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Unmanned vehicles are increasing the performance of monitoring and surveillance in
several applications. Endurance is a key issue in these systems, in particular in electric
vehicles, powered at present mainly by batteries. Hybrid power systems based on batteries
and fuel cells have the potential to achieve high energy density and specific energy,
increasing also the life time and safe operating conditions of the power system. The
objective of this research is to analyze the performance of a passive hybrid power system,
designed and developed to be integrated into an existing Unmanned Ground Vehicle (UGV).
The proposed solution is based on six LiPo cells, connected in series, and a 200 W PEM fuel
cell stack, directly connected in parallel to the battery without any limitation to its charge.
The paper presents the characterization of the system behavior, and shows the main re-
sults in terms of performance and energy management.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction to passive hybrid power systems in

unmanned vehicles

relevant issues in the design, development and operation of
unmanned platforms due to its influence on the performance
and capabilities of the vehicle [1,2]. A majority of current un-
manned vehicles are powered with internal combustion en-

Unmanned vehicles offer multiple possibilities in industrial,
scientific and security applications, due to their ability to pro-
vide high quality data in real-time, at a lower cost than other
techniques. On-board energy storage is one of the most
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gines, mainly UAVs and UGVs, but in other applications (e.g.
UUVs and microUAVs) electric propulsion is the only available
option, which requires suitable energy storage systems to
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Nomenclature

BMS Battery Management System

CSIRO Commonwealth Scientific and Industrial
Research Organization

DC Direct Current

EMS Energy Management System

INTA  Spanish National Institute for Aerospace
Research
IUFCV  “Improving efficiency and operational range in

low-power unmanned vehicles through the use
of hybrid fuel-cell power systems” Project

LHV Lower Heating Value

ocv Open Circuit Voltage

PEM Proton Exchange Membrane

SOC State of Charge

uGv Unmanned Ground Vehicle

UAV Unmanned Aerial Vehicle

uuv Unmanned Underwater Vehicle

usv Unmanned Surface Vehicle

Abbreviations

E Energy
I Current
m Mass

P Power

t Time

\% Voltage

List of indices
batt Battery

FC Fuel cell
H, Hydrogen
load Load
diode Diode

provide high specific energy and power density, to increase life
time (number of charging and discharging cycles) and to
ensure safe operating conditions, among other requirements.
In a similar way to other electric vehicles, most electric un-
manned vehicles use lead-acid or Li-ion batteries at present.
Despite the rapid progress of these technologies [3] issues
remain, and the use of hybrid configurations, combining
different energy storage technologies is seen as a promising
option to overcome the existing gaps for power systems in
electric vehicles [4]. The main advantages of hybrid power
systems with respect to battery-based ones are the possibility

of achieving higher specific energy while providing redundancy
in power supply, which reduces the probability of energy fail-
ure, and improves system performance. In the case of power
systems based on fuel cells and batteries, several research
works have tested and evaluated systems based on both con-
figurations in mobile and stationary applications [5—-16].

In general, hybrid power systems are classified in two ar-
chitectures: active, with control elements (typically using DC/
DC converters); and passive, with a direct coupling among the
system components. The choice of the most adequate
configuration for a given application depends on the vehicles
power and energy requirements, weight and volume con-
straints as well as the characteristics of the fuel cell system
and batteries. The active configuration allows a decoupling of
sizing and operating conditions on batteries and fuel cell
using DC/DC converters, allowing a more precise control of
the power system thanks to the control and management of
such converters. Their main disadvantages are the more
complex system topology, reduced efficiency due to voltage
loss, system cost, and higher weight and volume. Passive
configurations with direct connections to the DC bus offer the
advantages of lower losses, reduced cost and simpler archi-
tecture. However, active power control is not possible in this
configuration, due to the absence of converters. This could be
managed by an external control system, allowing modifica-
tions in the operating conditions of the batteries and/or the
fuel cell. In consequence, careful design and integration of
fuel cells and batteries is required to ensure a similar voltage
range operation and proper charging conditions of the batte-
ries from the fuel cell [6,17,18]. Table 1 shows a comparison of
active and passive hybrid power systems, with batteries and a
fuel cell, summarizing the main advantages and disadvan-
tages for each configuration.

There are also several possible architectures in passive
configuration systems, depending on whether the fuel cell is
able to charge the batteries without any restriction (Fig. 1a), if
there are charging regulation requirements during this pro-
cess (Fig. 1b), or even if it is not possible to charge the batteries
from the fuel cells (Fig. 1c).

Using the configuration depicted in Fig. 1a (direct coupling
of fuel cell and batteries) the batteries are the main source to
supply power to the load, while the fuel cell supplements the
power supplied by the batteries, operating as a “range
extender” system. In this operation mode, the fuel cell gen-
erates energy when the state of charge (SOC) and the battery
voltage reach a predefined minimum value. Once this mini-
mum voltage is reached, the energy generated by the fuel cell
is injected into the DC bus that connects the power system to

Table 1 — Comparison between active and passive fuel cell/battery hybrid power system.

Advantages

Disadvantages

Active configuration

Decoupling of sizing and operating
conditions on batteries and fuel cell

Lower losses
Reduced cost

Passive configuration

Lower weight and volume

More precise control of the power system

Simpler architecture, lower risk of failure

e More complex system topology

e Losses in the DC/DC converters

e Higher system cost

o Higher weight and volume

e Active power control is not possible. Fuel cell

operates at the voltage set by batteries.

Careful design and integration of fuel cell system

and batteries to fit the requirements of the load is needed
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Fig. 1 — Passive hybrid fuel cell/batteries power system configurations.

the electric load. Depending on the energy balance, part of the
energy is used to supply the demand while the rest is used to
charge the batteries.

In this operation mode, the demanded power load profile
largely determines the design of the fuel cell and its nominal
power when operating in the battery voltage range. The
voltage of the battery sets the fuel cell current, according to its
polarization curve. Maximum battery current values, as well
as suitable charging/discharging criteria from the safety,
performance and durability points of view, have to be taken
into account in the design and selection of the right batteries
for the system. The passive configuration offers a relatively
simple architecture, providing power self-regulation of fuel
cells and batteries through appropriate design and selection of
both components, at the expense of careful monitoring and
supervision of the system in operation.

Taking into account these general characteristics, hybrid
power systems based on batteries and fuel cells are

considered a suitable option to power unmanned vehicles,
mainly to increase the operational range of these platforms.
Active and passive hybrid power systems have been already
evaluated for unmanned vehicles in several demonstration
projects [18—30]. Most of fuel cell/battery power systems
demonstrated in small unmanned aerial vehicles correspond
to passive configurations, usually according to the scheme
depicted in Fig. 1b, with the fuel cell as main power source,
and the battery supporting the operation of the fuel cell when
the power load is higher than the power supplied by the fuel
cell [18,20—24,31-35]. Nevertheless, its application in UGVs
has received less attention [36—39].

This paper addresses the use of a passive hybrid power
system in a UGV , based on the direct coupling of a fuel cell
and Li-ion batteries, without restrictions to the charging of the
battery from the fuel cell, with the goal to improve the capa-
bilities and performance of these platforms in real applica-
tions. A demonstration of this configuration in an existing
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UGV is proposed, and preliminary results, regarding the
experimental evaluation of the system on a test bench, are
presented and discussed. The main contributions of this
research are related to the understanding of the joint perfor-
mance of fuel cell and batteries in a direct coupling, without
charging regulation of the battery, operating under
demanding load profiles taken from real data. In this topology,
the battery plays a fundamental role as the main power
source, acting at the same time as a buffer that minimizes the
effect of load variations on the fuel cell, which acts as a “range
extender”. This configuration and operation mode present an
alternative approach to passive hybrid systems for unmanned
vehicles, reported in previous experimental works, mainly in
small UAVs, where the fuel cell covers the main power de-
mand of the vehicle, being supplemented by batteries at high
load [23,24,40].

The first part of the paper offers information about hybrid
power systems, introducing the architecture of passive systems
based on fuel cells and batteries, and their use in unmanned
vehicles. The next section details the development of a passive
hybrid fuel cell/battery power system, specifically designed to
fulfill the load and endurance requirements of an existing un-
manned ground vehicle (UGV), as well as the test and experi-
mental evaluation of the system. The last section exposes the
conclusions and future work.

Testing and characterization of passive hybrid
systems for unmanned ground vehicles

This research work is developed in the framework of the
project “Improving efficiency and operational range in low-
power unmanned vehicles through the use of hybrid fuel-
cell power systems (IUFCV)” [41,42]. The objective of this
project is the increase of the operational range of three
existing unmanned vehicles, two UGVs and one UUV, using
hybrid power systems based on batteries and fuel cells. These
platforms and hybrid power systems will be evaluated in real
applications.

Power load profile for the unmanned ground vehicle

The UGVs used in the project are an all-terrain Husky UGV
from Clearpath Robotics [43] provided by the Robotics and
Autonomous Systems Group at CSIRO, and a Summit XL UGV
from Robotnik [44]|, owned by the Energy Area of INTA. The
goal of this project is to increase the endurance on both
platforms up to seven hours of continuous usage on field
missions, maintaining its core payload, speed capabilities
thought the mission execution.

Both platforms will integrate hybrid power systems based
on batteries and fuel cell to accomplish these technical tar-
gets. The development and testing works presented in the
article correspond to the Summit platform. Similar method-
ology will be applied to the other UGV in the short term. The
Summit XL UGV (Fig. 2) is used at INTA for testing multiple
power systems configurations and technologies, as well as for
integrating sensors and simulate missions defined by
different end-users. The main characteristics of this platform,
according to the manufacturer, are as follows:

Fig. 2 — Summit XL platform (INTA).

Weight: 45 kg

Maximum payload: 20 kg

e Speed: 3 m/s

e Drive system: 4 wheel, 4 brushless motors
Batteries: 8 x 3.2V, 15 Ah LiFePO4

e Endurance (nominal/idle): 5/20 hours

Taking into account the limitations of the UGV in terms of
available weight and volume, the proposed systems should be
as simple as possible in terms of components, trying to ach-
ieve the maximum specific energy and energy density with
these restrictions, but offering at same time enough war-
ranties to provide the necessary energy and power to fulfill the
required missions. Passive hybrid power systems, without DC/
DC converters, seem in this case a suitable solution, if
designed and sized according to the technical specification of
the vehicle. This passive hybrid system is based on open
cathode - air cooled Polymer Electrolyte Membrane (PEM) fuel
cells, and Li-ion batteries. Compressed hydrogen and metal
hydrides will be the hydrogen storage technologies used in the
platform. In the first phase, the battery and fuel cell of the
hybrid power system designed for the Summit XL UGV were
integrated and tested in a test station.

In order to evaluate the performance of the passive hybrid
power system under power demand profiles similar to those
used by the platforms in real scenarios and missions, the
vehicle performed intensive tests under different driving
conditions and types of terrain. The power consumption
profiles were obtained by measuring the voltage and current
in the 8 LiFePO, batteries connected in series provided by the
platform. These driving tests considered the vehicle in:
standby mode (idle), smooth driving on flat terrain (with low
accelerations and few turns), and more aggressive driving
trials on flat terrain with frequent turns and strong accelera-
tions. From the power perspective, the smooth driving is
commonly used in autonomous surveillance missions while
the aggressive maneuvers are typically required in off-road
navigation tasks. The measured load profiles show that the
vehicle maximum power peak is around 600 W. Most of the
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missions combine different terrain and driving modes. The
average power varies from a minimum of around 38 W when
the vehicle is in stand-by (idle, with the only consumption of
the on-board electronic equipment), to a maximum of 200 W
when driving agressively on flat terrain . During these tests in
the real conditions required by INTA, combining different
driving modes, the real autonomy of the vehicle was around 2
hours, lower than the autonomy specified by the manufac-
turer in its nominal conditions. Fig. 3 depicts the power curves
for smooth and aggressive driving of the vehicle in a flat
terrain.

Based on these real profiles, a standard basic mission
profile was created, combining the power at stand-by (corre-
sponding to the minimum power consumption of the vehicle),
power peaks and several power up and down ramps, repre-
sentatives of the variations in the vehicle's load profiles
analyzed above. This basic profile, covering all these cases and
measured variations of the load, has a duration around 300 s.
In order to estimate the performance of the system during the

700 1 r

a) Smooth driving
T T

targeted operating period (more than 7 hours on the Summit
XL), this basic profile was repeated throughout the seven-
hours period to create a long-term test profile for the test
bench. Fig. 4 illustrates this basic profile.

From this basic load profile, repeated during seven hours,
the total energy consumed in this period was calculated, giv-
ing a value of around 1 kWh. This is the minimum electrical
energy that the power system has to store, in the battery and
the hydrogen storage system, and supply to the vehicle.

Development of passive hybrid power system

The passive hybrid power system, designed, developed and
evaluated for the Summit XL UGV, integrates an open cathode,
metal bipolar plates PEM fuel cell stack, with fan, from the
manufacturer BCH, model TH-200. This stack has 30 cells, is
air-cooled and able to supply 200 W at 24 V [45] and six 6
KOKAM Ultra High Energy NMC LiPo cells (27 Ah nominal ca-
pacity (C), max. charge 27 A (1C), max. discharge 54 A (2C),
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peak discharge 108 A (4C)) connected in series (22.2 V nominal
voltage, 25.2 V max. voltage, 16.2 V min. voltage at pack level)
[46]. The stack and the batteries, jointly with the hydrogen
storage system and a custom developed Energy Management
System (EMS), which integrates the functions of a typical
Battery Management System (BMS) and the monitoring and
control of the fuel cell system, are the main components of the
proposed passive power system, which will replace the
existing LiFePO, battery pack in the vehicle. The battery, the
fuel cell and the hydrogen storage system were selected and
developed to achieve a specific energy higher than 180 Wh/kg
and to store at least 1 kWh of electrical energy, equivalent to
seven hours of autonomy in the vehicle operating under the
basic load profile.

The fuel cell and the batteries were previously tested and
characterized in a test bench, in order to obtain the polariza-
tion curves (voltage and power vs. current) and the charging-
discharging curve respectively (Figs. 5 and 6).

According to Fig. 5, the OCV of the fuel cell is 37.5 V, and the
maximum power achieved, at 15.3 A, is 324 W. In these con-
ditions, the fuel cell generates 12.25 A at 24 V, supplying 294 W

45 350
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—e— Power (W)
- 300
Prys
4250
3B -
) {0 g
) 5
s 1 2
=) [=]
> 150 O
25+
4100
20 -
450
s | [ . . . ! ! . .
0 2 4 6 8 10 12 14 16 18

Current (A)

of power. This value is higher than the nominal values spec-
ified by the manufacturer (200 W at 24 V).

Fig. 6 shows the characterization curve of one battery cell,
corresponding to a charging step at 5.5 A, up to a maximum
voltage of 4.2 V, a discharging step at 2,7 A (0.1 C) until a
minimum voltage of 2.7 V, and finally a charging step until the
maximum voltage. The measured capacity (C) from this cell
and test was 26.91 Ah.

The hybrid system was connected in a direct coupling
configuration between the fuel cell stack and the batteries,
without limitation to the charge of the batteries from the
fuel cell (thanks to the characteristics of the battery in
terms of maximum charging/discharging current and ca-
pacity) according to the scheme depicted in Fig. 1la. Fig. 7
shows the electric circuit of this passive hybrid power
system.

This architecture allows the simplest passive system,
avoiding the use of battery charger or similar device. In
this configuration, power sharing between battery and
fuel cell depends only on the battery voltage (and SOC).
The tests were performed in an ARBIN BT-ML 60 V-100 A
battery test station [47], programmed to repeat the basic
load profile shown in Fig. 4 in a cyclic mode, at least
during seven hours. In a first phase, the fuel cell (fan and
purges) was managed with a control board supplied by the
manufacturer jointly with the stack. Other data from
batteries and fuel cell were measured and acquired in a
suitable SCADA included in the experimental set-up, as
well as in the battery test station, which were also pro-
grammed to ensure the operation of the batteries in the
voltage range specified by the manufacturer. Fig. 8 depicts
this experimental set-up.

Testing of passive hybrid power system for summit XL

Fig. 9 shows voltage and current of the fuel cell/battery power
system during the +7 htest.

Fig. 9 illustrates the operation associated to Fig. la in
section Introduction to passive hybrid power systems in

Fig. 5 — Polarization curves of the BCH-T200 fuel cell stack. unmanned vehicles. Three clearly-defined steps are
observed in the figure:
6 ' 5
4k —— — 44
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Fig. 6 — Characterization curve of a KOKAM Ultra High Energy NMC cell.
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Fig. 7 — Electric circuit of the passive hybrid power system.

Fig. 8 — Experimental set-up of the passive hybrid fuel cell/
battery power system.

a) Step 1

At the beginning of the operation, the load is initially
powered only from the battery. In these conditions:

Vioad = Viar
Lioaa = Ipart
Pioaa = Pb‘tlit (1)

Ebatt,l = / Pbatt -dt = Eload,l

to

Operation of the battery/fuel cell power system

This step had a duration of 2.45 hours, from t, to t;, and it
finished when the battery achieved a predefined minimum
voltage of 21.5 V.

b) Step 2

The fuel cell operated jointly with the battery, powering
the load and charging the battery. This step started at t;, when
the Dbattery achieved the minimum voltage threshold
mentioned above, set to ensure a safe operation of the fuel
cell, according to the manufacturer's specifications. In these
conditions:

Vicad = Viarr = Vic — Vaiode

If Pload < PFC7 Iload = IFC - Ibam Pload = PPC - Pbatt (2)

If Ploud > PFCylload = IFC + Ibatt:Pload = PFC + Pbatt
In general, Erco = Ejoaa2+Epatt,2
where:

ty
Epco = /PFC’dt
ty

ty
Epatt2 = / Ppar-dt
ty

From t;, the fuel cell voltage was the sum of the battery
voltage plus the diode voltage (approximately a constant value
of 0.82 V in this range of operation). The fuel cell operated until
the battery voltage achieved a predefined value, 24.5 V in this
test, which assured a high SOC of the battery. This voltage
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Fig. 9 — Operation of the battery/fuel cell power system for Summit XL UGV.
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value was also set considering the hydrogen available in the
storage system and the energy provided by the fuel cell, taking
into account the minimum energy needed for seven hours of
operation of the vehicle under the basic load profile. This step
lasted 2.08 hours, from t; to t,.

c) Step 3

Once the battery is recharged to the voltage achieved at t, it
assumes all the vehicle power load until the voltage drops
around 18 V, at tz. This value was still far from the minimum
voltage of the battery pack (16.2 V), but was considered a
conservative limit to avoid the total discharge of battery in
these first tests, as well as to operate in the voltage range of
the on-board DC/DC converters of the Summit platform, used
to power its internal electronic systems. As such, not all the
available energy in the battery was consumed in the experi-
ment. The operating conditions of the power system are the
same as detailed in Eq. (1), with:

L]
Epartz = /Pbatt -dt = Eload,3
ty

The duration of this step, from t, to t;, was 3.1 hours.

The total duration of the test was 7.6 hours, corresponding
to 2.08 hours of the joint operation of the fuel cell and the
battery, and 5.55 hours to the operation only with the battery.
Fig. 10 depicts in detail the evolution of voltages and currents
in the operation period of the fuel cell.

Battery and fuel cell voltage curves have a similar shape,
being the difference the voltage drop at the diode, with a
constant increase as the LiPo cells are recharged and their
voltage increases. In this voltage range, the average power of
the fuel cell (291.8 W) was greater than the average power load
(153.2 W). Consequently, the energy generated in the fuel cell
was enough to power the UGV and recharge the battery
simultaneously when the fuel cell power was higher than the
load. Because of this, the battery current curves show positive
values when it is charged and negative when is discharged.
The current of the fuel cell remained always positive, while
the current from/to the battery changed rapidly, from nega-
tive (charging) to positive (discharging) values, depending on
the demand profile of the vehicle. The fuel cell current
decreased smoothly as the battery voltage increased and the
battery was charged. The battery buffered all the demand

variations, supplying energy when the requested power
exceeded the power generated by the fuel cell, or when being
charged because of an energy excess generated by the fuel cell
respect to the demanded power. The maximum battery cur-
rent reached in this charging process was 12.7 A. The charging
rate for the 27Ah battery was less than 0.5 C, according to the
manufacturer's requirements for safe battery charging. Simi-
larly, the maximum battery discharging current during this
period was 14.7 A, which is slightly higher than 0.5 C, and
much lower than the maximum discharge current specifica-
tions (54 A for continuous discharge and 108 A for peak
discharge). The fuel cell current variation was almost linear,
from a maximum value of 14.7 A at the beginning of its
operation to a minimum value of 10.4 A at its end. The fuel cell
voltage values agree with the expected ones, according to the
polarization curve (Fig. 5).

In terms of power, Fig. 11 shows the power provided by the
battery and the fuel cell, as well as the total power demanded
by the vehicle. The total power corresponds to the pattern
load profile previously explained. The basic load profile is
highlighted in the total power curve, and corresponds to the
profile depicted in Fig. 4. Most of the battery power corre-
sponds to the charging process, with a maximum of 282 W.
The battery power also presents discharge peaks around
300 W, with a maximum of 341 W. These peaks were gener-
ated by the vehicle power demand, and its maximum reaches
610 W. Since the fuel cell power varied almost linearly from
336 W at the beginning of the operation to 264 W at the end, all
the additional power, around 50% during these discharge
peaks, was supplied by the battery. The contribution of the
battery to the total power allowed to the hybrid fuel cell/bat-
tery system to provide higher power density than power sys-
tems based exclusively on fuel cells [40].

In terms of energy, taking into account the three steps
previously defined, the total energy supplied to the system
would be:

(4)

Total energy consumption in the 7.6 hours test (Ejoqq) Was
1065 Wh. During the fuel cell and battery joint operation
period, the total energy produced in the fuel cell (Epc) was
608.4 Wh, with a measured hydrogen consumption of 47.1 g.
51% of this energy (308.03 Wh) was used to charge the batte-
ries, and the remaining 49% (300.35 Wh) was used in the en-
ergy demand of the vehicle. During this period, the battery

Eload = Eload‘l + Eload,Z + Eluad,3
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15 Ry

Current (A)
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Fuel Cell Current (A) {
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I I I
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Fig. 10 — Voltage and current evolution.
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Fig. 11 — Battery, fuel cell and load power.

had an energy output of 18.84 Wh when discharging, mainly
due to the peaks in the vehicle load.

The energy supplied by the fuel cell to the battery was in
the same order of the energy provided by the battery to the
vehicle prior to the operation of the fuel cell (around 327 Wh).
Consequently, the battery SOC at the end of fuel cell's opera-
tion was almost the same as the SOC at the beginning of the
long term test (to), when the battery was fully charged. The
average fuel cell efficiency over the operating period was
calculated as shown in Eq. (5):

Erc
— - 5
=g, (5)

En, is the energy content of the hydrogen consumption,
and it is calculated as shown in Eq. (6):

Ey, = My, -LHVy, (6)

Erc was the energy generated by the fuel cell (608.4 Wh),
my; the mass of hydrogen consumed during the test (47.1 g)
and LHVy, the lower heating value of hydrogen (120.1 Mj/kg or
33.3 Wh/g). With these values, the average fuel cell efficiency
was 39%. A more adequate selection of the operating voltage
range in fuel cell and battery could achieve higher efficiency
when adjusting the fuel cell voltage range around the
maximum efficiency point.

Conclusions and future work

This paper has analyzed the main characteristics of hybrid
power systems based on batteries and fuel cells using a pas-
sive architecture. After considering different passive

configurations, a direct coupling between fuel cell and batte-
ries showed to be most suitable for the considered application
because of its simplicity, in terms of components, and flexi-
bility, in terms of operation.

The proposed solution is based on six LiPo cells, connected
in series, and a 200 W PEM fuel cell stack, directly connected in
parallel to the battery without any limitation to its charge. In a
first version, the system was monitored and managed with a
control board of the fuel cell stack and a suitable SCADA
developed for the tests. A specific Energy Monitoring and
management System (EMS) is being developed, and it will be
integrated in further versions of the systems. The hybrid
power system was tested under a pattern load profile obtained
from power consumption data in different real missions of
one of these UGVs. The duration of the whole test (7.6 hours)
was greater than the minimum period targeted in the project
to operate the vehicle (7 hours), and notably greater than the
autonomy provided by the original batteries of the vehicle in
missions with similar load profile (around 2 hours). The re-
sults showed good performance of the fuel cell and the battery
during the tests of the hybrid system, which operated the fuel
cell when the battery reached a low voltage threshold, around
the two hour mark of continuous operation. During the
operation, around 49% of the energy produced by the fuel cell
was used by the vehicle, and the remaining 51% recharged the
battery. The design of the system allowed to the battery to
cover the peaks when the required power was higher than
that generated in the fuel cell. Battery charging and dis-
charging currents were around 13—14 A (i.e., around 0.5 C),
fulfilling the specifications of the manufacturer. In these
conditions, the voltage of the fuel cell was set by the voltage at
the DC bus; the fuel cell current, voltage and power presented
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a smooth variation from the maximum values at the begin-
ning of its operation to the end, which resulted in greater
durability of the power system. The average fuel cell efficiency
achieved in the tests was 39%.

It is important to highlight that, to guarantee a suitable
joint operation of the fuel cell and the battery, careful design,
selection and development of both components is required.
Based on the experimental data, the next step will be focused
on voltage range optimization, which will increase the effi-
ciency and durability of the whole system, as well as minimize
fuel cell degradation. Further steps will include integration in
the hybrid power system of the hydrogen storage system and
the energy management system (EMS). In a first estimation,
considering a 3 1 compressed hydrogen type III cylinder,
operating at 200 bar, as hydrogen storage, the specific energy
in the hybrid power system would be around 200 Wh/kg,
achieving the technical target of the project (180 Wh/kg). The
definitive power systems installed in the UGV will be evalu-
ated in field test under real operating conditions, in order to
assess its advantages/disadvantages, in terms of cost, risk of
failure, specific energy and energy density, with other possible
technical solutions.
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