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Hybrid-Propulsion High-Altitude Long-Endurance
Remotely Piloted Vehicle

M. Harmats* and D. Weihst
Technion—Israel Institute of Technology, Technion City, Haifa 32000, Israel

The feasibility of combining solar and internal-combustion propulsion in propeller-driven remote pi-
loted vehicles (RPV) is considered. Solar energy, converted by photovoltaic cells, is used to drive electric
motors during hours of daylight while turbocharged internal combustion engines are used during hours
of darkness. The purpose of this combination is to obtain a reasonably sized vehicle (compared with a
pure solar-propelled vehicle), at the expense of limiting endurance. A sizing study of the hybrid-propulsion
RPV for given payload and maximal endurance was performed. Optimization of RPV aerodynamic con-
figuration and weight distribution, propeller configuration, and cruise velocity was performed, and a
novel daytime extra solar energy storage method is presented. For a 100 kg/500 W payload and required
endurance of 7 days at 32° north latitude, a 1000-kg RPV, with a wingspan of 39 m was obtained. The
design includes four propellers of 5 m diameter, each driven by a combination of a 4-hp electric motor
and a 4-hp internal-combustion engine. Ninety percent of the top wing surface is covered by solar cells,
which supply 20-40% of daily RPV requirements, depending on the time of year.

Nomenclature
A = wing aspect ratio
At = atmosphere attenuation coefficient
Atot = daily total insolation in horizontal plane, W-h/m2

AUSed = part of A^ used by the RPV during hours of
daylight, W-h/m2

b = wingspan, m
CDo - total RPV drag coefficient not including the

induced drag, (D - kC2
L)/QS

CL = RPV lift coefficient, L/QS
C* = CL for maximal aerodynamic efficiency
CLo t = CL for minimal power climb
c - wing chord, m
E - specific energy, m
ED = energy storage density, W-h/kg
£Save = saved energy as a result of the combustion

engines operation delay, W
£stor = stored energy, W
FP - fuel part of the takeoff gross weight
Fu = RPV fuel weight, kg
/ = maximal to mean power ratio (daily)
fe = definition of specific energy derivative vs time in

the RPV dynamics model, m/s
g = standard gravity acceleration, 9.80665 m/s2

H = altitude, m or ft
Ha = Hamiltonian
h = see definition in Eq. (46)
k = induced drag factor
m = specific weight, kg/kW or kg/m3

mpc = weight per unit area of photovoltaic cells, kg/m2

mpcj = see definition in Eq. (29), kg/m2

Np = number of propellers
n = sequential day number (n = 1 for January 1)
nz = normal load factor, g
p = power, hp or W
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internal combustion engine daily mean power
internal combustion engine daily maximal power
electric motor daily mean power
electric motor daily maximal power
daily mean extracted shaft power for the payload
required power for RPV level flight
propeller shaft power
daily mean solar power utilized by the RPV
daily maximal Psoi-var

= available solar power
= dynamic pressure, 0.5pV2

= Reynolds number
= solar cell area to wing area ratio
= RPV structural fraction of gross weight
= fuel tanks to fuel weight ratio
= see definition in Eq. (30)
= RPV wing area, m2

= solar irradiance on the Earth (above the
atmosphere), W/m2

= solar irradiance required for a level flight, W/m2

= mean solar irradiance used by the RPV during
hours of daylight, W/m2

= solar irradiance on a horizontal plane inside the
atmosphere, W/m2

= cruise time, days; or temperature, deg
= solar time (t = 12 when the sun is in zenith), h
= duration of a descent from maximal to cruise

altitude, h
= time of return to cruise altitude, h
= time of light (fss — rsr), h
= duration of descent from cruise to maximal

altitude, h
= sunrise time, h
= sunset time, h
= RPV velocity, m/s
= RPV equivalent velocity,
= weight, kg
= see definition in Eq. (24)
= solar radiation required for RPV level flight to the

daily maximal radiation ratio
= wingspan coordinate, m
= wingspan nondimensional coordinate, Y/(b/2)
= see definition in Eq. (23), I/day
= angle of latitude, deg
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322 HARMATS AND WEIHS

y - flight-path angle, deg
8 = Earth declination, deg
e = RPV aerodynamic efficiency, LID
r\ = efficiency
A^ = Lagrange multiplier of the energy variable, s/m
JJL = geographic latitude, deg; or air viscosity, kg-m/s
p = air density, kg/m3

pH = derivative of p with the altitude, kg/m4

Subscripts
b = battery or fuel cell
base = at cruise base altitude
cm = internal combustion engine
eff = effective
eg = electricity generator
em = electric motor
F = at cruise end
/ = back to cruise altitude
gear = transmission
max = daily maximal
mean = mean during cruise
p = propulsion (includes propeller and gear)
pc = photovoltaic cell
pi = payload
prop = propeller
ref = reference
sol = solar
str = structural
t = fuel tanks
0 = first day of cruise

Introduction

O VER the last 25 years, several studies and projects have
dealt with the utilization of solar energy to keep an aerial

vehicle aloft. The most promising method for doing that is by
converting solar energy into electricity by photovoltaic cells,
and then to use the electricity to drive propellers by means of
electric motors. Such propulsion was actually realized in the
following aerial vehicles that flew for up to several hours:

1) Sunrise I/II-remote piloted vehicles (RPVs) constructed
in 1974-1975 by AstroFlight.1'2

2) Gossamer Penguin and Solar Challenger manned vehicles
constructed in 1980-1981 by AeroVironment.1"3

3) Pathfinder-RPV constructed in 1992-1993 by Aero-
Vironment. In 1995 it performed a demonstration flight of 12
h at an altitude of 50,000 ft. This design was based on a pro-
totype that in 1983 performed test flights of 30-60 min at
altitudes of up to 8500 ft, using AuZn batteries.4'5

The previously mentioned vehicles were able to fly only
during daylight.

Since 1980, several studies have been performed using solar
energy for keeping an RPV aloft for at least several days. Such
a vehicle must have the ability to continue flying during the
night and, therefore, requires electricity storage devices. In
past sizing studies,6"11 it was found that pure solar propulsion
necessitates a huge wingspan (more than 100 m for a payload
of 100 kg) and an enormous wing aspect ratio of more than
35. The problem with pure solar propulsion arises from the
high specific weight of electric energy storage devices. This
takes into consideration the possible improvements in the tech-
nology of rechargeable fuel cells (RFC) in the next decade that
will enable, for 24-h cycle, a storage density of 600 W-h/kg,
with a storage efficiency of 55%.

This paper deals with the option of combining solar pro-
pulsion with electric motors during daylight and internal com-
bustion (reciprocating) engines during darkness. Both types of
engine are combined in the driving of propellers (see block
diagram in Fig. 1). The proposed RPV configuration is de-
scribed in Fig. 2. The purpose of this combination is to make
the most of the advantages of the two types of propulsion,
allowing some necessary compromise, i.e., obtaining a reason-

FUEL (night)

TH RUST x VELOCITY

Fig. 1 Block diagram of RPV propulsion system. Dashed lines refer
to the application of the electric motor as an electricity generator.

ably sized aerial vehicle (compared with a pure solar propul-
sion vehicle), at the expense of limiting the endurance.

We performed a sizing procedure for a hybrid propulsion
high-altitude long-endurance (HALE) RPV, with the objective
of obtaining a minimal wingspan for a given payload and a
given required endurance (several days). This optimization cri-
terion was chosen because, as mentioned earlier, one of the
most severe problems concerning the utilization of solar en-
ergy is the size of the RPVs, and not necessarily their gross
weight. We considered two methods of joining the electric mo-
tor and the internal-combustion engine to drive the propeller.
The first method is a common drive-shaft installation with a
clutch that enables driving the propeller by each of the engines
separately. The second possibility is to use the internal-com-
bustion engine as an electricity generator that operates the
electric motor together with the photovoltaic cells. The second
method simplifies the transmission mechanics. The following
three cases were considered for dealing with the extra daytime
solar energy.

Case 1: Excess energy is not used, but rejected to the at-
mosphere.

Case 2: Excess energy is stored in a battery or an RFC and
used during the hours of darkness.

Case 3: Excess energy is used for climb. When night begins,
the RPV descends back to the initial altitude with nonoperating
internal combustion engines.

In the third case, the fuel, otherwise required to keep a con-
stant flight altitude during the beginning of the night, is saved.
In the present paper, this climb and descent maneuver is de-
fined as a potential energy battery, with 100% degree of dis-
charge (DOD) and zero self-weight.

Sizing Equations of Hybrid-Propulsion RPV
The set of sizing equations consists of the RPV equilibrium

equations (in terms of power) and of solar irradiance relations.
The three possibilities of utilizing daytime extra solar energy
are described in the Introduction (cases 1-3). The equations
of motion describe power equilibrium for the first day of
cruise, which is the most critical because of the full fuel load.

In the following days, the power requirements decrease as
a result of RPV weight reduction caused by fuel consumption.
For cruise at constant altitude and velocity

+- />*>!„ (1)
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Fig. 2 Nominal RPV configuration.

' PP. (2)

o. + *C?
(3)

The daily mean extracted shaft power for the payload is
given by

In case 2, r\b is the efficiency of electric energy storage by
a battery or an RFC.

In case 3, rjb is the efficiency of potential energy storage by
the climb and descent maneuver.

The solar irradiance parameters A { and Aused are described in
Fig. 3. The solar irradiance curve in this figure represents the
irradiance in the following relation:

24 - tt I
24 TT! (4)

cos(j8 - 5)sin /3 sin 8 — cos j8 cos 8 cos(77t/12)
COS(TT - 8)

This expression assumes that the payload power is supplied by
photovoltaic cells during hours of light and by an electricity
generator by night:

where

PSO!O =
U^o)^l

]̂ ~i ^^pc^pc^ei24 J

) (5)

(cases 2 and 3)

(6)

•-"used = d 24

/£ = 1353[1 + 0.033 cos(27m/365)]

8 = 23.45 sin[27r(284 + n)/365]

^0 = S/reqo/S/max = Preqo/Psol_max

* sol-max = ^'max

(7)

(8)

(9)

(10)
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Fig. 3 Power required for cruise and available power vs time (including definition of solar irradiance parameters).

The mean output power of the engines in the first day is
given by

(11)

^cmo = ^req0 ~~ PSO\O

The maximal output power is given by

-* cm — max0 — req0

Pem-maxo = P^ ~ Pp. ^em

and, in cases 1 and 2 when Psoi-Var > Preq, by

^em-maxo = ^sol_max0 ~ Ppl T?em

where the specific fuel consumption (SFC) is measured in
kg/(kW-h).

With the boundary conditions:

T = r0, W = W0

T=TF, W=WF

When RPV size optimization is performed, W0 and WF are not
known in advance. An analytical solution of Eq. (16) can be
obtained by using mean (over the cruise duration) values of e
and Psoi.12 The mean value of Psol is given by

(14)

(15)
-[

^sol-mean = & 'used -mean ^^pc^lpc ^em (CaSC 1) ( I / )

'fpcTjpcTjem (case 2) (18)24

The RPV initial gross weight is obtained by solving the
following differential equation:

= 1 SL,
48

W = - 1000
- (Ppl - Psol)SFC 1000

(16)

X Srpcj]pcr]em (case 3)

CI- _ ^.sedfa) + 25,
ljl used—mean —

(19)
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WF (21)

The difference between case 2 and case 3 evolves from the
fact that, in case 2, the size of the storage device is determined
by the excess solar energy in the first day of cruise. In the
following days, excess energy increases and part of it is dif-
fused into the environment, as in case 1. In contrast, in case
3, excess energy is stored during the entire cruise because there
is no need for electrochemical storage devices.

The solution of Eq. (16) is

W=(W0-

SFCV 24g
T70 1000

w, = (Psol-mean ~ Pjl)
n1?/>

(22)

(23)

(24)

From Eq. (22) we obtain the following expression for fuel
weight:

or

Fu =

Fu = (WF - " ~ 1)

(25)

(26)

Assuming constant e and Psol results in a fuel weight error of
not more than 0.5%.

The RPV initial weight is

W0 = rH.[Wp, + rpcmpClS + /cmoPcmo(mcm/1000) + (1+ r,)Fu]

(cases 1 and 3) (27)

0 = rH.[Wp, + rpc(mpci + mb)S

+ (1 + rt)Fu] (case 2)

where

f PJcm0* cm0

SrK

rw =!/(!-

(28)

(29)

(30)

(31)

(32)

The set of sizing equations was solved iteratively, for given
required maximal endurance, after an initial guess of WFj 5,
CLO» Smeam Pcm0» *o (Fig- 4). In the first stage, double-loop com-
putations were performed. The inner loop iterates for a given
CLo and XQ until a convergence of S is achieved. The outer loop
iterates for a given CLo until a convergence of x0 is achieved.
In the second stage, CLo is varied (taking into consideration
CLo ^ Cz.maxX until CLo for minimal S is found.

Climb and Descent Maneuver Optimization
The objective of this maneuver is the storage of extra day-

time solar energy as potential energy. The maneuver consists
of two stages. First, the vehicle climbs from the base cruise
altitude (20 km) using electric motors utilizing excess solar
energy, and then the RPV descends during the beginning of
the night, back to the base altitude, with nonoperating internal-

CHOOSE RPV DESIGN DATA
& REQUIRED ENDURANCE

INITIAL GUESS: CLO=CLmax , S , PCMO ,
Em..n = E0 • Wf ' Smfn = "" » MIN = 'FALSE'

= S

CALCULATE BETTER ESTIMATE
OF RPV WEIGHT, POWER & WING
AREA (S) FOR GIVEN CLO , X0

Fig. 4 Flowchart of the hybrid-propulsion RPV sizing proce-
dure.

combustion engines (see a description of the maneuver in Fig.
5). The operation of the internal-combustion engine is delayed
and reduced relative to constant level flight (tf instead of t2 in
Fig. 5), and fuel is saved. Therefore, the goal of the maneuver
optimization is to maximize tf. This optimization was per-
formed as a calculus-of-variations problem with final criterion
minimization (Mayer formulation). This criterion is defined asj = -tf.

Differential equations of the RPV dynamics using the spe-
cific energy approximation model are (using V as the control)

(Th - D)V
Wg

, (0.5pV2SCDo + 0.5pV-SkCl)
Wg Wg

(33)

and for n. = 1 g (CL = Wg/0.5pV2S):



326 HARMATS AND WEIHS

——— -— SOLAR POWER (w/kg)

„---;-— r---^
..-••"" Molt 1 tdesc

T^ —— ̂  —— ̂  »' ———— )

X1

/
/

/
/
/

X \X \
^\~^E

\

'\

\

\

\
| \

6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0
TIME (hr)

Fig. 5 Altitude and energy balance in practical climb and de-
scent maneuver. Cruise lift coefficient = 1.07, RPV data according
to Table 1, solar irradiance for summer at 32° latitude (Table 3),
and ratio of (solar irradiance required for level flight at 20 km)/
(maximal solar irradiance) = x = 0.85.

where Psol = SIVSirSrpcrjpcrism, with the boundary conditions E(t{)
= E(tj) = £base.

The altitude is given by

H = E - 0.5(V2/g) (35)

To find the velocity profile that minimizes 7, a Hamiltonian
is defined13:

Ha = \e X /(£, V) (36)

where /is defined by the right side of Eq. (33).
The Lagrange multiplier (A,,) results from the simultaneous

solution of Eq. (33) and

with unconstrained Aj>iX \e(tf), (known £0, Ef).
The Hamiltonian at the unknown final time is given by

dr,
The optimality conditions are

d(Ha)
dV = 0

d\Hd)
a 0 Legendre-Clebsch condition

Implementation of Eqs. (36-40) results in

°sol^ 0.5pV3SCDQ + (2k(Wg)2/PVS]\
Wg Wg J

Ha = A,

(38)

(39)

(40)

(41)

. _ _ dfe dp 3//
' " dp dH~dE

<42)

d(Ha)
dV

d(Ha)

Ha(tf) = 1

V d(Ha)

(43)

dV g dV

(44)

a2

where

h - (p»/p)(V2/g)

(45)

(46)

Equation (45) is obtained assuming (pH/p) = const and
| /71 «: 1. The assumption is exact for a constant temperature
and is a good approximation for a varying temperature T =
T(H). For altitudes from the tropopause to 35 km, (p///p) takes
values between (-1/6300) and (-1/6500). The optimal veloc-
ity and lift coefficient resulting from Eq. (44) are:

_PS V5
1 - h

- h

(47)

(48)

This velocity is slightly higher than the velocity correspond-
ing to a constant lift coefficient, optimal for long endurance at
a constant altitude, for a propeller-driven aircraft (Cf =
V3vCoJk). In the present case, the optimal lift coefficient
along the trajectory of the maneuver was between 1.48 and
1.49, compared with C* = 1.5. Along the trajectory,12 A,, < 0
and, therefore, d2 (Ha)/dV2 > 0, and so the second optimality
condition, stated in Eq. (40), is also satisfied.

The sizing program used the optimal climb and descent ma-
neuver, developed earlier, with minor modifications to define
the properties of the potential battery. The modification relates
the existence of the maximal lift coefficient constraint and the
requirement that the RPV velocity will not drop below cruise
velocity:

CLMt = min[C (49)

As mentioned earlier, the internal-combustion engines are
operated only after the RPV descends to the cruise altitude,
with a constant altitude cruise. The descent may be performed
before or after sunset.

The energy storage efficiency of the maneuver is given by
(see Fig. 5)

where

T7/; = £save/£stor

£stor-3600APSrpcT?pc

^save - ^r 5rpcT?pc - (24 - r,) -^^ 3600,
' 2 T7,,, '

(50)

(51)

(52)
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~ t2) ~ [SIintel(tf) ~ 5/integ( cT?pc }
J

3600

I (53)

(54)

Figure 6 shows a typical case of the dependence of the max-
imal climb altitude and storage efficiency on the stored energy.

Propeller Optimization for High Altitude
Most of the propeller data in the open literature relates to

high velocity (>100 m/s) and low-altitude flight (<7 km). The
HALE RPV operates efficiently at altitudes of —20 km at a
velocity of —40 m/s. These conditions result in Reynolds num-
bers of the order of 105, among other things. Therefore, to
achieve high propulsion efficiency, propeller optimization was
performed for RPV first-day cruise conditions.

The propeller calculations were performed using the algo-
rithm described in Ref. 14, with modifications that include the
following.

1) Blade profile drag coefficient dependence on Reynolds
number.

2) Evaluation of propeller diameter and shaft speed that
maximize the propulsion efficiency (during the propeller de-
sign stage).

3) Evaluation of a given propeller performance for varying
pitch or shaft speed.

The following results correspond to the cruise design oper-
ating conditions of 20 km, 40 m/s, and 12 kW (total RPV
propulsion power). The propeller design is based on two blades
with an FX 60-100 profile.

As the number of propellers increases, the optimal diameter
decreases, the optimal shaft speed increases, and the related
maximal efficiency slightly decreases (because of the reduction
in Reynolds number).

The optimal propeller efficiency vs propeller diameter for a
given shaft power appears in Fig. 7, which shows that an op-
timal diameter that maximizes efficiency exists.

Finally, a configuration of four propellers, 5 m in diameter,
was selected. The optimal setting of the propellers, under de-

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0
STORED ENERGY (w«hr/kg)

Fig. 6 Maximal altitude and storage efficiency vs stored energy
per unit of RPV weight. RPV data according to Table 1; solar
irradiance for summer at 32° latitude (Table 3); and altitude = 20
km, velocity = 40 m/s, shaft power = 3 kw.

Is
O d

shaft speed (RPM)- ISO

22JO

0.0 1.0 2.0 3.0 4.0 5.0 8.0 7.0 8.0
DIAMETER (m)

Fig. 7 Maximal propulsion efficiency vs propeller diameter.

sign operating conditions, was 36-deg pitch and 300 rpm shaft
speed. A propeller efficiency of 91%, not including transmis-
sion losses, was achieved under these conditions.

In the second stage, an evaluation of an optimal propeller
under off-design conditions was performed for the following
events. A reduction of power requirement during the cruise
days (event A), a high-altitude climb maneuver (event B), and
a climb from sea level to the cruise altitude in the first day of
the mission (event C). The performance at the off-design con-
ditions was evaluated using two control methods: varying shaft
speed for fixed pitch and varying pitch for fixed shaft speed.
The conclusion is that considering the propulsion efficiency,
the preferred control is by varying shaft speed with fixed pitch.
This preference stands out, particularly at sea-level flight,
where for a constant shaft speed, it is impossible to operate
the propeller at a shaft power less than 2.5 kW. Even above
this threshold the propulsion efficiency is extremely low. In
event A, the optimal shaft speed slightly decreases when the
shaft power decreases. In event B, the optimal shaft speed
increases proportionally to shaft power; i.e., the shaft moment
is kept constant.

In conclusion, it is possible to keep the propeller's efficiency
above 88% in the entire RPV expected flight envelope, using
a simple constant pitch propeller.

For the previously mentioned off-design conditions, the pro-
peller speed varies between 160 and 350 rpm and the internal-
combustion engine rpm is in the 1600-3000 range (50-100%
of the maximal power). The engine SFC can be kept low in
the whole required envelope.27

RPV Configuration
To assure the requirements of low wingspan and long en-

durance, the RPV must possess a high aerodynamic efficiency
(LID) for a wide range of lift coefficients and also a low struc-
tural weight fraction. The chosen aerodynamic configuration
consists of a fuselageless rectangular wing with a geometric
aspect ratio of 15, having tip winglets (see Fig. 2). The wing-
lets decrease the induced drag and are most efficient for a high
aspect ratio rectangular wing planform at high lift coefficient.15

The presence of winglets is equivalent to an increase of the
effective aspect ratio to 20 for the present case. We chose the
NLF(1)-1015 laminar profile (laminar flow over —50% of the
wing area) with a 15% thickness ratio, designed specifically
for long endurance at high altitude.16 The RPV's tail geometry
was determined in a manner that minimizes the trim drag at
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Table 1 Nominal database

Parameter

^
At
A
Aeft

c»0
CLW

Mem

SFC

mcm
1?em

mpc
1?pc

mprop
^prop

tt*gear

T7gear

ED
DOD
nb
rt
rstr

Units
Degree

——

kg/kW

Ib/bhp/h
kg/kW/h
kg/kW

kg/m2

kg/kW

kg/kW

w-h/kg

——

——

Value
32

0.94
15
20

0.015
1.2
2.5

0.40
0.25

1
0.90
0.45
0.15

3
0.90

1
0.95
600

1
0.55
0.05
0.35

Remarks /references

For altitude of 20 km

— —

Technology of Voyager-IOL-300 turbocharged engine used in the Boeing Condor19'25 27

(includes weight of radiators28 29)
Technology of Voyager-IOL-300. Covers 25-100% of the maximal engine power

20

Crystalline silicon cell (space commerical quality)

6, 21

Mechanical transmission

Hydrogen/oxygen RFC22

23

21
Derived from empty weight fraction empirical relation for home-built composite glider12"24

y(Mmax)=0.45

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.90.0 0.1 1.0

Fig. 8 Maximal bending moment along the wing caused by the installation of engines and its location vs the location of the engines. The
reference moment refers to a single engine at the centerline (yi - y2 — 0).
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Table 2 Comparison of different methods
of solar energy storage

Method

RFC
No storage
Climb and descent

m

55
54
52

m2

205
195
180

kg
1700
1500
1400

kg
6

kW-h

4
10 (rejected)

12

25.0 27.5 30.0 32.5 35.0 37.5 40.0
VELOCITY (m/sec)

Fig. 9 Normalized minimal wingspan and takeoff weight vs
cruise velocity of the RPV. The reference RPV data according to
Table 1, solar irradiance for summer at 32° latitude (Table 3), and
no storage of excess solar energy.

17.5 20.0 22.5
ASPECT RATIO.

Fig. 10 Normalized minimal wingspan and takeoff weight vs ge-
ometric aspect ratio of the wing. Reference RPV data according
to Table 1, solar irradiance for summer at 32° latitude (Table 3),
and no storage of excess solar energy.

X HYBRID PROPULSION - SUMMER
HYBRID PROPULSION - SPRING/AUTUMN

•A HYBRID PROPULSION - WINTER
•O COMBUSTION MOTOR ONLY

0.0 1.0 3.0 4.0 5.0 6.0 7.0
MAX.ENDURANCE (days)

9.0 10.0 11.0

Fig. 11 Minimal wingspan vs maximal required endurance for
different seasons — comparison of hybrid and pure combustion
propulsion. RPV data according to Table 1, solar irradiance data
according to Table 3, and each graph terminates at the maximal
possible endurance for given conditions.

-X HYBRID PROPULSION - SUMMER
-D HYBRID PROPULSION - SPRING/AUTUMN
-A HYBRID PROPULSION - WINTER

> COMBUSTION MOTOR ONLY

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
MAX.ENDURANCE (days)

Fig. 12 RPV takeoff weight vs maximal required endurance for
different seasons — comparison of hybrid and pure combustion
propulsion. RPV data according to Table 1, solar irradiance data
according to Table 3, and each graph terminates at the maximal
possible endurance for given conditions.

nominal cruise conditions by nullification of the tail lift.17 The
estimated total coefficient of drag at zero lift is 0.015, similar
to the drag of high-quality gliders. Approximately 75% of the
total drag stems from the wing. Approximately 2% of the total
drag is caused by the engines/radiators installation (cowling).12

The cowling drag was estimated using the area over power
ratio of the Boeing Condor,25 by Hoerner's 26 method.

To reduce the total vehicle drag, and particularly to reduce
the structural weight fraction, the design is based on distrib-
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uting the vehicle's weight along the wingspan, i.e., a span-
loader design.

The favorable structural effect of the spanloading arises
from the bending moment reduction. The multiengine propul-
sion configuration facilitates the spanloading. An optimal lo-
cation for four hard points that minimizes the maximal wing
bending moment was obtained. The maximal bending moment
and its location for different hard-point locations appears in
Fig. 8. A lift distribution following the Schrenk approximation
is assumed (mean of elliptical and rectangular distributions18).
The optimization resulted in the following optimal hard-point
locations: 16-22% of the wing half-span for the inner point,
and 75% of the wing half-span for the outer point. This in-
stallation reduces the maximal bending moment to 5% of the
reference maximal moment that results from engine centerline
installation.

Reliable scaling rules for high-altitude solar RPV structural
weight estimation do not exist; therefore, for this purpose, we
used the most suitable data available.6'24

The data, as used in the RPV sizing calculations, appear in
Table 1.

Sizing Results
The sizing procedure was performed for a cruise altitude of

20 km and a payload of 100 kg weight and 500 W power. For
the engines we used a so-called rubber sizing method,24 i.e.,
the input to calculations consist only of specific data that define
technology (Table 1) without an a priori definition of the com-
ponents' size and weight (except for the payload).

Table 3 Solar radiation data for simulations3

Season

Summer
Spring/autumn
Winter

Day used

June 22
March 23

December 22

rsr,
h

04:57
05:59
07:03

rss,
h

19:03
18:01
16:57

S/max,

W/m2

1217
1089
745

Atot,
w-h/m2

10,700
8350
4780

Sunrise and sunset hours (rsr, ?ss) are given for solar time definition. The max-
imal and total insolation (SYmax, A,01) are for At = 0.94.

Table 4 Results for minimal wingspan RPVs for required
endurance of 7 days

Season

Summer
Spring/autumn
Winter

b,
m

39
45
70

S
m2

100
136
327

W0,
kg
830
1070
2490

P1 req*

hP

19.4
24.1
55.0

Psol/preq,
%

39
34
20

FP,
%

34
36
42

Different methods of extra daytime solar energy storage
were compared and are presented in Table 2. The RPVs were
designed for a 9-day maximum endurance during the summer.

It was concluded that it is preferable not to store the excess
energy in chemical storage devices, or in very high specific
energy RFC. The excess energy rejection alternative is a better
alternative, and the climb and descent maneuver is the best
alternative. As the maximal required endurance is reduced, the
differences between the previously mentioned alternatives di-
minish.

The minimal RPV wingspan and the related gross weight vs
cruise velocity (V) and geometric aspect ratio (A) appear in
Figs. 9 and 10. We chose near-optimal values of A = 15 and
V = 40 m/s (a lower velocity is problematic because of the
need for stationkeeping in the presence of prevailing westerly
winds). In the Mediterranean area, the wind velocity at an
altitude of 20 km will exceed this velocity less than 2% of the
time.30

X H
D H Y B R I D PROPULSION - SPRING/AUTUMN
A H Y B R I D PROPULSION - WINTER
O COMBUSTION MOTOR ONLY /

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
MAX.ENDURANCE (days)

Fig. 13 Fuel fraction of takeoff weight vs maximal required en-
durance for different seasons — comparison of hybrid and pure
internal-combustion propulsion. RPV data according to Table 1,
solar irradiance data according to Table 3, and each graph ter-
minates at the maximal possible endurance for given conditions.

Table 5 Summary of design parameter variation influence on minimal wingspan
and takeoff weight of the RPV

Parameter A,, % A2, '

TJem

^pT

f?

SFC
mcm

mem
m™
my

Co,
rstr
Wp,
^P.

-5
-33a

-5
-5
-50
-50
-95C

-50
-33
-5
-50
-50

+ 5
+ 33a

+ 5
+ 5b

+ 50b

+ 50
+ 50
+ 50
+ 33d

+ 5
+ 50
+ 50

+ 2
+27
+ 10
-6

-6.5
-2.5
-12.5
-8

-16.5
-5.5
-24
-4

-1.5
-7
-7
+ 5

+ 8.5
+ 3
9.5
10

+ 37
+ 6.5
+ 19.5
+ 3.5

-0.5
+ 38.5
+ 16.5
-12.5
-14
-5.5
-24.5
-16
-30
-12
-44
-7

+2.5
-14
-13
+9.5
+ 16.5

6
+ 19.5
+ 18
+71

+ 13.5
+44
+ 5.5

' The negative increment is for an amorphous film silicon cell. The positive increment describes a GaAs
or advanced silicon cell.
bThe positive increment refers to possible characteristics deterioration following the downsizing (from
175 hp) of the reference engine.
The negative increment fits amorphous thin film silicon cell.
The positive increment refers to drag increase in case of turbulent flow over 100% of the wing area.
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Using the internal-combustion engine as an electricity gen-
erator to drive the electric motor during hours of darkness, to
simplify the transmission mechanics, was found to be ineffec-
tive because of power losses. Therefore, we chose the alter-
native of joining the two kinds of engines by a mechanical
transmission with a clutch. In this configuration, the electric
motor also serves as a starter of the internal-combustion engine.

Results for RPVs of minimal wingspan for a given required
endurance from one day up to the maximal possible (technol-
ogy limited) endurance appear in Figs. 11 — 13. For compari-
son, the figures include curves for different seasons and a
curve for an RPV propelled solely by internal-combustion en-
gines. Hybrid propulsion has a major effect on the maximal
possible endurance increase and on the RPV size for a required
long endurance. All of this is correct in summer, spring, and
autumn. In winter, the hybrid propulsion RPV has no mean-
ingful advantage over the internal-combustion engine's RPV.
The solar radiation properties used in all of the calculations
appear in Table 3.

Table 4 summarizes the results for the RPVs maximal re-
quired endurance of 7 days. Each of these designs can be op-
erated under conditions different from their design conditions,
taking into account that there will be a maximal endurance
change. For example, an RPV that was designed for a maximal
endurance of 7 days in summer is suitable for a maximal en-
durance of 6 days in spring or autumn, and for 5 days in
winter.

The sensitivity analysis of the RPV wingspan and weight,
for the design parameters' variation for the summer RPV in
Table 4, is summarized in Table 5. The variation is relative to
the nominal values in Table 1.
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