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Abstract

While electric propulsion is generally preferred
for small unmanned aerial vehicles, medium alti-
tude long endurance unmanned vehicles typically
employ piston engines due to the limited energy
density of batteries. Fuel cells could enable elec-
tric propulsion for medium altitude UAVs. The
current article presents a multidisciplinary design
and optimisation framework that allows a com-
parison between piston engines and fuel cells as
a propulsion system for medium altitude long en-
durance UAVs. Models are developed for both
propulsion technologies and applied to the design
of a typical medium altitude long endurance. The
results of the study show that fuel-cell-powered
UAVs can be considerably lighter than UAVs
powered by piston engines regardless of whether
hydrogen fuel is stored as compressed gas or in
liquid form. For a given take-off weight the use
of fuel cells almost doubles the endurance of the
UAV and endurances over 60 hours are achiev-
able with take-off gross weights less than 1000
kg.

1 Introduction

Unmanned aerial vehicles (UAVs) are increas-
ingly the platform of choice for a variety
of reconnaissance and remote-sensing missions,
aerial photography, environmental monitoring,
disaster relief, and search and rescue operations.
Small UAVs primarily use electrical propulsion
systems because of their comparatively high ef-
ficiency, low cost, and high reliability [1–7], as

well as low infra-red and noise levels [8]. Larger
UAVs are, on the other hand, predominantly pow-
ered by piston engine or gas turbines as the en-
ergy density of current battery technology would
lead to an excessive take-off gross weight for
typical endurances of medium altitude long en-
durance (MALE) UAVs.

Fuel cells offer a considerably higher energy
density than batteries [9] and could enable elec-
tric propulsion for MALE UAVs. However their
integration needs to be properly addressed as
fuel cell performance characteristics differ signif-
icantly from those of piston engines. Fuel cell
efficiency, for instance, increases at part load [9]
and the lower operating pressure at altitude can
have a significant impact on fuel cell power levels
[10–12]. To assess those differences properly a
multi-disciplinary design environment is needed.

The current article presents a multidisci-
plinary design and optimisation framework that
enables investigation of these integration differ-
ences. The UAV design and performance anal-
ysis framework is detailed first. After this de-
tailed performance models for piston engines and
fuel cells are described. Those models are then
coupled with the UAV design framework and ap-
plied to a nominal MALE UAV design. For both
propulsion technologies the UAV wing area and
aspect ratio are optimised to minimise the maxi-
mum gross take-off weight of the UAV.
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2 UAV Design and Performance Analysis
Framework

The overall architecture of the UAV design
framework is presented in Figure 1. As shown,
the design is based on mission specifications.
These mission specifications are used to define
an initial geometry and to obtain a first estimate
of the required wing size, and wing aspect ratio,
as well as an initial guess for the take-off weight.
Initial values are derived from a regression anal-
ysis of existing UAVs [13].
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Fig. 1 Structure of the UAV design framework

The airframe geometry is used to calculate
the weight of the various components, and to de-
termine the aerodynamic performance and stabil-
ity derivatives. For a given geometry, two itera-
tions are performed. Take-off weight WTO is up-
dated until convergence, and the component po-
sition is varied to obtain the required static mar-
gin SM. After these iterations are converged, the
propulsion unit is sized and the overall mission
performance is calculated. If the imposed mis-
sion endurance is not reached, the geometry and
take-off weight are updated, and the process is
started over.

Each module of the UAV design and perfor-
mance analysis is described hereafter. Mission
input and modelling is detailed first, after which
aerodynamic and performance calculations are
outlined. Methods used to calculate component
weights are reported next. As several propulsion
technologies are compared in the results section,
the propulsion models are detailed in the next

section.

2.1 Mission

UAVs are predominantly used for surveillance
and reconnaissance missions, hence a typical
surveillance mission is adopted where the UAV
cruises to its target area, loiters over the desig-
nated area, and cruises back to the launch point
(Figure 2). The loiter phase is the main phase
of the mission where the payload is turned on
and the UAV is performing its surveillance task.
For this mission type loiter endurance is the main
input variable for the mission routine. How-
ever, cruise altitude and speed, rate-of-climb and
climb speed, as well as loiter speed need to be
detailed too. For the medium altitude long en-
durance (MALE) UAVs in this investigation a
cruise altitude of 20,000 ft (6096m) is selected.
Cruise (ingress and egress) speed is set at 80 kts
(43.2 m/s) while a loiter and climb speed of 65
kts (35.1 m/s) are adopted. Rate-of-climb varies
from 6.5 m/s at sea-level to 2.7 m/s at top-of-
climb and ingress and egress distance is set to 100
nm (185.2 km) [14, 15].

Take-Off

Climb

Ingress Egress

Descent

Land

Loiter

Hold

Fig. 2 Segments used in the mission profile

2.2 Aerodynamics and Performance

Aerodynamic and stability and control are calcu-
lated with the digital version of the USAF Sta-
bility and Control Data Compendium (DatCom)
[16, 17]. Trimmed lift and drag data is gener-
ated for all flight conditions as input for the mis-
sion performance calculation. DatCom results
are also used to calculate the static margin and a
minimum static margin of 10% is imposed [18].

Performance is calculated for each mission
segment (Figure 2) based on the trimmed aero-
dynamic data. Energy-intensive flight segments
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like climb, ingress, loiter, egress and descent
are divided into multiple subsections for accu-
racy. For each energy-intensive flight segment,
Breguet style equations are employed [19]. Once
the total energy requirement is known the weight
of the energy source and the overall aircraft take-
off weight are updated.

2.3 Geometry

Throughout the design iterations fuselage size is
updated to ensure that the fuselage has the neces-
sary internal volume to store all components. The
fuselage shape is based on minimum drag shapes
for axisymmetric bodies [20].

Wing geometry is defined based on wing
area, wing aspect ratio, and wing taper ratio. A
straight-tapered wing geometry is assumed for all
cases. The wing is unswept and an SD7062 air-
foil is used. This airfoil was selected for its good
aerodynamic performance and high lift capability
at low Reynolds numbers [6].

Wing location is selected so that the aerody-
namic centre of the wing is positioned at 48% of
the length of the fuselage [21]. This assures a rea-
sonable tail moment arm for sizing and ensures
trimmability in DatCom.

Both the horizontal and vertical tail are sized
using tail volume coefficients [18, 22–27]. The
horizontal tail volume coefficient Vht is set to 0.45
[18, 24–27]. As the vertical tail area strongly
depends on the wing span, the vertical tail vol-
ume coefficient is linearly decreased with wing
aspect ratio. Without this vertical tails become
excessively large at low aspect ratios and ex-
tremely small at high aspect ratios. Based on
trends for sailplane vertical tails [27], the verti-
cal tail volume coefficient is set to 0.015 for a
wing aspect ratio of 15 and decreases linearly
to 0.009 at a wing aspect ratio of 25. A corre-
sponding increase for lower aspect ratio wings
is also adopted. Two constraints are imposed on
the fuselage length to ensure a tail moment arm
that allows trimming. The first constraint sets
the minimum fuselage length as 35% of the wing
span [21]. This protects the fuselage minimum
length for high aspect ratio cases. The second

constraint ensures that the fuselage is longer than
3 mean aerodynamic chords, which acts as a pro-
tection for low aspect ratio cases.

The horizontal tail aspect ratio is set to 4.5
for a taper ratio of 1 [18, 22–24, 27]. Vertical tail
aspect ratio is taken as 1.5 with a taper ratio of 0.5
[18, 22–24, 27]. Ailerons cover 20% of the wing
chord and 50% of the wing span. The elevator
spans the entire horizontal tail and covers 50% of
the tail area while the rudder takes up 40% of the
vertical tail.

2.4 Weight Calculations

To calculate the overall take-off weight, the fol-
lowing breakdown is used:

WTO =WE +WPL +WF (1)

where WTO is the take-off weight of the aircraft,
WE is the aircraft empty weight, and WPL is the
weight of the payload. The mission ’fuel’ weight
WF is calculated based on the mission specifi-
cation and the fuel/energy consumption of the
propulsion technology under consideration. The
aircraft empty weight is calculated using a com-
ponent weight build-up:

WE = (WAF +Wsys +Wprop) · (1+MEW ) (2)

where WAF is the airframe weight, Wsys is the
weight of the systems and avionics, Wprop is
the weight of the total propulsion system, and
MEW presents a 6% growth margin on the empty
weight to account for small differences in build
quality, construction, . . . [18, 28, 29].

The airframe weight is split into the wing
weight, fuselage weight, empennage weight,
and tailboom weight. Wing weight is calcu-
lated using the physics-based methodology de-
scribed in ref. [30] to accurately reflect changes
in component weight with size. Three addi-
tional regression-based methods are added for
improved accuracy during the optimisation runs.
A method for general aviation aircraft wings was
adopted from ref. [22]. The other two methods
are derived from sailplane correlations given in
refs. [18, 26]. The final wing weight is taken as
the average of the 4 prediction methods.
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Fuselage and empennage weight are calcu-
lated using the average of two regression meth-
ods [18, 31]. The weight of the systems and
avionics, electrical wiring, and electrical systems
is calculated based on the methods presented in
refs. [18, 21]. An autopilot weight of 10 lbs is
used [18], and a power consumption of 15 W per
lb of system is assumed for the avionics [32].
Propeller weight is calculated using the method
from refs. [18, 33]. Finally, where applicable, the
weight of the brushless DC motor is determined
from a regression analysis on a large database of
brushless DC motors [34] while the weight of
the electronic speed controller is taken as 0.04
kg/kW [18, 35].

2.5 Propeller

While a detailed sizing and optimisation of the
propeller is beyond the scope of this article, the
variation in propeller efficiency with flight condi-
tion can have a significant impact on the perfor-
mance estimates [36]. A method is thus adopted
that allows a rapid evaluation of the propeller
efficiency while still providing accuracy across
the entire mission. The adopted methodology is
based on the so-called propeller polar [37]:

CP

J2 =

(
m+n

CT

J2

)
(3)

where CP represents the power coefficient of the
propeller, J is the propeller advance ratio, and
CT is the thrust coefficient. Based on measured
propeller performance [38] it is furthermore as-
sumed that the thrust coefficient varies linearly
with the advance ratio:

CT = a+bJ (4)

Whereas this assumption is not valid at low
advance ratios, it gives an accurate approxima-
tion of the propeller performance across the ex-
pected operating range for the main flight phases.
Combining the two previous equations further-
more allows a simple expression for the propeller
efficiency:

η =
aJ+bJ2

mJ2 +nbJ+na
(5)

This expression is used to fit data of a typ-
ical variation in normalised propeller efficiency
with a normalised advance ratio [22]. The ad-
vance ratio is normalised by its value at the peak
efficiency while efficiency is normalised by its
peak value. Using a non-linear least squares fit
on the data of ref. [22] results in the follow-
ing coefficients:a = 0.9106; b = −0.641; m =
0.06075; n = 0.7772. The efficiency at the dif-
ferent flight conditions can be determined once
the normalisation values for both advance ratio
and efficiency are known. Here, peak efficiency
is set to 83% while the advance ratio at which the
peak efficiency occurs is, on the other hand, set
at the mid-loiter point so that the propeller op-
erates close to its peak efficiency for the most
energy-demanding phase of the flight. For off-
design operation the rotational speed to deliver
the required thrust is calculated. The propeller
diameter is determined using the method from
refs. [22, 39]. The diameter is calculated for
climb, ingress, egress and loiter and the maxi-
mum value of all 4 flight conditions is taken.

3 Propulsion Systems Modelling

As a comparison is made between piston engines
and fuel-cell-based propulsion system, a detailed
description of the modelling method adopted for
both technologies is given next. Piston engine
models are detailed first, while fuel cell, brush-
less DC motors and hydrogen storage models are
subsequently described.

3.1 Piston Engines

The current section describes scaling laws and
a performance model for piston engines. Scal-
ing laws are derived from a database of 488 pis-
ton engines. Of those, 294 are two-stroke en-
gines, and 194 use a four-stroke cycle. Entries
in the database range from small hobby-market
engines to large engines used on general aviation
aircraft1. Regression dilution is avoided using the

1Manufacturers in the database include a.o. 3W, Conti-
nental, Desert Aircraft, DL Engines, Enya, Evolution En-
gines, Hirth, Honda, Limbach, Lycoming, Northwest UAV,
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techniques described in ref. [13].

3.1.1 Engine Power and Mass

As suggested in ref. [40], engine physical and
performance properties are analysed with respect
to the engine displacement volume. As will be
shown, this leads to good correlations and identi-
fiable trends for all considered parameters. How-
ever, engine displacement is of little use when de-
signing an aircraft or calculating its performance.
In a first step engine displacement is therefore
correlated with engine peak power and a power
law regression is performed [40]:

Vd = APB
eng (6)

where Vd is the total engine displacement, and
Peng is the engine peak power. A good corre-
lation is obtained between peak power and total
displacement (Figure 3). This is reflected by the
small relative uncertainty (R.U.) on the regres-
sion fits (Table 1).
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Fig. 3 Engine displacement as function of engine
peak power.

A large spread exists on each of the datasets,
and the data for the different engine types shows
a significant overlap. The identified correlations
are nonetheless statistically different, as shown
by a two-sample t-test on the two datasets (per-
formed using the MATLAB R© ttest2 func-
tion, without assuming equal variances of the
datasets).

OS Engines, RCV Engines Ltd., Rotax Engines, Saito,
Thunder Tiger, and Zenoah.

Table 1 Regression coefficients for power-law fits
of engine displacement as a function of engine
peak power, where Vd is in cm3 and P in kW. 2S
indicates two-stroke engines while 4S stands for
four-stroke.

A B R2 R.U.
2S 8.6163 1.1540 0.9708 3.5%
4S 11.8987 1.2242 0.9847 5.2%

Note that the accuracy of the fit for two-stroke
engines reduces for small engine displacements
(Figure 3). For small engines, friction losses and
charge leakage through the cylinder-piston gap
namely become dominant [41]. Care must thus
be taken when engine power is less than approx-
imately 500 W.

With the engine displacement volume known,
engine mass can be determined next. A similar
power law regression analysis was performed to
obtain engine mass (meng) as function of engine
displacement (Figure 4 and Table 2):

meng = AV B
d (7)
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Fig. 4 Engine mass as function of engine dis-
placement.

3.1.2 Torque and Rotational Speed

Engine rotational speed and torque need to be de-
termined so that the engine and propeller can be
matched. To allow engine scaling, a regression
analysis was performed on the rotational speed
and torque at peak power. Both correlate well
with engine displacement for the two-stroke and
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Table 2 Regression coefficients for power-law fits
of engine mass as a function of engine total dis-
placement, where meng is in kg and Vd in cm3. 2S
indicates two-stroke engines, while 4S stands for
four-stroke

A B R2 R.U.
2S 0.1029 0.8667 0.9580 3.8%
4S 0.0532 0.9126 0.9893 3.5%

four-stroke engines (Figures 5 and 6). For both
parameters a power-law fit was determined:

RPMpeak = AV B
d (8)

Qpeak = AV B
d (9)
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Fig. 5 Engine rotational speed at peak power as
function of engine displacement.

The regression coefficients for rotational
speed and torque are given in Tables 3 and 4 re-
spectively. A good fit is obtained for both param-
eters with goodness-of-fit values above 0.9 for
all but the regression for rotational speed for the
two-stroke engine. The relative uncertainty val-
ues for both regressions are below 10% for the
two engine types which makes the laws suitable
for use in early design stages. Note that the three
outliers for two-stroke engines of small displace-
ment are not considered when determining the
correlation but are included in the figures to in-
dicate the spread on the data.

Table 3 Regression coefficients for power-law fits
of engine rotational speed as function of engine
displacement, where RPMpeak is in RPM and Vd
in cm3.

A B R2 R.U.
2S 19394 -0.1843 0.7892 5.2%
4S 19175 -0.2217 0.9349 7.6%
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Fig. 6 Engine torque at peak power as function
of engine displacement.

Table 4 Regression coefficients for power-law fits
engine torque at peak power as function of engine
displacement, where Qpeak is in Nm and Vd in
cm3.

A B R2 R.U.
2S 7.732 ·10−2 1.0571 0.9829 7.4%
4S 6.425 ·10−2 1.0355 0.9956 3.6%

3.1.3 Engine Efficiency

While data on engine power, displacement, mass,
torque and rotational speed are readily available,
efficiency is typically not given by manufacturers
for all but the largest (general aviation) engines
[40]. While efficiency generally decreases grad-
ually when scaling down engines, it has further-
more been shown that a simple power law looses
accuracy for engines with a displacement below
10 cm3 [40]. The following modified power law
is therefore adopted [40]:
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η =
AV B

d ·
(

1−CV−2/3
d

)
100

(10)

where η is the thermal efficiency of the engine at
peak power, and A and B are the standard power-
law regression coefficients. The additional re-
gression coefficient C is introduced to account for
the rapid decline in efficiency for small engines
[40]. For engines with displacement larger than
10 cm3, C is taken as zero while two values are
proposed for smaller engines: 0.84 when the en-
gine has a muffler, or 0.24 for engines without
mufflers [40]. Note that those values are derived
for glow engines.

In ref. [40] a value of 14.21 for A and a slope
B of 0.08 is proposed for all engine types. For
the current model 0.08 is retained for the slope
B. However, for the proportionality constant A,
a differentiation is made between the various en-
gine types based on data from Rotax engines (Ro-
tax 447, 503, 582, 912 UL, 912 ULS and 914)
and measurements from refs. [42–47]. Neverthe-
less, separating engine classes is hard as scatter
on engine efficiency is large, as was also noted
in ref. [40]. To overcome this, the regression
coefficient A is calibrated from the larger Rotax
engines. Based on these calibrations a value of
12.21 is adopted for two-stroke engines, which
matches well with data on 100 cm3 engines from
refs. [43, 47, 48]. For four-stroke engines, on the
other hand, A is taken as 16.14 which is average
value for the Rotax 912UL, 912ULS, and 914 en-
gines. This value aligns with measured data for
small (25 to 35 cm3) Honda four-stroke engines
[42, 44, 46]. The resulting fits are shown in Fig-
ure 7.

3.1.4 Engine Performance Maps

While the above correlations give values for ef-
ficiency at peak power, for mission calculations
efficiency also needs to be known at other oper-
ating points. To determine engine efficiency at
off-peak conditions, normalised efficiency maps
are created based on data for a small two-stroke
engine [49], and a 1.9 litre 95 kW four-stroke en-
gine [50]. Map scaling is accomplished by nor-
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Fig. 7 Variation of efficiency at peak power with
engine displacement. Data points from refs. [42–
44, 46, 47] are indicated by triangles, while data
points from ref. [40] are given by circles.

malising the rotational speed with the value at
peak power, while torque is normalised by the
wide-open throttle line and engine efficiency is
scaled with the efficiency at peak power.

The following analytical expression is fitted
to the normalised data [50, 51]:

η= a0+a1x+a2y+a3xy+a4x2+a5y2+a6x2y
+a7x ln(x)+a8y ln(y)+a9 ln(x)+a10 ln(y),

(11)

where a0 through a10 are the fitting coefficients, x
is the non-dimensionalised rotational speed, and
y is the non-dimensionalised torque. The coef-
ficients for the two maps are given in Table 5
and the resulting normalised efficiency maps are
shown in Figures 8 and 9. R2-values above 0.990
are obtained for the two-stroke map, while the
four-stroke engine map was approximated with
an R2-value of 0.940.

As engine torque is non-dimensionalised by
the wide-open throttle line, the torque at wide-
open throttle is fitted with a fourth-order polyno-
mial:

y = p1x4 + p2x3 + p3x2 + p4x+ p5, (12)

where p1 through p5 are the fitted coefficients, x
is the non-dimensionalised rotational speed, and
y is the non-dimensionalised torque at wide-open
throttle. The coefficients of the polynomial are
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Fig. 8 Normalised efficiency map for two-stroke
engines. Contour levels indicate normalised ther-
mal efficiency, with normalisation performed us-
ing the thermal efficiency at peak power.

Fig. 9 Normalised efficiency map for four-stroke
engines. Contour levels indicate normalised ther-
mal efficiency, with normalisation performed us-
ing the thermal efficiency at peak power.

Table 5 Regression coefficients for the non-
dimensionalised efficiency maps.

2S 4S 2S 4S
a0 -1.503 0.6824 a6 2.931 0.5358
a1 -1.002 0.717 a7 0.1971 -3.66
a2 -0.9827 0.8585 a8 2.129 3.048
a3 1.703 -0.6433 a9 -6.341 -0.451
a4 -0.06857 1.258 a10 0.7024 0.7318
a5 -1.324 -2.492

given in Table 6. R2-values above 0.995 are ob-
tained for each WOT line.

The non-dimensionalised maps and wide-
open throttle lines can be used in combination
with the regression fits for RPM, torque, and ef-
ficiency at peak power (equations 8, 9 and 10)

Table 6 Regression coefficients for the non-
dimensionalised wide-open throttle line.

2S 4S
p1 -3.423 -4.211
p2 11.75 10.27
p3 -15.38 -9.348
p4 8.188 3.821
p5 -0.1326 0.4742

to create unscaled maps of engines of a different
displacement.

3.2 Altitude Effects

As reciprocating engines use atmospheric air
both the power output and efficiency of the en-
gine are affected by the operating pressure. Al-
titude effects on power can be accounted for
through the Gagg-Farrar correction [21, 37, 52]:

φ(σ) =
σ−D
1−D

(13)

where D is 0.12 for typical piston engines [37],
and σ represents the ratio of the air density at the
considered altitude to the air density at sea level.
Power at altitude is then given by:

P(σ) = φ(σ)PSL (14)

and it is assumed that this correction factor ap-
plies equally across the entire engine map [21,
37, 52].

Brake specific fuel consumption (BSFC), or
engine efficiency, is also corrected for altitude
[21]:

FBSFC =
σ · (1−E)
(σF −E)

(15)

where E is 0.065 and F is 1.117 for large general
aviation ICEs [21]. In the absence of detailed in-
formation, this altitude correction is assumed to
apply to all engine types. Brake specific fuel con-
sumption at altitude (BSFCalt) is then given by:

BSFCalt = FBSFCBSFCSL (16)

where BSFCSL is the fuel consumption at sea-
level.
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3.3 Protom Exchange Membrane Fuel Cell
Model

The current section describes the model used to
size the proton exchange membrane (PEM) fuel
cells. The weight and dimensions of the fuel cell
are determined based on the required peak power
of the fuel cell. Fuel cells need to be combined
with brushless DC motors. Their performance is
modeled here using the methodology described
in ref. [34]. Variations in the zero-load current,
motor armature resistance, and motor speed con-
stant with continuous output power are modelled
using correlations based on a regression analysis
of 1743 outrunner motors from 12 manufacturers.

3.3.1 Fuel Cell Weight and Dimensions

Fuel cell sizes and weights have reduced consid-
erably over the last decade due to major devel-
opment programs in the automotive sector. As
a consequence, current fuel cell technology has
a comparable size and weight as internal com-
bustion engines (ICE) as shown on Figure 10.
The figure shows that automotive fuel cells are
on par or even outperform ICE for both specific
power and power density. For the investigations
reported here a specific power of 2500 W/kg and
a power density of 3.7 W/cm3 are adopted for a
90 kW fuel cell.

The power density and specific power can
then be used, in conjunction with the fuel cell
peak power (which is derived from the mission
under consideration), to determine the fuel cell
dimensions. Before this can be done, however
the number of cells in the stack needs to be deter-
mined first.

For large PEM fuel cells data is taken from
[59, 60] to derive trends. For fuel cells ranging
from 5 kW to 180 kW the number of cells scales
almost linearly with output power. The following
expression was therefore adopted:

N = 3 ·Ppeak (17)

Fuel cell stack height on the other hand is
found to correlate well with the number of cells:

hstack = 0.857 · (N −75)+0.25 (18)
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Fig. 10 Ragone plot to indicate progress in
fuel cell technology (adapted from [53] with au-
tomotive data from [54, 55]). Additional data
from [55–60] is added as indicated in the legend.
Adopted value is indicated by the cyan star.

The cell area is on the other hand determined
as function of the peak power to meet the speci-
fied power density. Fuel cell weight is calculated
from the specified specific power. To account
for scaling effects, the nominal power density
and specific power are adjusted for fuel cell size
based on trends identified in [59]. Adjustment
factors are given in Table 7 where SPF stands for
specific power factor and PDF denotes the power
density factor. A linear interpolation between the
values reported in Table 7 is used for intermediate
powers [59].

Table 7 Adjustment Factors for Specific Power
(SP) and Power Density

Ppeak [kW] SPF PDF
10 0.833 0.7
30 0.815 0.808
90 1 1

150 1.158 1.167

3.3.2 Fuel Cell Efficiency

The efficiency of a PEM fuel cell will, in con-
trast to most reciprocating engines, improve at
part load. In contrast to small fuel cells, effi-
ciency for large fuel cells furthermore depends on
the size (power) of the fuel cell. Large fuel cells
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namely typically employ a much more compli-
cated balance-of-plant (BOP). While small fuel
cells use fans to provide air, large fuel cells use
compressors and operate at higher than ambient
pressure. While this can improve fuel cell per-
formance, the parasitic losses of the BOP will
change with the nominal power of the fuel cell
and the assumption of constant normalised effi-
ciency no longer holds [59]. In the investiga-
tions presented in this report this is accounted
for based on data from [59] as shown in Figure
11. For intermediate power levels, the efficiency
curves are interpolated linearly [59].
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Fig. 11 Fuel Cell Efficiency in function of nor-
malised power

With the fuel cell efficiency known, fuel con-
sumption is determined based on the lower heat-
ing value (LHV) of hydrogen:

ṁF =
P

ηFC ·LHV
(19)

where P is the power required from the fuel cell
for the mission phase under consideration and
ηFC is the fuel cell efficiency at the normalised
power. The lower heating value for hydrogen is
taken as 119.98 MJ/kg.

3.3.3 Altitude Effects

As fuel cells use ambient air to provide en-
ergy, their performance will change with alti-
tude. While some investigations report changes
in loss contributions and parasitic power require-
ments for the fuel cell BOP, only limited data is
available on altitude effects [10–12, 61]. In gen-
eral it is therefore assumed that fuel cell power
varies with oxygen partial pressure as given by

the Nernst equation [62]:

E = E0+

(
RT
2F

)
· ln
[

PH2

PH2O

]
+

(
RT
2F

)
· ln
[
P1/2

O2

]
(20)

In the absence of more detailed data fuel cell
power is therefore assumed to vary with the nat-
ural logarithm of the operating pressure.

3.4 Hydrogen Storage

While PEM fuel cells are more efficient and can,
potentially, be lighter than incumbent technology,
they operate on hydrogen. With a lower heating
value of 119.98 MJ/kg hydrogen is much lighter
than conventional aviation fuels. However hydro-
gen has a much lower density than conventional
liquid fuels, even when stored at high pressure or
as a (cryogenic) liquid. Hydrogen storage tech-
nology is thus key to the performance of fuel-
cell-powered vehicles and aircraft as was demon-
strated by the three-fold increase in endurance
of the Spider-Lyon UAV when converting from
compressed gaseous hydrogen (GH2) to liquid
hydrogen (LH2) [63–65].

Hydrogen storage can broadly be divided into
3 categories [9]: compressed GH2, chemical stor-
age, and LH2. As chemical storage has, to date,
not been used for larger aviation applications,
only the compressed gas and liquid hydrogen
storage categories are considered here.

3.4.1 Hydrogen Storage Modelling

Both types of hydrogen storage have been mod-
elled so that comparisons can be made. Rather
than adopting a single gravimetric and volumetric
density for each technology, the impact of storage
capacity on the tank size and weight have been in-
cluded. After all smaller tanks will tend to have
much lower gravimetric and volumetric densities
than tanks containing a considerable amount of
hydrogen. To include these effects both gravi-
metric and volumetric density are varied with the
natural logarithm of the stored hydrogen quantity.

The gravimetric and volumetric densities for
the considered storage technologies are shown on
Figure 12. For each technology the hydrogen

10
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quantities used to determine the lines on the Fig-
ure are included between brackets. They roughly
indicate the applicability of the technology. A
tank length-to-diameter ratio of 3 is assumed for
all tanks in this investigation.
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Fig. 12 Adopted models for the different storage
technologies (adapted from [66] with additional
data from [9, 67, 68])

As fuel cells require the use of brushless DC

4 Results

MALE UAVs have widely varying quoted times
on-station. Endurances range from 6 hours for
smaller platforms to 24-40 hours for larger scale
MALE UAVs. For the investigations in this work
time-on-station was thus varied from 6 to 70
hours so that a large range of platform sizes can
be explored and differences between propulsion
technologies become more apparent. For each
technology and endurance value, the wing area
and wing platform are optimised so that the air-
craft with minimal take-off gross weight is found.
Optimisation is initiated using a latin hypercube
design with a population size of 45 and is evolved
over 5 generations with the MATLAB R© in-built
particle swarm optimisation algorithm. A popu-
lation based algorithm is used to initiate the op-
timisation to ensure that a global minimum is
found rather than a local minimum. Once the
5 generations are computed, the solution is fur-
ther refined using the MATLAB R© gradient-based
fmincon algorithm. Constraints are applied to
ensure that a sufficient margin is obtained over

the stall speed of the aircraft and to restrict oper-
ation to reasonable Reynolds numbers [6].

The baseline MALE UAV is sized to house a
payload of 100 kg that draws 1500 W of power.
This is a typical operational payload of a Predator
A mission [21] and allows to carry both EO/IR
and a full SAR payload. For instance, a Ver-
satron Skyball EO/IR with supporting electronics
and a Lynx SAR payload have a combine weight
of 82.1 kg [21]. Results of this investigation are
given in Figures 13 to 14.

Figure 13 shows that the weight of the plat-
forms that use an internal combustion engine
rises much more rapidly than that of those who
are powered by fuel cells. For the comparatively
large fuel weights of those platforms the weight
reduction due to the much higher LHV of hy-
drogen more than compensates the increase in
tank mass. Take-off weights around 1500 kg are
reached for an endurance around 30 to 40 hours
for the piston engine powered vehicles. For fuel-
cell powered vehicles, on the other hand, take-off
gross weight is about half this value at this en-
durance. Even for a much larger endurance the
MTOW of the MALE UAV with PEM fuel cells
does not exceed 1000 kg. As the hydrogen stor-
age capacity of the tanks becomes significant, liq-
uid hydrogen storage shows a significant advan-
tage over gaseous compressed storage. Even for a
loiter endurance of 70 hours, the maximum take-
off weight with liquid hydrogen only reaches 560
kg.

750 5 10 15 20 25 30 35 40 45 50 55 60 65 70

1,500

250

500

750

1000

1250

Endurance [hr]

M
TO

W
 [k

g]

PEM LH2

Four-Stroke

PEM GH2

Two-Stroke

Fig. 13 Take-Off Weight for the MALE UAV cat-
egory

Figure 14 shows that the large reduction in
fuel mass also influences the empty weight of
the vehicle. The empty weight of the MALE
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UAVs which use fuel cells is lower than that of
the piston-powered vehicles. A large part of the
vehicle empty weight is namely influenced by the
take-off weight. Wing weight, for instance, in-
creases with wing area and the drastic reduction
in fuel weight (and take-off weight) leads to a
much smaller wing area. Wing loadings for all
considered propulsion systems are namely very
similar (around 90-95 kg/m2). Similar observa-
tions can be made for the weights of the other
components of the airframe.
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Fig. 14 Empty Weight for the MALE UAV category

The significant impact of the fuel weight also
influences the size of the engine / motor, as
shown on Figure 15. The overall reduction in
take-off weight more than compensates the more
rapid loss of power with altitude for the fuel cells,
and a much smaller motor is required for the fuel
cell vehicles. Despite the lower engine power, the
power-to-weight ratio for the fuel-cell-powered
vehicles increased to around 150-160 W per kg
of MTOW. The UAVs with internal combustion
engines, on the other hand, have a power-to-
weight ratio that varies from 130 W/kg at low
endurances down to 100 W/kg at the highest con-
sidered endurance.
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Fig. 15 Engine Power for the MALE UAV category

The impact of payload weight was also in-
vestigated for MALE UAVs. After all, this cate-
gory has a wide range of advertised payload ca-
pabilities. The baseline payload weight was dou-
bled to 200 kg and the required payload power
was increased accordingly (to 3000 W). Results
of this investigation are shown in Figure 16. Fig-
ure 16 shows that the increased payload weight
has a strong influence on the overall maximum
take-off mass, especially for the vehicles with in-
ternal combustion engines. The endurance at a
take-off gross weight of 1500 kg decreases by 10
to 15 hours for all internal combustion engines.
The impact on the fuel-cell powered vehicle with
compressed gas storage is equally significant.
While the take-off gross weight of the UAVs
with liquid hydrogen storage also increases, the
MTOW still stays within bounds even at 70 hours
endurance.

The increase in MTOW has a significant im-
pact on the required engine power. At low en-
durances engine power increases from 50 kW
to approximately 80 kW. At an endurance of
70 hours, the fuel cell powered vehicle requires
a motor with approximately 140 kW of power,
while the MALE UAV with the smaller payload
only required 80 kW.
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Fig. 16 Take-Off Weight for the MALE UAV cat-
egory with Larger Payload

5 Conclusion

The current article presents a multidisciplinary
design and optimisation framework that allows
a comparison between piston engines and fuel
cells as a propulsion system for medium alti-
tude long endurance UAVs. While medium alti-
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tude long endurance unmanned vehicles are typ-
ically powered by piston engines, it is shown
that fuel cells can offer significantly higher en-
durance. For a given take-off weight the use
of fuel cells almost doubles the endurance of
the UAV and endurances well over 60 hours are
achievable with take-off gross weights less than
1000 kg. While compressed gaseous hydrogen
storage offers weight reductions compared to pis-
ton engines, liquid hydrogen allows for much
more significant weight reductions especially for
larger payload weights.
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