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Abstract 
This paper presents preliminary experimental 
results of a high-power resonant converter as a 
part of the auxiliary systems of a train. A series 
resonant converter is used developed and tested, 
since it has interesting characteristics for this type 
of applications, such as galvanic isolation, good 
power density and high efficiencies. 

 

Introduction 
In recent years, the electrification of mobility has 
grown rapidly, including railway systems, which 
are optimizing their electrical systems, seeking to 
have smaller, lighter and more efficient systems. 
 
Nowadays, in railway systems, the electrical 
power is transferred to the train through a catenary 
placed on top of the train. The catenary can be 
either dc or ac, and can have different voltages. 
The train has the necessary power electronics to 
supply its two main systems: the traction system 
and the auxiliary system. Depending on whether 
the train has an independent or integrated 
topology, the traction system and the auxiliary 
system may share the same dc bus. 
 
However, in accordance with the UNE EN 50163 
standard the voltage of the catenary may change 
widely generating variations in the high-power dc 
bus voltage which affects the power electronics of 
the auxiliary systems [1]. The auxiliary systems 
must supply electrical power to the electrical and 
electronic equipment on the train, such as lighting 
systems, compressors, heaters, fans, pumps, air 

 
Fig. 1: Example of the electrical system of a train with an ac catenary and with an integrated 
topology for its traction and auxiliary systems. 
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conditioners, etc. In general, auxiliary systems 
demand an electrical power in the range of  
to , depending on the type of train and the 
loads installed on it. 
 
An auxiliary system consists of a dc-ac power 
converter, which for safety reasons must have 
galvanic isolation in some of its stages [2]. 
Likewise, the converter must take into account the 
variations in the input dc bus voltage, as well as, 
at the output it must provide a three-phase ac 
voltage. 
 
An example of an electrical system of the train 
with an integrated topology is shown in Fig. 1. At 
the top is an ac catenary, then a transformer adapts 
the voltage so that a rectifier can convert the ac 
voltage to a dc voltage, thus generating the high-
power dc bus. Then, the high-power dc bus is 
connected to the traction system, which energizes 
the traction motors, and the auxiliary system that 
feeds all the auxiliary loads. 
 
In recent years, different converter topologies 
have been studied for the auxiliary systems. In 
general, the system is divided into two converters 
to try to increase its power density. A first dc-dc 
converter, in which galvanic isolation is provided, 
followed by a dc-ac converter (inverter). The 
inverter is not analyzed in this paper. The design 
of the dc-dc converter implies a thorough study 
due to the different needs of the system, such as 
galvanic isolation, good power density, good heat 
dissipation and relatively good efficiencies. 
 
In this paper, a qualitative comparison of different 
isolated converter topologies, some with pre-
regulator converters and others with Silicon 
Carbide (SiC) semiconductors, is performed. 
Moreover, an experimental setup is proposed to 
test a high-power resonant converter prototype. 
The developed converter is tested in the proposed 
setup in simulation and experimentally in order to 
compare the results and validate the expected 
performance. 
 

Qualitative comparison of topologies 
for the dc-dc stage of the auxiliary 
converter 
In recent years, different topologies for dc-dc 
converters in railway auxiliary systems have been 
analyzed. The full-bridge (FB) converter is one of 
the preferred topologies for medium and high-

power converters [3]. However, this converter has 
hard switching, which results in system losses and 
reduced maximum switching frequency. Also, 
several solutions based on auxiliary circuits or 
switching techniques have been proposed for this 
converter [4]. However, installing more 
components decreases the power density and 
increases the complexity of the converter, and 
often such solutions do not justify the use of the 
converter for this type of applications [5]. 
 
The Single Active Bridge (SAB) and Dual Active 
Bridge (DAB) converters are well known 
converters in this type of applications. The SAB 
is used in applications where the power flow is 
unidirectional and the DAB mainly in 
applications with bidirectional power flow. Both 
converters feature galvanic isolation and high-
power density [6], thanks in part to their soft 
switching. However, under certain load 
conditions the soft switching can be lost. In 
addition, voltage variations cause the transformer 
rms current to increase dramatically [7]. The 
aforementioned affects the performance of such 
converters, thus limiting their use in this type of 
applications. 
 
Different topologies of resonant converters have 
been proposed for the use of auxiliary converters 
in trains, such as series, parallel and parallel 
series, LLC and LCC topologies [8], [9]. Resonant 
converters have interesting features for this type 
of systems, such as galvanic isolation, high 
efficiency and good power density [2]. Resonant 
converters have the best efficiency when the 
resonant frequency is equal to the switching 
frequency [8]. However, if the switching 
frequency is changed, the performance of the 
resonant converter is reduced. Therefore, 
depending on the input voltage variations the 
switching frequency of the converter can vary 
drastically, decreasing its performance. 
Furthermore, different topologies of isolated 
converters, isolated converters in combination 
with pre-regulators, as well as the use of silicon 
carbide (SiC) semiconductors have been proposed 
[1], [6], [10], [11]. Using converters as pre-
regulators allows improving the performance of 
the converter with isolation, however, the number 
of components is increased. Likewise, using SiC 
semiconductors allows to increase the switching 
frequencies, but the topology cost increases 
considerably.  
Therefore, in order to have a better comparison of 
the different topologies, a study was carried out  



with specific system parameters. A nominal input 
voltage on the dc bus of , an output voltage  
of and a maximum power of  were 
established. Table I shows the most relevant 
comparative results. SAB, FB and series resonant 
topologies were compared, some of them with 
pre-regulator converters connected between the 
catenary and the isolated converter.  Furthermore, 
in order to increase the switching frequency, the 
use of SiC semiconductor devices is evaluated. 
 
Table I consists of six columns, which describe 
the most relevant results of the comparison of the 
mentioned topologies. In the table, the green cells 
represent a benefit, the yellow cells an 
intermediate benefit and the red cells a deficit of 
the topology. The first column describes the  
topology evaluated, whether it has a pre-regulator 
or not, or whether it uses SiC semiconductors. The  
switching frequency is key to topology selection, 
as it determines the size of the reactive 
components. Therefore, the second column shows 
the maximum frequency at which the isolated 
converter could be operated, as well as the 
frequency of the pre-regulator. It is important to 
mention that all the evaluated converters have an 
inductor in their topology. Depending on the 
switching frequency, this inductor can be of such 
a relatively small value that it can be integrated in 
the converter transformer. Therefore, the third 
column shows whether the converter inductor can 
be the transformer leakage inductance or whether 
it is necessary to add one. The fourth column 
shows the average cost of the converter, which 
takes into account the increased cost due to the use 
of a pre-regulator and SiC devices. Some 
topologies involve considering a larger number of 
parameters when designing the transformer, 
which makes the design more difficult. Finally, 
some converters imply a higher complexity in 

their control when implemented, which is 
considered in the sixth column. 
According to Table I, topologies with SiC devices 
achieve good switching frequencies, however, 
they imply relatively high costs, so they are not a 
viable option. On the other hand, FB + pre-
regulator topologies have relatively good 
switching frequencies, however, they need an 
additional inductor in their output, in addition, the 
design of its transformer implies a certain 
difficulty. Finally, the series resonant topologies 
+ pre-regulator have relatively high switching 
frequencies, so it is the case that its inductor can 
be easily included in the transformer, in addition, 
they involve low costs, its transformer is relatively 
simple to design (the resonant frequency can be 
adjusted with the resonant capacitor) and in 
general it is easy to implement its control. 

Experimental setup to test the 
resonant converter prototype 
According to previous section, a series resonant 
converter with pre-regulator is considered the best 
option. The pre-regulator converter has the 
function of regulating the voltage at the input of  
the resonant converter, which allows the resonant 
converter to work close to at the resonant  

Table I  Qualitative comparison of different topologies for isolated dc-dc converters in auxiliary 
converters. 

 
 

  
  

 
      

      
      
      

 
      

      
      
      

 
      

      
      

      

 

Fig. 2: Block diagram of the proposed solution. 



frequency with a very good performance, even at 
medium frequency. Therefore, a closed-loop pre- 
regulator converter is connected to an open-loop 
series resonant converter. 
 
In this paper, the simulation and experimental 
validation of a high-power series resonant 
converter prototype is performed. As a high 
voltage source is not available in the laboratory, it 
is necessary to boost the voltage of a low voltage 
laboratory source by means of a pre-regulator to 
experimentally test the resonant converter close to 
its nominal voltage condition. Fig. 2 shows the 
block diagram of the proposed solution for 
experimental validation. Fig. 2 shows the 
laboratory source of relatively low voltage (LV) 
connected to a multiphase boost converter of two  
interleaved phases, this converter raises the LV to 
a high voltage (HV), which supply the resonant 
converter. Then, the output of the resonant 
converter is connected to the LV bus, this is done 
to recirculate the energy and not to waste 
electrical power in the tests. 
 
The multiphase boost converter regulates the 
output current of the resonant converter, while the 
resonant converter is in open loop. The values of 
voltage, power and switching frequencies of the 
system are: 
 LV source voltage of , with minimum 

voltages of  and maximum voltages of 
. 

 Switching frequency of  for the two-
phase interleaved boost converter (each phase 
is phase-shifted ). 

 Nominal input voltage of the resonant 
converter of , with minimum voltages 
of  and maximum voltage of , 
at a switching frequency of . 

 
Fig. 3: Schematic diagram of the proposed solution. 

 
Fig. 4: Simulation dynamic response of the 
proposed system for voltage and load changes. 
The input voltage is represented by the green 
waveform, the  recirculation power by the purple 
waveform and the resonant current of the 
resonant converter by the red waveform. 



 A maximum continuous power of , 
with a maximum peak power of . 

Simulation results 
Simulations were carried out with PSim software, 
taking into consideration most of the 
characteristics of the semiconductors and 
magnetics to achieve simulations as close to the 
implementation as possible. 
Fig. 3 shows the schematic diagram of the 
simulation, as well as a division into colored 
blocks of the stages of the proposed solution. The 
red block corresponds to the multiphase boost 
converter. The LV corresponds to the input 
voltage of the laboratory source and HV to the 
input voltage of the resonant converter. The green 
block corresponds to the resonant converter, 
where its output is connected to LV to recirculate 
the energy. Finally, the blue block corresponds to 
the control loop of the multiphase converter and 
the orange block to the control of the resonant 
converter. 
 
In order to validate the dynamics of the proposed 
solution, a simulation of the complete system was 
carried out. Changes in the value of LV and in the 
recirculation power (load changes) were applied. 
Fig. 4 shows the variations of HV, recirculation 
power (Prec) and resonance current (IL). The 
figure shows that regardless of the voltage 
variations, the system properly regulates the 
demanded power. 
 
Fig. 5, Fig. 6 and Fig. 7 show the waveforms of 
the resonant current (IL), the conduction current 
(Ia1) and the collector-emitter voltage of an IGBT 
(VCE) of the resonant converter, at different 
operating conditions. Fig. 5 corresponds to a test 
at 50kW, Fig. 6 at  and Fig. 7 at . 
All simulations are performed with a LV of 

 and a HV of . 
 
The IL current waveforms of all tests are 
relatively similar in shape (because the resonant  
converter is working in open loop close to the 
resonant frequency), although not in magnitude.  
 
An interesting difference in Ia1 waveforms is 
observed. In the  test, the required current 
to obtain soft switching is noticeable at IGBT 
turn-on. However, this current peak, although 
present, is not very noticeable in higher power 
tests. 
 

In addition, Fig. 8. shows the waveforms of the 
phase currents (iL_boost1 and iL_boost2) of the 
two-phase boost converter. The test corresponds 
to a voltage of  at LV and a power of 

 

Fig. 5: Simulation with a voltage in LV of 
 at a power of  in the resonant 

converter. The resonant current (IL) is 
represented in green, the IGBT conduction 
current (Ia1) in purple and the collector-emitter 
voltage of an IGBT (VCE) in red. 

 

Fig. 6: Simulation with a voltage in HV of 
 at a power of  in the resonant 

converter. The resonant current (IL) is 
represented in green, the IGBT conduction 
current (Ia1) in purple and the collector-emitter 
voltage of an IGBT (VCE) in red. 
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. The figure shows that the currents 
iL_boost1 and iL_boost2 are phase-shifted . 
 

Experimental results 
The resonant converter prototype and the 
experimental tests were carried out at the 
company Ingeteam in Zamudio, Spain, since it has 
the necessary capacity to supply the electrical 
power to the prototype. Fig. 9 shows a picture of 
the implemented prototype. The figure shows the 
transformer of the resonant converter and the 
inductors of the multiphase boost converter, in 
addition, the location of the HV and LV buses is 
indicated. In the following sections, the 
experimental results are shown and compared 
with the simulation results. 
 
In Fig. 10, Fig. 11, and Fig. 12 the waveforms of 
the resonant current, collector-emitter voltage and 
conduction current of an IGBT of the resonant 
converter are shown. The results in these figures 
are comparable with the simulation results in Fig. 

5, Fig. 6, and Fig. 7, respectively, since they have 
the same simulation and implementation 
parameters. Similarly, the soft switching of the 
resonant converter can be observed in all three 
tests. Likewise, all tests have similar waveforms 
in simulation and implementation. And although 
there are differences in the magnitudes, the 
differences are minimal with respect to the system 
power. In the tests,  of turn-off energy has 
been measured, which at  are almost  
of switching losses. 
 
In addition, Fig. 13 shows the waveforms of the 
currents of each phase of the boost converter. The 
test is comparable with the simulation in Fig. 8.  
 

Conclusions 
In this paper, a solution for the isolated dc-dc 
converter responsible for supplying electrical 
power to the auxiliary systems of a train is 
proposed. The proposed solution was an open-
loop series resonant converter in cascade with a 
closed-loop pre-regulator converter. 
 
The series resonant converter shows relatively 
good performance at various operating points, 
especially when its switching frequency works 
close to the resonance frequency. This operation 
has been validated thanks to the development of a 
high-power prototype of the resonant converter 
and an experimental setup. Moreover, simulation 
and experimental results are very similar in shape 
and magnitude. 
After the preliminary experimental tests presented 
in this paper, the analysis of the operation of the 
resonant converter is being performed at different 
operating points, such as with different values of 
dead time, operation at start-up, with power peaks, 
etc. 

 

Fig. 9.  Picture of the experimental prototype. 

 

Fig. 7: Simulation with a voltage in HV of 
 at a power of  in the resonant 

converter. The resonant current (IL) is 
represented in green, the IGBT conduction 
current (Ia1) in purple and the collector-emitter 
voltage of an IGBT (VCE) in red. 

 

Fig. 8: Waveforms of the currents per phase 
(iL_boost1 and iL_boost2). 
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