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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 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 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 UAV in a cruise speed versus lift coefficient diagram. This one revealed an optimal solution having
a payload of about 13 % of the total mass of 220 kg for a 24 m wing span.

1 Introduction

Solar-powered HALE (High Altitude High Endurance) UAV could be a complement for many scientific
missions like earth monitoring (early forest fire mapping, flood 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 flight over
the civil transport traffic 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 “Pathfinder 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 3000 ft altitude due to the “complex
interactions between the aerodynamic, structural, stability and control and propulsion systems on a flexible
aircraft”. Therefore, main design variables like wing aspect ratio, cruise speed, wing loading, geometry,
energy storage system for the night flight ... are not enough established.

Design difficulty are due to the very high altitude expected (more than 20km) and the low available
energy to supply motors, energy storage system and electric payload. A simply power analysis for a fixed
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 flexibility. 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
(MDQ). The aim of this work is to compute 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 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 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 ltaly is twice as much lower at
20 km than at 10 km, maximum gust and average wind are equal to 40 m.s~! and 26 m.s™%, 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 X, of day of the year j and solar time

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

— f] _ //:' . N
Ps = CsAsascosissin | m— . SunrA/se(J) _
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where Cs (~ 1374 W.m™2), as, As, is, p and p,(= 101325 Pa) are the solar constant, the alleviation
coefficient of solar radiant flux through the atmosphere, the coefficient 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 coefficient Cp is the sum of zero-lift drag coefficient Cpby and induced drag :

1
Cp = Cpg + —C12
A
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where A = b//, CL, b and | are the wing aspect ratio, the lift coefficient, the wingspan and the aerofoil
chord, respectively. The drag coefficient 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 defined by the maximum useful power P, = Fpn.xVe where V. is the cruising
velocity and F,.x is the maximum thrust. Maximum thrust is defined by the ceiling of propulsion such as
Fmax = mg/f where f is the lift to drag ratio. For a specific mass M,,: (mass of the engines/maximum
power), the mass of the engines can be written in the following form:

mg V.

Mmot = MmotTnH (1)

where ng is the propeller efficiency. The specific power of the engines is supposed to be constant for
all studied UAVs.
3.3 Photovoltaic cell mass

The solar radiance power Ps = PsS.. is transformed in electric power P.j.c by the solar cells with an
efficiency mce;. Then, electric power is consumed by payload power P,y 1024 and electric motor power Prot
with an efficiency 1mo:. We have:

Pmot

mot

Pejec =

+ Ppayload = nceIPS (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 @.e; = Mce;/Scer , We can obtain the mass of the cells:

Weel 1 mg
Meel = — —=V.+ Py d) 3
' NeerPs (anmot foe peres ()
3.4 Wing mass
3.4.1 Wing design
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Figure 2: Sketch of the wing configuration 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 :

e 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,,, respectively. The wing-root outer radius is
defined by the expression r,, = €.€.//2 where €, < 1, e and €. = e/ are the relative diameter of
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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) = ro, (1 — k2y) with k € [0, 1],
y €1[0,b/2] ;

e ultra-light ribs in composite materials (for example, made with RTM process), their total mass is
Meip & Nyip@riple/2 where nyp = E(2b) is the number of ribs (E is the entier function) and @, is
the mass of the rib per unit area ;

e ultra-light skins, their total mass is Mskin & Wskinb(2/ + €) where wq;, is the mass of the skin per
unit area ;

e secondary parts like components of hinged surfaces, local reinforcements, small tubular beam to
rigidify the trailing edge of the wing, ... their total mass is Myemuw = &remwMyw wWhere my, 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 specific 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 specific modulus can be five 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 fibres, 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 , £45; ]
where ng and ni4s are the unknown number of 0° and £45° plies, respectively (Fig. 3). This laminate has
the advantage to approximately uncoupled the flexural resistance 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 constituted of various fibres with the same epoxy resin, the composite material is called
hybrid carbon/epoxy material. For example, high modulus carbon fibres used for 0° plies can increase widely
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 minimise the total number of plies (ng and ni45) and to
maximise the parameter K to minimise the mass of the main beams. If kK = 0, the mass is Mpeamog =
pob(r2 — r7) 4 p=4sTb(rZ — r2) where p; is the mass density of the ply i and ry is the boundary radius
of the beam between 0° and £45° plies. If k €]0, 1] and % = 1— % « 1, the mass of the beam is

roO
Mbeam & 25 Mpeamo Where ¢ 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 effects 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 first
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 simplified formulation is proposed here to obtain an analytical 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), where V' = Viax, CL = ClLmax.
The stall load factor nmay is replaced by the extreme load factor ne,: to take into account of a safety factor
and gust effects. Then, the extremal force and moment per unit of wingspan applied at the centre of the
beam cross section can be written:

n n | Cwm
Foxt = (m —my — mmot)%tg i Mext = m E);g CL - (4)
max

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 = %next. The size of the aileron is computed before to obtain a turn of 180°, with a pitch angle of
45°, at a velocity of 1.4V;; in b/3 seconds where V; 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:

Nasymd Nasymgl CMo + CMs,,0
fasym = (m - my — mmot) e : Masym =m as;;)m - CL =

/ (5)

where Cm,, Cms,, and d,, are the pitching moment coefficient at the aerodynamic centre, the pitching
govern efficiency coefficient 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 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 negligible. It is clear that computation results need to be verified 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 first loading case:

Eyyrob
Omax.0 — #next(m - my, — mmot)g = —Onmin.0 (6)
Y Yhom
with
Y
(ED)yypom = 2 [Eyyo (rgo - r%) +Eyyiss (rﬁo - ffﬁ)] ~ 7rr§0 Eply [noEyyo + 2ni45Eyyi4s} (7)

where E,,, 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:

E Iy b
Omax.+45 = 8(yé/i;é)ly:omnasym(’ﬂ - my — mmot)g = —Omin.%45 (8)
Enyessts! CMo + 22Cms, 0
max . = A=~ Nasym 9
i e 2(EJ)XJ/hom ! Y mg CLmax ( )
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with
T
(EDxypom = By [EXyo (rgo - r,f—(‘)) + Exyiss (r,% - fé‘)] ~ 27”030 Eply [noEXyo + 2”145Exyi45] (10)
where E,,, is the shear modulus in the xy direction for the ply / and b, 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 (fibre 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 :

+(§1/—;,>UT:1 (11)

where L, T and LT signify longitudinal, transverse and in-plane shear ; X , X', Y, 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: o, = 0y, 07 = 099 = 0 and o7 =
oye = 0. Therefore, Tsai-Wu criterion is written in the following form:

o? oo oz +0L7T+ l_i
XX VXXYY!  YY! o X X

1 1 1
XX/U)%y—i_ <X X/)Uyy I = (Uyy—X)(Uyy+Xl):O (12)

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

Omax 0 < X' (13)

In the case of this simplified approach, it can be assumed that fibre 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: o, = % + 0,4, 07 = Z* — 0,4 and

oLT = —%*. Therefore, Tsai-Wu criterion is written in the following form:
11 2 1 1 1 2
4 (XX’ - /XXryyr + yyf + C2) O nax +.45 + (W + /IXXYY' + W) Thax +.45 (14)
A
+%(%_%+$ V)O'max:t45+(*_%_$+7)Tmaxi45_]- (15)

B

In the case of this simplified 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’ > 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+ VB? + 4A

oA (16)

Tmax .+45 <

Finally, after some calculations and assuming - < 1 and k = 0, the validation of Eqs. (13) and (16)

can be rewritten in the following form that gives dlrectly number of 0° plies and £45° plies in an analytical
form:
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Exyg (M—Mmot—Mskin=Mrib) _ Exypgs!nasymmg CMO"'%CMémém
4ron X! 2
2’7!'!‘00 toly ( %_._b(l""erem w)pO) 47[‘(00 toly b CL2/3
Ny4s = Ude 4rop X' Evyias (17)
bextd W‘Fb(l“rgremw)Pi% 2E
Grog X' Xyo XY+45
b:e[itg +b(1+£rem w)pO
EX}/i45(m—mmot—mskm_mnb) Exyi45 INasymmg CM0+”TaCM5m6n,
4rgq X' E; - 2
2T rog tply ( b?:xtg ?/yii}f“rb(l"‘grem w)pi45) 4mrag toy D Lo
no = UpRd ¥ (18)
briextd +b(1+£rem W)PO E
xy+45 — =X¥0

4rgo)<’ Eyyi45
bnextg  Eyyg

+b(1+€rem w)pi45

where UpRd(.) is the upper round-off 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 — r; < tmin Where tyin is the minimal thickness of the beam.

3.4.5 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 necessary to define a
displacement criterion i.e., a maximal displacement of the wing tip : Uy max < /\maxg where Amax 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:

Nextgb® < M = Minot = Mskin = Mrib _, n) 6(1—k)In(1—k)+ 6k —3K° — K>

Yz max = 108(E )y Mbeamo 2K
(19)
Finally, the following criterion gives the parameter x:
. b
findk € [0, 1]/ Uz max — /\maXE =0

3.5 Remaining structural mass

The mass of the fuselage is expressed with the Roskam model: mys,s = 0.232 m®® [14]. Lastly, mass of
the tail and the landing gear are supposed to be proportional to the total mass i.e., m:.; = &raiym and
Mgear = ggearm- We note mrem = Mrys + Mgear + Mtaif.

4 Merit function and conceptual constraints
The total mass of the UAV is:
m= My + Mot + Mcer + Mrem + Mpayload with  my = Mpeam + Myip + Mskin + Mremw (20)

where mp,yi0aq is the mass of the payload. This mass is the variable to maximise. Then, a merit
function MJF to minimise can be obtained:

Mpayload -1_ My, + Mmot + Meet + Mrem —1— MF (21)
m m

It is clear that mp,y1000 > 0 i€,
MF<L1 (22)

The second constraint is the solar cells total surface S..; which must be inferior to the wing surface. In
other word, the cell occupancy rate 7 = S..;/S must be inferior to the maximal occupancy rate Trax:

T < Trmax (23)
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Table 1: UAV conceptual properties

Mmot Nmot NH Ncel Weel Wskin Wrj €e €r
N.kw-1 - - - kg.m2  kg.m?2  kg.m?2 - -
32 0.9 0.9 0.13 0.45 0.1 4.8 0.12 0.9

NAmax gremw gtail ggear tmin CLmax CMO CM(Sm 6177 Next

o

- - - - 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

P Ein=Eyyo Ex» Ess ™~ Exyo E1o  Eyytas Exytas X X' Y Y’ S toly
kgm~3 GPa GPa GPa GPa GPa MPa MPa MPa MPa MPa mm
1530 162 10 5.0 0.3 13.2 9.1 2940 1570 60 290 100 0.125

5 UAV optimisation

The optimisation process corresponds to a Torenbeek method [15]. The maximum take-off weight and the
endurance are fixed therefore the mass of payload has to be maximised. Here, the endurance is not under
consideration because the UAV is assumed at a flight point and there is no problem of fuel consumption.

The number of parameters is large and it is impossible to study the effect of all. A selection is made to
choose relevant conceptual parameters. For this study, the wing aspect ratio A and the maximum take-off
weight m are fixed to 12.5 and 220 kg, respectively, which corresponds to «Pathfinder» prototype [6]. The
parameters scanned with the algorithm are the cruise speed V. and the lift coefficient 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 12h j.e., the summer solstice. The maximal occupancy rate of
photovoltaic cells Trhax 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 defined in Tab. 2.

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

( MTOW , X, h+ tech. parameters )
¥

‘ Mtys Mgear » Mtail |

7
(V. €[20,100]ms™t, CLe[0.4,1.4] )

— L i No ., N+t4s5
‘ S,CD,f—Bﬁmce/ymmot | E> b
= min

!

7
| Mpayioag = MF =1— Teiest |« findk € [0, 1]/ A — Ay = 0

v
find (min(MF < 1))/
SCel < 0.85

Y
‘ Viopt . Clopt, N . n , ‘

Figure 4: Algorithm diagram to compute the optimised UAV
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Table 3: Optimal UAV definition

S b / Ca Mw Mmot Mecel Mrem Mpayload Mpeam Mskin Myip Mremw o Ntas

m? m m kg.m? kg kg kg kg kg kg kg kg kg - -

459 239 19 4.8 105.8 12.8 154 57.1 28.9 35.9 9.7 50.6 9.6 2 5

T=0.75

Conceptual domain

09 Cz; Optimal point

0.8

Lift coefficient

0.7

0.6 |

05+

0.4
20

Cruise speed (m/s)

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

6 Results

The contour of MF and Tpax functions are plotted in the (V. ; 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 (Vo,¢ & 31m.s™; CLop: & 0.85) is on
the 7 = Tmax curve, which is not surprising. At this point, the mass of payload represents approximately
29kg for a maximal take-off mass of 220kg. 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 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 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 versus lift coefficient
diagram. This one revealed an optimal solution having a payload of about 13 % of the total mass of 220 kg
for a 24 m wing span. Noting that computation is made with several pessimistic 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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