 E22 E66 � Exy 0 E12 Eyy �45 Exy �45 X X 0 Y Y 0 S tply

kgm�3 GPa GPa GPa GPa GPa MPa MPa MPa MPa MPa mm

1530 162 10 5.0 0.3 13.2 9.1 2 940 1 570 60 290 100 0.125

5 UAV optimisation

The optimisation process corresponds to a Torenbeek method [15]. The maximum take-o� weight and the

endurance are �xed therefore the mass of payload has to be maximised. Here, the endurance is not under

consideration because the UAV is assumed at a �ight point and there is no problem of fuel consumption.

The number of parameters is large and it is impossible to study the e�ect of all. A selection is made to

choose relevant conceptual parameters. For this study, the wing aspect ratio � and the maximum take-o�

weight m are �xed to 12:5 and 220 kg, respectively, which corresponds to �Path�nder� prototype [6]. The

parameters scanned with the algorithm are the cruise speed Vc and the lift coe�cient CL which is directly

proportional to the wing surface.

The cruise altitude h is chosen equal to 60 000 ft. The position of the UAV is the France at the latitude

of 45� and the time is the 22th of June at 12 h i.e., the summer solstice. The maximal occupancy rate of

photovoltaic cells Tmax is 75%. This value allows to distribute cells on the main part of the surface without

the edges with high curvature. Maximal occupancy rate could be increased up to 90%. Other parameters

of the UAV are given in the Tab. 1. Then, the carbon/epoxy of the beam is a T800/M18 which properties

are de�ned in Tab. 2.

Finally, the diagram of the algorithm is given in Fig. 4.

'& %$ ! "#MTOW ; � ; h + tech: parameters
��

mf us ; mgear ; mtai l

��'& %$ ! "#Vc 2 [20; 100]m:s�1; CL 2 [0:4; 1:4]

��
S ; CD ; f = L

D
! mcel ; mmot

��

// n0 ; n�45
t > tmin

��
mpay load !MF = 1� mpay load

MTOW

��
find� 2 [0; 1]=�� �max = 0oo

find (min(MF 6 1))=
Scel 6 0:8S

��
Vc opt ; CLopt ; n0 opt ; n�45 opt ; �opt

Figure 4: Algorithm diagram to compute the optimised UAV
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Table 3: Optimal UAV de�nition
S b l ca mw mmot mcel mrem mpay load mbeam mskin mr ib mremw n0 n�45

m2 m m kg.m2 kg kg kg kg kg kg kg kg kg - -

45.9 23.9 1.9 4.8 105.8 12.8 15.4 57.1 28.9 35.9 9.7 50.6 9.6 2 5

Figure 5: Existence domain of the solar-powered HALE UAV (domain in grey) in a cruise speed versus lift

coe�cient diagram.

6 Results

The contour of MF and Tmax functions are plotted in the (Vc ; CL) axes (Fig. 5). The constraint on the

occupancy rate of photovoltaic cells decrease dramatically the feasibility domain. The merit function get a

minimum called optimal point, approximately 0:9. The optimal point
(
Vopt � 31m:s�1 ; CLopt � 0:85

)
is on

the T = Tmax curve, which is not surprising. At this point, the mass of payload represents approximately

29 kg for a maximal take-o� mass of 220 kg. The optimal velocity is over the maximum gusts. Other

characteristics of the HALE are given in the Tab. 3.

7 conclusion

Optimisation carried out here consists in maximising the payload for a �xed total mass. It requires mass

model for each constitutive part of the aircraft. In particular, the mass of the wing is minimised by the use

of composite materials and by tolerate a large �exibility. An new analytical mass model is proposed here

very useful for this particular application.

Optimisation shows the existence of the Solar-powered HALE UAV in a cruise speed versus lift coe�cient

diagram. This one revealed an optimal solution having a payload of about 13% of the total mass of 220 kg

for a 24m wing span. Noting that computation is made with several pessimistic parameter values (low

occupancy rate of photovoltaic cells, low e�ciency of solar cells, high load factor) and several optimistic

parameter values (day, hour).

This work needs to be continued to optimise the e�ect of wing aspect ratio. Then, the sizing during

night operation in the aim to �ight weeks to months will necessitate to add an energy storage system.

Finally, an endurance computation will be realised.

9
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