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Abstract

Unmanned air vehicles (UAVs) are used successfully in many different fields mainly various military and civilian
applications. Recently electric powered UAVs have become more preferable due to their better accessibility,
cost, transportation and silence. However, the batteries used in electric UAVs still do not have enough energy
density for long endurance flights. Due to the difficulty of using piston and gas turbine engines in small-sized
UAVs, hydrogen fuel cells are seen as one of the considerable options to increase endurance and range. In this
study, conceptual design of hybrid UAV including fuel cell, solar unit and battery is presented. Small, light and
high endurance UAV was designed using aerodynamic calculations and minimum power requirement for cruise
flight was determined. 100 W fuel cell produced by Horizon Fuel Cell Technologies and 3S, 5 Ah of battery were
used for main power supplies, moreover solar cells to charge the battery were designed to mount on the surface
of the wings. Also, a new power management system is designed for switching between the energy sources. As
a result of this work, it is determined that fuel cells and solar units are the significant options which can increase

the endurance of UAV up to 8 times depending on the design, solar flux, hydrogen capacity etc.

Keywords: UAV, propulsion, hybrid, fuel cell, solar cell, battery.

1.INTRODUCTION

An unmanned air vehicle (UAV) is a non-human air vehic-
le controlled autonomously by plugged microprocessors or
telemetrically by an operator on the ground [1]. UAVs have
received great interest in the last decades with many diffe-
rent usage missions for military and civilian areas [2]. As a
result of this interest, many countries and institutions are
making significant investments in this field. UAV market va-
lue is expected to reach $52.30 billion by 2025 [3]. Recently
interest in electric powered small UAVs has increased gra-
dually because of its high efficiency, high reliability, low cost
and reduced noise [4]. Considering issues such as insurance,
license, maintenance, pilot license and flight permits, it is
anticipated that small unmanned aerial vehicles will be used
more in the future. Moreover, from a military point of view,
it is known that the need for maneuverable UAVs of small
sizes suitable for use in rugged terrain and residential are-
as is increasing. The primary problem encountered in small
UAVs, especially in the field of imaging and intelligence, is
the limit of the endurance and range. As the size of the air
vehicle minimizes, the use of reciprocating and gas turbine
engines becomes more difficult. On the other hand, battery
systems using in electric UAVs cannot provide enough ener-
gy particularly in case of long endurance missions. Increa-
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sing the number of batteries is not a practical solution due
to weight and space constraints. In order to offer a solution
to this endurance and range problem of small UAVs, resear-
chers have great interest in fuel cell-based hybrid propulsion
systems for small UAVs since 2003 and several successful
efforts have been practiced within this time period [4-15].

Fuel cells use 99.99% pure hydrogen to generate electrical
energy via an electrochemical reaction between hydrogen
from a source and oxygen in the air. At this point the need
for a suitable hydrogen storage method emerges. Compres-
sed hydrogen storage is the most common method for UAV
applications however this method requires extremely high
pressures. Lately, although the weight of compressed tanks
has been significantly reduced with the new composite te-
chnology, the different methods such as liquid hydrogen and
sodium borohydride continue to be explored [7,8,13,16,17].
In one of these studies, with the use of liquid hydrogen, ex-
ceeding 48 hours endurance was recorded [8]. In Table 1,
some examples of fuel cell powered UAVs researches are
presented.

In brief, nowadays the number of studies on long endurance
UAVs by renewable and emission-free energy sources has
increased significantly. One of the first options to achieve
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to increase endurance is fuel cell stacks that use hydrogen
as fuel. Fuel cells (1000 Wh/kg) have about four or five ti-
mes higher energy density than LiPo batteries (250 Wh/
kg) [15,16]energy researches on aviation have turned to re-
newable energy sources providing electric propulsion. Fuel
cells are one of the most popular sources of power for ele-
ctric vehicles terms of being greener, more reliability, and
higher efficiency. Among fuel cells, the most attractive op-
tion for flight is polymer electrolyte membrane fuel cells
(PEMFC. When the researches on fuel cell powered UAVs
are examined, it is predicted that some issues will be hand-
led more in the near future; these are improving hybrid ma-
nagement system, reducing the weight, improving reliability
and increasing their power density. In this regard, a novel
design of fuel cell-based hybrid propulsion system of small
UAV is presented in this study. Firstly, design of concept
UAV is explained in details and then, an overview of the fuel
cell, solar and battery system is given. Secondly, performan-
ce of hybrid propulsion system is evaluated experimentally
and finally the endurance of battery and hybrid system are
compared for the same model UAV.

Table 1. Fuel cell-powered fixed wing small UAVs

st Year UAV Fuel Cell  Hydrogen | Endu- Ref
name Type Storage rance
AeroVironment | 2003 | Hornet PEM LiquidH, | 15min | [9]
AeroVironment | 2008 Puma PEM Com[;)-'ressed 7h [10]
2
Korea Aerospace 2010 EAV-1 PEM Chen?lcal 4 h‘30 (1]
Research Ins. cartridge min
Korea Advanced 2h30
Inst of Science | 2011 KAIST PEM NaBH, . [12]
min
and Tech.
EnergyOr 2011 | Faucon H PEM Compressed | 10 h 04 [13]
2 H, min
U.S. Naval Rese- . Cryogenic
arch Lab 2013 | lon Tiger PEM liquid H, 48 h [14]
2. MATERIAL AND METHOD

2.1. Conceptual Design

Fuel cell-powered UAV model (Figure 1) is designed as fixed
wing to perform surveillance mission. The main purpose of
the novel UAV is to fly extended period of time and for this
reason almost all flight phases is cruise stage. In this stage,
the air vehicles consume minimum energy to equalize the
drag force of the UAV. In connection with the limited power
and relatively high weight of the fuel cell and solar system,
model air vehicle was designed as a glider which can fly in
cruise mode at a low power rating of about 50 W.

Figure 1. Conceptual UAV

To start the design of UAV, firstly empty weight has to be
calculated. Since this air vehicle consists of three different
power sources, this calculation should be done carefully.
Weights fraction of the UAV system and the conceptual de-
sign parameters are given in Table 2 and Table 3 respectively.
Figure 2 shows the weight distribution of the conceptual
UAV.
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Figure 2. UAV's Weight Distribution

Table 2. Weight Fraction of the UAV

Components Weight (g)
Fuselage and wings 900
Avionics 230
Fuel cell system 470
Hydrogen tank 720
Battery 360
Solar panel and charger 420
Others 200
Total weight 3300

Table 3. Specifications of Conceptual Design of the UAV

UAV Design Specifications Value
Wingspan (mm) 2120
Wing area (m?) 0.638
Fuselage length (mm) 1100
Aspect Ratio (AR) 7.06
Empty mass (kg) 13

Maximum take-off weight was assumed 3.3 kg according to
first calculations. Wing span, aspect ratio and wing span va-
lues were calculated with the help of formulations in next
chapter.

2.2. UAV Power Requirement

After estimating the approximate weight of UAV, the aerod-
ynamic parameters and power requirement for cruise flight
are to be calculated based on the related formulations. High
lift/drag ratio and the appropriate surface for solar cells are
the main concern to choose the optimum airfoil. As a result
of research in literature and XFLR5 analysis, WE3.55 airfoil
was determined.

In the horizontal (x) direction, thrust force (F.) should be
equal to the drag force (F) according to the conservation
of momentum, therefore the equation could be described
as [17]:

Fy=0=F -F, 1)
and the drag force can be calculated as:

1
FD = EpAf (CD + CD,l(ﬁ )(V _Vwind )2 (2)
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where

ps A, C, 5 Cp,, are density of ambient air, the frontal
area, the drag coefficient and induced drag coefficient of the
wing, respectively. As

V' shows the velocity of the air vehicle, V,,
wind velocity.

. expresses the

C2
c. - S
T 3)

It can be seen from eq. 3;

Cpyp €N be found with using lift coefficient of airfoil, the
aspect ratio which describes the square of the span divided
by the wing area and

ey, (the Oswald efficiency number). Examining the litera-
ture of same type of fixed wings UAV, it can be seen that AR
is around 6 and 9. In this study, there is also solar panel area
factor to determine the wing span. As a result, AR is decided
as 7.06.

M

14—
_ Tb [ RuL[)J (4)
p_p”L;JrL,,(hma,,—h,,J

with

e, T, L, g, M, , R demonstrates density at sea level,
the standard temperature, the temperature lapse rate, the
standard gravitational constant, the molecular mass of Eart-
h’s air and the universal gas constant, respectively. In the eq.
4; h shows the location altitude, 4, the operating altitude
and A, the height at the bottom layer.

[1+gMair ]
]—;7 RuLb

T,+L,(h+h,—h,)

P=p,
(5)

(6)

Equation 5 and 6 show the pressure and temperature cal-
culations at the operating altitude. Another equation from
the Conservation of Momentum direction is the vertical (z)
way as:

T=T,+L,(h+h,—h,)

F,=0=F,-F, (7)
The lift force formula can be calculated as:
F, = lpApCL (V =V ina )2
2 (8)
b2
s ©)

in this formula, 4, describes the planform area and b is the
wingspan of the air vehicle.

An air vehicle should produce enough lift equal to the gra-
vitational force to keep itself at cruise flight. Therefore, the
required minimum cruise speed was calculated according to
eq.8. Model UAV parameters and values are given in Table
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4 in detail.

Finally, required power of cruise flight of UAV can be calcu-
lated as:

P=TxV

(10)
P — F; (V_Vwind)
77p '77m '770 (11)

Where; 717,,7,,7. propeller, motor and controller efficien-
cies, respectively.

Table 4. UAV Modeling Parameters

Parameter | Variable | Value Parameter | Variable Value
Mass m 33kg | Wind speed V ina 0
Wingspan b 212m Altitude h 314m
Bottom
14 h
Speed 10m/s Height h 0Om
Operating h .
Altitude " 100 m | Static Pressure Py 101325 Pa
Aspect Ratio AR 706 Universal Gas R 8.3144598 )/
Constant u (mol.K)
Oswald Standard
e, T,
Efficiency o 084 Temperature b 288.15K
Drag‘Coefﬁ— 0.0115 Density at Sea 2, 12250 kg/m*
cient Level
Lifc Foefﬁ- c, 091 Temperature L, 20,0065 K/m
cient Lapse Rate
Frontal Area | 4, | 00466 Craviatdonal g 9.80665 m/s?
Acceleration
Planform 4, 0638 Molar Mas§ of M, 0.0289644 kg/
Area Earth'’s Air mol

2.3. Horizon H-100 Fuel Cell

PEM type fuel cells are more suitable for small UAVs due to
its low operating temperature range, small size and relatively
higher efficiency [18]. Therefore, a PEMFC stack (Horizon
Fuel Cell Technologies, H-100, 100 W) was selected in this
study as seen in Figure 3. H-100 fuel cell stack has 24 single
cells with output power of 100 W at 12 V and 8.3 A. This
model is self-humidified type. Hydrogen was provided by a
compressed hydrogen tank with full of 99.999% of pure H,.
Table 5 shows the general specifications of H-100 fuel cell
system.

Table 5. Horizon H-100 Fuel Cell Stack Specifications

Specifications Value
Number of cells 20
Rated Power 100W (12V @8.3A)
Humidification self-humidified
Weight 1290 grams
H, flow rate 1.3 L/min
Peak Efficiency 40% @ 12V

A fuel cell controller is used to keep working the stack at
nominal conditions and commands periodic short-circui-
ting and purging of the fuel cell stack. In general, fuel cell
controller regulates the temperature management, air ma-
nagement (flow rate considerations) and purging (removing
the water vapor from the cell). In addition, as a source of
hydrogen, it was chosen to feed a total of 12 fuel cells from
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the hydrostik model which is the product of Horizon Com-
pany, each containing 10 liters.

Figure 3. H-100 Fuel cell stack and controller

The polarization curves of H-100 PEM type fuel cell stack
are presented in Figure 4. Maximum power can be obtained
at 8.3 A, 12 V and 1.3 L hydrogen is required for this rated
power of 100 W.
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Figure 4. H-100 PEM fuel cell (a) voltage/current and (b) power/current
graphs

H-100 fuel cell is an old and cheap type model of PEMFC
with the power density of 60 W/kg. For this reason, deve-
loped hybrid power pack system is tested on the laboratory,
instead of on the UAVs. Nowadays, several commercial ult-
ralight fuel cells are available on the market for air vehicles,
which have the power density exceeds 400 W/kg.

2.4.Solar System and Battery

Fuel cells offer high energy density but they are inadequate
in high power demands. Back-up system has to be used such
as battery since take-off, climbing and maneuvering require
high power (x3 or x4 more than cruise phase). Lithium ion
and lithium polymer (LiPo) batteries are most commonly
used in small UAVs to boost power. In this design, 3S (3 cells
in series), 5000 mAh, 25C LiPo battery was chosen to feed

the load. While the nominal voltage of the battery is 11.1
V, maximum voltage is 12.6 V at fully charged. There are
mainly two reasons to be chosen 3S model. Firstly, it could
be hard to provide enough power during the high-power
demands with 1S or 2S. Secondly, using more than 3 series
battery could need more voltage to charge and also it causes
increasing wingspan and the weight of UAV.

In this hybrid design model, while fuel cell is active, solar pa-
nels on the wings start charging the battery. The Sunpower
C-60 solar panel was chosen for its relatively high efficiency
flexible photovoltaic model. C-60 has a length of 125x125
mm and 0.008 kg with rated voltage and current 0.57 V, 5.37
A respectively. 30 solar cells are planned to mount of the
UAV wings in series to charge LiPo battery. Figure 5 illustra-
tes the battery and solar unit system.

©)

Figure 5. Lithium polymer battery (a), solar panel (b) and solar charger
unit (c)

2.5. Hybrid Propulsion System

Battery, solar panel and fuel cell are the sources of the hybrid
propulsion system of the model UAV. A novel hybrid ma-
nagement system was set up to control these three separate
power units. A control card was integrated into the system
with DC-DC relays that regulate the transitions. In this case,
both fuel cell and solar panel are inactive while the battery
voltage is full of charge (12.61 V). The test was started by
setting DC load unit to 50 W which is the cruise power de-
mand of UAV. When the battery voltage drops to nominal

Compressed Hydrogen Tank
' Computer
00w /
l Solar Panel
s Battery
Charger

wmsm ) Pressure 2
‘?" Regulator !
|
S

ie

DC Load Unit

Figure 6. Hybrid propulsion ground test unit scheme
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value (11.1 V), the battery goes oft and the fuel cell starts
feeding the system with the help of the DC-DC relay. Solar
panel starts to charge Li-Po battery while fuel cell is active
until the fully charged status. After the battery voltage rea-
ches the 12.61 V, the relay stops the fuel cell power supply
and the battery restarts to feed the load. This transformation
continues as long as solar energy production continues and
the compressed hydrogen tank becomes empty.

Hybrid propulsion system including experimental set up is
illustrated in Figure 6.

Hydrogen tank consists of 200 bars of H, at normal which is
not appropriate for fuel cell stack. Thus, a pressure regulator
was used to keep the pressure in the range of 0.45-0.55 bar.
In addition to this, ALICAT mass flow meter was mounted
between fuel cell stack and pressure regulator to measure
the hydrogen consumption.

3. RESULTS AND DISCUSSION

In this study, the conceptual design of a small unmanned
aircraft powered by three separate power units (battery, fuel
cell and solar cell) was made. At this stage, some assumpti-
ons were made for certain required parameters according to
the related literature. According to related formulations, 50
W power is required for cruise flight of model UAV. Since
the small aircraft is modelled as a hand-launchable and also
surveillance mission, more than 90% of flight time is cruise
phase. For this reason, ground tests were applied with the 50
W of DC load.

After mathematical calculations of model UAV’s requi-
rements, hybrid system was tested successfully. Firstly, to
compare the effect of fuel cell and solar panel, the load was
fed by the battery only and calculated the time until the vol-
tage dropped the nominal. Then, three cases were examined.
At first, solar panel charges the battery permanently until
the voltage of the battery falls below the nominal. Fuel cell
system was not used for this case. In the second case, fuel
cell system powers the load when the battery charge is drop-
ped the nominal voltage and solar panel charges the battery
only when fuel cell is active. For the last case, while the bat-
tery and fuel cell alternately continue to feed the load, the
solar panel continuously charges the battery when the enou-
gh solar flux is available. The experiments were performed
in November 2019, for this reason solar flux is relatively low
(300-400 W/m? in clear weather). Figure 7 shows that while
model UAV in cruise phase could fly about 64 minutes with
only battery, after solar panel was activated, the endurance
went up to 113 minutes. While battery, fuel cell and solar
panel were run together, 393 and 517 minutes were measu-
red depending on the status of the solar charge. The longest
case as shown in Figure 8 has been finished after the solar
flux is insufficient to charge the battery. Totally fuel cell was
operated about 210 minutes to provide the load for the last
case. According to measurement of hydrogen consumption
by the flowmeter, approximately 120 liters hydrogen was
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used by fuel cell during this case.

Current and voltage parameters of solar, fuel cell and battery
system were recorded to computer with the help of Ardu-
nio card and current-voltage sensors. Figure 9 and 10 show
conversion of the voltage and current values at the load of
50 W. While the battery is on, the current of battery is inc-
reasing and the voltage is decreasing until the 10.5 V. There
is no considerable fluctuation in voltage and current for fuel
cell except purging situation. Tests was started at 10 am in
a sunny day of November 2019, so when the solar flux dec-
reased, the charging time of battery was extended as can be
seen in Figure 7.

600
mBattery

500
Battery +Solar (Solar is
active permanently)
mBattery +FC (Solar is
active when FC on)
300
mBattery +FC+Solar
(Solar is active
200 permanently)
100
0

Figure 7. Estimated endurance time
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Figure 8. Endurance division for hybrid case
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Figure 9. Current output vs time

Changing in power demands are ignored in this study which
can be occurred at normal flight such as maneuvering, clim-
bing and wind effects. These effects would cause in lower en-
durance of UAV. In particular, more power will be required
to keep the aircraft at the same altitude, since the maneuver
will cause the total drag force to increase. For this reason,
more detailed study including the energy consumption of
sub-parts and different flight phases is required to precisely
predict the endurance of the fuel cell powered UAV.
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Figure 10. Voltage output vs time
4. CONCLUSION

Renewable energy sources offer high power and energy den-
sities, lower costs, non-carbon emissions, more efficient
power, lower acoustic and heat emissions, thus preventing
detections and making tasks easier. Fuel cell systems which
use hydrogen (one of the most preferred renewable energy
source) as a fuel have recently been regarded as the primary
candidate in increasing the endurance of air vehicles. The
new ultralight fuel cell power and energy densities exceed
600 W/kg, 2000 Wh/kg respectively, based on the commer-
cial fuel cell producer’s datasheets. Due to the difficulty of
using piston and gas turbine engines in small-sized UAVs,
hydrogen fuel cells could be seen as one of the considerable
options to increase endurance and range however there are
still many issues to be challenged such as hydrogen storage,
initial investment cost (especially for very light models) and
insufficiency in high power demands.

Before producing hybrid systems powered UAV, many fac-
tors and issues should be taken into account in the conceptu-
al and preliminary design phases. In this study, a conceptual
design of small UAV was presented and the ground tests of
hybrid system with three components tests were performed.
As a result, it has been determined that fuel cell powered
UAVs with support of solar panels could reach more than
eight times compared to battery powered UAVs for concep-
tual design phase.
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