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� A parallel hybrid architecture

using batteries and fuel cells was

tested.

� Splitting power from one side to

the other may lessen fuel

requirements.

� The fuel cell performance was

found to depend greatly on the

testing conditions.
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On the road towards greener aviation, hybrid-electric propulsion systems have emerged as

a viable solution. In this paper, a system based on hydrogen fuel cells is proposed and

evaluated in a laboratory setting with its future integration in a propulsive system in mind

and main focus on the ability to lessen the power demand on the opposing side of the

bench. The setup consists in a parallel architecture with two power sources: a hydrogen

fuel cell and a battery. First, the performance of the fuel cell and its capability to provide

power to one of the motors are analyzed. Then, the entire parallel hybrid system is eval-

uated. Although the experimental setup was shown to be sub-optimal, the results

demonstrated the ability of this greener alternative to reduce power demand on the

opposing side of the parallel configuration, with a reduction of up to 40.3% in the highest

load scenario, and maximum power output on the fuel cell of 257.8 W. The stack perfor-

mance was also concluded to be very dependent on the operating temperature.
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Introduction

As the years pass, climate change and greenhouse gases

emissions increasingly become a more pressing issue. As

public awareness towards the issue grows, and policies shift

to more environmentally friendly ones, the industrial world

has to adapt. The aviation industry is no exception in this

need for change, and hybrid electric propulsion appears as

part of the solution for this sector.

The largest known impact of aviation on the environment

comes from atmospheric emissions of pollutant gases, in

particular carbon dioxide (CO2) and nitrogen oxides (NOX),

although more recently aircraft-induced clouds are also being

pointed out as relevant focus of concern [1]. Carbon dioxide

emissions are one of the main source for human-made

climate change, and the aviation sector contributes signifi-

cantly to emissions. By 1992 this sector already represented

2% of human emissions of this gas [2]. By 2010 it was the

source of at least 3% of the total anthropogenic CO2 emissions,

showing a growth trend [3]. NOX on the other hand is a

pollutant that triggered the production of ozone, especially at

the typical cruise altitude for modern aircraft [4]. Pollution

emissions, besides their climate impact, also constitute a

health hazard [5]. An estimated 16 thousand premature

deaths are caused annually. These can bemainly attributed to

fine particles, PM2.5, emitted during aircraft operation [6].

With the goal of reducing emissions and saving fuel, hybrid

electric propulsion systems constitute an attractive option

being studied for eventual implementation in large-scale

aircraft. However, the viability of such solutions requires

overcoming several obstacles, such as energy storage and

thermal management [7e9]. A hybrid electric propulsion

system (HEPS) refers to a system that draws power from two

(or, potentially, more) different energy sources to generate the

propulsive force for the aircraft, and at least one of them

generates electrical power [10]. The objective is to combine the

strengths of different types of propulsive systems, while

minimizing their drawbacks.

In the context of hybrid propulsion research, one partic-

ular energy source that seems to have a lot of potential is

hydrogen [11], including for aviation [12]. This gas has a very

high energy density, which makes it attractive as an alter-

native to fossil fuels since a small weight of hydrogen can

store a lot of energy, an important aspect for aerospace ap-

plications. Being flammable, and very reactive, it can be

burned directly with oxygen, or used in a fuel cell (FC) to

produce electricity [13]. This presents an alternative to

traditional batteries for electricity-powered vehicles. This

type of energy source comes across as a more environmen-

tally friendly substitute for fossil fuels [14], as the product of

the reaction with oxygen is just water, and hydrogen can be

produced renewably from water as well. However, this type

of energy source also present several challenges to its

widespread implementation [15]. Its low volumetric energy

density in the gaseous state presents issues when it comes to

onboard storage solutions. Another issue associated to FCs is

their short lifetime caused by degradation [16]. Besides, the

production of renewable hydrogen is not yet economically

competitive despite technically feasible [17]. These issues
Please cite this article as: Farinha J et al., Hydrogen fuel cell integrat
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.0
will need to be addressed for a successful utilization of this

fuel in aviation, and justify the importance of further

studying these technologies [18].

Before its application in large aircraft, hydrogen-based

propulsion systems have to be further studied, starting with

test bench tests, and small Unmanned Aerial Vehicle (UAV)

applications, tominimize risks and cost. Some early examples

of UAVs powered by FCs, using different storage solutions,

include the one tested by Bradley et al. [19], with a 500 W FC

and compressed hydrogen storage, and the one designed by

Kim et al. [20], using a hydrid to power a 100WFC. As this topic

remains of interest, several authors [21e24] have tested

different concepts consistingmainly in parallel hybrid layouts

combining Lithium-Polymer (LiePo) batteries and a proton

exchange membrane fuel cell (PEMFC). A suitable energy

management system is required to deal with the different

power rates encountered in flight which can reduce hybrid

system performance [25]. This can be done for instance

through controlling DC/DC converters associated to the FC

[25,26], and using fuzzy logic [21] or maximum power point

tracking [27,28]. Further efficiency benefits can be found by

combing an energy management system with trajectory

control [24]. There are also efforts on developing hybrid sys-

tems with solid oxide fuel cell (SOFC) at the computational

level considering engines [29e31], thermoelectric generators

[32], and combining thermionic and thermoelectric generators

[33]. Several test bench experiments have been conducted on

hybrid systems using PEMFCs to augment UAV capacity

[21e24,34]. A different concept was successfully flight tested

by Boeing onboard of a small UAV, whose hybrid propulsion

system runs on hydrides that fed a generator which provides

hydrogen to a FC [35].

In this work, a hydrogen FC has been integrated as a power

source in a parallel hybrid configuration, to study its viability as

an energy source forUAVs. This development follows a series of

experiments performed on the FC on its own, aswell as a series

of projects focused on studying parallel hybrid-electric config-

uration [36]. This article distinguishes itself from the previously

presented works in the literature by the uniqueness of its

experimental setup architecture: the mechanical coupling of

these two power sources (battery and hydrogen fuel cell) in a

parallel hybrid configuration, together with the adjustable

dynamometer setup at the output shaft. This combination

constitutes an unexplored approach, to the best of our

knowledge.

This paper begins with a brief review of FC technology and

parallel hybrid systems, in this section; then, section Experi-

mental Setup describes the fuel cell system used and the test

bed for the experiments; section Test Procedure summarizes

the test procedure; section Results presents the main results

collected and their analysis; and finally, the conclusions are in

section Conclusions.

Technology overview

Fuel cell technology
Fuel cells are electrochemical devices that produce contin-

uous electric power, generated through a chemical reaction.

They are open systems, needing a constant input of fuel and

oxidizer to generate power, working as power sources, as long
ion and testing in a hybrid-electric propulsion rig, International
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Fig. 2 e Parallel hybrid configuration.
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as there is fuel and oxidizer flow.While both batteries and fuel

cells generate direct current, the specific energy of FCs is

considerably larger than that of batteries, given hydrogen's
high energy density [37].

There are several different types of fuel cells, such as

PEMFC, SOFC, and direct methanol fuel cell (DMFC). The one

used in this work was a PEMFC.

The PEMFC is essentially made up of three parts: anode,

cathode, and the proton exchangemembrane, or PEM, located

in between the two sides. This central membrane allows for

protons (Hþ) to pass from one side to the other [38]. Each

electrode has a porous diffusion layer and a catalyst layer, to

facilitate the chemical reactions in both the anode and cath-

ode [39]. The reactions in the anode and the cathode can be

written, respectively, as

H2/2Hþ þ 2e�; (1)

and

1
2
O2 þ 2Hþ þ 2e�/H2O; (2)

with the overall reaction being simply

1
2
O2 þH2/H2O: (3)

The two protons created on the anode move to the cathode

through the PEM, as mentioned, while the free electrons

movement correspond to the electric current. A schematic

representation of the PEMFC working principle is depicted in

Fig. 1.

Currently, this type of fuel cell is the most used in UAV

applications [40]. The main advantage PEMFC has over other

possibilities lies with its low operating temperature (from

30 �C to 110 �C [40]), when compared to other types of FC, such

as SOFC [41]. Nevertheless, such a FC still needs a thermal

management system to improve its operational efficiency and

safety [42]. Besides, they are also small, and present compar-

atively high operating efficiency (40 ~60%) [40]. However, the
Proto
Exchan
Membra
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Curre

Anode
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Fig. 1 e PEMFC represent
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main issue faced by this type of FC is the high cost. Both the

PEM and the catalyst necessary are expensive [43]. Moreover,

the storage of hydrogen can be a problem, given its low den-

sity, requiring large and heavy containers, if stored in gaseous

form [44].

Parallel hybrid systems
In a hybrid electric propulsion system using a parallel

configuration, like the one depicted schematically in Fig. 2, an

electricmotor and an engine/motor aremechanically coupled,

allowing for both to drive the propeller at the same time, with

their torque being added by the coupling [45]. It can include

one or more clutches, to disconnect one of the power sources,

in case it is not being used.

The mechanical transmission in this configuration is more

complex, when compared to a series configuration, and the

controller design is not as simple. However, this architecture

can provide mass savings for the system. As the maximum

power can be achieved by combining both motors, they can be

downsized. The possibility of both power sources to drive the

propeller independently also offers some redundancy to the

system [45].

In a parallel hybrid system, several distinct operating

modes can be defined. The system can have a single power

source driving the propeller at a time,while the other is turned

off. In case a clutch is present, the side not being used may be

completely disconnected from the system, otherwise,
n
ge
ne

ic
nt

Cathode

ation, based on [18].
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additional power will be consumed to rotate the inactive side

[45]. Alternatively, during hybrid/dash operation, both energy

sources are combined, to achieve additional power. Thismode

has to be sized to fulfill the power requirements of the most

demanding flight phases, such as take-off and climb. Finally, a

regeneration mode can also be defined for a generic parallel

hybrid system. This takes advantage of both sides of the sys-

tem, but this time using one of them to charge the system's
batteries on the other. This is made possible by using an

electric motor as a generator [45].
Experimental setup

The experimental setup used consisted essentially of two

subsystems: the hydrogen FC system, and the hybrid propul-

sion test bench, shown in Figs. 3 and 4, respectively.

Fuel cell system

The HP 600 fuel cell system (Fig. 3) is an experimental module

designed for educational and researchpurposes, distributedby

Heliocentris Energy Systems GmbH [46]. Its core component is

the BZ 130 FC stack, produced by Ulmer Brennstoffzellen-

Manufaktur GmbH (UBzM). The stack is composed of 24 PEM

fuel cells, each with 126 cm2 of area, and it is rated for a power

of 600W, has an open circuit voltage of 23.5 V, and amaximum

current of 45 A. Its recommended operating temperatures are

between 45 �Cand 60 �C. The systemhas two operatingmodes:

unregulated, where the load is directly connected to the FC
Fig. 3 e FC sys

Please cite this article as: Farinha J et al., Hydrogen fuel cell integrat
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(a) HP 600 FC system. 
stack, and regulated, in which the fuel cell power passes

through a DC/DC converter to ensure constant output voltage.

The cathode of the stack uses oxygen from atmospheric

air, which passes through a filter prior to entering the sys-

tem, and through a fan that adjusts the amount of air intake.

Besides the air entrance, the humid air exhaust is also

adjusted by the system, according to the temperature and

humidity in the cathode air channel. This creates an air

recirculation channel, allowing for the system's membrane to

be self-humidified by the air in the cathode. The anode re-

quires hydrogen at a purity grade of at least 5.0 (99.999%),

which came from an external compressed gas cylinder,

Praxair's Ultra High Purity 5.0 Hydrogen Cylinder (Fig. 3b).

This cylinder stored hydrogen at a maximum pressure of

165.5 bar. To be used, its pressure had to be reduced to be-

tween 2 and 17 bar, as per the manufacturer's indications,

using an appropriate regulator, in this case a Harris KH1130,

also visible in Fig. 3b. On the left side of the FC stack there is

the exhaust air outlet, where the water generated during the

hydrogen oxidation process in the cathode can leave the

system as moisture.

Besides the stack, the system includes several auxiliary

systems, necessary for its correct operation. The cooling

system, on the top left side of Fig. 3, pumps deionized water

from a reservoir and through the stack to regulate its tem-

perature, dissipating the excess heat into the ambient air.

On the left, the hydrogen supply circuit has a flow meter

and a pressure regulator, to adjust the inlet pressure to

300 mbar before the hydrogen enters the stack. The power

output system, at the bottom, allows for the regulated DC
tem setup.

ion and testing in a hybrid-electric propulsion rig, International
6.090
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Fig. 4 e The hybrid test bench.

1 Although the communication is conducted via CAN bus for
the Velocity ESC, the throttle command is still expressed as the
pulse width of a PWM signal of corresponding throttle.
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(a) Figure of the experimental apparatus. (b) Diagram of the test bench, with the relevant elements highlighted. 
(12 V) and AC (230 or 115 V) outputs of the system to

function, by having, from left to right, a DC/DC converter, a

backup battery, and a DC/AC inverter. Finally, at the top

right corner there is the control panel, where the measured

system variables can be read on an LCD screen, and the

operating mode can be changed between regulated and

unregulated.

Hybrid test bench

The hybrid test bench, portrayed in Fig. 4, is an experimental

propulsion rig developed previously at the Centre for Aero-

space Research (CfAR) [47e49], aiming to test hybrid propul-

sion solutions. It currently consists of a parallel configuration,

schematized in Fig. 4 with a 4.2 kWAXI 5345/16motor on the A

side, and a 1.65 kWAXI 4130/20 on the B side. The output shaft

is connected to a dynamometer e a 10 kW T-Motor U15II

KV100 acting as a generator, whose three phase output is

converted by a rectifier into DC current, which is then regu-

lated and dissipated by a 5 kW electronic load.

Sensors
The test bench is equipped with different devices that allow

for the data collection, namely:

, Two Hall Effect sensors to compute the rotational speed

through the frequency of its square wave signal;

, Two current shunts to survey the current values in each

side, by assessing the voltage drop across its small but very

precise 250 mU resistance;

, Two voltage divider circuits, to step down the battery

tension by a factor of 10.

All the data from the sensors is read by the appropriate

National Instruments’ cards, using the NI cDAQ-9188 chassis.

It is then processed, displayed, and recorded by a LabVIEW

program, developed specifically for this purpose.

Actuators
The actuators of the apparatus focus on the control of the

testing conditions, being:

, The two Electronic Speed Controllers (ESC) - the Jeti Spin

125 Pro Opto on the A side, and the Velocity ESC by
Please cite this article as: Farinha J et al., Hydrogen fuel cell integrat
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Currawong on the B side. The communication in each is

conducted by Pulse Width Modulation (PWM) and

Controller Area Network (CAN) bus protocols,1

respectively;

, An electromagnetic clutch that allows to couple/decouple

the sides of the test bench on command via a relay that is

controllable by the user interface;

, An electronic variable load, that dissipates the current

generated at the dynamometer setup [50], and is manually

tunable, effectively allowing to adjust the desired counter-

torque to be imposed at the dynamometer.

The control and monitoring of the test bench's actuators is

also conducted through the same LabView Graphical User

Interface (GUI).

Operating modes
The use of the clutch allows for the establishment of the basic

four operating modes: A only, B only, Dash/Hybrid mode, and

Regeneration mode. The two first comprise the isolated pow-

ering of the electric motor of each corresponding side. Dash/

Hybrid mode is achieved by powering both sides simulta-

neously, producing the maximum output possible - this is the

mode on which the FC testing described in this paper was

performed. The Regeneration mode functions on the principle

of powering a single motor/engine, while simultaneously

absorbing current on the opposite motor (which acts as

generator), with the intent of recharging the onboard batteries

- this mode opens an interesting set of possibilities regarding

power management strategies in-flight, but was not explored

here, since the fuel cell system was not designed for external

regeneration purposes, i.e., current should not be supplied to

it.
Test procedure

The Fuel Cell System (FCS) was connected via the unregulated

power output to the B side of test bench. The regulated power

output - which provides a constant 12 V supply through the
ion and testing in a hybrid-electric propulsion rig, International
6.090
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Fig. 5 e Fuel cell current-voltage polarization curve.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6

ARTICLE IN PRESS 

~ 
<1) 
OJ) 

~ 
> .,. 
u 
s 
"-' 

20,----,---------,---- --,-- --,---- --,----;:::::=======;-1 

18 

16 ' 
' ' 

14 
_______ I ___ _ 

' 

---- Exp. pol. curve avg. 
_,._ Pol. Curve 1 
_,._ Pol. Curve 2 

Pol. Curve 3 

12~~--~ - ~ - ~ --~ - ~ --~ -~--~ 
5 10 15 20 25 30 35 40 45 

Stack current [A] 
usage of an auxiliary battery - was not tested, due to in-

compatibility with the B side motor, that is designed to be

powered by a 6 Se8S battery (24 Ve32 V), and the corre-

sponding ESC would not even activate at such low voltage. As

such, the tests performed were knowingly non-optimal. For

further testing on the test bench involving the fuel cell, a

suitable motor must be implemented on the B side, and the

gear ratios recalculated accordingly - i.e. rebuild the apparatus

with emphasis on fuel cell integration.

To begin testing, the stack was first heated up to its oper-

ating temperature of 55 �C, by running it connected only to the

electronic load, at 60% of its maximum power. Then, the fuel

cell system could be connected to the hybrid test bench, while

the electronic variable load was connected do the dyna-

mometer system attached to the output shaft of the bench,

effectively dissipating the power generated. The load imposed

on the system was controlled by manually adjusting the

desired current output at the T-Motor (as seen in Fig. 4b).

For each test, a full throttle sweep of the B side was per-

formed,with 10%steps. For theAside, the throttle stepswereof

10%, starting at 20% (there was no activation at 10%), and

endingat40%, toavoidoverspinning theBside.OnlyDashmode

configurations were tested, since the fuel cell had already been

characterized powering a single motor. The Regeneration mode

was not explored, considering the FC does not work as energy

storageakin toa battery, andconnecting it to anexternal power

input can damage the system. Each test was conducted once,

and the test bench data was recorded at a rate of 20 Hz, while

the stack variables had to be logged manually. The results

presentedbelowconcernsolely thesteadystatebehaviourafter

stabilization in each step, with the uncertainties indicating the

time variation present in each step.

Polarization curve

To set the benchmark performance of the FC stack, against

which its behaviour could be compared during these hybrid

tests, the current-voltage polarization curve had to first be

determined. The nominal characteristics of the fuel cell stack

are the ones summarized in section Fuel Cell System.

The test consisted in heating the stack to its operating

temperature, as described above, and then, using the pro-

grammable load, setting the current of the stack to several

values along its operating range, and measuring the corre-

sponding stack voltage. This procedure was repeated three

times, to confirm the reproducibility of the results, and the

average performance was calculated.

The results of these experiments are presented in Fig. 5,

which served as the reference for the comparison made in

Section Stack Performance. The Exp. pol. curve avg. repre-

sents the average value of the experimental results, which

was used as a reference against which the hybrid test data

could be compared.
Results

Three different loads were tested: 0A, 5A, and 10A. The plots

in Fig. 6 show the measured variables for the tests performed

with the 10A load, and as a function of throttle B - represented
Please cite this article as: Farinha J et al., Hydrogen fuel cell integrat
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as its PWM signal, which was digitally generated by the Lab-

View software and transmitted to the ESC. The hybridization

degree of the system was defined as the ratio between the

power on the B side and the total power - on the premise that

the fuel cell would be the lesser source of power in this

configuration.

All the presented variables were affected by the throttle

percentage of side A in predictable ways. With the increase in

throttle, for either motor, there was an associated increase in

the system's rotational speed (Fig. 6c), asmore average voltage

was being supplied to the Electric Motor (EM). This, in turn,

camewith an increase in the power consumed by eachmotor -

Fig. 6a. For each side A throttle setting, however, the power

being consumed decreased when the side B throttle was

increased, since more of the power needs of the system were

being met by the side B EM; this decrease reached 40.3%, for

the 20% throttle A scenario, when the highest fuel cell power

output during testing was reached: 257.8 W. This translates to

an increase in the hybridization degree with the side B

throttle, as seen in Fig. 6b, reaching 75.8% for the 20% throttle

A scenario. Besides, the increase in the side B power was

possible because the fuel cell current - Fig. 6d - was able to

compensate the voltage drop (much larger than what was

observed for lithium-polymer batteries in previous tests,

whichwere no greater than 1 V) to keep up the power demand,

in line with the fuel cell's polarization curve.

This FC is rated for up to 45A, of which only around 19A

were used, as illustrated in Fig. 6d. Higher currents could likely

have been reached if the load would have been taken further,

but given the already severe undervoltage of the motor, this

approach was not undertaken. Additionally, it can be seen in

Fig. 6d as well that the fuel cell voltage was very steady after

stabilizing in each step, with very little time variance, while in

the case of the current this variation was slightly more

noticeable.

The plots in Fig. 7 show the same variables, but now for the

tests performed with the 5A load. The overall system behav-

iour is the same as previously, but showing different values,

given the reduced loading used. In particular, the power

necessary to rotate the system decreases, for the same

throttle settings - as shown in Fig. 7a - where the A side power
ion and testing in a hybrid-electric propulsion rig, International
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Fig. 6 e Results for fuel cell power integration on the B side, with a 10A load at the dynamometer, for different values of

throttle A.
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in the 20% throttle A scenario was mitigated in 47.46%, as

more power demandwas sustained by the fuel cell. For side B,

this decrease in power comes from a significant decrease in

the current being supplied to the motor (see Fig. 7d): for
Fig. 7 e Results for fuel cell power integration on the B side, wi

throttle A.
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maximumB throttle and 20%A throttle the current is now just

above 15 A, compared to about 19 A previously observed.

Given the fuel cell performance, this comes with a smaller

drop in the voltage.
th a 5A load at the dynamometer, for different values of
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The smaller torque necessary to rotate the system also

translated to an increase in the rotational speed of the whole

system by several hundred RPM, as seen in Fig. 7c. Besides,

with the increase in power demand, there was a smaller share

of it being drawn from side B, leading to a noticeable decrease

in the hybridization degree in Fig. 7b, for all throttle instances.

In the unloaded tests of Fig. 8, unlike what was done in the

loaded tests, the side A throttlewas not increased beyond 30%.

This was because, for this throttle setting, the degree of hy-

bridization was already quite low, only at around 30% (while it

was nearly 50% with the 10A load), as is shown in Fig. 8b

Increasing the side A throttle even further would only reduce

the overall influence of side B and would result in uninter-

esting results. Still, the general trend of the data, with the

increments in both A and B throttle are in line with the loaded

tests, as expected, with increases in rotational speed with

both throttles (Fig. 8c), the decrease in B power with the larger

throttle A (Fig. 8c), and the dropping of the fuel cell voltage

with throttle B again accompanied by the contrasting increase

in current (Fig. 8d).

The mismatching result obtained on the measurement of

the motor's current at the 90% testing point of throttle B was

revealed upon a closer inspection to derive from a particular

system resonance affecting the B motor at this set of specific

conditions, resulting in it drawing a fluctuating amount of

current from the fuel cell. This was however a very contained

phenomenon, quickly disappearing for either smaller or larger

rotational speeds.

In these unloaded tests, as no electrical power was being

generated by the dynamometer, all the power from sides A

and B was being mechanically dissipated by the system.

This corresponded mainly to the power necessary to over-

come the rotational friction between components, and in a
Fig. 8 e Results for FC power integration on the B side, with no
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less significant way to the dissipated power in the coils of

the two motors. Even in the loaded tests (Fig. 9b), this lost

power represents a significant part of the total power sup-

plied to the system, as evidenced by the plots in Fig. 9,

which show the total electrical power the system receives,

and the mechanical power generated at the output for both

cases.

In both load scenarios the power input and mechanical

output clearly increased with the throttle setting. It should be

remarked however that even in the no load scenario (Fig. 9a),

there is still mechanical power being consumed by the

dynamometer e there being no current drawn from it, this is

simply the result of its internal friction that applies a slim

counter-torque to the system. Although the dynamometer

power follows the trend of the total power input for all cases, a

permanent gap is present, pointing out the transmission in-

efficiencies of the system, as well as the electric tomechanical

power conversion by the motors - both at the input and at the

dyno.

Stack performance

The fuel cell behaviour can also be analyzed and compared to

previous observations. With that goal, the plot from Fig. 10 is

included, which shows the FC's voltage and current for each

test, in the order they were performed, alongside the experi-

mental average described in section Polarization Curve.

Here, the most obvious aspect to notice is the considerably

lower voltage observed in these hybrid tests, when compared

to the polarization curve previously determined. Crucially, as

mentioned in the test procedure description, for these ex-

periments the programmable loadwas used for the hybrid test

bench and could not be connected to the FC stack to warm it
load at the dynamometer, for different values of throttle A.
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Fig. 9 e Power values for FC integration on the B side, with and without load at the dynamometer, for different values of

throttle A.

Fig. 10 e Fuel cell current-voltage behaviour during the hybrid tests.
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up in-between tests. Therefore, given the relatively low cur-

rent being drawn, the temperature of the stack steadily

decreased throughout the tests. In fact, the first test was

already performed at a temperature of 47.8 �C (instead of the

55 �C of previous tests), and only two tests could be run before

the temperature of the FC stack dropped below the lower limit

given by the manufacturer for operating temperature (45 �C).
By the end of the eight tests, the temperaturemeasured by the

stackwas as low as 40.6 �C. Therefore, due to limitations in the

available equipment, it was not possible to perform these tests

in the same starting conditions as the previous ones.

For the smallest current (at 0% throttle), for example, the

first test showed a stack voltage of 19.3 V, in line with the

previous average, but that value became smaller as the tests

progressed, with only 18.9 V in the last one. The voltage dif-

ference between the curves also grows larger, as more current

is being drawn, to about 0.8 V of difference for the largest

current observed. While this may represent only about 5% of

the total voltage of the FC, it is still a much higher variation in
Please cite this article as: Farinha J et al., Hydrogen fuel cell integrat
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performance than what is observed when the fuel cell was

operating consistently at the same temperature in previous

tests. This indicates that, for a more stable fuel cell perfor-

mance, a more advanced thermal management [42] system

might be recommended, as the current system only has a

cooling system to avoid overheating.
Conclusions

The power integration of the hydrogen FC functioned as a

proof of concept for the employment of a hydrogen-powered

electric motor in a parallel hybrid configuration.

As shown by the individual power evolution of both sides

throughout the throttle sweeps, the fuel cell was able to

significantly reduce the power drawn on the A side, without

changing the system loading or the A side settings - for the

highest load tested, the fuel cell was able to reduce the power

being drawn on the opposite side of the hybrid configuration
ion and testing in a hybrid-electric propulsion rig, International
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by up to 40.3%, with a hybridization degree of 75.8%, pre-

senting a maximum power output of 257.8 W. This dynamic

power splitting shows promise in lessening fuel consumption

in a possible hydrogen fuel cell e internal combustion engine

configuration. Although the tests conducted were successful,

the fuel cell's voltage capabilities are under sized for themotor

to which its output was connected e this limitation did not

allow to draw the total possible power from the fuel cell stack.

The stack also demonstrated a considerable dependency of

its operating performance on the testing conditions, namely

the temperature; the comparison with its benchmark experi-

mental data revealed a distinguishable offset on the output

current in the instance where the stack temperature was not

according to the manufacturer's recommended value. For a

better and more stable performance, a thermal management

system more advanced than the one included in the fuel cell

system would be necessary.

For future work, further test are planned using a test bench

designed with fuel cell usage in mind, namely incorporating

an electric motor with an adequate voltage constant, and

tuning the gear ratio between sides accordingly. Nevertheless,

these tests serve as small steps towards the implementation

of a feasible aircraft hybrid propulsion system for aUAV.
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