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ARTICLE INFO

The article discusses the concept of using a hydrogen fuel cell as the primary energy source for a rail vehicle's

propulsion system. The authors presented the idea of a stationary test stand for commissioning and testing of the
hydrogen fuel cell, cooperating with a battery energy storage system and a traction inverter. At the same time, a
modular installation of key components of the propulsion system was proposed, which allows flexible adaptation to
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different types of rail vehicles. Particular attention was paid to analyzing the potential of the above solution for easy
application to existing vehicles. The described test stand allows not only testing of hydrogen propulsion control
algorithms, but also lays the foundation for the development of a complete propulsion management system for rail
vehicles, supporting the development of modern, environmentally friendly transportation solutions.
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1. Introduction

Transport is one of the main factors of economic growth
and development. In the main, Internal Combustion En-
gines (ICE) are the primary source of propulsion in vehicles
(99.8%) [26]. Due to the relatively low cost of purchasing
and vehicle maintenance, mainly road vehicles, and the
developed infrastructure, this type of propulsion is widely
available around the world. At the same time, due to the
popularity, the transport sector consumes significant
amounts of energy, mainly relying on the use of petroleum
products (95%) [31]. This means that a huge amount of
fuels, such as gasoline and diesel, are consumed. As a result
of the combustion reaction of hydrocarbon fuels, the main
product of combustion is carbon dioxide (CO,). Transport
is responsible for about 20% of global CO, emissions [1].
In addition, incomplete and imperfect combustion also
results in hydrocarbons (HC), nitrogen oxides (NO,), car-
bon monoxide (CO), and Particle Matters (PM) in the ex-
haust gas. Emitted in huge quantities, CO, has a significant
impact on the global climate change that is occurring. In
turn, the other harmful compounds [15] contained in ex-
haust gases [37], have a negative impact on the environ-
ment, including human health and life [39].

For this reason, a number of initiatives and regulations
have emerged to reduce fossil fuel consumption and ex-
haust emissions [51]. Mention should also be made of the
European Union (EU) policy aiming to completely elimi-
nate CO, emissions in the longer term [17]. Currently, re-
duction of harmful compounds from the exhaust fumes is
possible through the use of exhaust aftertreatment systems
[42, 44] and increasing the efficiency of ICEs [6]. Ultimate-
ly, however, this is or will be insufficient in many cases.
For this reason, solutions have begun to be sought through
the use of alternative fuels or the electrification of drive
systems. In the case of automotive vehicles and urban mass
transit vehicles, the use of hybrid powertrains is a common
practice [2]. In the case of diesel rail vehicles, such solu-
tions have been known for a long time. Much of the diesel

rolling stock is equipped with an electric transmission, or
power generator, which is driven by ICEs [3]. This means
that a diesel rail vehicle with an electric transmission has an
electric powertrain.

A more complex and costly solution [50] is to use hydro-
gen as a fuel for vehicle propulsion. This fuel can be used in
adapted ICEs [10, 41, 43], in many cases, like rail vehicles
[5], the marine industry, or power generators [4]. However,
this method is characterized by lower efficiency than the use
of hydrogen in fuel cells (FC) [12], where less thermal ener-
gy is lost. In addition, burning hydrogen at high temperatures
may cause the formation of NO, [35]. The second solution is
the use of hydrogen in FC, including rail transport [16, 49].
Due to the nature of FCs operation, such systems have a
higher efficiency of 35-70% [8] and local zero emissions,
except water vapor. However, the use of FC in transport is
still severely limited, and despite the commercially available
hydrogen cars and the use of hydrogen buses, the most popu-
lar type of transport are still ICE vehicles. The situation is
similar in the rail market, where a big share of the total num-
ber of vehicles are diesel vehicles [48].

Despite this, the rail hydrogen market is developing
quite dynamically [45]. Concepts and prototypes [36] of
vehicles using hydrogen FC have been developed [23]. The
project in Canada was to build a hydrogen FC on a GP9
8637 switcher locomotive. The goal of this project was to
determine if hydrogen-powered FC switcher locomotives
could meet the operational demands and duty cycles of yard
service [30]. In Japan, a passenger multiple unit (MU)
called the Hydrogen-Hybrid Advanced Rail Vehicle for
Innovation (HYBARI) was developed [29, 34]. In Poland,
a hydrogen shunting locomotive, the SM42-6Dn, was creat-
ed by retrofitting the drive in a diesel locomotive [13, 14].
In Germany, a hydrogen MU rail vehicle, the Coradia iLint,
produced by Alstom, was put into regular service for the
first time on a local passenger line [20]. More versions of
passenger rail vehicles are currently under development and
have been ordered by rail operators [29].
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Hydrogen propulsion, in terms of numbers, currently rep-
resents an almost unnoticeable part in the transport sector.
However, the use of this type of fuel in vehicles is being
developed around the world. In addition, policies leaning
toward zero-emission propulsion are, in a way, forcing the
development of such solutions [27]. For this reason, innova-
tive research and development works are necessary to in-
crease the efficiency, including financial efficiency, of the
application of hydrogen propulsion systems. However, in
order for a final hydrogen vehicle to be developed, a lot of
research is required regarding hydrogen fueling [40], on-
vehicle storage, control system [9] and power flow [11],
among others. This includes the ability to test and verify the
created propulsion systems for development.

Various solutions have been developed to investigate
hydrogen FC systems. Test benches and laboratories were
created for testing hybrid-electric systems. However, the
maximum power of FC is very often characterized by a low
level, for example, 257.8 W [18], 200 W [7], or concerns
the integration of a hydrogen system with an electric energy
system for stationary use [22]. In the case of hydrogen FC
power train systems, test benches dedicated to different
types of vehicles, such as tractors [28] or aerial applications
[21, 32], have been created, the results of which can be
scaled. For railway purposes, research was also carried out
on the use of FC in a vehicle. Some of the research con-
cerned the simulation part [19], but real hydrogen FC test
benches for railway application were created, also on a large
scale up to 160 kW [46] and 200 kW [33]. Small scale test
benches for railway applications for further results scaling
are rather rare, and in the case of FC applications with greater
power, are really unique. Therefore, research carried out at
such test stands is of great value and usefulness.

The article presents information and ideas regarding
the author's modular hydrogen propulsion test stand for
railway application. Solution, using FC with a power
of 103 kW and power electronics of up to 200 kW, has been
developed and is in the implementation process. The project
is to be designed for work on hydrogen propulsion systems
for the railway sector. One of the most important ad-
vantages of the test stand is its modularity. This feature
allows testing of different configurations and elements with
various technical characteristics, depending on the research
needs. This article describes the most important data and
technical parameters of the ongoing project, which is
unique test stand not only in Poland but also in Europe.

2. Test stand

2.1. Description

In order to ensure accessibility to each component in-
cluded in the system and in view of the need for continuous
monitoring of selected parameters, it was decided in the
first stage to build the complete hydrogen propulsion sys-
tem in a modular structure. These modules, in the form of
containers, provide easy service access to each component
of the system. The modular design of the stand ensures the
separation of components with different characteristics of
operation, particularly creating a controlled test environ-
ment for hydrogen fuel-related components.

The components of the propulsion system were built in
two containers: a container containing the power electron-
ics, and a container containing the hydrogen FC, along with
the cooling system and inverter. The test stand additionally
includes a supervisory container with computer work-
stations for operating the measurement equipment and
social space (Fig. 1). Each module has a glazed area on one
of the container's walls, which allows eyewitness observa-
tion of the system during operation and provides a quick
view of the operation of the component equipment, while
also serving a teaching and development function for hy-
drogen propulsion area.

Fig. 1. Example test stand modules: 1 — social module, 2 — power electron-
ics module, 3 — hydrogen module
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Fig. 2. Schematic diagram of the main circuit

The schematic diagram of the main circuit (Fig. 2) pro-
vides a simple illustration of the principle of the power
system. The system is based on a common power line (HV
bus), to which the FC inverter, traction battery and traction
container are connected, seamlessly cooperating in power
distribution on the basis of a diagnostic system that is an
integral part of the control system developed in the project.

The traction (power electronic) container consists of a
traction inverter section, a static inverter, and a buffer pow-
er supply. The traction inverter supplies power to the trac-
tion motor or other resistive-inductive loads. The static
inverter provides power to the 3x400 V AC circuits, and the
buffer power supply with a 24 V DC output powers the
control circuits and manages the auxiliary low-voltage (LV)
battery. The primary power source for traction purposes is
a hydrogen FC along with a power cable harness, supported
by a traction battery when energy consumption is at its
highest. The cooling system provides conditioning for
equipment requiring cooling/heating by means of liquid.
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The traction battery in the case of an inactive hydrogen
FC can be recharged using a buffer charger, which for this
purpose can operate in plug-in mode using a three-phase
3x400 V AC grid.

2.2. Fuel cell module

The hydrogen FC module was built in a dedicated con-
tainer. This allows the separation of the equipment associ-
ated with operating the cell from the operator and the exter-
nal environment. Due to this, it is possible to create stable
operating conditions for the system and convenient service
access (Fig. 3).

The main and most important component that ensures
the autonomy of the propulsion system is the hydrogen FC
(Fig. 4). A FC with a net power of 103 kW, adapted to
operate with a dedicated inverter, is planned for use on the
test bench. FCs of this type are widely used in bus transpor-
tation, providing reliable operation and high component
availability. They have been implemented in many applica-
tions operating in the transportation industry, making them
a proven and reliable solution for such projects. The device
has been built into a specially designed frame, taking into
account the manufacturer's guidelines. All this to ensure
easy service access and adequate vibration isolation in
particular for further use on a vehicle. The basic parameters
of the hydrogen FC are shown in Table 1.

1 2

3 4

Fig. 3. Hydrogen container: 1 — cooling system, 2 — hydrogen tanks, 3 —
hydrogen FC, 4 — hydrogen FC DC/DC converter

Fig. 4. Fuel cell

The supply system consists of a set of tanks with com-
pressed hydrogen at a nominal pressure of 350 bar, a regu-
lator for an operating pressure of 10 bar, and a series of

valves to prevent leakage, explosion, and unfavorable oper-
ating conditions of the system. The hydrogen tanks were
located outside the container and built on a specially de-
signed roof support (Fig. 5). The hydrogen system is
adapted for refueling the tanks with hydrogen fuel from
outside the container using a specially adapted connection,
widely used in the automotive industry.

Table 1. Hydrogen cell parameters

Parameter Unit Value
Max power kw 103
Voltage \ 280-560
Min. start temp. °C —25
Max. efficiency % 57
Mass kg ~250

Fig. 5. Compressed hydrogen tanks located on the roof of the hydrogen
container

An FC inverter is located in the hydrogen container. It
converts the fluctuating voltage, depending on the phase
and operating state of the FC, into a voltage supplying the
main bus of the system. The key system of the hydrogen
module is a distributed control and diagnostic system for
selected operating parameters of the FC. This system is
responsible for monitoring the operating status of the hy-
drogen FC and communicating with its internal controller
and the FC's inverter. It makes it possible, due to the num-
ber of sensors and transducers, to study the operating char-
acteristics of the hydrogen system.

2.3. Power electronics module

The power electronics module, analogous to the hydro-
gen FC module, was located in a dedicated container (Fig.
6). This isolates the operator during the operation of the
station from the hazardous voltage and ensures ease of
repair and modification of the system.

1 2 3

Fig. 6. Power electronics module: 1 — traction batteries, 2 — traction con-
tainer, 3 — traction motor

Two lithium traction batteries (Fig. 7) were built into the
power electronics module, connected directly to the high-
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voltage power line and equipped with individual battery
management systems (BMS systems), communicating with
the control system via CAN bus. They ensure the stable
operation of the drivetrain during the initial start-up phase of
the FC. They also cooperate under conditions of temporary
increased power demand, for example, drive start-up. They
also store energy recovered from the braking process. Addi-
tionally the system enables short-term battery drive without
starting the FC, e.g. needed during rail vehicles shunting
works. The basic parameters of the traction battery are shown
in Table 2.

A key component of the module with power electronics
is also a traction container containing an inverter and static
converters along with a high voltage (HV) distribution
board (Fig. 8). Using the voltage supplied by the HV ling,
the traction container provides power for the powertrain
and auxiliary equipment of the planned future rail vehicle.
The traction container also manages the LV battery, provid-
ing 24 volts for the control and diagnostic system, and
allows charging from an external power source.

Fig. 7. Traction batteries built into a specially designed frame

Table 2. Parameters of the traction battery

Parameter Unit Value
Energy kWh 100
Voltage range \ 540-765
Capacity Ah 156

Fig. 8. Traction container

The equipment of the power electronics module also in-
cludes a three-phase traction motor (Fig. 9), which is the
main energy consumer on the test stand. It is the primary
source of propulsion for a rail vehicle with a maximum
power of 200 kW. For design requirements, it operates at
a limited power of 150 kW, with the possibility of increas-
ing it depending on the target system application.

Analogous to the hydrogen module, also the power elec-
tronics module, of the described test stand, is equipped with

an extensive diagnostic system. This system is monitoring
the operation of each component, with particular attention
to the power flow of the HV bus line for the development
of an optimal control algorithm for the cooperation of the
FC with traction batteries.

Fig. 9. Traction motor built in a container with power electronics compo-
nents

3. Application of the solutions on vehicles

The test stand will allow accurate verification of simula-
tion calculations and design assumptions in the vehicle
design process. Tests of the hydrogen FC propulsion sys-
tems, under real vehicle operating conditions, will enable
accurate analysis of operating parameters. This will make it
possible to select the optimal powertrain components and
layout the system on vehicles. The experience gained on the
test stand will make it possible to create and then transfer
a complete powertrain to a vehicle. Projects aimed at the
application of hydrogen systems to newly designed vehicles,
therefore, seem a natural direction (Fig. 10). The target
group, considering current trends and operating conditions,
are passenger MUs and shunting locomotives.

However, a group with significant potential are also ve-
hicles, particularly diesel vehicles, for modernization. In-
deed, it is worth noting the need to modernize vehicles,
given their significant exploitation level, age, and the in-
creasing difficulty of spare parts availability. Many units
powered by ICEs are in urgent need of modernization to
ensure reliable operation and compliance with current emis-
sion and noise standards.

Data from the Railway Transport Office shows that the
average age of diesel rail vehicles in Poland exceeds 40 years
[48]. From the perspective of modernization, it is possible to
focus on diesel vehicles with the ICEs. The power of the
ICEs should be close to the power of the designed power
unit, powered by a hydrogen FC and traction battery.

The first group of vehicles that meet such criteria are
light shunting locomotives, for example, the Polish Ls150,
2Ls150 and Ls180 series. These locomotives were pro-
duced in significant numbers (the Ls180 type alone is al-
most 900 units) and were intended for shunting work
around industrial plants. A significant number of units are
still in service. It should be mentioned that, according to
available data, shunting locomotives spend most of their
operating time idling 55%-89%, with an average of 69%
[24, 25]. This is associated with fuel consumption despite
the locomotive standing still. If FC is used on this type of
vehicle, it will be possible to significantly reduce energy
consumption, especially at standstill.
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Fig. 10. Example of the location of hydrogen propulsion system components on the hybrid MU: 1 — hydrogen tanks, 2 — traction batteries, 3 — traction
containers, 4 — hydrogen FC

The second group of vehicles, often forgotten, with the
potential to be upgraded to a hydrogen propulsion system
are rail auxiliary vehicles for special purpose works. Offi-
cially, according to the European Vehicle Number (EVN)
in Poland in 2020, there were 3737 units, of which 1285
were self-propelled. The number of auxiliary vehicles is
probably higher, due to the use of some of them exclusively
in private areas and being separated from public railway
lines. Auxiliary vehicles can be found on sidings and in
enterprises, where these vehicles are not required to have an
EVN [47]. The group of auxiliary vehicles can include
motor trucks, ballast cleaners, scrapers, ballast profilers,
working draglines, etc. The group of these vehicles is also
characterized by a significant average age, for some groups
exceeding 40 years.

Fig. 11. Example of the location of components of the propulsion system

on the WM-15A vehicle: 1 — braking resistor, 2 — hydrogen tanks, 3 —

compartment with power electronics and hydrogen FC, 4 — traction motor,
5 — cooling system, 6 — traction battery [38]

One of the examples considered is the modernization of
the WM-15A motorized truck, as drivetrain retrofitting. In
this case, components selected during the tests (Fig. 11) can
be built in place of the ICE's compartment, on the under-
frame and roof of the vehicle [38]. Such a solution is a cost-
attractive and easy-to-implement option for adapting an
existing fleet of auxiliary vehicles to meet the goals of
energy and environmental requirements of the EU.

An analogous application of the system, along with les-
sons learned and experience gained during the development
of the test bench, can be transferred to the powertrains of
other vehicles. After appropriate scaling, these could in-
clude more elaborate vehicles, such as higher-powered or
hybrid locomotives, as well as MU passenger vehicles.

4. Conclusions

The launch of a modular hydrogen FC propulsion test
stand allows for the gathering of the experience needed to
develop the FC vehicle control system. It is a milestone for
the wider dissemination of hydrogen technology in rail
vehicles. Despite the intense expansion of this type of solu-
tion, especially in Asian and European markets, it is still
a marginal choice in the railway industry. The number of
orders for hydrogen rail vehicles is significantly smaller
compared to e.g. manufactured hydrogen buses.

The advantage of the modular test stand solution is that
there are no space limits with the installation of measuring
equipment, compared to testing on a real vehicle. Addition-
ally, service access to individual components of the test
stand is definitely easier. It is also possible to further ex-
pand the stand, as such a stand does not require such re-
strictive limits on the dimensions and weight of equipment
as in the case of vehicles.

The use of an adjustable load function provides an op-
portunity to collect the operating parameters data of the FC
under various conditions of the real operation. Simultane-
ously, the test stand will allow a convenient way to present
the results obtained. On the other hand, taking into account
the modular design, it will allow the transfer of the de-
signed drivetrain components to the real rail vehicle.

The modular hydrogen FC propulsion test stand will be
the base for the design and verification of propulsion sys-
tems. Therefore, the research and development work per-
formed will then be able to be used in the implementation
phase. The developed propulsion systems and other systems
included in the project, such as the control system, will be
able to find real application on rail vehicles. It is planned
that the target group of vehicles, in which the results of
R&D works will be applicable, will be newly designed
vehicles and vehicles intended for modernization. The most
favorable types of vehicles, for application of designed
hydrogen FC propulsion systems, are shunting locomotives,
MUs and auxiliary or special-purpose vehicles.
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Nomenclature

AC alternating current
CO  carbon monoxide
CO, carbon dioxide
DC  direct current

EU  European Union

EVN European Vehicle Number
FC  fuel cell

HC  hydrocarbon
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HV  high-voltage MU  multiple unit
ICE internal combustion engines NO, nitrogen oxides
LV  low-voltage PM  particle matters
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