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Abstract: The harmful impacts of fossil-fuel-based engines on the environment have resulted in the
development of other alternatives for different types of vehicles. Currently, batteries and fuel cells
are being used in the automotive industry, while promising progress in the maritime and aerospace
sectors is foreseen. As a case study in the aerospace sector, an unmanned aerial vehicle (UAV) was
considered. The goal and the novelty of this study are in its analysis of the possibility of providing
960 W of power for a UAV with a weight of 14 kg using a hybrid system of a lithium-ion (Li-ion)
battery and proton-exchange membrane fuel cell (PEMFC). The dynamic performance of the system
was analyzed considering three different load profiles over time in an optimized condition. PEMFC
was the main supplier of power, while the battery intervened when the power load was high for the
PEMFC and the system demanded an immediate response to the changes in power load. Additionally,
the impacts of the operating temperature and the C-rate of the battery were characterized by the state
of the charge of the battery to better indicate the overall performance of the system.

Keywords: proton-exchange membrane fuel cell; lithium-ion battery; unmanned aerial vehicle;
dynamic performance

1. Introduction

The harmful influence of fossil fuels on the environment has convinced the authorities
to set official targets to 100% phase out the sales or registrations of new internal combustion
engines (ICEs) [1]. As alternatives, batteries and fuel cells are suggested to provide the
required power for different applications such as cars, buses, and trucks [2]. The combined
fuel-cell and battery system has been proven to be a suitable alternative for ICEs in the
maritime sector [3]. Although there have been many investigations on the possibility of
using integrated fuel-cell and battery systems as the prime mover for different types of
vehicles, a limited number of investigations have been developed in the airplane sector [4].

At the current stage, the suggested integrated systems of batteries and fuel cells are
not able to provide the required power for huge passenger planes [5], but they can generate
the needed electricity to run small-sized planes (around 100 kW to 300 kW); hence, the
objective of the current study was related to the domain of unmanned aerial vehicles (UAVs).
UAVs are designed to fulfill long and high-altitude flight missions without any people on
board [6]. The main applications of UAVs are in the fields of delivering products, aerial
photography [7], surveillance [8], agriculture [9], and any type of aerial inspection [10].
Additionally, the applications of the UAVs have attracted the attention of organizations
such as the police and public safety to manage transportation more efficiently [11]. UAVs
are also able to prepare disaster warnings, participate in recovery operations, and supply
medical help to remote areas [12]. The flight duration and flight altitude were shown to
be improved when using proton-exchange membrane fuel cells (PEMFCs) as the prime
mover of the UAVs [13]. In comparison to conventional engine-based UAVs, PEMFCs have
better energy densities and lower specific power densities [14], which enables them to
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have higher potential usage in low-maneuverability UAVs. However, a concentrated effort
should be made to control the parameters such as the size, weight, and cost of both the
hydrogen tanks and the fuel cell stack [15]. At the current stage, these parameters are the
main barriers to the commercialization of PEMFCs for UAV applications.

PEMFCs, which convert hydrogen to electricity via electrochemical reactions, are con-
sidered to be the best option for mobility applications among different types of fuel cells [16].
The current obstacles toward the commercialization of the PEMFCs are the durability [17],
water/thermal management [18], waste heat recovery [19], and cost [20]. The utilization
of PEMFCs in UAVs can be a promising candidate for high-endurance operation [21].
Benefiting from a low-temperature operation and fast start-up time enables PEMFCs to
be utilized in UAVs [22]. The direct generation of electricity without a convoluted energy
management system is another advantage of PEMFCs that facilitates their integration into
UAVs [23]. However, the low acceleration and power density of PEMFCs has triggered the
idea of combining PEMFCs and lithium-ion (Li-ion) batteries [24]. Thus, the integrated
system can improve the low range of batteries by maintaining a high acceleration and fast
refueling time.

Electrical batteries are widely used in mobility applications [25]. The design of fixed-
wing vertical and takeoff landing (VTOL-FW) was made possible by integrating batteries
and engines [26]. Traub [27] also characterized the endurance of battery-powered UAVs,
indicating that the discharging behavior of the batteries is the main source of uncertainties.
The main obstacle of using batteries as the prime mover of UAVs is the existing uncertainties
in predicting the remaining charge [28]. In this regard, most flights with battery-powered
UAVs are severely conservative in reality. In theory, the utilization of batteries in UAVs
leads to better flight times and system configurations; however, the essential chemistry
deviates from pragmatic applications. Different types of batteries have been suggested
according to the type of application to facilitate the usage of batteries in different domains.
A detailed study in this field can also improve the performance of batteries for UAVs.

The well-known nickel manganese cobalt (NMC) and lithium titanite oxide (LTO)
Li-ion batteries are considered the most efficient types [29]. Among the existing Li-ion
batteries on the market, LTO enjoys the highest performance, lifespan, and safety at higher
cost, whereas NMC provides acceptable performance with low cost and high specific
energy [30]. In comparison to the batteries, proton-exchange membrane fuel cells (PEMFCs)
have faster refueling times and higher ranges [31]; hence, the integration of batteries and
fuel cells can address the needs of UAVs.

The utilization of PEMFCs in UAVs results in a size and weight reduction of the
system, in addition to improving the flight endurance. Batteries can also ameliorate the
acceleration and thrust of the system. Currently, it is believed that fuel cells can be suitable
for cruise flight, while batteries are more appropriate for other flight modes. The novelty of
this study is in its analysis of the possibility of integrating PEMFC technology into batteries
as an alternative to fossil-fuel-based combustion engines for small-sized UAV application.
The proposed hybrid system was designed to provide around 960 W of power for a UAV
with a weight of 14 kg. A PEMFC was used as the selected type of fuel cell while NMC
was the considered type of Li-ion battery. The goal of this study was to characterize the
dynamic performance of the current integrated system in an optimized condition. The
integrated model of the fuel cell and the battery was developed using MATLAB/Simulink
software to be controlled by an energy management system, which provided power to
a DC variable power load, representing the different loads of UAV flight. The load was
mainly supplied by the fuel cell, while the battery intervened in the following cases:

• As support when the load was too high for the fuel cell,
• As support when the fuel cell took too long to respond to a load variation,
• As additional load when the state of the charge of the battery was low (meaning that

the fuel cell recharged the battery).
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2. Methodology

In every PEMFC, hydrogen flows inside the cell through the gas flow channels on the
anode side, while air goes to the cathode side. The operating temperature of the PEMFC
should be around 65 ◦C to 85 ◦C while benefiting from optimal humidity to prevent
drying or flooding of the membrane. In this regard, a thermal management system and
a humidifier are needed, respectively, to maintain the operating temperature range and
humidity. Figure 1a shows a detailed schematic of the utilized PEMFC including the
hydrogen source at the anode, humidifier at the cathode, and thermal management system.
It is worth mentioning that dynamic modeling of the thermal management system and
cooling system was established in the considered MATLAB model, thus enabling control of
the operating humidity and temperature.
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In the integrated system of the fuel cell and battery for UAVs, the battery could easily
adapt to the load variation due to the fast response time while the PEMFC provided the
main share of the power for the propulsion system. The battery could also charge/discharge
to ensure the performance of the PEMFC at the nominal power using an optimal energy
management system (EMS). Figure 1b shows a schematic of the utilized battery system
for the UAV application, which was simulated and modeled in MATLAB, comprising a
temperature management system to simulate the operating temperature, a controller for
the state of the charge (SOC), and battery cells. A battery is composed of cells either in
series or in parallel. Once the cells are in series, the voltage of each cell is summed up in the
constant current density. In parallel cells, the voltage remains unchanged once the current
densities are summed up.

Figure 2 also illustrates the integrated system of the PEMFC and battery given in
Figure 1a,b, respectively. Figure 2 emphasizes the role of the EMS in utilizing a specified
plan to control the power usage from the battery and fuel cell. An optimum EMS results
in better performance of the integrated system and a higher lifetime of the components
by optimizing the energy availability. The EMS also manages the different parameters of
the system such as the air/fuel pressure, temperature, and humidity for the PEMFC, in
addition to the charging/discharging behavior of the battery. The EMS monitors the power
load and decides how the power should be provided; hence, it determines the power loads
on the battery or the PEMFC. A current controller is also needed in the battery system to
simulate the ideal current density for the flight.
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Considering the nominal performance of the fuel cell and the state of charge (SOC)
of the battery, the EMS can work under different states to optimize the performance of
the system. In other words, specified plans are defined once the energy provider (here,
either the battery or the PEMFC) reaches a limitation point. These limitation points are the
extremum values of the power in the battery and PEMFC (PBattery

max , PBattery
min , PFC

max, and PFC
min)

and the SOC in the battery (SOCmax and SOCmin). High SOC values are defined once the
battery is at more than 80% of its charge, a normal SOC is between 20% and 80%, and a low
SOC is below 20%. Accordingly, the following EMS operational states were simulated in
the MATLAB model:
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• State (1) Pload ≤ PFC
max and SOC: In this condition, the PEMFC works between the

rated and the minimum powers.
• State (2) Pload > PFC

max + PBattery
max and high SOC: This case will not happen as the

capacities of the PEMFC and battery were designed properly.
• State (3) Pload =

[
PFC

max, PFC
max + PBattery

max

]
and high SOC: The PEMFC works at the

maximum power, while the SOC is reduced. The operating power of the battery is
PBattery

max = Pload − PFC
max.

• State (4) Pload < PFC and normal SOC: In this condition, the battery can be charged,
and, if the battery reaches a high SOC, the hybrid system goes to state (1).

• State (5) Pload =
[
PFC, PFC

max
]

and normal SOC: In this situation, the SOC is enhanced,
while the PEMFC works at constant power while the battery is being charged.

• State (6) Pload ≥ PFC
max and normal SOC: The SOC is reduced at the maximum power

of the PEMFC, similar to state (3).

Furthermore, these operational states were implemented with the selection of a condi-
tional switch. Therefore, the following modes were implemented:

• First, if SOC > 0.2 and Pload > 600 W (the nominal output of the fuel cell), the battery
goes through discharging, given the conditions in state (3) and state (6).

• Second, if the SOC < 0.8 and the load is below 600 W, the battery is charged, indicating
state (4) and state (5).

• Third, if the load is below 600 W and the SOC > 0.8, the battery is not used, signifying
state (1).

In addition to determining the considered EMS for the integrated system, the com-
ponents should be selected deliberately to ensure the optimal performance of the system.
Table 1 presents the specification of the selected NMC type Li-ion battery with 18,650
Li-ion cylindrical cells packed within black PVC shrink wrap. The battery benefited from a
built-in battery management system to prevent over-charge, over-discharge, over-current,
and short-circuits. Furthermore, Table 2 demonstrates the specifications of the devised
PEMFC in the proposed integrated system for the UAV.

Table 1. The specification of the utilized NMC battery in the suggested integrated system for the UAV.

Parameter Value

Capacity 15 (Ah)
Charging temperature 0 ◦C to 45 ◦C

Cycle life 1000 cycles
Dimension 152 × 122 × 71

(
mm3 )

Discharging temperature −20 ◦C to 60 ◦C
Energy storage 360 (Wh)

Internal resistance (mΩ) ≤ 30 mΩ/≤ 30 mΩ
Maximum charge C-rate 1C

Maximum discharge C-rate 5/3C
Maximum discharge current 15 (A)
Nominal discharge current 7.5 (A)

Normal charge current 3.0 (A)
Operating and storage humidity 60% ± 25% RH

Standard charge C-rate 0.5C
Standard discharge C-rate 0.2C

Voltage 24 (V)
Weight 2.3 (kg)
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Table 2. The specification of the utilized PEMFC in the suggested integrated system for the UAV.

Parameter Value

Nominal voltage 24 (V)
Nominal power 600 (W)

Nominal current density 25 (A)
Number of cells 255 cells

DC voltage range 22–36 (V)
Hydrogen pressure 0.04–0.06 (MPa)

Hydrogen consumption at nominal power 7000 (mL/min)
System weight 2.590 kg

System size 205 × 205 × 130
(
mm3 )

3. Results and Discussion

The suggested hybrid system operates in a way that the fuel cell is directly connected
to the power load, while the battery is integrated into the system with a converter to control
the charging and discharging. The battery provides the power when the fuel cell is not
able to reach the power load demand. In this condition, the battery is selected with the
minimum energy storage capacity, which is beneficial considering the better performance
of the fuel cell at lower power levels. Additionally, the battery pack is charged when
the power load is lower than the average and discharged when the power load is higher
according to the given state conditions in Section 2. To analyze the dynamic performance
of the suggested integrated system of the fuel cell and battery to be utilized in the UAV
application, three different power demand profiles were considered, as shown in Figure 3.
It is worth mentioning that all three considered power demand profiles may happen during
the operation of the UAV, as they are close to the practical application environment.

Batteries 2022, 8, x FOR PEER REVIEW 7 of 13 
 

the suggested integrated system of the fuel cell and battery to be utilized in the UAV ap-
plication, three different power demand profiles were considered, as shown in Figure 3. 
It is worth mentioning that all three considered power demand profiles may happen dur-
ing the operation of the UAV, as they are close to the practical application environment. 

  
(a) (b) 

 
(c) 

Figure 3. Three different considered power demand profiles of the UAV provided by the suggested 
integrated system of the fuel cell and battery: (a) case 1, (b) case 2, and (c) case 3. 

The main idea behind analyzing the three different power demand profiles given 
in Figure 3 was to characterize the dynamic responses of the UAV under unexpected con-
ditions during the flight. In other words, the system’s response was analyzed once sudden 
and sharp changes occurred in the power demand, which is similar to the flight mission 
of a UAV. Figure 4 shows the overall output power of the system according to the given 
power demand profiles in Figure 3. As can be seen, the fuel cell is considered to constantly 
provide the main share of the needed power demand, while the battery is expected to be 
discharged once there is a peak in power demand. Charging of the battery occurs when 
the power demand is lower than the generated power by the fuel cell. Figure 4 also illus-
trates that the dynamic responses of the battery are faster than those of the fuel cell and, 
hence, more suitable for the acceleration and deceleration of the system during flight. 

Po
w

er
 d

em
an

d 
(W

)

0 2000 4000 6000 8000 10,000
Time (s)

0

200

400

600

800

1000

0 2000 4000 6000 8000 10,000
Time (s)

0

200

400

600

800

1000

Po
w

er
 d

em
an

d 
(W

)

Figure 3. Three different considered power demand profiles of the UAV provided by the suggested
integrated system of the fuel cell and battery: (a) case 1, (b) case 2, and (c) case 3.
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The main idea behind analyzing the three different power demand profiles given
in Figure 3 was to characterize the dynamic responses of the UAV under unexpected
conditions during the flight. In other words, the system’s response was analyzed once
sudden and sharp changes occurred in the power demand, which is similar to the flight
mission of a UAV. Figure 4 shows the overall output power of the system according to
the given power demand profiles in Figure 3. As can be seen, the fuel cell is considered
to constantly provide the main share of the needed power demand, while the battery is
expected to be discharged once there is a peak in power demand. Charging of the battery
occurs when the power demand is lower than the generated power by the fuel cell. Figure 4
also illustrates that the dynamic responses of the battery are faster than those of the fuel cell
and, hence, more suitable for the acceleration and deceleration of the system during flight.
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Figure 5 shows the ideal and measured profiles of the generated power by the battery
in response to the power demand profiles given in Figure 3. As can be seen, after each drop
in the power demand profile, starting from the 2000 s in the first profile (Figure 3a), 3000 s
in the second profile (Figure 3b), and 500 s in the third profile (Figure 3c), the battery should
be charged ideally less than measured. The reason behind this difference is due to the fuel
cell controller that tries to prevent fuel starvation. Moreover, comparing Figures 4 and 5,
it is demonstrated that, once a change occurs in the power demand profile, mild changes
happen in the power provided by the fuel cell. This stems from the fact that the fuel-cell
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and battery voltages are linked through diodes on the power management board; hence, a
lower battery power leads to lower power settings in the fuel cell.
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In analyzing the performance of the batteries, two terms are used: the state of charge
(SOC) and depth of discharge (DoD). In batteries, the SOC is the ratio of the level of charge
to that of the capacity, while the DoD is the opposite value of the SOC. In other words,
the DoD refers to the maximum percentage of the battery’s capacity that is omitted from
the charged battery on a regular basis. It is worth mentioning that the term “charged” is
related to the SOC, where the battery stops being charged [32]. When batteries are used
in vehicles as the energy provider, the SOC for the battery pack is similar to a fuel gauge
for gasoline-based vehicles. Figure 6 illustrates the value of the SOC in the hybrid system
containing the battery and fuel cell designed for use in a UAV according to the different
power demand profiles given in Figure 3. Figure 7 shows the impact of the operating
temperature on the respective values of the SOC during the operation of the hybrid system.
As can be seen, a higher operating temperature resulted in better SOC values; however, it
should not be neglected that higher temperatures also result in higher degradation, thus
requiring an appropriate balance.
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In addition to the SOC and DoD, another parameter used in characterizing the per-
formance of the batteries is the C-rate. The C-rate determines the speed of charging or
discharging for an arbitrary battery [33]. For example, 2C indicates that full charging of
a battery from 0% to 100% will take 2 h. Figure 8 illustrates the corresponding values of
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the battery’s SOC at different C-rates. As can be seen, lower C-rates result in better SOC
values, and they benefit from lower charging times. Furthermore, as shown in Table 1, the
standard charging and discharging C-rates of the utilized batteries in the current study were
0.5C and 0.2C, respectively, with corresponding values of 1C and 5/3C for the maximum
charging and discharging. As can be seen in Figure 8, increasing the maximum charging
and discharging C-rate to 2C resulted in considerable performance reduction.
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4. Conclusions

Currently, finding suitable alternatives to internal combustion engines (ICEs) is an
attractive topic for researchers aimed at saving the environment and reducing harmful
emissions. In this regard, fuel cells are suggested, which use hydrogen as fuel, benefiting
from better efficiency and zero emissions of carbon and other pollutants to the environment.
Although they benefit from a high distance range and fast refueling time, which make
them an appropriate option for UAVs, the dynamic responses of these devices are not
fast enough to react to changes in the power load typical for UAVs. Batteries are suitable
candidates considering their high acceleration and fast response to changes in the power
load; however, their low range prevents them from being used in UAVs. In this regard, a
hybrid system featuring a battery and fuel cell was suggested in this study to benefit from
their fast dynamic response and high range for UAV missions.

Using an energy management system, the results indicated that the performance of
the battery was better at higher operating temperatures and lower C-rates. It was also
proven that the battery could quickly respond to changes in the power demand during a
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flight mission, while the fuel cell can generated constant power for flight operation and
charging of the battery.

It should be noted that the focus of the current study was on the overall performance
of the integrated system of the battery and fuel cell. The dynamic responses of the system
were examined with different power load demands to monitor the stability of the system
in response to unexpected conditions during flight, which is quite probable in any UAV
mission. However, as a topic for future studies, it will be interesting to study the impacts of
frequent charging/discharging of the Li-ion batteries on their longevity.
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