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Abstract

This paper presents the experimental architec-
ture and test results of a hardware-in-the-loop
(HWIL) simulation of a fuel-cell-based hybrid-
electrical propulsion system for small-scale un-
manned aerial vehicles (UAVs). The Aeropak
system from Horizon Energy Systems was tested
dynamically and electrical loads were applied
to emulate the conditions of operation in flight.
Experimental results from HWIL testing of the
fuel-cell-based power train are presented and
discussed. The results clarify the functioning of
the power-management board of the Aeropak
system and the influence of purging and short-
circuiting on its operation. The results also
show that fuel-cell dynamics can have a signifi-
cant impact on mission performance. Dynamic
tests showed that the fuel cell can temporarily
produce a higher over-potential than observed
during static tests. This confirms the importance
of HWIL simulations for accurate performance
predictions of fuel-cell-powered UAVs.

1 Introduction

Small-scale, electrically powered unmanned ae-
rial vehicles (UAVs) are currently in use for a
variety of reconnaissance and remote-sensing
missions. For these aircraft, electrical propul-
sion is generally preferred over small recipro-
cating engines or gas turbines because of the
latter’s low efficiencies at small sizes [1].

Electrical propulsion furthermore offers
low vibration levels, quiet operation, and physi-
cal robustness. The mission duration is limited,
however, by the energy density of existing bat-
teries. Current lithium-polymer (Li-Po) batteries
possess an energy density of 150-200 W-hr/kg
[2, 3], which provides a typical small UAV with
an endurance of 60-90 mins. In contrast, a
compressed-hydrogen tank with a 6% hydrogen-
storage weight fraction, capable of providing
fuel for a fuel cell or internal combustion en-
gine, has an energy density in excess of 800—
1000 W-hr/kg [2, 3].

A desire for longer endurance than is avail-
able from the current generation of batteries has
motivated the development of fuel-cell-based
electrical-propulsion systems. These advanced
power-plant designs, however, present imple-
mentation challenges that require new develop-
ment methods and tools. Fuel cells, for instance,
generally have low specific power (W/kg),
compared with internal combustion engines;
whereas high specific power is required to im-
prove aircraft (speed) performance and ma-
noeuvrability. Aircraft concepts powered solely
by fuel cells therefore require both extremely
lightweight airframes and low-power payloads
and still result in designs that are highly con-
strained operationally [4].

A hybrid-electrical propulsion chain with
secondary power sources having high specific
power (e.g., batteries or ultracapacitors) to pro-
vide a brief high-power capability could allevi-
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ate those restrictions and lead to a platform with
a better overall performance [5-7]. Several suc-
cessful demonstrations have shown the feasibil-
ity of fuel-cell-powered UAVs, and several fuel-
cell-powered UAVs are now commercially
available [8, 9]. Despite this, little data is avail-
able regarding the detailed performance of these
aircraft and their power plants [10, 11].

To develop a comprehensive understanding
of the challenges associated with the use of fuel-
cell-based, hybrid-electrical propulsion systems
for UAVs, a dedicated test bench for hardware-
in-the-loop (HWIL) simulations has been devel-
oped. This paper describes the HWIL test
bench, which was built around an Aeropak hy-
brid system with a 200-W polymer electrolyte
membrane (PEM) fuel cell from Horizon En-
ergy Systems [12], and gives results for simu-
lations based on flight data of a small unmanned
aircraft [13].

Section 2 of this paper gives an overview
of the data available in the public domain on
small fuel-cell-powered UAVs and their propul-
sion systems. Section 3 details the HWIL simu-
lation architecture, both in terms of hardware
and software. In Section 4, results of various
runs of the HWIL simulator are given. These in-
clude initial tests to verify the manufacturer’s
polarisation-curve and fuel-consumption data,
as well as flight simulations.

2 Research and Development of Fuel-Cell-
Powered Aircraft

PEM fuel cells relying on hydrogen as fuel have
been most commonly used in UAVs [14], with
few exceptions [15]. Their advantages over
other fuel-cell chemistries, with respect to mo-
bile applications, include low operating tem-
peratures that permit a short start-up time and
relative compactness due to the thinness of their
membrane electrode assemblies. Furthermore,
the cells can operate with any orientation and do
not utilise corrosive fluids [16]. Solid-oxide fuel
cells share some of these advantages [17] and
have also proven resistant to damage [18] from
the mishaps typical of small UAVs.

Numerous reports from universities, gov-
ernmental research organisations, and commer-
cial entities illustrate the widespread interest in
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and strong prospects for the use of fuel cells on
aircraft. Efforts to develop high-altitude, long-
endurance (HALE) UAVs with hybrid-power
systems relying on solar and fuel cells, to act as
pseudo-satellites for months- or years-long sur-
veillance, have been on-going for more than a
decade in the US [19-21] and Europe [22-26];
and several studies have aimed to enable fuel-
cell-powered aircraft for commercial transport
[7, 27-33] and general aviation [34, 35].

Small, tactical UAVs, having wingspans of
~1—4 m and designed for portability and opera-
tion during surveillance missions by one or two
people [14], have been a focus of recent re-
search because of the several-fold increase in
endurance fuel cells can provide [3, 14, 36].
These efforts have been enabled by, and have
helped broaden, the availability of miniaturised
fuel-cell systems [8, 9, 37-40]. Recent demon-
strations have been performed with commer-
cially available UAVs, including Malat’s Bird
Eye 650 [8], Elbit Systems’ Skylark [8], Ucon-
system’s Remo Eye-006 [8, 41], BlueBird’s
Boomerang [8, 42], Aerovironment’s Puma [38,
43], Robota’s Robosoar [9], and L-3’s Mako
[44]; and the potential for fuel cells to improve
their range and endurance over that available
with Li-Po or Li-primary batteries has been
documented [3, 36]. Fuel-cell-powered UAVs
are available in the marketplace for military and
commercial applications, though the cost of
components has limited their adoption.

Flight demonstrations of fuel-cell-powered
surveillance-type UAVs have also been reported
by university and governmental researchers.
The US Naval Research Laboratory developed
and tested the Spider Lion [45-47] and Ion Tiger
[38, 48] aircraft; and academic projects have
resulted in the construction and trial of Hy-Fly
at the University of Applied Sciences in Wies-
baden, Germany [49], Pterosoar at California
State University in Los Angeles [8, 50, 51], and
Endurance, powered by a solid-oxide fuel cell,
at the University of Michigan [52, 53]. Fuel-cell
UAVs have also been developed and demon-
strated by researchers at the Korea Advanced
Institute of Science and Technology (KAIST)
and Chosun University [54], at the Georgia
Tech Research Institute [10, 11, 55, 56], and at
Colorado State University [57].
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Other notable developments include flight
demonstrations of more unusual designs, such
as Aerovironment’s 0.38-m-wingspan Hornet
flying wing [58-60] and the 1-m HyFish jet by
the German Aerospace Center (DLR) [8, 61].

Most of the trial reports and published de-
sign studies of various classes of UAVs [5, 25,
62-66] provide only “high-level” conceptual air-
craft designs. The necessary “low-level” com-
promises between aircraft requirements and the
characteristics of the power plant are not ad-
dressed, though some efforts have been made to
develop design methodologies that encompass
these considerations [67-69]. Detailed descrip-
tions of the design and performance of the
structure and subsystems used in fuel-cell-pow-
ered aircraft are scarce [10, 24, 26, 50, 57, 70,
71], as are comparisons of aircraft-design pa-
rameters and flight-trial results [54, 72] and
HWIL simulations [73].

Aside from the documented aircraft devel-
opment and testing, research to enable better
and more widespread use of fuel cells on air-
craft is being carried out globally. For example,
lightweight, high-powered motors made of
high-temperature superconducting materials are
being developed with the goal of providing pro-
pulsion systems with higher power density for
high-altitude use [27, 74]; and greater under-
standing of the effects of high altitude on fuel-
cell performance is being pursued [75].

Although the expense of fuel cells, issues
surrounding high-density hydrogen storage, and
the need for hydrogen infrastructure currently
limit their broad application, research is being
undertaken to develop and prove efficient hy-
drogen-storage materials for aerospace applica-
tions [54, 71, 76-79]. In addition, dynamic-
power-management strategies are being applied
to hybrid power systems to increase their overall
performance and improve their reliability and
usefulness [80].

3 Hardware-in-the-Loop Architecture

In HWIL simulation, the physical hardware of a
subsystem of a dynamic system is immersed
within a closed-loop virtual simulation of the
remaining subsystems. Interface components
between the hardware and software allow for a
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bidirectional flow of information among the
physical and virtual systems [73, 81]. HWIL
simulation can be a very effective tool for per-
formance characterisation of complex power
plants for unmanned aircraft as data-acquisition
(DAQ) hardware that is not flight worthy can be
used and test conditions can be more rigorously
controlled [73]. As a consequence, the experi-
mental uncertainty can be much lower than for
flight-testing.

The selection of a HWIL architecture con-
sists firstly of determining which components
will be represented in hardware and which in
software. This obviously depends on the pur-
pose and scope of the simulation. For the cur-
rent HWIL test bench, the fuel-cell stack and
controller, Li-Po batteries and power-manage-
ment board of the Aeropak system were selected
as physical components on the bench, as shown
in Fig. 1. In a next step, the HWIL bench will be
expanded to include the motor and speed con-
troller.

As shown in Fig. 1, this hardware was sup-
plemented with a DAQ system that formed the
interface with the software component of the
architecture. Below, the simulation hardware,
the DAQ components, and the simulation soft-
ware are briefly described.

3.1 Simulation Hardware

During the current HWIL test sequence, the
hardware components were mounted on the
laboratory bench top and connected electrically.

The Aeropak hybrid system, shown in Fig.
2, was the only source of electrical power for
the aircraft components during testing. The
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Fig. 1. Test-bench schematic.



system consists of a 35-cell PEM fuel cell and a
6-cell 1350 mA-hr Li-Po battery pack. The fuel
cell can deliver up to 10 A of current and has a
nominal power output of 200 W. Its operating
voltage ranges from 32 V (no load) to 21 V (full
load). The fuel cell is self-humidified and air-
cooled and only requires near-ambient cathode
pressure. The hydrogen side (anode) is dead-
ended, meaning all the hydrogen entering the
anode compartment is either consumed by the
fuel-cell reaction or wasted due to leakage.

As shown in Fig. 1, the fuel-cell controller
adjusts the temperature of the stack by dictating
the speed of the cathode supply fans. Increasing
the cathode flow rate increases the evaporative
cooling of the stack and reduces its temperature.
The controller also regulates periodic anode
purging to maintain a high rate of hydrogen
utilisation and to ensure prolonged stack per-
formance [12]. Anode purging is required to re-
move inert gases, liquid water and contami-
nants, as well as any excess hydrogen from the
fuel-cell anode, and to maintain internal pres-
sure at appropriate levels [73, 81]. Finally, the
con-troller short circuits the fuel cell every 10 s.
This short circuiting is built into the fuel-cell
controller to increase the stack efficiency and
forms part of its self-humidification process [8].
Short circuiting is executed through a solid-state
switch on the controller that is connected across
the fuel-cell stack and the load. During short
circuiting, the load is disconnected for about 50
ms, and the fuel cell does not supply power to
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Fig. 2. Components of the hybrid Aeropak fuel-cell/Li-Po
battery system from Horizon Energy Systems.
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either the load or its own controller [§]. The hy-
brid battery is included in the circuit to provide
continuous power to the load and controller and
to prevent total loss of power to either. The fuel-
cell controller has a capacitor to supplement the
power output, but its capacity is not sufficient to
bridge the 50-ms gap completely [8].

Besides bridging the short-circuiting pe-
riod, the battery pack can deliver an additional
400 W for 2 min to meet the high-power re-
quirements during UAV take-off or climbing
[12]. The power-management board combines
the total power output from the fuel cell and
battery before delivering it to the load and is
limited to 800 W for ~1 min to prevent its diode
from overheating [12]. The board additionally
recharges the battery when excess power is
available from the fuel cell. The Aeropak sys-
tem also comes with an interface cable that al-
lows the user to input several system parameters
through a serial connection. Table 1 lists each
parameter, its range, and resolution. The pa-
rameters are communicated to the Aeropak’s
control board at ~1 Hz.

Table 1. Aeropak interface parameters [12]

Parameter Range Resolution

Stack voltage [V] 18-35 0.1

Stack current [A]  0-12 0.1
Fuel-cell power [W]  0-650 1
Total energy [W-hr] 0-1000 1

Stack temperature [°C]  0-70 0.1

Battery voltage [V] 18-30 0.1

Hydrogen pressure [bar]  0-10 0.1

3.2 Interface and Data-Acquisition Compo-
nents

In the experimental arrangement described here,
the interface components provided the physical
and communication link between the simulation
software and the previously described hardware
components. The electrical connection between
the hybrid Aeropak system and the simulation
software was made by use of an ITECH Elec-
tronics IT8514F-1200 DC electronic load [82].
This programmable multi-mode load can draw
up to 1200 W and is rated up to 120 V and 240
A. In constant-power mode, the load has an ac-
curacy of 1.0% = 0.1% of the full scale (FS)
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[82]. For the current tests, the load was con-
trolled at 5-10 Hz.

The power to be drawn from the fuel cell
was determined from the aircraft-simulation
package, taking the efficiency of the motor and
propeller into account. As the Aeropak system
does not provide a measurement of the hydro-
gen flow rate, a mass-flow meter was added to
the test bench, so that the efficiency of the fuel-
cell system could be determined. An Apex AX-
MA4SLPM-D5 flow meter was selected because
it offers a high repeatability (+0.2% FS), cou-
pled with a very high accuracy (+0.2% of the
reading), when custom calibrated. As shown in
Fig. 1, additional current and voltage measure-
ments will be made to verify the parameters of
the Aeropak and to reduce measurement uncer-
tainty. When testing at low power, an ISO-
TECH IDM73 multimeter will be used and its
data was logged using a serial connection. The
multimeter has a precision of £1.0% for DC-
current measurements and +0.5% for voltage
measurements. At higher currents, Eagle Tree
Hall sensors will be used. They measure 0—100
A in 50 mA increments and can be calibrated
before each test.

3.3 Simulation and Data-Acquisition Soft-
ware

The DAQ software formed the interface be-
tween the hardware and the simulator software.
It was written in Matlab, and the Mat-
lab/Simulink environment was used to send all
required commands to the electronic load and to
acquire the data through serial ports. The
Aeropak sends its data at a frequency of ~1 Hz,
which is pre-programmed in the controller. The
data from the mass-flow meter (temperature,
pressure and mass-flow rate) was sampled at 20
Hz, whereas the output of the electronic load
was sampled at 10 Hz. This permitted the cap-
ture of some of the transients that occurred
when the fuel cell purged or short circuited..
During future tests with the Eagle Tree sensors,
the frequency of the sampling will be increased
to allow more accurate capturing of the tran-
sients. The communication with the electronic
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load was, however, too slow to allow that in the
current set-up. The frequencies were thus halved
for the long-endurance flight simulations. This
was deemed adequate for modelling the aircraft
dynamics and fuel consumption [73].

The simulator software translated the effect
of the propeller, airframe, and flight controller
to the power-train hardware. During initial test-
ing performed for validation of the communica-
tions and benchmarking of the fuel-cell per-
formance, power profiles were pre-programmed
in the communication interface. In future tests,
the hardware will be connected to a six-degree-
of-freedom flight-simulation environment [83]
that can compute the required thrust and pro-
peller speed for given (commanded) aircraft al-
titude, airspeed and climb angle. The power re-
quired from the system can then be determined
by use of propeller and motor models.

4 Test Results

4.1 Polarisation Curve

As explained previously, the fuel cell’s control
system regulates the temperature and evapora-
tive cooling of the stack through the speed of
the cathode-supply fans. This connection be-
tween the air-supply, water-management, and
cooling systems leads to a nonlinear relationship
between cathode stoichiometry, membrane hu-
midification, and stack temperature [73]. This
nonlinear relationship is to some extent repre-
sented by the so-called polarisation curve,
which describes the “static” performance of the
fuel-cell stack. The polarisation curve was de-
termined by measuring the stack current and
voltage at various power settings between 0 and
300 W for ~100 s, with the fuel cell operated
under its normal thermal and stoichiometric
control. The power was limited to 300 W to
avoid draining the battery during the 100-s pe-
riod. A high depletion rate would lead to fluc-
tuations in the battery voltage during the testing
period that would change its operating point. As
a consequence, the maximum current during the
“static” tests was restricted to ~11 A
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The resulting polarisation curve is repre-
sented in Fig. 3. The time-averaged voltage and
current over the 100-s period are shown as red
crosses, and the black circles represent individ-
ual current-voltage combinations measured
during fourteen tests. The cyan line, on the other
hand, denotes the polarisation curve as given by
the manufacturer [12]. As shown, the measured
polarisation curve matches the curve from Ref.
[12] closely, except at higher power (current)
levels. The figure also clearly shows that a large
variation exists between individual measure-
ments. This was partially attributable to the fact
that some points were measured as transients,
where the fuel cell did not have time to stabilise
its operation. The spread was, however, also re-
lated to the purging and short-circuiting of the
fuel cell as shown in Section 4.3.

4.2 Fuel Consumption

The nominal fuel consumption of the fuel cell is
given as 2.2 {/min at standard conditions
(s¢/min) by the manufacturer [12]. According to
Ref. [12], the fuel consumption varies linearly
with power during steady-state operation. As the
fuel consumption has been specified at only four
power levels, additional power settings were
used to obtain the fuel consumption as a func-
tion of power; and the results are shown in Fig.
4. The black symbols indicate “stationary”
points, where the power level was maintained
for a sufficiently long period to ensure that tran-
sient effects were negligible. The blue symbols
indicate “transient” points, where the power was
maintained for a relatively short period.
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Fig. 4. Fuel consumption and fuel-cell efficiency.

As Fig. 4 shows, the stationary fuel con-
sumption was nearly linear up to 200 W, with a
fuel consumption of approximately 2.25 s{/min
at 200 W. Above 200 W, the slope of the fuel-
consumption curve changed as the battery began
to contribute to the delivered power. At 300 W,
the consumption was ~2.69 s{/min. At higher
power settings, the fuel consumption levelled
off at ~3 s{/min. At that setting, the fuel cell
supplied around 270 W; and the remainder of
the demanded power came from the battery.
During transients, the fuel consumption varied
significantly from the steady-state value.

Figure 4 also gives the efficiency of the
fuel cell for the measured operating points. The
efficiency of the fuel cell, 7., is defined as the
fraction of the lower heating value (LHYV) of hy-
drogen that is transformed into useful power:

Mrc i LHV (1)
where P is the power delivered by the system,
and 1, is the fuel-flow rate. As shown, the effi-
ciency hovered around 55% at ~40-200 W.
Below this range, the efficiency dropped rapidly
as the purging of the system became more
dominant. Above 200 W, the efficiency rose, as
it was based on the total power delivered by the
hybrid system. As the battery delivered a share
of the total power, this definition was no longer
valid (and led to a computed efficiency of 125%
at 600 W). During transients, the efficiency was
typically 10% lower than the stationary value.
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4.3 Results of Test Runs

The first test runs were aimed at gaining an un-
derstanding of the influence of the fuel-cell
controller on the behaviour of the hybrid
Aeropak system and its dynamic performance.
The first test was used to explore the operation
of the fuel cell at various power ratings. For the
second test, the start-up sequence and the purg-
ing and short-circuiting of the system were ex-
amined in detail.

Figure 5 shows the power history of the
first test. The black line indicates the pro-
grammed profile sent to the electronic load. The
blue line gives the fuel-cell power, and the red
line shows the power delivered by the battery.
The green line is the sum of the power from the
fuel-cell and battery. As shown, after about 100
s, the demanded power increased in steps of 100
W, up to 500 W. Each power setting was held
for 30 s. Above 500 W, the power drawn by the
load was increased by 50 W and then by 25 W
for two more steps and only held for a short
time. This was done to ensure that the battery
would not be fully depleted during the test.
During the final 300 s of the test, three peak-
power bursts and a few smaller fluctuations
were commanded to assess the reactivity of the
system and to gain insight in the charging of the
Li-Po battery.

Figure 5 shows that the fuel cell followed
the requested power profile closely for the most
part, though significant transient fluctuations
occurred. It has to be noted that the apparent
difference between the total and requested
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Fig. 5. Power as a function of time.
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power levels at 370—600 s is artificial. In reality,
the total power delivered from the system
matched the requested power (with the excep-
tion of the peak fluctuations). During that time,
the power drawn from the system was lower
than the nominal power of the fuel cell, which
resulted in recharging of the battery. To clearly
indicate the periods when the battery was re-
charging, the sign of the current (and power)
measured in the battery leads is not inverted. As
a consequence, the power delivered to the bat-
tery is added to that delivered by the fuel cell,
instead of being subtracted. This effect is also
present during the low-power periods after
600 s.

Figure 6 shows the evolution of the current
and voltage of the fuel cell and battery for the
same test. It can be seen that the battery voltage
(in red) dropped quickly when current was
drawn from it. Due to the presence of the diode
on the power-management board, the fuel-cell
voltage (in blue) followed the battery voltage
with a difference of ~1.0-1.5 V. At the peak
power of 600 W, the battery voltage dropped
below 20 V; and the battery delivered a current
of ~15 A. When the current draw decreased, the
battery voltage rose quickly. This does not indi-
cate that the fuel cell was charging the battery,
but was a consequence of a lower current being
drawn from the battery. It was only at ~380 s,
when the voltages differed by more than 1 V,
that the system began to recharge the battery.

Figure 6 also shows that significant spikes
in battery current occurred. These spikes oc-
curred when the fuel cell was short circuited. At
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Fig. 6. Current and voltage history.



that point, the battery delivered the power that
would normally come from the fuel cell, which
resulted in a short, sharp increase in current de-
livered from the battery. The transient tests
starting at ~600 s, in contrast, showed that the
use of the battery was vital to the responsive-
ness of the system. As shown, the fuel cell was
slower to transition to the higher power and the
battery compensated by initially delivering a
slightly higher current.

The start-up transient of the fuel cell was
also examined. Figures 7 and 8 give results for
the first 200 s of a test. The blue and red lines in
Fig. 7 represent the values reported by the fuel
cell, whereas the black lines denote the values
registered by the electronic load. As shown in
Fig. 7, the fuel cell was started up at ~12 s.
During the start-up, the fuel-cell controller dis-
connected the fuel cell from the load; and at
20 s, when the fuel cell had stabilised at its zero-
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power operating point, the electronic load reg-
istered the fuel-cell voltage.

Figure 7 clearly shows that the fuel-cell
voltage followed a “sawtooth” pattern that was
repeated every 10 s. The voltage decreased
slightly over each 10-s period, until the fuel cell
was short-circuited. At that point, the voltage
was restored to its original value. Fig. 7 also in-
dicates that the current reported by the fuel cell
was considerably lower than the value regis-
tered by the load. This difference disappeared at
~60 W and was noted consistently throughout
the testing. Further testing with the Eagle Tree
sensors will be used to determine whether this
phenomenon was related to the precision of the
fuel cell’s current sensor or whether the battery
supplied current under these conditions.

When the fuel cell started-up, the fuel-flow
rate increased significantly for ~8 s, as shown in
Fig. 8. During that period, ~4.3 s{/min was con-
sumed by the fuel cell. Afterward, the flow rate
dropped to its stationary value. This increased
mass flow brought the temperature of the fuel
cell rapidly to its operating level, preventing
damage to the membranes. Once started, the
temperature dropped to its nominal value, after
a small overshoot. Subsequent tests of longer
duration at a given power rating showed that the
controller regulated the fuel-cell temperature as
a function of the power delivered. The tem-
perature varied between 35 °C and 55-60 °C.

Besides the initial peak in fuel flow, sev-
eral other sharp increases in the fuel-flow rate
can be seen in Fig. 8. These peaks were related
to the purging and the short circuiting of the fuel
cell. During purging, there was a sudden change
in pressure in the fuel lines. Whereas the mass-
flow meter measured pressure to convert the
volume-flow rate to a mass-flow rate, it is un-
clear whether the dynamic effect of this sudden
pressure change or the inertia of the mass-flow
meter influenced the readings. The peaks were
fairly high, but only occurred for about 50 ms,
so they represented only a small fraction of the
total mass flow.
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4.4 Flight-Simulation Results

Once the DAQ interface was developed, several
long-duration missions, typical for small UAVs,
were simulated. The missions consisted of a
warm-up period at zero power, a maximum-
power (600-W) climb, followed by a 200-W
climb to the cruising altitude. Once at the
cruising altitude, the UAV either loitered at a
relatively low power (100 W) or performed a
fast cruise (at 180 W). During descent, the mo-
tor was returned to zero power. During the final
approach, flare, and runway taxying, 100 W was
assumed to be used for 30 s before the fuel-cell
power was set to 0 W and the fuel cell was
turned off. These power profiles were adopted
from simulations performed by use of DSTO’s
six-degree-of-freedom  flight-simulator  and
based on flight data from the Kahu UAV [13].
The required power profiles were adjusted to
account for the increase in fuselage volume re-
quired to store the fuel-cell and a hydrogen-
storage tank. Whereas the Aeropak system is
capable of longer sustained flights, the duration
of the cruising and loitering phases were limited
to 1 hr, as the transition effects between flight
phases disappeared within that timeframe.

Figures 9, 10, and 11 give results for the
mission with a 1-hr loitering phase. Fig. 9
shows the evolution of current and voltage dur-
ing the mission. The red line indicates the bat-
tery voltage, whereas the multi-coloured line
represents the voltage supplied by the fuel cell.
Each flight phase is given in a different colour
to allow a better distinction of the phases on the
polarisation curve of Fig. 10. Figure 9 shows
that it took ~14 min in the loitering phase for the
fuel cell to settle to the steady-state power rat-
ing. During that period, the fuel cell was re-
charging the batteries that were significantly
depleted during the 90-s, 600-W initial climb.
After 20 min, the battery voltage remains steady
at 23.4 V up to the descent phase. At the start of
loiter, the voltage was at 22.6 V. At the start of
descent, when the power is reduced to zero, the
battery is recharged again as more spare power
is available. At the end of descent the battery
voltage has risen to 24.1 V.

Figure 10 shows the evolution of voltage
and current on the polarisation curve. The figure
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clearly indicates that the performance of the fuel
cell during transients differed significantly from
its steady-state performance, which confirms the
observations made from Fig. 3. After the initial
start-up, the power was suddenly ramped up to
600 W, which caused the voltage to drop below
the steady-state curve at point 1. As shown in
Fig. 11, this corresponded to a point where the
temperature exceeded the “equilibrium” tem-
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perature for that particular power rating. The
fuel-cell controller sped up the fans and the cur-
rent increased until the fuel cell outperformed
its static performance, at point 2. At this point,
the current and potential of the fuel cell are
higher than the steady-state values. The under-
lying reasons for this dynamic behaviour cannot
be assessed, as details of the controller are un-
known. Similar observations were, however,
made in Ref. [14], where it was suggested that
hydration dynamics on the same timescales
could be responsible. The authors of Ref. [14]
hypothesized that the low stack temperature at
the moment of the power ramp-up reduced the
evaporation rate at the cathode. As more liquid
water remained in the membrane, the fuel-cell
over-potential was reduced at point 1. When the
temperature increased and the water evaporated,
the fuel-cell operating point moved to point 2.
When the power was reduced to 200 W, the
fuel-cell operating point moved closer to the
steady-state operating line (point 3).

When the engine was throttled back to 100
W for the loitering phase, a similar phenomenon
occurred. As the fans were still operating at the
higher speed required for 200 W, the tempera-
ture dropped below the steady-state value ini-
tially, but recovered to a condition with a higher
over-potential (point 4). As the fuel cell was
then recharging the battery and delivering more
power than in steady state, the voltage was
slightly higher than the stationary value. Once
the recharging reduced, the operating point
moved close to the stationary polarisation curve.
Similar phenomena occurred at points 5 and 6.
The spread of the maroon-coloured points near
point 6 occurred because the fuel cell recharged
the battery again during descent. As a conse-
quence, it took ~3—4 min for the temperature to
drop to a steady value (not shown in Figure 11).

A similar behaviour was observed for the
fast-cruise mission. Despite the higher power
required (180 W, instead of 100 W), the fuel
cell also settled at 20 min to its steady-state op-
erating condition. The battery voltage, however,
only increased to 23.4 V, instead of to 23.7 V.
When a 2-min, 600-W climb was used, the
overall voltage levels were very similar to the
previously indicated values, as a shorter 200-W
climb phase was required afterwards to reach
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the same cruising altitude. It however took ~16—
18 minutes for the fuel cell to reach its steady-
state operating condition.

5 Conclusion

This paper presents a HWIL-simulation archi-
tecture for testing of a fuel-cell-based hybrid
power plant for small UAVs. For this study, the
embedded hardware consisted of an Aeropak
fuel-cell, its controller, a Li-Po battery pack and
the Aeropak’s power-management board. Sev-
eral tests of the performance and endurance of
the Aeropak system were performed using an
electronic load to draw power from the system
as well as to ascertain performance of a
representative UAV mission.

It was shown that the fuel flow varied line-
arly with the fuel-cell power under steady-state
conditions and that the fuel-cell efficiency was
55% at 40200 W at steady state. The tests re-
vealed that the dynamic performance of the
system could differ significantly from this
steady-state model and that the fuel cell could
outperform its static operating point at high
power settings. The tests also showed that the
use of the battery in the hybrid system was key
to the responsiveness of the system. The fuel
cell was slower to transition to the higher power
rating, and the battery compensated by initially
delivering a slightly higher current.

The HWIL testing will be expanded next
by adding high-frequency measurements of an-
cillary battery voltage and current to enable
better characterisation at full-load conditions
and during battery recharging. A brushless DC
motor will also be added so that interactions
between the fuel-cell-based hybrid-power-gen-
eration system and the motor can be evaluated.
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