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Abstract

The application of fuel cell technology for all-electric-aircraft is currently driving numerous research activities
as a disruptive approach to achieve decarbonization of short-range and regional aircraft. For the CS-23 class,
the feasibility of fuel cell-based all-electric aircraft has already been demonstrated. Recently, several attempts
were communicated to upscale the technology to the CS-25 class with the goal to achieve a megawatt
demonstration on ground and in flying test platforms.

The aim of the BALIS test infrastructure is the experimental investigation of powertrain subsystems fuel cell,
liquid hydrogen tank, battery, and electric drive in the megawatt scale on ground. Following a modular
approach, the named subsystems are integrated in particular test fields, which can be operated separately or
coupled flexibly via the infrastructure. This approach enables the investigation of upscaling and coupling
phenomena under application-relevant load profiles. After being developed and built over the past three
years, this work focusses on presentation of the test fields fuel cell, battery and e-drive as well as the
corresponding high voltage electrical system of the BALIS facility. The electric coupling between the test
fields is carried out with the so-called switch matrix. The switch matrix enables a flexible realization of
different use cases embodied by different electric connection schemes in order to investigate the electrical
interactions between the subsystems, the optimization of components and operation strategies. The
methodological approach is presented and an outlook on the scope of scientific research is given.

methodology [20]. The aim is to develop and investigate
the subsystems of PEMFC-based powertrains and their
coupling behavior under application-relevant load profiles

1. INTRODUCTION

In order to achieve the climate action goals of the
International Air Transport Association (IATA) [1] fuel cell-
based electric propulsion is one approach for emission
reduction of regional aircraft [2,3]. In several flight
demonstration projects, the feasibility of the application in
manned aircraft has already been proven for CS-23 class
[4-10]. In all named projects polymer electrolyte
membrane fuel cell (PEMFC) technology was selected.
PEMFC offer a high technological maturity and beneficial
power density compared to other fuel cell types [11-13].
Recently, several attempts were reported by the industry
to upscale the PEMFC technology to megawatt (MW)
power aiming for the application in CS-25 class [14,15].
However, to the best of the authors’ knowledge no
evaluation of the concepts, results or fundamental
findings from these projects has been published. Scientific
studies are available for the MW operation of PEMFC
systems for stationary application [16-19]. However, the
design approach does not meet the aviation requirements
and no interaction in an electric propulsion system
including electrical system and e-drive is considered.
Overall, no experimental studies for the operation of MW
PEMFC-based powertrains for aircraft application are
available yet. To bridge this gap, a multi-integrative test
environment of the same name was designed in the
project BALIS following a system engineering

with the test facility. Ultimately, fundamental knowledge
about the MW operation should be gained and the
scalability of the technology to the CS-25 class should be
evaluated. After being built-up in the past years, the test
fields for fuel cell and electric motor as well as the electric
infrastructure including battery emulator are now
available. In this work, the methodological approach of
these test fields with the integrated first-generation test
system is presented and a discussion of the first
commissioning test results is given.

2. CONCEPT OF THE BALIS TEST
ENVIRONMENT

The principle concept of the test environment has already
been presented in ref. [20]. The characteristic feature of
the setup is the modular approach. According to this
approach the test environment is divided into different test
fields for each powertrain subsystem, namely:

- Fuel cell test field

- Electric motor test field

- Battery test field

- Liquid hydrogen (LH2) test field



In each test field the devices under test (DUT) are
integrated, representing the different subsystems of the
electric powertrain.

This work focusses on the fuel cell and electric motor as
well as the evaluation of the role of the battery. The BALIS
infrastructure enables the testing of these DUTs
separately and in different electrically coupled
configurations using the centerpiece of the electrical
infrastructure, the so-called switch matrix, which is
schematically depicted in Figure 1. Load simulation is
carried out by using three separate direct current (DC)
source/sink modules (AVL, 1250 A / 825 kW). They are
connected to the power distribution units of the different
test fields with the switch matrix via common high voltage
(HV) DC busses. By activating or deactivating the different
switches of the switch matrix (red dots in Figure 1),
different use cases can be realized representing different
interconnection configurations between the test fields and
the DC source/sinks. Sixteen of these use cases are
provided in the current switch matrix concept. With this
approach isolated tests in the different test fields as well
as direct and parallel interconnections are possible.
Surplus energy is fed back into the grid. A detailed
overview is given in ref. [20].
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Figure 1 Schematic diagram of the BALIS switch matrix, the
connected test fields, and DC source/sinks; The switching
options enabled by the switch matrix are indicated by the red
dots with the possibility of realizing 16 pre-defined use cases.

3. POWERTRAIN SUBSYSTEMS

The basic idea of the BALIS test fields is to provide a
flexible test infrastructure for the development and testing
of powertrain components and subsystems in cooperation
with system developers. In target-oriented projects the
major challenges for the implementation of fuel cell-based
powertrains in regional aircraft applications like weight
reduction, robust operation and cycle stability should be
addressed. In the framework of the BALIS project, a first-
generation powertrain system was designed, procured
and integrated. The system consists of off-the-shelf
products aiming towards aircraft requirements.
Nevertheless, as the system is no flightworthy hardware it
should rather be seen as a first benchmark system for the
MW operation. In the following sections, an overview of
the powertrain and integration concept of the first-
generation system is given.

3.1. Fuel Cell System

Overview

Achieving MW power with PEMFC systems is currently
only possible by connecting several PEMFC stacks at
least electrically [21,22]. For the first-generation BALIS
PEMFC system 12 commercial fuel cell modules (PS-100,
PowerCell, Pgross=120 kW, Pret=100 kW ) consisting of the
PEMFC stack and a complete balance-of-plant (BoP)
system including control unit are connected leading to a
maximum theoretical net output power of 1.2 MW. For
each module a test space is provided equipped with
media supply and the connection to the electrical, control
and exhaust system. An overview of the system
architecture of the multi-stack configuration is shown in
Figure 2. In the following, the electrical and fluidic
architecture of the DUT system and the fuel cell test field
is described.
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Figure 2 Overview over the system architecture of the BALIS
1%t generation fuel cell system integrated into the fuel cell test
field, The numbers MI...12 denote the different fuel cell
modules; dark blue: cooling water circuit, light blue: cold water
circuit, red: hydrogen supply, black: HV DC system; The air
supply and exhaust system is not depicted.



Electrical Architecture

Two fuel cell modules respectively are connected in series
to form one fuel cell string adding their cell voltage to the
total output voltage Uou, while the output current lout is
equal for both modules. The series connection is realized
with a connection box (PowerCell), which contains the
switches and pre-charge devices for connecting and
disconnecting the string. Three strings are connected in a
direct parallel configuration via one copper busbar in the
power distribution unit (PDU) of the infrastructure. Hence,
the string voltages are fixed at the same voltage level
represented by the bus voltage, while the overall PDU
output current equals the sum of the string currents. Two
PDUs (AVL, 1200 V / 3x 400 A, 750 kw) for fuel cell
testing are available. Beside the busbar for fuel cell
connection the PDUs are equipped with fuses, optional
diodes and disconnectors required for safe operation. In
the baseline concept of the first-generation fuel cell
system both PDUs and thus two 3x2 fuel cell system are
in turn connected in a direct parallel configuration via the
switch matrix. Altogether, a 6x2 (parallel x serial)
configuration of the multi-stack fuel cell system is realized
with all string voltages fixed on one bus voltage. Auxiliary
power supply is realized via the low voltage supply of the
infrastructure. CAN communication is used for the
connection of the fuel cell string controller with the overall
control system. The two modules of one string are
controlled in a master/slave operation mode. An ethernet
connection serves for diagnosis and software updates.

Fluidic Architecture

Ambient air is supplied to the fuel cell modules through
the air inlet infrastructure of the test field in a parallel
configuration. Each fuel cell module is equipped with an
air supply module including single stage compressor and
humidification unit. Hence, the air inlet infrastructure is
designed passively without any additional blower or
compressor. Hydrogen is supplied from a hydrogen trailer,
which contains 20 m® hydrogen at 200 bar at the
maximum filling level (Air Liquide, Hydrogen N50, purity:
299.999 vol%). The hydrogen supply system consisting of
pressure reducer, purging system, safety valves and
piping is designed in a way that hydrogen can be supplied
to the fuel cell modules within their back-pressure
operating window between 55 and 16 bar in any
operational mode with an overall hydrogen flow of up to
120 kg/h. The hydrogen supply for all modules is realized
in a parallel configuration. Cathode and anode exhaust
are released jointly through one passive exhaust venting
system. The operation temperature of the fuel cell
modules is in a range between 65 and 80°C. For the
thermal management of the FC stacks each module is
connected to the cooling-water circuit (Tin = 35°C,
Tout = 45°C) via a heat exchanger. The primary cooling of
the stacks is achieved with a dedicated FC coolant
(BASF, Glysantin FC G20) and controlled by the FC
module controller. The BoP components are cooled via
the cooling-water circuit of the facility as well.

3.2. E-Drive System

Overview

High power as well as high volumetric and gravimetric
power density are the main requirements for electric

motors for all-electric aircraft. Among the available state-
of-the-art motor technologies permanent magnet
synchronous machines (PMSM) are currently seen as the
most suitable option for aircraft applications [23,24]. For
the first-generation BALIS e-drive system two high-speed
PMSM (Compact Dynamics, 600 kWmax/500 kKW contiuous @
17,000 rpm) are coupled mechanically via a gearbox. The
motors exhibit a high specific power of 13.9 kW/kgcontinuous.
(Note, that for an assessment of the whole e-drive weight
the mass of reduction gear also has to be considered). An
overview over the electric motor test field architecture is
shown in Figure 3. The electrical, mechanical and fluidic
architecture is described in the following sections.
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Figure 3 Overview of the system architecture of the BALIS 1%
generation e-drive system integrated into the electric motor test
field; dark blue: cooling water circuit, light blue: cold water
circuit, yellow: oil cooling circuit, black: HV DC system.

Electrical Architecture

For the high voltage DC supply each inverter is connected
to one PDU (AVL, 1200 V / 1250 A, 750 kW) as part of the
test field infrastructure, respectively. The control of the e-
drive is achieved via CAN communication. For diagnosis,



calibration and software-update the motor/inverter unit is
equipped with an ethernet connection. For auxiliary power
supply their controllers are connected to the test field low
voltage supply.

Mechanical and fluidic Architecture

Mechanical coupling of the motors is achieved with a
summation gear (Chemnitzer Zahnradfabrik, >98%
efficiency, 210kg). In order to achieve an application
relevant speed range a transmission ratio of 8.5 was
applied. A cardan shaft connects the transmission output
shaft with the dynamometer. The motors/inverters operate
at cooling water feed temperature of 25°C. For the
thermal management of the motors, the primary cooling
loop is connected to the cold-water cooling circuit of the
infrastructure. Cooling water is used for heat release of
the gearbox, which is equipped with an oil cooling as
primary cooling loop.

3.3. Role of the Battery

The HV DC power management in fuel cell-based electric
powertrains is a challenging task due to limited dynamic
performance of the fuel cells, ripple currents and electrical
oscillations in the HV system (see e.g. ref. [25]). In
addition, powertrain efficiency and weight can potentially
be optimized by load sharing with buffering systems. As a
consequence, the application of additional auxiliary
storage systems based on batteries can be necessary or
beneficial (see e.g. ref. [26]). As a result, the application
of battery systems in fuel cell-based aircraft propulsion
systems has already been demonstrated in the CS-23
class [4,7]. The disadvantage of the application of
batteries is their poor specific energy density, why
oversizing of an auxiliary battery system has to be
avoided. As a consequence, the optimal sizing and design
of an auxiliary battery system is highly dependent on the
load profiles as well as the system architecture and
specifications.In order to provide the possibility for the
investigation of the role of batteries in the propulsion
system the DC source/sink can also serve as a battery
emulator. Real batteries can be investigated in the BALIS
battery test field. The infrastructure for this test field is
already finalized allowing the coupling of battery systems
with the HV electrical system via a PDU (AVL, 1200V /
1250 A, 750 kW) and the switch matrix. No battery test
chamber or physical battery system has been integrated
yet. The aim is to gain more profound understanding of
the requirements and sizing of auxiliary battery systems
by emulating the battery behavior in a first step.

3.4. Commissioning Testing

First commissioning testing has been carried out with the
fuel cell system and the e-drive system. In a first step
stationary tests were conducted for proving performance
stability of the DUTs under part load. The stationary load
scenarios were simulated by the infrastructure without
coupling of fuel cell and motor performance.

In the case of the fuel cell system galvanostatic
experiments were conducted, varying the current request
stepwise and measuring the fuel cell performance at a
stable current for a few minutes. At first, the strings were
tested separately. Each string showed a stable
performance over the whole power range. The maximum

power of the strings at 400 A output current differed by
7 kW ranging from 215 to 222 kW. In the next step the
direct coupling of 3 and 6 strings, respectively, was
achieved simulating the load via one DC source/sink
module. The experiments were conducted in the load
following mode, where the set point of the FC module
BOPs is gathered from the actual current that is drawn.
Only moderate dynamic can be realized in this operating
mode to prevent any violation of operational limits.
Measuring data of a stationary test with 6 coupled strings
is shown in Figure 4. A stable power output can be
observed between 200 and 590 kW. Further tests were
conducted coupling 3 strings only. During all coupled tests
load oscillations between the parallel connected strings
were observed. In case of the 3 string experiments, the
oscillations reached a maximum amplitude of 22 A at a
total current of 600 A. Smaller values were observed
during the 6 string tests. It is assumed that these
oscillations can be avoided by the implementation of an
adapted control strategy. However, a detailed discussion
of the occurrence of oscillations is beyond the scope of
the present work and will be evaluated in future studies.
Overall, a proof of the part load performance of the 6x2
multi-stack fuel cell system could be achieved.
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Figure 4 Measuring data of a stationary experiment with the
6x2 multi-stack fuel cell system varying the power between 0
and 590 kW; green: current, red: voltage, black: power. The
test was conducted as a galvanostatic experiment controlling
the fuel cell system in the load following mode.

In the case of the e-drive system single- and dual-motor
tests were conducted. As the dynamometer has not been
finally parametrized yet it cannot be operated at full power
by now. Hence, maximum power tests with one motor and
part-load tests with two motors were conducted.
Measuring data of a single-motor test is shown in Figure
5. A stable power output can be observed in the whole
power range between 0 and 600 kW. Above 600 kW the
control system shut down automatically due to the
preliminary implemented operation limits. In the dual-
motor experiments the two motors were operated together
coupled via the gearbox. A shaft power of up to 200 kW
could be achieved. In all cases pronounced oscillations of
the torque at the main shaft of the gearbox occurred,
while only minor vibrations of the gearbox were observed.
It is assumed, that the final parametrization of the
dynamometer reduces these oscillations. For a detailed
evaluation of this effect further testing is required.
Altogether, a first commissioning of the electric motor test
field with the single-motor experiment could be achieved.
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Figure 5 Measuring data of a stationary experiment with one
electric motor varying the power between 0 and 600 kW; red:
torque at the dynamometer, blue: rotational speed, black:
power. The test was conducted by controlling the torque at the
dynamometer at constant rotational speed of 1650 rpm.

4. CONCLUSION AND OUTLOOK

The upscaling of fuel cell-based electric aircraft propulsion
into the MW range and their proof of performance is a
technological challenge, which has rarely been tackled
yet. The BALIS test environment has been developed to
enable the experimental investigation of such powertrains
of up to 1.5 MW power. Following a modular approach,
the test fields for fuel cell, electric motor and battery can
be operated separately for DUT testing simulating the
powertrain behavior with the electrical infrastructure. In
addition, flexible coupling of the test fields in up to 16
different use cases is possible allowing the experimental
investigation of interactions between the components in
the electrical HV system and the performance of the
overall powertrain system. A first-generation powertrain
consisting of a multi-stack fuel cell system and an e-drive
system with up to 1.2 MW of maximum power has been
developed and implemented in the test facility. In order to
evaluate the necessity and design of a potential support
battery, the infrastructure provides the possibility of
battery emulation during powertrain operation. First
commissioning tests of the first-generation DUTs had
been conducted at stationary power levels up to 600 kW.
They proof the operability of the test facility and the first-
generation fuel cell and e-drive system at least at part
loads.
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