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Abstract
A proton exchange membrane (PEM) fuel cell is particularly considered as a prime power supply for a fuel cell-powered 
unmanned aircraft system (UAS) as it possesses a very high-power density in comparison with other fuel cell types, hence 
a high potential to be used for high altitude long endurance (HALE) UAS flights. This paper will focus on examining the 
design requirements for the UAS-based 1 kW PEM fuel cell for high altitude operation (10–11 km), which can be correlated 
into a quantitative data to produce a design constraints diagram. The maximum take-off mass, endurance, and geometries for 
potential UAS design are estimated. Four different geometrical design profiles are developed and presented. The resulting 
geometries are analysed and the design parameters of the estimated 1 kW design yielded an aircraft of maximum take-off 
mass 34.8 kg, wingspan of 10.4 m, cruising speed 20 m/s, stall speed 11.23 m/s, and maximum endurance of 4 h. The con-
straint diagram deploys these assumptions as well as values generated through the design calculations to form a possible 
design of which the 1 kW UAS falls slightly outside of the possible design space; this is due to the minimum thrust-to-weight 
ratio required to achieve the desired service ceiling; however, further alterations and adjustments on the design and mission 
requirements are provided to place the design of the UAS within the possible design space.
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Abbreviations
A  Area of the propeller’s rotation path  (m2)
AR  Aspect ratio (-)
b  Wingspan (m)
bf  Maximum width of fuselage (m)
CDmin  Minimum drag coefficient (-)
CLmax  Maximum lift coefficient (-)
Croot  Chord root (m)
Ctip  Chord tip (m)
Dave  Average diameter of fuselage (m)
dto  Take-off distance (m)
e  Oswald efficiency number (-)
FR  Finesse ratio (-)
G  Gravity force (N)
GTOM  Gross take-off mass (kg)
hf  Maximum depth of fuselage (m)

HP  Horsepower (hp)
k  Lift induced drag constant (-)
Kλ  Correction factor of shell mass (-)
lf  Length of fuselage (m)
lt  Distance between ¼ chord points of wing 

root and horizontal (m)
M  Maximum take-off mass (kg)
MAC  Mean aerodynamic chord (m)
Pd  Propeller diameter (m)
PO  Power output (W)
PS  Power supply (W)
q  Dynamic pressure (kg/m2)
S or SWING  Wing surface area  (m2)
SG  Gross shell area  (m2)
Troot  Theoretical root thickness (m)
Tsm  Maximum static thrust (N)
T/W  Thrust-to-weight ratio (-)
V  Airspeed (cruising speed) (m/s)
VD  Design dive speed (m/s)
VSo  Stall speed (m/s)
VV  Vertical speed (m/s)
W  Weight (N)
WG  Gross shell mass (kg)
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Wfr  Gross frame mass: (kg)
Wsk  Gross skin mass: (kg)
Wstr  Gross stringer and longeron mass (kg)
(W/S) or Ws  Wing loading (N/m2)
Wwing  Wing mass (kg)
XLF or Nult  Ultimate load factor (-)
ρ  Density of air (kg/m3)
ρSL  Density of air at sea level (kg/m3)
ηm  Efficiency of motor (-)
ηp  Efficiency of propeller (-)
ηPEM  Efficiency of proton exchange membrane 

fuel cell (-)
λ  Taper ratio (-)

1 Introduction

An unmanned aircraft system (UAS) is an integration of the 
unmanned aerial vehicle (UAV) and a control system which 
allows users to remote control the aircraft. The UAS will 
enable the operator to obtain a real-time photo/video footage 
for large areas and from different altitudes. Some missions 
that are carried out by the UAS require the capability of the 
system to operate at high altitudes reaching up to 11 km, 
and for several days endurance, this type of mission is often 
referred to high altitude and long endurance (HALE) mis-
sion [1].

The first development of the UAS began during the World 
War I; however, none of these aircraft have progressed into 
the testing phase until before the end of the war. During the 
1930s, the experiments on the radio-controlled unmanned 
aircraft systems were carried out and the Royal Navy used 
an adapted DH82 Tiger Moth named Queen Bees [1]. Post-
World War II, production of basic training target (BTT) 
UAS was manufactured, with the first BTT being converted 
to an aerial reconnaissance drone by the mid of the 1950s, 
and the aircraft is now designated as MQM-57 Falconer. 
Furthermore, in the 1982, the US Air Force and Israeli Air 
Force began a joint project whereby they created a UAS by 
the name of RQ2 Pioneer. The U.S. Department of Defence 
spent $3 billion during the 1990s on UAS research and 
operations. In 2001, a UAS named MQ-1 Predator which 
can carry attack missiles was manufactured; since then, an 
updated version of the MQ-1 Predator has been innovated 
and named as MQ-9 Reaper with a greater focus on the uti-
lisation of weaponry in service [2].

The methodology of a conventional aircraft design 
remains similar across the entire aviation community with 
perhaps slight differences in the order of operations and 
design requirements [3, 4]. Tsach et al [5] developed a 
design of a transonic HALE UAV for intelligence mis-
sions focusing on surveillance military and civilian mis-
sions with relatively large payloads of up to 250 kg and 

for a short flight mission of 50 h. Altman [6] developed a 
robust design methodology and performance evaluation 
for low-speed HALE UAVs for the environmental and 
military reconnaissance or communication applications. 
Dababneh et al. [7] reviewed several different techniques 
for wing mass estimations, one of which using statistical 
data from other aircrafts which yields a usable equation 
for wing mass estimations. The assumed material used in 
the mathematical model is aluminium and the aircrafts are 
assumed to be high-speed aircrafts.

Fuel cell is a promising choice for the replacement of 
the conventional combustion engines as they offer a higher 
overall performance efficiency. Proton exchange membrane 
(PEM) fuel cells use hydrogen and oxygen to produce DC 
power, thus can be used in aircraft as they possess high-
power density between 0.5 and 2.5  Wcm−2 in comparison 
with other fuel cells. This means that PEM fuel cell will 
require less space than other fuel cells which allows for 
more available room for fuel to extend endurance of the air-
craft. Coupling this with low operating temperature ranges 
between 50 and 100 °C and low noise level, which provides 
an ideal power source for a reconnaissance UAS, this will 
make the UAS powered by PEM fuel cell very difficult to be 
detected and hence targeted, as the most targeting systems 
rely on thermal tracking techniques for detecting and tar-
geting aircrafts. However, PEM fuel cell suffers from slow 
response to the sudden changes in power demand which can 
be a problematic for aircrafts, as this will limit their dynamic 
performance [8].

Hwang et al. [9] developed a design of EAV-3 HALE 
UAS based on a solar-electric power supply. The EAV series 
of HALE UAS was designed to compete with the Qinetiq’s 
Zephyr 7 the UAS with the longest flight time, with a target 
to stay in flight for up to 5 years [9]. The solar panel pow-
ered UAS is used for high altitude reconnaissance operation 
such as the PHASA-35 solar-powered UAS. Whilst, for low 
altitude flights, lithium-ion battery powered UAS is conven-
tionally used such as the RQ-11 Raven [10]. However, it is 
difficult to obtain a robust design for a solar-powered UAS 
that is capable to endure a wider range of weather conditions 
in comparison with the PEM fuel cell-powered UAS [11]. 
Moreover, a PEM fuel cell-powered UAS has a potential for 
larger endurances than lithium-ion battery powered UAS. 
Meta Vista achieved a world record endurance of 12 h, uti-
lising 6 L of liquid hydrogen cylinder and 800 W Intelligent 
Energy PEM fuel cell, with their commercial PEM fuel cell-
powered UAS (The DJI M600) [12, 13]. Therefore, a PEM 
fuel cell-powered UAS could have a greater balance of the 
desired design requirements (e.g., endurance and robust) 
than a solar or lithium-ion-powered UAS. The world’s 
best-selling commercial UAS is the DJI M600, which has a 
maximum take-off weight of 15 kg and a maximum payload 
weight of up to 2.5 kg and has an endurance of up to 2 h 
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whilst utilising Intelligent Energy’s 2.4 kW PEM fuel cell 
[12, 14].

The Ion Tiger is the first practical UAS designed using 
fuel cell power developed by the US Naval Research Labora-
tory NRL. The design consists of a fuselage encapsulating 
the liquid hydrogen, wingspan of 5.18 m located at the top 
of the fuselage, and a cruciform empennage, with the aid of 
a horizontal stabiliser positioned half way up the vertical 
stabiliser all of which amounting to 16.78 kg, as shown in 
Fig. 1. The NRL recorded an unofficial flight time of 48 h 
for the Ion Tiger in 2013. The initial design has been devel-
oped to a new concept design, named as The Hybrid Tiger, 
which implemented the original Ion Tiger design utilising 
solar arrays located on the wings of the UAS. The Hybrid 
Tiger has a gross take-off mass (GTOM) of 25 kg, wingspan 
of 7.3 m, and about 2 days endurance. A high wing mono-
plane with a large lift/drag ratio of 21:1 can fly efficiently at 
15 m/s. The frame of the aircraft accounts for less than 30% 
of total take-off mass and is made from a spread-tow carbon 
fibre and foam sandwich composite skin, which allows for 
a light-weight and robust design, and empty Hydrogen tank 
accounts for 33% of total take-off mass [11, 15].

For a large aircraft with wingspan 33.22 m, Tulapurkara 
et al. [16] used a fuselage length-to-wingspan ratio (lf/b) of 
1.05. Whereas, for a light-weight RC aircraft with a wing-
span of 1.68 m, an lf/b ratio of 0.75 was reported. There 
are two methods which are used to estimate the mass of an 
aircraft’s fuselage; these are the Torenbeek and Affdl meth-
ods. Torenbeek’s method is a default recommended choice 
and consists of breaking the mass of the fuselage down into 
categories (shell skin, stringers, bulkheads, supports, and 
floors); this method is sensitive to pressurisation levels and 
design load factors [17].

This paper will focus on examining the design require-
ments for an unmanned aircraft system based on 1-kW PEM 
fuel cell for high-altitude operation (10–11 km), which can 
be correlated into a quantitative data to produce a design 

constraints diagram, where there is a limited research in this 
area for small-scale UAS which is powered by the relatively 
new power source. In this research, the impact of changing 
the capacity of the power system on the design requirements 
of the UAS and the design constraints will be investigated, 
also the estimation of the power required for each flying seg-
ment and the potential endurance of 1 kW fuel cell system, 
and the impact of take-off distance up on the wing loading 
and stall speed of the proposed UAS design, and different 
wing geometries, will be examined and addressed.

2  Power and mass estimation of unmanned 
aircraft system‑based PEM fuel cell

For a PEM fuel cell-powered UAS, the power delivered by 
the propeller subjects to the efficiency of the PEM stack and 
the propeller [17]. To obtain maximum power output which 
the propeller delivers, efficiencies must be taken into account 
as given in Eq. 1 [18].

where Po represents maximum power delivered by the pro-
peller, Ps is the power supplied to the motor in watts (W), 
ηm is the efficiency of motor, ηp is the efficiency of pro-
peller, and ηPEM is the efficiency of PEM fuel cell stack. It 
has been assumed that the motor for UAS applications can 
have an efficiency of 85–95% [19, 20]. For a commercial 
aircraft, Sforza [21] claimed that propeller’s efficiency is 
in the region of 82–92%, whereas Shariff [22] claimed in 
his research for a smaller aircraft with wingspan equal to 
1.445 m; that an efficiency of 65–74% is achieved with the 
propeller. Gudmundsson [23] claimed that efficiency of the 
propeller varies throughout the different phases of the air-
craft’s flight. Saleh et al. [24, 25] claimed that for a 1 kW 
PEM fuel cell, Horizon operates at a maximum output of 
877 W with a current rating of 20 A, achieving 87.7% effi-
ciency. Therefore, in this research, the propeller efficiency 
is assumed to be 80%. The efficiency value can be applied to 
Eq. 1 above to generate the power delivered by the propeller.

Saleh [26] reported that the whole flight of the air-
craft can be split into three phases (climbing, cruising, 
and descending), estimated that a UAS-based 1 kW PEM 
power plant system needs 60 min to climb to the altitude 
of 36,000 ft. (11 km) at climbing speed of 11 km/h, with 
a 100% load power required for climbing phase which is 
found to be 877 W due to the operational efficiency of the 
stack. Whilst during the cruising phase, the drawn power 
from the fuel cell stack was assumed to be 65% of the maxi-
mum power plant capacity. Also, the UAS was assumed to 

(1)Po = Ps × �m × �p × �PEM

Po(1kW) = 1000 × 0.877 × 0.95 × 0.80 = 666.52 W

Fig. 1  The Ion Tiger high endurance UAS developed by the US Naval 
Research Laboratory (cited from [15])
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spend 45 min for descending from 11 km cruising altitude, 
with a drawn power to be 35% of the maximum power plant 
capacity. Accordingly, the power demand for 1 kW PEM fuel 
cell stack is determined as in Table 1.

To estimate the endurance of the flight, mass estimation 
of the UAS and the carried payload must be essentially deter-
mined. Saleh [26] reported that a total of 16.1 kg mass of 
hydrogen and oxygen vessels are required to operate a 1 kW 
PEM fuel cell system for 4 h cruising time at 11 km high-
altitude UAS. The Hybrid Tiger’s fuel container accounts for 
33% of the maximum take-off mass of the aircraft; therefore, 
the mass estimate of the fuel container can be made when all 
other contributing masses are determined [11].

The estimated masses of the main components for the 
1 kW PEM fuel cell-powered UAS as reported in the lit-
erature [19, 26–29] are presented in Table 2. To investigate 
the impact of changing the capacity of the power system on 
the design of the UAS, it is assumed the body of the aircraft 
weighs 10 kg for the 1 kW system. The total estimated mass 
of 33.12 kg for the 1 kW powered UAS will be adapted in 
this research to investigate the design requirements and the 
related constraints.

A maximum static thrust represents the maximum amount 
of thrust produced by the propeller, whilst the aircraft is still 
stationary. The maximum static thrust Tsm in (N) can be 
determined by Eqs. 2 and 3 [26].

where ρ is the density of air (kg/m3), A is the area of the 
propeller rotation path  (m2), Po is the power output of the 
propeller (W), and Pd is the propeller diameter (m). The 
maximum static thrust-to-weight ratio is given in Eq. 4 [30].

where M is the mass in (kg) and g is the gravitational con-
stant (9.8 m/s2). If maximum static thrust-to-weight ratio can 
be assumed, hence the total permissible mass for the UAS 
can be determined. Greatrix [31] reported that most of the 
conventional fixed wing aircraft possess a maximum static 
thrust-to-weight ratio of 0.2–0.4. Using Eqs. 1–4 above to 
determine the maximum permissible mass of the UAS for 
the maximum static thrust-to-weight ratios of 0.2 and 0.4, 
respectively, based on 1 kW PEM Fuel Cell power systems, 
and for different propeller diameters, as presented in Fig. 2.

In general, a PEM fuel cell itself is a heavy component 
and the fuel tank itself even heavier therefore allowing for 
more total take-off mass [3]. Therefore, in this research, a 
maximum static thrust-to-weight ratio of 0.2 will be adapted, 
as it allows more mass for hydrogen fuelled PEM fuel cell-
powered system to be carried, which will extend the endur-
ance mission of the UAS.

3  Wing design calculations

The design calculation of the wing loading W/S (N/m2) of 
the aircraft is mainly governed by the characteristics and 
boundaries of stall condition, take-off distance, total weight 
of the aircraft, and the power of the propulsion system, as 
given in Eqs. 5–7 [3].

where, ρ is the density of air at sea level (1.225 kg/m3), 
CLmax is the maximum lift coefficient (assumed to be 1.0) 

(2)Tsm = (2� × A × P2
o
)
1∕3

(3)A = �

(

Pd

2

)2

(4)Maximum Static Thrust toweight ratio =
Tsm

M × g

(5)VSo =

(

2 ×
W

S

� × CLmax

)

1

2

(6)HP

W
=

2.44

550�p
×

1

gdto

(

1

�CLmax

×
W

S

)
3

2

(7)HP =
Po

745.7

Table 1  Power requirements for each flight phase of the 1 kW PEM 
fuel cell systems [26]

1 kW PEM fuel cell stack

Flying phases Fuel cell stack 
current (A)

Fuel cell output 
power (W)

Power delivered 
by propeller (W)

Climbing 20 877 666.126
Cruising 13 609 462.84
Descending 7 352 267.52

Table 2  Initial mass estimation of the main components for the 1 kW 
PEM fuel cell-powered UAS

Components Mass (kg)

Aircraft body 10
Payload 1
PEM fuel cell (with fan and casing) 4
PEM fuel cell controller 0.4
Oxygen and hydrogen vessels 16.1
BLDC motor 0.396
Propeller 0.43
Electronics 0.5
Heater 0.3
Total 33.126
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[32, 33], VSo is the stall speed (m/s), HP is the generated 
horsepower (hp), W is the maximum take-off weight of the 
aircraft (N), ηp is the propeller efficiency, g is the gravita-
tional constant (N), dto is the take-off distance (m), and Po is 
the power delivered by the propeller (W). The stall speed of 
the aircraft is the minimum speed at which a particular air-
craft must fly at to satisfy (Lift > Take-off weight) and, there-
fore, stay aloft. Therefore, it is important to maintain flying 
speed of the aircraft beyond its design stall speed [34]. From 
Table 1, the power delivered by the propeller is 666.1 W 
(0.893 HP) for the 1 kW PEM fuel cell-powered UAS sys-
tem, and using Eqs. 5–7, the relationship between take-off 
distance and wing loading can be determined and presented, 
as shown in Fig. 3, whilst the relationship between the wing 
loading and the stall speed is presented in Fig. 4. 

It is clear that both of wing loading and stall speed can be 
significantly affected by the take-off distance; therefore, four 
different take-off distances (10, 40, 70, and 100 m) will be con-
sidered for further investigation in this research to determine 

their impact on wing geometries, resulting with four design 
geometries (A–D), as presented in Table 3.

To obtain a high lift-to-drag ratio, the wing area must be 
maximised whilst not compromising the aerodynamic shape 
of the wing. For a trapezoidal wing shape, as shown in Fig. 5, 
the most fundamental wing parameters can be determined by 
using Eqs. 8–12 [3].

(8)AR =
b2

S

(9)� =
Ctip

Croot

(10)Ws =
W

S

Fig. 2  Maximum permissible 
mass boundaries of UAS based 
on 1 kW PEM fuel cell, for dif-
ferent propeller diameters

Fig. 3  Wing loading of UAS 
design for various take-off 
distances for a 1 kW PEM fuel 
cell system
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where AR represents the aspect ratio, b is the wingspan (m), 
S is the wing surface area  (m2), λ is the taper ratio, Ctip is 
the chord tip (m), Croot is the chord root (m), Ws is the wing 
loading (N/m2), W is the maximum take-off weight (N), and 
MAC is the mean aerodynamic chord.

The cruise speed of the aircraft is the speed at which the 
aircraft travels when it reaches its level flying altitude, and 
in our case study, it is (10–11 km), whereas, the stall speed 
is the slowest speed the aircraft can travel whilst producing 

(11)MAC =
2

3

[

Croot + Ctip −
(

Croot × Ctip

)

Croot + Ctip

]

(12)S =
b
(

Croot + Ctip

)

2

enough lift to maintain the required altitude. The aspect ratio 
governs the relation between the wingspan and the wing 
area which affects the manoeuvrability and robust nature of 
the aircraft. A relatively low aspect ratio allows the aircraft 
to have greater manoeuvrability and will give the UAS a 
greater practicality for fuel storage and space for the fuel 
cell in the fuselage; however, for HALE missions, UAS 
typically have a high aspect ratio of approximately 25 [35]. 
Kody et al. [36] investigated a small UAV design of less 
than 10 m wingspan, which reported that both high and low 
aspect ratios are both positive; therefore, a further investiga-
tion can be carried out to determine the most efficient value. 
The taper ratio shows the change in width of the wing which 
was also designed to fall between 0.4 and 0.5 leads to the 
greatest efficiency for a trapezoidal wing; however, the taper 
ratio directly affects the Oswald Efficiency; therefore, this 
is a very important component to be considered [3]. The 
Oswald efficiency acts as a correction factor which repre-
sents the changes in drag and lift of a three-dimensional 
wing aircraft, in comparison with an ideal wing having the 
same aspect ratio and an elliptical lift distribution [3]. Many 
parameters have been assumed and given in the literature to 
obtain the dimensional geometries of the wing [3, 23, 32, 
33, 35, 37], as presented in Table 4.

For the aluminium alloy wing design, the weight of the 
wings can be determined using a thickness-to-chord ratio as 
given in Eqs. 13 and 14, respectively [7, 38].

Fig. 4  Stall speed of UAS 
design for various wing load-
ings for a 1 kW PEM system

Table 3  Wing geometry of the initial UAS design of wing loading 
and stall speed for a 1 kW PEM system

Take-off dis-
tance (m)

Geometry Wing loading 
(N/m2)

Stall speed (m/s)

10 A 16.326 5.163
40 B 41.140 8.196
70 C 59.743 9.876
100 D 75.781 11.123

Fig. 5  A trapezoidal of wing 
shape
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where Croot is the chord root (ft), Troot is the theoretical root 
thickness (ft), Wwing is the mass of wing (lbs), MTOM is the 
maximum take-off mass (lbs), Nult is the ultimate load factor, 
b is the wingspan (ft), and S is the wing surface area  (ft2). 
Nult is the design limit load multiplied by a safety factor 
whereby the design limit load is the maximum load that 
the aircraft can sustain before failure occurs [39]. In this 
research, Nult will be assumed to be 2.5 [40]. Ramos [41] 
reported that a thickness-to-chord ratio of 0.14 is the most 
efficient value for light-weight aircraft.

4  Fuselage design estimation

The fuselage length (lf) can be estimated using the wingspan 
of the aircraft (b) as given in Eq. 15 [16]. For a large aircraft 
with a wingspan 33.22 m, Tulapurkara et al. [16] used a 
fuselage length-to-wingspan ratio (lf/b) of 1.05. Whereas, for 
a light-weight glider with a wingspan of 50–60 cm, a (lf/b) 
ratio of 0.65–0.75 is utilised. In this research, given the size 
and weight of the aircraft geometries, a (lf/b) ratio of 0.75 
will be adopted.

where lf is the length of fuselage (m) and b is the wingspan 
(m). The corresponding width for various fuselage lengths 
can be found by applying a fineness ratio FR; the fineness 
ratio governs the relation between the length and the average 
diameter of the aircraft, as given in Eq. 16 [3]. Theoreti-
cally, the ideal fineness ratio for a subsonic aircraft is given 
to be equal to 6; however, this can vary due to internal size 
requirements; a practical value for most common aircraft is 
8 [42]. However, the main area where the diameter could 
create problems in the UAS design is its capability to contain 

(13)Thickness to Chord Ratio =
Troot

Croot

(14)Wwing = 110 ×

[

MTOMNultbS

Troot

]0.77

× 10−6

(15)Fuselage length towingspan ratio =
lf

b

the hydrogen fuel tank and the PEM fuel cell system. There-
fore, in this research, a fineness ratio of 8 will be used for 
this initial design purpose.

where lf is the length of fuselage (m) and Dave is the aver-
age diameter of fuselage (m). Using Eqs. 8–16, the design 
parameters and geometries of the UAS power by a 1 kw 
PEM fuel cell system can be determined as presented in 
Table 5.

It can be noticed that Geometry D offers the greatest 
stall speed and the smallest possible wing mass, fuselage’s 
length, and diameter, thus will be further investigated for 
weight approximations as this design offers a higher permis-
sible mass for extra fuel and hence longer endurances.

There are two methods which are used to estimate the 
mass of an aircraft’s fuselage; these are the Torenbeek and 
Affdl methods [16]. Torenbeek’s method breaks the fuse-
lage mass down to interior and exterior components of the 
fuselage; Torenbeek’s method offers a greater accuracy of 
estimation and takes into account the interior walls of the 
aircraft; therefore, this method will be adopted to find out 
the shell mass of the fuselage; this can be determined by 
Eqs. 17–21 [17].

For (Wsk + Wstr) < 286 kg,

where WG is the gross shell mass (kg) of the fuselage, Wsk 
is the gross skin mass (kg), Wstr is the gross stringer and 
longeron mass (kg), Wfr is the gross frame mass (kg), Kλ is 
the correction factor of the shell mass, SG is the gross shell 
area  (m2), VD is the design dive speed (m/s), lt is the distance 
between the ¼ chord points of the wing root and the hori-
zontal (m), bf is the maximum width of fuselage (m), hf is 
the maximum depth of fuselage (m), and Nult is the ultimate 
load factor [17].

By applying Torenbeek’s fuselage mass estimation 
method represented in Eqs. 17–21 on the design of geome-
tries D above, and assuming the shell area of the fuselage SG 
is a regular continuous cylinder without variation in shape as 

(16)FR =
lf

Dave

(17)WG = Wsk +Wstr +Wfr

(18)Wsk = 0.05428 × K� × SG
1.07 × VD

0.743

(19)K� = 0.56 ×

(

lt

bf + hf

)3∕4

(20)Wstr = 0.0117 × K� × SG
1.45 × VD

0.39 × nult
0.316

(21)Wfr = 0.0911 ×
(

Wsk +Wstr

)1.13

Table 4  Assumptions for obtaining initial wing geometry parameters

Wing parameters Size Unit

Maximum lift coefficient 1.0 N/A
Aspect ratio 25 N/A
Taper ratio 0.5 N/A
Mach no 0.05 N/A
Oswald efficiency 0.8 N/A
Propeller efficiency 0.8 N/A
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this is an initial estimate. Dive speed (VD) is the maximum 
speed that the aircraft should fly. It has been reported that the 
design dive speed is generally 1.25 times larger than cruising 
speed [43]. The cruising speed for the 1 kW designed air-
craft is assumed to be equal to 20 m/s; therefore, for geom-
etry D,  VD is equal to 25 m/s; using Eqs. 17–21 to determine 
the gross mass of the fuselage WG which is found to be equal 
to 1.94 kg. Adding the mass of the wing from Table 5 to the 
gross fuselage mass to obtain the total body mass of the UAS 
which becomes (9.72 + 1.94 = 11.66 kg) for the geometry D 
design. By substituting the new mass estimations into the 
initial estimated masses of Table 2, resulting Table 6.

Given the maximum permissible mass of the aircraft 
powered by a 1 kW fuel cell system is equal to 33.126 kg 
as shown in Table 2, however, in Table 6, there is a about 
1.66 kg of extra mass; this will come on the cost of reduc-
ing the amount of hydrogen and oxygen to avoid exceeding 
maximum take-off mass of 33.126 kg.

5  Design constraints

The design constraints of the system are very vital to deter-
mine the maximum and minimum limitation border of the 
system operation and performance, thus will enable the 
designer to choose the optimum design that fulfils the mis-
sion requirements. Gudmunsson [23] presented set of equa-
tions that can be used to construct a design constraint dia-
gram, these express the minimum thrust required to achieve 
the desired requirements of the aircraft such as: T/W for a 
level constant velocity turn, T/W for a desired rate of climb, 
T/W for a desired cruise UAS speed, and finally T/W for a 
desired service ceiling for a propeller aircraft, which deter-
mines the maximum altitude that can reached. Eqs. 22–27 
express these constraints [23].
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Table 6  Estimated masses of the main components for the 1  kW 
PEM fuel cell-powered UAS

Components Mass (kg)

Aircraft body 11.66
Payload 1
PEM fuel cell (with fan and casing) 4
PEM fuel cell controller 0.4
Oxygen and hydrogen vessels 16.1
BLDC motor 0.396
Propeller 0.43
Electronics 0.5
Heater 0.3
Total 34.786
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where T/W is the thrust-to-weight ratio, q is the dynamic 
pressure (kg/m2), CDmin is the minimum drag coefficient, 
k is the lift induced drag constant, N is the ultimate load 
factor, W/S is the wing loading (kg/m2), VV is the vertical 
speed (m/s), V is the cruising speed (m/s), ρ is the density 
of air at ceiling altitude (kg/m3), and e is the Oswald effi-
ciency number. The assumptions for constraint calculations 
for the UAS power by a 1 kW PEM fuel cell system are as 
given in Table 7, by substituting the values of Table 7 in 
Eqs. (22–27) to determine the relation between thrust-to-
weight ratio T/W and the wing loading W/S of the design as 
presented in Fig. 6.

Figure 6 allows the designer to narrow down the range of 
possible designs for the UAS given initial assumptions and 
requirements. The plots represent the minimum thrust-to-
weight ratio required to achieve each of the respected require-
ments of the UAS (listed in the legend of Fig. 6). The con-
straints diagram shows the service ceiling (green line) which 
requires the most thrust. However, the intersect of the 0.2 T/W 
and 75.78 wing loading W/S is determined in Table 5 (Geom-
etry D) which represents the current design estimations of 
the UAS (shown as a cross X) in Fig. 6; this is below the 
minimum thrust-to-weight ratio to achieve the desired service 
ceiling. This could be rectified through further alterations and 
adjustments to the design and mission requirements, so that the 
design of the UAS will fall within the possible design space. 
To achieve this, the following actions could be taken as listed 
below in order of effectiveness:

1. Reduce the maximum take-off mass of the UAS, the fuel 
and fuel container are the heaviest components of the 
UAS design and are flexible parameters. Further inves-
tigations to examine any optimisation of shape could be 
carried out to reduce its maximum take-off mass.

2. Slightly lowering the cruising altitude, this would lower 
the required thrust-to-weight ratio which would mean 

Table 7  Assumptions for UAS 
constraint calculations for a 
1 kW PEM system

Parameters Values

CDmin [21] 0.032
N [21] 2.5
VV 3 m/s
V 20 m/s
ρ [17] 0.365 kg/m3

e [22] 0.80
AR 25

Fig. 6  Design constraints for the 
1 kW PEM fuel cell-powered 
UAS
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less thrust is required to reach the possible design area 
for the UAS design.

3. The aspect ratio could be decreased as well; however, the 
aspect ratio would similarly reduce the required thrust-
to-weight ratio required to achieve the desired service 
ceiling.

6  Conclusion

In this paper, the design requirements of a UAS system pow-
ered by a 1 kW PEM fuel cell system for high-altitude opera-
tion (10–11 km) are presented, which has been correlated 
into the design constraints diagram. The impact of changing 
the capacity of the power system, take-off distance up on the 
wing loading, and stall speed of the proposed UAS design 
and wing geometries, on the design and mission require-
ments of the UAS and the design constraints, are investi-
gated. A static thrust-to-weight ratio of 0.2 was selected as 
this allowed for a greater permissible mass for the aircraft, 
which yielded static thrusts of 65 N for the 1 kW PEM fuel 
cell system. The wing and fuselage dimensions and masses, 
as well as several other design features, are investigated. The 
design parameters of the proposed UAS yielded an aircraft 
of maximum take-off mass 34.8 kg, wingspan of 10.4 m, 
cruising speed 20 m/s, stall speed 11.23 m/s, and maximum 
endurance of 4 h. However, the initial mass estimation of 
the UAS design was found equal to 33.126 kg, whilst the 
final mass estimation design is found to be 34.8 kg, which is 
within acceptable tolerance. From the design constraint dia-
gram, it has been concluded that the proposed design estima-
tions of the UAS fall below the minimum thrust-to-weight 
ratio to achieve the desired service ceiling; however, fur-
ther alterations and adjustments on the design and mission 
requirements are provided to place the design of the UAS 
within the possible design space. The wing and fuselage 
mass estimations use methods which are generically used 
for large aircraft and made of aluminium alloy; therefore, 
validation of these estimations’ accuracy for smaller scale 
aircraft of (< 100 kg) would improve the accuracy of the 
calculations that are affected by the wing and fuselage mass 
estimations in this research.
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