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Abstract—This paper focuses on a new traction system for 
hydrogen trains supplied by fuel cells and batteries for non-
electrified lines. In this topology, the DC/DC converters of the 
fuel cell and the battery are removed and the motor is fed with 
open windings from 2 inverters, one for the fuel cell and the 
other for the battery. The main objective of this study is to 
understand analytically the main advantages obtained in terms 
of reduction of the total apparent power of the converters used 
in the traction systems and evaluate theoretically the constraints 
on the voltage and current of the 2 inverters. 

Keywords—Open-ended winding induction machines, fuel 
cells, batteries, traction systems  

I. INTRODUCTION 

Alternative propulsion systems and energy sources for 
railway vehicles are currently being investigated by many 
researchers to reduce carbon emissions. Replacement of diesel 
with hydrogen for railway vehicles has the potential to reduce 
emissions considerably when the entire well-to-wheel process 
is taken into account [1],[2] without the need to electrify the 
line, which is often not economical for branch lines. Hybrid 
electric vehicles with hydrogen fuel cells and electric energy 
storage are promising solutions to optimise the design of the 
power sources, improve fuel efficiency, and reduce pollutant 
emissions. The design of the propulsion system of a railway 
vehicle depends on several factors such as the number of stops, 
frequency of service, and length of the line [3]. For shorter 
distances, battery-only trains have an advantage in terms of 
efficiency and complexity of the power train; however, for 
larger ranges, only carbon-free fuels like hydrogen can 
provide the required energy density without emissions [4].  

Hydrogen trains are classified with respect to onboard 
energy storage: fuel cell and batteries; fuel cell and 
supercapacitors; and fuel cell, batteries, and supercapacitors. 
The addition of an energy storage system reduces the peak 
power of the fuel cell stack with significant cost savings [5]. 
Fuel cells and supercapacitors have found application in the 
automotive sector, but the low energy density in comparison 
to batteries prevents any practical railway use, as often trains 
are required to travel at high speeds for long distances without 
frequent stops. Therefore, the majority of the research studies 
have focussed on fuel cells and batteries. For the latter, 
different types of battery cells have been studied, from lithium 
nickel manganese cobalt oxides, preferred for their high 

energy density, to lithium-titanium oxide, preferred for their 
longer lifetime. Hydrogen trains are also classified on the basis 
of the fuel stored on the train: indirect power systems mainly 
use hydrogen from methane steam reforming, while direct 
power systems use pure hydrogen [6], [7]. The power train can 
also be based on a single power conversion stage or a double 
stage. In the first case, the fuel cells feed the traction inverter 
directly. Conversely, in the two-stage power conversion, 
shown in Fig. 1, the fuel cell voltage is increased by a boost 
DC-DC power converter and feeds the traction inverter via a 
regulated DC-bus. The DC-DC converter is typically 
interleaved unidirectional, as shown in Fig. 2, to reduce the 
voltage ripple and the current ratings of semiconductor devices 
[8] and avoid negative current circulation through the fuel cell 
that may damage the circuit. Batteries are also connected to 
the regulated DC bus via an interleaved boost bi-directional 
DC-DC converter [9], shown in Fig. 3, to enable charging and 
discharging of the energy storage.  However, a double-stage 
power conversion can be bulky due to the significant weight 

of energy storage of the boost DC-DC converters. Therefore, 
alternative topologies based on single-stage power converters 
could offer a more compact and power-dense solution. Open-
ended winding induction machines could be used for this, with 
2 separate inverters connected to the windings and fed by fuel 
cells and batteries, respectively [10]. This paper aims at 
assessing the potential to reduce the total apparent power of 
the power converters in comparison to a double-stage system. 

The technical literature has presented mainly three 
different topologies for open-ended winding induction 
machines: dual inverters with one common power source; 2 
isolated power sources; and one inverter with a power source 
and one inverter with a floating bridge [11], [12]. 

 
Fig. 1. Schematic representation of the traditional power train of a 

hydrogen train with fuel cells and batteries. 
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The main drawback of a dual inverter with a common power 
source is the need to suppress the zero-sequence component 
with isolation transformers [13]. However, some work has 
shown how specialised SWPVM techniques allow the 
suppression of this current component and, hence, remove the 
need for transformers [14]. Single power supply with common 
mode elimination [14],[15] also has been done in the literature 
using one additional leg, filters, and common mode choke, but 
more hardware is added into the scheme [16], [17]. 

 The main drawback of the floating bridge is the capacitor 
voltage regulation. This application has been studied mostly 
for supplying the reactive power to the machine and then 
reducing the current and the power losses of the main inverter 
[18],[19],[20],[21]. In this topology, the floating inverter 
voltage must be controlled to be in quadrature with the motor 
current [22]. 

Substantial studies have been carried out to understand the 
best modulation strategies for open-ended winding induction 
machines. Initial work has been done using sine-triangle pulse 
width modulation (SPWM) [11], followed by several types of 
space-vector pulse width modulation (SVPWM) with the 
specific goal of understanding the possibility of obtaining a 
multilevel voltage waveform for the motor [14], [23], [24], 
[25], [26]. In fact, when the supply voltages of the 2 inverters 
are the same (e.g. both equal to Vdc / 2) the motor voltage has 
three-level [11], [13]. When instead one of the 2 power sources 
has a voltage double of the other (e.g. 2/3 Vdc and 1/3 Vdc) a 
four-level voltage waveform is obtained [27]. When compared 
to other multilevel inverters, it has low switching losses with 
a moderate power circuit complexity [11], [28]. 

When 2 isolated power sources are available, like in the 
case of hydrogen trains, the dual inverter provides a higher 
degree of flexibility and has been chosen for this study. This 
configuration is also fault-tolerant in case of faults in any of 
the 2 inverters, as the 2 power sources can be used 
independently, albeit at lower voltages [29]. A modulation 
technique to balance power between the two inverters has been 
proposed in [30] and is considered in this study. The paper is 
organised as follows: the model and dynamic equations of the 
open-ended induction machine and power flow control 

techniques are given in section II. The design of the active and 
reactive powers of the inverters are explained in detail in 
section III. Then a discussion about the limitations of the dual 
inverter system for the specific case of hydrogen trains is 
reported in section IV. Finally, the conclusions are given in 
section V. 

II. MODEL OF OPEN-ENDED WINDING INDUCTION 

MOTORS 

The schematic of the dual two-level inverter scheme is 
shown in Fig. 4 with two isolated sources. The fuel cell is the 
primary energy source, while the battery provides the power 
peaks for the accelerations. While researchers have so far 
mainly focussed on the floating capacitor bridge, this paper 
uses both fuel cells and batteries to provide active and reactive 
power to the motor.  

 
Fig. 4. Dual inverter fed open-ended winding induction motor topology. 

Also, the primary inverter can be used to transfer active power 
to the secondary inverter via the machine windings, thereby 
offering the possibility of charging the battery both when the 
drive is motoring and braking.  

A. Dynamic equations of open-ended induction motors 

The dynamic mathematical model of open-ended 
induction machines is given by the following equations in the 
synchronous reference frame with rotor field-oriented control: 
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where vs is the stator voltage space vector, is is the stator 
current space vector, Φr is the rotor flux linkage, Tel is the 
electromagnetic torque, rs is the stator winding resistance, ω is 
the speed of the rotor flux linkage, p is the number of pole 
pairs, ωr is the rotor speed, Ls is the total stator inductance, 
kr = Lm/L'r, where Lm is the motor self-inductance and L'r is the 
rotor total inductance referred to a stator phase, σr = r'r / L'r , 
where r'r is the rotor resistance referred to a stator phase, and 
σs = 1 – Lm

2 / Ls L'r . 

 Standard field-oriented control is adopted up to the rated 
speed of the motor. For traction drives, the speed range is 
normally increased by adopting field-weakening, which is 
implemented by increasing the supply frequency at constant 
motor voltage [11]. 
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Fig. 2. Interleaved boost DC-DC converter of fuel cell 

 
Fig. 3. Three-phase bi-directional DC-DC converter of battery 
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For open-ended winding induction motors, the motor 
phase voltage can be calculated from the space vectors of the 
pole voltages of each inverter: 

 , ,s s fc s b v v v  

where vs,fc is the space vector of the fuel cell inverter, vs,b is the 
space vector of the voltage of the battery [7].  

B. Power flow control techniques 

The PWM is used to control the amplitude and phase of 
the fundamental component of the output voltage of the fuel 
cell and battery inverters so that the amplitude and phase of 
the motor voltage are controlled according to (2). Since the 
motor current is shared by the 2 inverters, the power sourced 
(or sinked) by each inverter is regulated by controlling the 
output voltage and phase produced by each inverter. The 
power split between the 2 inverters is defined by a higher-level 
vehicle system controller that regulates the power of the fuel 
cell and/or the state of charge of the battery [31]. 

The power split between the fuel cell and the battery is 
determined in three different ways. The total power delivered 
to the load, neglecting converter and motor losses, is given as: 

 m fc bP P P   

where Pm, Pfc, and Pb are the load power, fuel cell power, and 
battery power, respectively. Using the induction motor model 
in (1) and the relation between motor voltage and inverters’ 
voltages in (2), (3) becomes: 

   3

2m fc b sP e  v v i


 

The first method to control the power split is to operate the 
battery inverter with a unity power factor while controlling its 
output voltage amplitude [31]. This reduces the apparent 
power of the battery’s inverter, while increasing the apparent 
power of the fuel cell’s inverter and can be a convenient choice 
if there is a significant difference between the power split of 
the 2 sources. As a result, the fuel cell’s inverter operates as a 
slack bus and it must supply the power to the motor, the 
battery, and all power losses. 

The second method is when the fuel cell supplies the motor 
alone. Therefore, the battery is not used and this can be 
achieved by simply closing all three upper or lower switches 
in the battery’s inverter to create a Y-connection of the stator 
windings. While this eliminates switching losses of the 
battery’s converter, it also limits the voltage applied to the 
motor. As a result, this operating mode is only possible at low 
speeds. However, it is possible to increase the available motor 
voltage by controlling the battery’s inverter with a voltage in 
quadrature with the motor current, as shown in [18]. 
Essentially, the battery’s converter provides all the reactive 
power of the motor, while the fuel cell provides all the active 
power. This mode of operation is limited by the power factor 
of the motor, and it is more effective when the power factor is 
low, i.e. at low loads. 

The third control mode is called optimum voltage control 
and it is achieved when the two inverters generate their 
voltages with opposite phase angles where the output voltages 
of the inverters are co-linear. As a result, required voltages are 
simply proportional to the desired power. 

III. DESIGN OF POWERS OF THE INVERTER UNITS 

A. Apparent power required by the motor drive 

For vector-controlled motor drives, the current is 
controlled to generate a constant torque up to the base speed, 
and a constant power above the base speed. This is achieved 
by regulating the rotor flux linkage to the nominal level below 
the base-speed and then using field-weakening above the base-
speed to keep the motor voltage at the nominal value. An 
example of a real motor with a power of 11 kW is shown in 
Fig.5. As well-known, the maximum apparent power of the 
motor is obtained at the base speed (in the example, 
Smax = 15.4 kVA, Pmax = 12.7 kW, Qmax = 8.8 kvar). Above the 
base-speed, the apparent power is constant because both the 
voltage and the current are limited to their nominal values [13]. 
Therefore, the base speed can be used for the design of the 
apparent power of the inverters, whereas the switching 
frequency should be chosen as a trade-off between inverter 
losses and the quality of the current at the maximum speed. 
For standard machines, the design of the apparent power of the 
inverter is straightforward, as it is equal to the apparent power 
of the motor augmented by the inverter losses. Similarly, the 
apparent power of the DC-DC converters can be calculated 
from the voltage of the DC-bus and the maximum current of 
the fuel cell and the battery. Conversely, for open-ended 
winding machines, the motor power is fed by the 2 inverters 
and it is necessary to ensure that the total apparent power of 
the 2 inverters is minimised. 

B. Design of the minimum apparent power when the fuel 
cell and battery are both supplying the motor 

For open-ended winding machines, the total apparent 
power of the inverters, Stot, is equal to: 

 2 2 2 2
tot fc b fc fc b bS S S P Q P Q       

being Sfc and Sb the apparent powers of the fuel cell and battery 
inverters, Pfc and Pb their active powers, and Qfc and Qb their 
reactive powers, respectively. Also, we can write the 
following inequalities: 

 max

max

fc b tot

fc b tot

P P P P

Q Q Q Q

  
   

 

where Pmax and Qmax are the maximum active and reactive 
powers of the machine as indicated in Fig. 1. By using these 
maximum powers and substituting (6) into (5), we obtain: 

    2 22 2
max maxtot fc fc fc fcS P Q P P Q Q       

Fig. 5. Powers of a vector controlled open-winding machines below and 
above the base speed (values in per unit of the nominal power). 



This equation can be seen as a function of the 2 variables P1 
and Q1 and it can be seen if they have any minima by looking 
at the stationary points: 
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These 2 equations are both satisfied when: 
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The minimum condition can be verified by substituting the 
stationary points in the Hessian determinant and verifying that 
the minors of this matrix have the same sign of the determinant 
(not included here for brevity). Equations (9) shows that the 
minimum apparent power is obtained when the 2 inverters are 
loaded in the same proportions in terms of active and reactive 
powers at the base speed and above. With this selection, the 
minimum total apparent power of the 2 inverters is: 

 
2 2
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and hence equal to the apparent power of a single inverter 
feeding a traditional motor (i.e. not open-ended). That means 
that at least in principle, the open-ended configuration requires 
50% apparent power of the configuration in Fig. 1. 
Additionally, below the base speed there is a degree of 
freedom on how to split the active and reactive powers 
assigned to the 2 inverters. 

C. Power split strategy during train acceleration 

Due to power losses, it is important to decide how to split 
the active and reactive powers of the 2 inverters. In the open-
winding configuration, the inverters share the same ac current, 
while the voltage depends on the power. Therefore, as the fuel 
cell provides the base load, it is convenient to use the fuel cell 
converter as much as possible, at least up to the level for which 
the motor requires a power higher than that available from the 
fuel cell. In particular, 2 strategies can be devised based on 
whether the fuel cell is asked also to charge the battery during 
train acceleration. If the battery is not being charged (Fig. 4), 
then the fuel cell can be used alone at low speed, so that the 
battery converter is not switching and it is kept in short-circuit 
mode. This has an implication in the number of available 
levels of the motor voltage, but this is not typically a problem, 
as at low speed the motor voltage is also low. Assuming the 
max active and reactive powers of the fuel cell converter are 
equal to 50% of the max values, the apparent power of the 
converter would be 46% of the maximum apparent power of 
the motor. Looking at Fig. 6, drawn at nominal motor current, 
that means that for speeds up to 40% of the rated value, the 
converter of the fuel cell can handle both the active and the 
reactive powers of the motor. Above that speed, the fuel cell 
converter is used at its maximum power level, while the 
battery converter is activated and covers the residual power 
requirements. The curves will be simply scaled for currents 

lower than the nominal, as the limiting factor of the power 
sharing is the voltage for an open-ended machine. 

If the battery is also charged during the train’s acceleration 
(Fig. 7), then the fuel cell converter is used at its rated active 
power from the standstill, while the reactive power follows the 
motor requirement. That means that the battery converter must 
operate at a unity power factor, albeit negative, to enable the 
power transfer to the battery. The available charging power 
decreases with the speed, as some of it must be used for the 
motor. Above the speed of 40% of the rated value, the fuel cell 
cannot charge the battery at all, at least as long as the 
acceleration phase is not over. Considering the limited time for 
a train acceleration, usually under a few minutes, it might not 
be worth using this mode at all. 

IV. DESIGN OF THE MINIMUM APPARENT POWER TO 

CHARGE THE BATTERY FROM THE FUEL CELL 

From the previous analysis, it is clear that the design of the 
2 converters depends on the fraction of active power that the 
fuel cell provides to the motor. To reduce the fuel cell size, this 
is typically limited to the average power required in the 
traction cycle, which is normally approximately 40-45% of the 
peak power, augmented by a safety margin to take into account 
power losses and other effects not captured by the models. 
However, as the 2 inverters share the same current, reduced 
apparent power of the fuel cell converter means reduced 
maximum voltage output. This can be a limitation if the fuel 
cell is required to charge the battery when the train travels at a 
high speed, as the motor voltage will be high, and it will not 
be possible to select a voltage vector for the battery inverter 
that ensure a negative power factor. This can be easily seen 
from the vector diagrams of Fig. 8, which have been drawn at 
the motor’s rated speed and for a maximum fuel cell voltage 
equal to 50% of the nominal motor voltage. 

When the current is equal to the nominal value, the power 
factor of the motor is high and hence the projection of the 
motor voltage Vm on the current vector Im is larger than the 

 
Fig. 6. Optimal power split when the fuel cell does not charge the battery 

during train acceleration. 

 
Fig. 7. Optimal power split when the fuel cell charges the battery during 

train acceleration. 



fuel cell voltage, even if Vfc is aligned with the current, as 
shown in Fig. 8a. Therefore, the fuel cell cannot charge the 
battery, as the angle of Vb can’t be larger than 90 degrees. 

If instead, the current is lower than the nominal, for 
example, 50%, then the power factor is much lower, as the 
reduction of the current is fully due to the reduction of the 
quadrature component isq as the flux linkage is maintained 
constant. As such, the projection of Vm on Im can be smaller 
than Vfc and then the fuel cell can charge the battery. Assuming 
the motor current as the reference for the phase, i.e. Im = |Im|, 
the following equations can be derived:  

 cos sinb fc m mj   V V V V  

therefore, the power that can be used to charge the battery 
depends on the difference between the maximum fuel cell 
voltage and the projection of the motor voltage: 

    cosb b m fc m mP e    V I V V I


 

To ensure this power is charging the battery, the fuel cell's 
maximum voltage must be designed with a sufficient margin. 
This margin can be obtained from the mathematical model of 
induction machines with vector control using as input the 
torque Tel required by the motor: 
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where isd,n and ωr,n are the rated values of the direct axis current 
and speed, respectively. These equations point out that the 
minimum voltage of the fuel cell inverter to charge the battery 
depends on the motor speed and torque, as shown in Fig. 9, 
where the curves above the rated speed can be drawn up to a 
maximum torque value given by the field weakening, i.e. 
roughly the nominal power divided by the speed. 

This figure highlights that for higher speeds, a higher voltage 
is required, albeit with a less than linear increment. This is 
because the quadrature component of the current increases 
more than the reduction of the direct component, resulting in 
a higher current magnitude. As the voltage remains constant 
in field-weakening, the power factor increases only slightly. 
For typical traction cycles, assuming the top speed equal to 
twice the rated value, the steady-state torque of the motor is in 
the range of 0.2-0.3 p.u., which means that a voltage of 
0.7-0.8 p.u. is required by the fuel cell inverter to charge the 
battery up to the top-speed. Therefore, if the fuel cell and the 
battery both supply up to 50% of the motor power, it results 
that the minimum apparent power of the topology is roughly 
1.3 times the apparent power of the motor, i.e. approximately 
65% lower than the value required by the topology in Fig. 1. 

One of the concerns of this topology is charging the battery 
while the train is stationary. This is not an issue, as the vector 
control can require zero torque at zero speed and all the current 
is magnetising at zero frequency. The only problem is that the 
motor is saturated because the component id is higher than the 
nominal value, so it is important to check if the current ripple 
is acceptable because of the lower inductance. 

V. CONCLUSIONS 

This study has undertaken an analytical investigation of 
the control principles of open-ended winding induction 
machines for railway traction fed by fuel cells and batteries. 
The results show that this configuration can achieve a 
reduction of up to 65% of the total apparent power of the 
power converters, as the DC/DC converters are eliminated in 
comparison with the state-of-the-art solution. The main 
limitation of this traction circuit is the voltage of the fuel cell 
which needs to be sufficiently high to charge the battery at 
high speeds, which is a situation currently occurring in 
hydrogen trains. However, the low motor torque of the motor 
when the train is cruising results in a lower motor power factor 
that partially mitigates the required magnitude of the fuel cell 
voltage. This problem can be solved using a fuel cell with a 
higher voltage and with an overdesign of the fuel cell 
converter, albeit this reduces the advantage of the proposed 
solution in comparison with a standard configuration that will 
be investigated further in future studies, together with a 
detailed analysis of the power losses. 
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