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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 ex-
pected and the low available energy to supply the
engines. During time of daylight, the solar energy
is converted by photovoltaic cells and then used
to supply electrical motors and payload. The
energy remaining part is stored in a regenerative
fuel cell and in potential energy with a climb ma-
neuver. At night, fuel cell provides energy neces-
sary to motors and payload. Optimisation carried
out here consists in maximising the payload for a
fixed 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 com-
posite materials and by tolerate a large flexibility.
An new analytical mass model is proposed here
very useful for this particular application. Optimi-
sation shows the existence of the UAV in a cruise
speed versus lift coefficient diagram. This one
revealed an optimal solution having a payload of
about 4 % of the total mass of 817 kg for a 69 m
wing span.

1 Introduction

Solar-powered HALE (High Altitude High Endu-
rance) UAV could be a complement for many
scientific missions like earth monitoring (early fo-
rest fire mapping, flood control, hurricane tra-
cking and agriculture remote sensing [1]), an al-
ternative for surveillance mission (security and
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border controls) and a substitute for telecommu-
nication 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 flight
over the civil transport traffic at least weeks to
months. Since the 90s, several works were car-
ried out on the design of these UAVs [2, 3, 4] 5].
The NASA ERAST program (Environmental Re-
search 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 “Pathfinder Plus”
prototype which has reached an altitude of 24 km
[6] but this success was mared by the crash of
the “Helios” prototype [7].

Design difficulty are due to the very high al-
titude expected (more than 20km) and the low
available energy. During time of daylight, the so-
lar energy is converted by photovoltaic cells and
then used to supply electric motors and payload.
The energy remaining part is stored in a regene-
rative fuel cell and in potential energy with a climb
maneuver. At night, fuel cell provides energy ne-
cessary to motors and payload.

Air density at 20 km comparatively to 0 km is
ten times lower. Therefore, wing surface must
be very large. Feasibility can be obtain by de-
creasing dramatically structural mass of the air-
craft. Firstly, wing mass can be reduced using
composite materials and tolerating high flexibility.
Secondly, aircraft mass can be reduced by sup-
pressing lifting and control surfaces like tail, for
example, by using electric motors to control yaw
and stable aerofoil. Fig.[T|shows an artist view of
the solar-powered HALE UAV considered here.

Margins are very small. Optimised UAV



Fig. 1 Artist view of the solar-powered HALE UAV

should be obtain with multidisciplinary optimisa-
tion tools (MDQO). The aim of this work is to com-
pute optimal parameters of a UAV with straight
wings for a fixed wing aspect ratio and a fixed
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 compo-
site wing mass model is proposed. Wing techno-
logy consists of a tubular beam with hybrid car-
bon/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

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

Main mission of this aircraft will consist in sta-
tionary flight. Therefore, cruise speed must be
higher than air speed in the flight area. A study
of Romeo et al. [4] shows wind speed in Italy
is twice as much lower at 20km than at 10 km,
maximum gust and average wind are equal to
40m.s~! and 26 m.s™!, respectively. These va-
lues are taken as a reference.

The solar radiance model gives the power
used by the photovoltaic cells per unit area P,.
Only normal part of solar radiance is transformed
by the cells, the other part is reflected. This ra-
diance power is a function of aircraft altitude 4, of
aircraft latitude ¢, of day of the year d and solar
time /, which can be written in the following form

[8] :
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where Gsc is the solar constant
(= 1374W.m™?), Ag the alleviation coefficient
of solar radiant flux through the atmosphere, d
the relative earth—sun distance in astronomical
units, p the static pressure at altitude considered
and p, the static pressure on the ground.

3 Aircraft modelling

3.1 Energy and power distribution

The aircraft uses only the solar irradiance. This
energy is convert to electrical energy by photo-
voltaic cells and then distributed to the electrical
motors, the payload and the battery (Fig. [2). At
night, the aircraft flies only with energy stored in
the battery. To decrease the mass of the battery
it is possible to store extra daytime solar energy
in potential energy by a climb maneuver (Fig. [3).
The descent during night is realised with reduced
motor power comparatively to cruising power.
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Fig. 3 Solar irradiance per unit area available vs time and distribution of energy to motors, battery and
payload, and altitude vs position (22th of December at 45° of latitude and 18km of altitude)

3.1.1 Electric motor

The mass of electric motors is defined by the
maximum useful power for the climb maneuver
P - This power is assumed to be proportional
to the cruise power

Tmmax &Tmmax Tmcr (2)
T..V. \%

= erVer _ mgVer (3)
MNpr T]prfcr

where Ve, Tor, NMpr, for, m and &g, are the
cruising velocity, the cruising thrust, the propeller
efficiency, the cruising lift to drag ratio, the mass
of the aircraft and the propeller efficiency, respec-
tively. For a specific motor mass i, the mass of
motors can be written in the following form

My, = WmiTmmax mgVCr
11prf cr

(4)

3.1.2 Climb and descent maneuver

The objective of the climb and descent maneu-
ver is the storage of potential energy to reduce

size of Energy storage system (ESS). Examples
of optimisation of these maneuvers are propo-
sed in [2, 5]. The first maneuver consists in an
UAV climb from cruise altitude to maximal alti-
tude with maximum power available. The second
phase corresponds to the descent during the
night with reduce power. Here, these two phases
are controled assuming the term pV? (= p,V2) to
be constant. This choice gives a constant lift to
drag ratio. Then linearised equation of motion is

T 1 Nor Pn 1

- - _ - _—_wrm _ 5

v mg fcr mchr\/ Per fcr ( )
A

with B, = Py, for climb and 2, = By, for

descent where vy is the aircraft slope and p is the
air density. To simplify the integration of Eq. (5),
we assume square root of the air density linear
relatively to the altitude in the range considered

— h —h
2—n 2—n
a b



where p; is computed at altitude Ah; with
U.S. Standard Atmosphere. This approximation
is sufficiently accurate for a preliminary design
(Ap/p < 7% in the range 18km to 24km). Then
for the climb maneuver, the altitude can be obtai-
ned in a analytical form

h= (hcr - hcecl) e + hcecl (7)

where heey = 1 — = and h are the ceiling

and cruising altitude, rrespectively. Inverse of pre-
vious equation gives the distance covered by the
aircraft during climb

1 Nimax — hee 1 >
X = In £ 8
o Aga < her — hcecl ( )

The duration of climb from cruise to maximal
altitude (z;) can be computed with the following
expression

d Xcl Tl
Ty o / VP / dt
dt 0 Vcr\/ Pecr 0

and after some calculation

= 1 <hcr - hcecl (eAclaXcl _ 1)
Vcr\/ﬁ Acl

+ (ahee, +b) xc) (10)

As we considered f¢ = Atgay = tss — tsr (Where
t and ti are the sunrise time and sunset time,
respectively), it is possible to obtain A, with
combination of Egs. (8) and

1

hmax +— clafcr In (hmax - hcecl) = Fcl (1 1 )
with Fi = cchr\/ pcrAtday + hcr +

7 In (her = hiee, ). The real root of the Eq. (11) is
obtained numerically.

The same equations are obtained for the des-
cent maneuver. In this case, the problem is to
find Py, for a duration of descent from maximal
to cruise altitude of Arygn. The distance covered
by the aircraft during descent is

xge = — ln< h“_h“’dc) (12)

Agca Pmax — hcedC

With fce,, = /ﬁ — 2. The duration of descent

is
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1 her — hced A
At = C de@Xde __ 1
night Verr/Per ( Ade (e )
+ (ahoey, +b) Xac) (13)

Egs. and can be combined to obtain
the motor power for the climb maneuver

mg (hee —h
2 Mfmm By X
¢ T']prAtnight

mg\/lTﬂ In fPmck: — fPmcr

NpraAtnight / %dec — P,

The real root of this equation is obtained nu-
merically.

It is then possible to compute an efficiency
for these two maneuvers comparatively to a
constant altitude flight

=0 (14)

(Atday + Al‘night) 12)mcr
Atday memax + Al‘night?mdc

Nel/de = (1 5)

3.1.3 Photovoltaic cells

The solar radiance power per unit area P is
transformed in electric power B, by the solar
cells with an efficiency n,.. Then, electric power
is consumed by payload (%), battery (#,) with
an efficiency ny, and electrlc motor power during
climb maneuver (7, ..) with an efficiency n,. At
midday, we have

e max fﬂ) D
- + prl +—= T]pcfpsmaxSpc (1 6)
m Mb

Ppe ~

where S, is the solar cells surface. Thus,
using Egs. (2) and (3), we can obtain the mass
of the cells

mpc -

5[)0 < gfPmma\x gvcr

)
F P+ (17
NprMm fcr vl Mo ( )

T]pc Smax
where pp. = myp. /Sy is the cell surface density.

3.1.4 Fuel cell

Various studies show that regenerative fuel cell,
including pressure vessels for H, and O,, tank
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for H,O and other systems, has a very high spe-
cific energy. This ESS size and mass depends
only on the energy necessary for the night flight.
Energy stored Egss is used to supply motors du-
ring descent maneuver and payload

P,
Frss = Alyighe <nd° + ’Ppl> (18)

Mass of ESS can be then computed with the
SpeCifiC energy Egss = ZESS/””ESS-

3.2 Drag model

Total drag coefficient Cp is the sum of zero-lift
drag coefficient Cpy and induced drag :

1 2
Cp = Cpy + n}\‘CL

where A = b/c, CL, b and ¢ are the wing aspect
ratio, the lift coefficient, the wingspan and the ae-
rofoil chord, respectively. The drag coefficient wi-
thout 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 [9].

3.3 Wing mass

3.3.1 Wing design

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 architec-
ture proposed is a “tubular structure” (Fig. [4).
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 r;, and r,,, respecti-
vely. The wing-root outer radius is defined
by the expression r,, = €,€.1/2 where g, < 1,
e and g, = ¢/l are the relative diameter of
the beam, the aerofoil thickness and the re-
lative aerofoil thickness, respectively. The
parameter k characterised the linear varia-
tion of radius along the wing i.e. r,(y) =
roo (1—%2y) With x € [0,1], y € [0,5/2] ;

« ultra-light ribs in composite materials (for
example, made with RTM process), their
total mass is m, =~ n,s®,iple/2 where n,; =
E(2b) is the number of ribs (E is the entier
function) and ®,;, is the mass of the rib per
unit area ;

* ultra-light skins, their total mass is mgy;, ~
Ogkinb (21 + ) where @y, is the mass of the
skin per unit area ;

» secondary parts like components of hin-
ged surfaces, local reinforcements, small
tubular beam to rigidify the trailing edge of
the wing, ... their total mass is mepmy =
Eremwmw Where my, and &, < 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 [10]. Ne-
vertheless, the specific modulus (Young’s mo-
dulus/density) of homogeneous materials is not
enough large to obtain a lightweight structure.
In modern aircraft structures, carbon/epoxy la-
minates are preferred because specific modulus
can be five times larger. This material is cho-
sen for the beam. In this case, the optimisation
is more complex and choices should be made
like parameters of the stacking sequence, car-
bon fibres, parameters of the beam, ... These
choices are not necessary if an optimisation al-
gorithm of the stacking sequence is used like a
genetic algorithm well adapted for the stacking
sequence search [11].

Here, we choose a generic stacking se-
quence well adapted to bending and torsion pro-
blems: [0 ,+45; . ,.] where ny and n.4s are the
unknown number of 0° and +£45° plies, respecti-
vely (Fig. ??). This laminate has the advantage
to approximately uncoupled the flexural resis-
tance problem and torsional resistance problem.
It is well known that 0° plies are the stiffness
and strength optimum for a composite beam in
bending as well as +45° plies are the stiffness
and strength optimum for a composite beam in
torsion.  If 0° plies and +45° plies are consti-
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tuted of various fibres with the same epoxy re-
sin, the composite material is called hybrid car-
bon/epoxy material. For example, high modulus
carbon fibres used for 0° plies can increase wi-
dely the flexural wing stiffness. High resistance
carbon fibres used for 0° plies can increase the
wing strength in tension and compression.

The aim of the wing optimisation is to mi-
nimise the total number of plies (np and n.ss)
and to maximise the parameter k to minimise the
mass of the main beams. If x = 0, the mass is
Mpeam0 = Poﬂb(rgo - rjzco) +Pi4575b(r1200 _rizo) where p;
is the mass density of the ply i and ry, is the boun-
dary radius of the beam between 0° and +45°
plies. If k €]0,1] and ;- =1 :—?} < 1, the mass

of the beam is mmyeam &~ 5 mpeamo Where ¢ is the
thickness of the beam.

3.3.2 Wing resistance

To simplify dramatically the modelling and mini-
mise dynamical coupling effects between ben-
ding 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 (approxima-
tely quarter-chord point).

The forces acting on a wing section are com-
posed of aerodynamic forces and inertial forces.
The first can be decomposed in two parts, one
part provided by the aerofoil and the second one
provided by the position of ailerons. The gene-
ral case of sizing loads, i.e. CS22 adapted to
HALE UAVs, is presented in [12]. A simplified
formulation is proposed in to obtain an analy-
tical wing mass model with several assumptions:
same aerofoil for all sections ; rectangular wing
; lifting and moment coefficient of the wing equal

to that of the aerofoil ; lift provided only by the
wing. The first loading case is design at extreme
load factor (turning flight stall). The second loa-
ding case is design aileron down limit speed.

We work with the beam theory and material
is assumed to be elastic linear. The small thi-
ckness of the tubular beam comparatively to the
radius allows us to assume a plane stress field in
the skin of the tube. Therefore, we can work with
a simplified laminate theory which assume that
coupling effect between 0° and +45° plies is ne-
gligible. It is clear that computation results need
to be verified with the classical laminate theory
[14] after optimisation.

With these important assumptions, we write
the maximum/minimum stress in the 0° plies at
the root of the wing due to first loading case:

EyyToyblexi(m — my, — my) g

max .0 8(E1)yyh0m min.0

(ED)yypom A T 20tply [”OEyyo + 2”i45Eyy¢45]
where E,,, is the tensile modulus in the y di-
rection for the ply i (Fig. [4). We write the maxi-

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

E)’Yi45 r fobnasym (m — My — mm) g
8(E1)yyham

Omax.+45 =

= —Omin.+45
Esy, 457 fonasymmg CM, + %" CMs, O
2 (EJ)xyhom CLmax

Tmax .+45

(EJ )xyhom ~ 27, go Iply [nOExyo + 2ni45EXyi45:|

where E,,, is the shear modulus in the xy di-
rection for the ply i and b, is the total length of
the ailerons.
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For the UAV optimisation, the strength com-
putation must be as simple as possible. Strain
or a stress criterion are well adapted. Here, we
work with the Tsai-Wu criterion [14] which can be
written in the ply coordinate system

XX JxXx'yy YY @ C?

1 1 1 1
+<X—X,>GL+(Y—Y,>GT = 1 (19)

where L, T and LT signify longitudinal, trans-
verse and in-plane shear ; X , X', ¥, Y'and C
are maximal strength in longitudinal tension, in
longitudinal compression, in transverse tension,
in transverse compression and in in-plane shear,
respectively.

For the first loading case and for the 0° plies,
local stress are: 6, = o,,, 67 =0gp =0 and 6.7 =
c,9 = 0. Therefore,Tsai-Wu criterion is written in
the following form

(Cyy —X)(oy+X')=0 (20)

Classically in carbon/epoxy materials, the
longitudinal strength in tension is higher than in
compression X > X’ then criterion can simply re-
write in a constraint form

Omax.0 gX, (21)

In the case of this simplified approach, it can
be assumed that fibre fracture in the 0° plies hap-
pen before the fracture in the £45° plies, because
maximal strain of 0° plies is lower than +£45° plies.
This asumption 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: o, = %* + oy,
or = % — oy and o;r = —%*. Therefore, Tsai-
Wu criterion is written in the following form

1 1 1 1 1 2
Z (XX/ - XX'yy' + W + a) 6maxi.45 +

1 1 1) 2 L1 11
(W +7W+W> Tmaxtas 3 (x — 3 + 7 (22)

A

1 1 1 1 1
_W) Omax+.45 + (Y - XY + W) Tmax +.45 = 1

In the case of this simplified approach, longi-
tudinal stress in +45° plies are neglected. Mo-
reover, in carbon/epoxy materials, strength in
transverse compression is higher than in tension
i.e.,Y' >Y. With previous X > X’ assumption, we
have A > 0 and B < 0. Then, Tsai-Wu criterion
can be written in the following form:

B+VB2+4A

A D (23)

Tmax .+45 <

Finally, after some calculations and assuming

L <1 and k=0, the validation of Egs. and

(23) can be rewritten in the following form that

gives directly number of 0° plies and +45° plies
in an analytical form

a) —daxdg
no = UpRd <W> (25)
a) —dazdg
27‘00X/ pO
ap = ——>—— (1 =Cremw) +
pi45b27’lextg ( & ¢ ) 2p+45
4r(’0X ' Eyvi4i
@ = — (1- +1
pi45b2nextg Eyyo ( éremw)
a = (m — mm) (1 - gremw) — Mgkin — Myjp
4nbreotplyp:t45
ay = E)%
2EXYi45
a o lntorsmg CMm, + %CMgm 8m

where UpRd(.) is the upper round-off func-
tion.

Buckling risk in torsion is not taken into ac-
count in this paper. To avoid local buckling risk, a
thickness constraint is set t = r, — r; < tmin Where
fmin = 1.5mm is the minimal thickness of the
beam.

3.3.3 Wing flexibility

A wing which satisfies the strength criterion can
be too largely flexible, which strongly deteriorate
the aircraft performances. This phenomenon is
as much more significant than the wing has a
large aspect ratio. This deformation implies a lift



reduction and causes a parasitic drag. It is ne-
cessary to define a displacement criterion i.e., a
maximal displacement of the wing tip : u; max <
Amaxg where An.x is the relative maximal displa-
cement. With Euler-Bernoulli assumption with a
constant stacking sequence but linearly decrea-
sing cross section, the displacement is written af-
ter some computations

u . nextgb3
S 128(ET )y¥hom Mpeam0
6(1 —x)In(1—x) + 6K — 3%k> — K>
2k

Finally, the following criterion gives the para-
meter x

m — My — Mgkin — Myip

—24x) (26)

) b
findx € [0, 1]/uz‘max _Amaxi =0

3.4 Remaining structural mass

The mass of the fuselage is expressed with the
Roskam model: myg, = 0.232 m%% [15]. Lastly,
mass of the tail and the landing gear are sup-
posed to be proportional to the total mass i.e.,
Myail = E,'tailm and Mgear = <";gear’n- We note men =
Mgys + Mgear + Miail -

4 Optimisation procedure

The total mass of the UAV is:
M = Ny, + My + Mpe ~+ My ~+ Myem + Mp| (27)

where my, is the mass of the payload. This
mass is the variable to maximise. Then, a merit
function M F to minimise can be obtained:

My, + My + Mpe + My + Mrem

oy —1-MF
m m
(28)
It is clear that my, >0 i.e.,
MF <1 (29)

The second constraint is the solar cells total sur-
face Sp. must be inferior to the wing surface

% =T < lTmax (30)

where T..« is the maximal occupancy rate.
Previous study [13] shows that optimal UAV is ob-
tained when maximal cell occupancy rate is rea-
ched.
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Fig. 5 Algorithm diagram to compute the optimi-
sed UAV

The third constraint is the energy consump-
tion that must be inferior to the total available so-
lar energy during one day

rles

Z:tot < Z:s — fPsSpcdt (31)
[

where total energy consumption of the UAV
during one day is given by

1 P
— o Al T + max
Z:tot npc ( day( pl nm )

Atyi P
s (g e )) (a2)
Mo m

The optimisation process corresponds to a
Torenbeek method [16]. The maximum take-off
weight and the endurance are fixed therefore the
mass of payload has to be maximised (Fig. [5).
The number of parameters is large and a selec-
tion is made to choose relevant conceptual para-
meters. The parameters scanned with the algo-
rithm are the cruise speed V,, and the lift coeffi-
cient CL which is directly proportional to the wing
surface. The endurance is not under considera-
tion because is not a relevant parameter.

5 Case study

For this study, the wing aspect ratio A and the
maximum take-off weight m are fixed to 31.25 and
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Table 1 UAV properties

ey Nm MNpr Mpe Mb Weer Oskin
N.kW-! - kg.m?  kg.m?

32 096 092 0.183 0.50 0.45 0.1

(0% € & Amax Eremw Erail &gear
kg.m? - - - - -

4.8 0.12 0.9 0.16 0.1 0 0.032
E;Q’mmax Clmax M, CMj, S Next Erss

- © - Wh.kgf1
1.3 1.4 0.05 0.5 10 2 450

817kg, respectively, which correspond to «He-
lios» prototype in fuel cell configuration. The
cruise altitude A, is chosen equal to 60 000 ft.
The latitude is 22° and the date is the 22th of
June. The maximal occupancy rate of photovol-
taic cells 7.« is 85 %. This value allows to distri-
bute cells on the main part of the surface without
the edges with high curvature. Other parameters
of the UAV are given in Tabs.[T]and 2|

The contour of M F and 7.« functions are
plotted in the (Vi;CL) axes (Fig. [f). The
constraint on the occupancy rate of photovol-
taic cells decrease dramatically the feasibility do-
main. The merit function get a minimum cal-
led optimal point, approximately 0.9. The opti-
mal point (Vope ~32m.s™!; CLop & 0.89) is on the
T = Tmax Curve, which is not surprising. At
this point, the mass of payload represents ap-
proximately 36 kg for a maximal take-off mass of
817 kg. The optimal velocity is over the maximum
gusts. Other characteristics of the HALE are gi-
ven in the Tab.

6 conclusion

Optimisation carried out here consists in maximi-
sing the payload for a fixed total mass. It requires
mass model for each constitutive part of the air-
craft. In particular, the mass of the wing is mi-
nimised by the use of composite materials and
by tolerate a large flexibility. 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 ver-
sus lift coefficient diagram. This one revealed an
optimal solution having a payload of about 4 % of
the total mass of 817 kg for a 69 m wing span. No-
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Fig. 6 Payload mass of the solar-powered HALE
UAV in a cruise speed versus lift coefficient dia-
gram

ting that computation is made with several pessi-
mistic parameter values (low occupancy rate of
photovoltaic cells, low efficiency of solar cells,
high load factor) and several optimistic parameter
values (day, hour).

This work needs to be continued to optimise
the effect of wing aspect ratio. Then, the sizing
during night operation in the aim to flight weeks to
months will necessitate to add an energy storage
system. Finally, an endurance computation will
be realised.
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