Acta Polytechnica CTU Proceedings 58:27-32, 2026
https://doi.org/10.14311/APP.2026.58.0027

THREE PHASE LLC RESONANT CONVERTER IN RAILWAY
APPLICATIONS: AN ADVANCE SOLUTION FOR BATTERY
CHARGING

FiLipp FrRoLOV*, JIRf LETTL

Czech Technical University in Prague, Faculty of Electrical Engineering, Department of Electric Drivers
and Traction, Technickd 1902/2, 166 27 Prague 6, Czech Republic

corresponding author: frolofil@fel.cvut.cz

ABSTRACT. The increasing demand for efficient battery charging in railway vehicles is driving the
development of compact, high-performance power converters. Small form-factor onboard chargers
require high-frequency operation, necessitating the use of small filtering components and high efficiency
to ensure thermal stability and reliability. In railway systems, optimizing power losses is crucial
to minimizing the converter’s weight and size while maintaining effective passive cooling. This article
presents a three-phase LLC resonant converter topology utilizing a wye-wye transformer, identified
as a promising solution for achieving high efficiency, compactness, and effective power density while
minimizing losses. The design considerations and operational characteristics of the LLC resonant
converter are discussed, highlighting its suitability for railway applications. The findings show that this
topology meets the stringent requirements for railway vehicle battery charging and enhances overall
system performance. The prototype converter utilizes SiC (Silicon Carbide) technology to reduce
switching losses and improve thermal performance. It has an output power rating of approximately
10.5 kW, with a regulated output voltage of 400V, controlled by varying the switching frequency,
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and demonstrates an efficiency of 97.7 %.

KeEyworDs: DC-DC converter, LLC resonant, silicon carbide, three phase.

1. INTRODUCTION

In a typical railway auxiliary system, a DC-DC con-
verter is generally placed between the high-voltage
trolley and the railway vehicle battery. This converter
requires galvanic isolation to safeguard the vehicle bat-
tery from potentially hazardous high voltages; thus,
it must incorporate a transformer. Nowadays, Sili-
con Carbide semiconductor devices are increasingly
adopted in railway systems as they are capable of op-
erating at high frequencies and high temperatures.
Similarly, resonant converters can operate at high
frequencies due to their soft switching ability. One
of the most popular resonant topologies is the LLC
resonant converter, where soft switching and high effi-
ciency can be achieved over the entire load range. Fur-
thermore, multiphase techniques have been employed
to provide several advantages over single-phase sys-
tems. Numerous studies have suggested using a star-
star connection on both the primary and secondary
sides [TH3].

This paper introduces the principles of operation
of the three-phase LLC resonant converter (Figure [1)
and efficiency measurements. It also discusses the
benefits of the converter, including modulation strate-
gies and converter parameters, with transfer function
measurements.

2. PRINCIPLE OF OPERATION

2.1. RESONANT CIRCUIT

The central element of the converter topology is the
LLC resonant circuit, which enables high-efficiency
power conversion through soft-switching techniques.
This circuit comprises a resonant capacitor C,., a res-
onant inductor L,, and the magnetizing inductance
of the transformer L,,. Both L, and L,, are typ-
ically integrated into the transformer structure, al-
though in certain designs, an external resonant in-
ductor may be employed to facilitate more precise
tuning of the resonant frequency and to improve ther-
mal management or layout flexibility. The first reso-
nance is created by the combination of the resonant
capacitor Cy, and the resonant inductor L, (see the
Equation . This resonance is responsible for the
main switching frequency Fj,,. The second resonance
is created by the combination of the series inductance
L, and magnetization inductance L,,, and resonant
capacitors C,. (see the Equation .
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Both resonances are responsible for the operating
range of the converter and its output voltage transfer
function [4].
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FIGURE 1. Three-phase LLC converter with star-start connection.
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FIGURE 2. Control signals.

While LLC converters are commonly implemented
using a single transformer, three-phase LLC convert-
ers offer advantages in terms of thermal distribution
in resonant circuit. These can be realized either with
a single three-phase transformer or with three single-
phase transformers. In this work, the latter config-
uration was adopted, utilizing three identical single-
phase transformers. The analysis of three-phase trans-
former configurations is discussed in detail in [3, 5],
and is therefore not covered in this paper. This con-
verter utilizes a commercially available transformer.

2.2. POWER STAGE

One of the key advantages of the proposed three-
phase LLC resonant converter over a configuration
using three independent full-bridge resonant convert-
ers [0, [7] lies in the reduction of switching components.
A conventional setup with three full-bridge converters
operating in parallel would require a total of twelve
switches (four per phase). In contrast, the proposed
topology utilizes only six switches, significantly sim-
plifying the gate drive circuitry and reducing overall
system cost and number of PWMs output on the mi-
croprocessor side.

This reduction is achieved by leveraging a three-
phase bridge configuration, which inherently supports
balanced power delivery across phases. The use
of three half-bridge converters was considered but
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FIGURE 3. Voltage and current waveforms.

excluded due to their limited utilization of the DC
bus voltage, which results in reduced power transfer
capability and efficiency.

In our implementation, the converter is built using
a standard six-pack power module, commonly used
in industrial inverter applications. This module inte-
grates six SiC MOSFETs switches in a compact pack-
age, offering benefits in terms of thermal management,
layout simplicity, and reliability. Beyond its primary
function in resonant power conversion, the power stage
of the converter can be adapted for auxiliary motor
control applications, such as driving auxiliary fans
or pumps.

2.3. MODULATION STRATEGY

The semiconductor devices S1-S6 on the primary side
operate with a 50 % duty cycle and a phase shift of 120°
between each phase. A small dead time is included
to achieve soft switching of the transistors and prevent
shoot-through. The diodes D1-D6 in the secondary
bridge rectifier conduct for 120°. It is also possible
to incorporate synchronous rectification using transis-
tors to achieve bidirectional power flow [8] [9]; however,
this is not included in this paper.

Figure 2| and Figure [3| display the gate signals
of the converter along with the basic waveforms for cur-
rent and voltage. Due to the 50 % duty cycle on the pri-
mary side and soft switching, the converter operates
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Parameter Description Value

Vi Input voltage 400V

Vout Output voltage range 340-450V
P Power rating 10.5 kW

C, Resonant capacitors 117nF

L, Resonant inductor 20 uH

Lo, Magnetization inductance 115 uH

TR Transformer Turn Ratio 14:15
Fownominal Nominal switching frequency 100 kHz
Fswrange Operational frequency range 90-150kHz
Size Length, wight, height 45 x 20 x 10cm
Control by Microprocessor TMS320F82069 — Ti

TABLE 1. Converter parameters.

FIGURE 4. Photo of presented converter.

with a low EMI signature. The current waveform is si-
nusoidal and contains the first harmonic of the switch-
ing frequency.

2.4. CONVERTER PARAMETERS

The physical layout of the proposed converter is il-
lustrated in Figure @l From top to bottom, the sys-
tem is structured to optimize control, power delivery,
and thermal performance.

At the top level, the converter is controlled
by a Texas Instruments microcontroller, which ex-
ecutes the control algorithms and manages switching
sequences.

Below the controller is an interface board, which
includes an auxiliary power supply for the gate drivers
and signal conditioning circuits. The power stage is
built around the FS45MR12W1M1 SiC six-pack power
module. This module integrates six silicon carbide
switches, enabling efficient three-phase operation.

The resonant capacitors are mounted directly
on the transformer to minimize parasitic inductance
and improve layout compactness.

The secondary-side rectifier is implemented on an In-
sulated Metal Substrate (IMS) board, which provides
superior thermal conductivity and facilitates efficient
heat dissipation from the SiC diodes (C6D20065G).

The use of all-SiC semiconductor devices in both the
primary and secondary stages contribute to the con-
verter’s high efficiency, which will be quantified
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FIGURE 5. Photo of test setup.

in the following section through experimental mea-
surements.

Additionally, the three-phase architecture allows
for a reduction in output capacitance requirements,
due to improved ripple cancellation and current shar-
ing across phases. This contributes to a more com-
pact and cost-effective design, making the converter
suitable for high-density applications. The Table
describes the parameters of the designed converter.

3. EXPERIMENTAL MEASUREMENTS

3.1. TEST SETUP

The experimental setup used for efficiency measure-
ments of the proposed converter is shown in Figure [5]
The setup is organized from left to right to reflect the
signal and power flow during testing. On the left side,
a control PC is used to interface with the converter,
allowing the user to configure operating parameters,
monitor system behavior, and log measurement data.
The control software also facilitates real-time adjust-
ment of switching frequency. Next in the setup is
a laboratory-DC power supply, which provides the
low-voltage input required to power the converter low
voltage circuitry.

To simulate realistic operating conditions, two four-
quadrant power supplies are employed: The first power
supply operates as the voltage source for a converter.
The second power supply functions as an active elec-
tronic load.
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Efficiency Measurements
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FIGURE 7. Channel 1/2/3 — Current Phase U/V/W. Channel 4 — Voltage (U, W).

To capture and analyze electrical waveforms, a dig-
ital oscilloscope is connected to the converter.

3.2. EFFICIENCY AND TRANSFER FUNCTION
MEASUREMENT

The results of the efficiency measurements for the pro-
posed converter are presented in Figure [f] The con-
verter was operated with a constant output voltage
of 400V, while the output current was varied to eval-
uate performance across a range of load conditions.

The converter achieved a maximum output power
of 10.5kW with an efficiency of 97.0%. The peak
efficiency of 97.9 % was recorded at an output power
of 5kW.

These results demonstrate the effectiveness
of the converter design, particularly the use of silicon
carbide (SiC) devices and soft-switching techniques,
which contribute to maintaining efficiency above 96 %
even at low load levels starting from 1kW.

30

Below 5kW, the efficiency is primarily limited
by switching losses, which are mitigated through reso-
nant operation and ZVS.

Above 5kW, conduction losses become dominant,
as higher current levels increase resistive losses
in power devices and passive components.

To further improve efficiency at high power levels, it
is possible to adopt SiC MOSFETs with lower on-state
resistance Rg4s on. The current implementation uses
devices with an Rgs on of 45 mf2, and selecting com-
ponents with lower resistance could reduce conduction
losses and push efficiency even higher.

Figure [7] presents the measured waveforms during
steady-state operation of the proposed converter. The
converter was operating at its resonant frequency
of 100 kHz, under nominal load conditions. The green,
yellow, and red traces represent the phase currents for
phases U, V, and W, respectively. These waveforms
exhibit sinusoidal characteristics with minimal distor-



VOL. 58/2026

Three phase LLC resonant converter in railway applications

Transfer Function, Constant output power 4 kW

450 A

440 4

430 A

420 A

410 A

400 A

Vout [V]

390 A

380 -

370 A

360

350 A

340 A

330

80 85 90 95 100 105 110

115

120 125 130 135 140 145 150 155

Fsw [kHz]

FIGURE 8. Output voltage regulation with 400V input voltage.

tion, confirming proper resonant operation and effec-
tive current balancing across all three phases. The
blue waveform corresponds to the voltage between
the switching nodes of phases U and W. This wave-
form reflects the switching behavior of the power stage
and is consistent with the expected voltage transitions
in a three-phase LLC topology.

The measured current waveforms closely match the
results obtained from simulation. The converter oper-
ates in the soft-switching regime, minimizing switching
losses and electromagnetic interference.

Figure [§] illustrates the voltage transfer character-
istics of the designed three-phase LLC resonant con-
verter. The converter operates over a switching fre-
quency range of 90kHz to 150 kHz, which is bound
by operational limits of the transformer. Within this
frequency range, the converter demonstrates a regu-
lated output voltage spanning from 340V to 450V,
offering a wide operational window suitable for various
high-voltage applications. This flexibility in output
voltage regulation is particularly beneficial for systems
such as battery electric trains, where the charging pro-
file of high-voltage battery packs requires dynamic
voltage adjustment throughout the charging cycle.

The wide voltage range is achieved through fre-
quency modulation, leveraging the dual-resonance be-
havior of the LLC topology. At lower switching fre-
quencies, the converter operates closer to the first res-
onant point, allowing higher voltage gain. As the fre-
quency increases, the gain decreases, enabling precise
control of the output voltage. This capability to regu-
late voltage across a broad range while maintaining
high efficiency and soft-switching operation makes the
proposed converter well-suited for traction systems,
DC fast charging, and other high-power transporta-
tion applications.

4. RESULTS

A prototype of the proposed three-phase LLC resonant
converter was successfully built and tested in a labo-
ratory environment. The converter achieved a max-
imum output power of 10.5 kW, demonstrating high
efficiency across the entire operating range. Peak effi-
ciency of 97.9 % was recorded at 5 kW, while efficiency
remained above 96 % from 1kW onward. The con-
verter utilizes SiC semiconductor devices on both the
primary and secondary sides, contributing significantly
to its high efficiency.

The measured voltage and current waveforms closely
match theoretical predictions and simulation results,
confirming the validity of the resonant tank design
and control strategy. The converter also exhibited
stable output voltage regulation, with a controllable
range from 340V to 450V, suitable for applications
such as high-voltage battery charging in electric trains.
However, certain limitations were observed. The use
of a transformer introduces constraints on the fre-
quency range due to volt-second limitations and mag-
netic saturation, which restrict the extent of output
voltage regulation via frequency modulation.

Additionally, the relatively narrow switching fre-
quency range increases switching losses, particularly
at higher power levels where conduction losses begin
to dominate. To further enhance efficiency, future
work will explore the integration of synchronous rec-
tification on the secondary side. This technique, not
implemented in the current design, has the poten-
tial to significantly reduce diode conduction losses
and improve performance under high-load conditions.

5. CONCLUSIONS

The proposed three-phase LLC resonant converter
demonstrates strong potential for high-power applica-
tions requiring high power density and wide output
voltage regulation. The three-phase operation signifi-
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cantly reduces the requirements for output filtering—
both capacitors and inductors—due to the effective
cancellation of ripple and the fact that the output
ripple frequency is six times higher than the switch-
ing frequency. This leads to a reduction in both size
and cost of the converter.

The use of a resonant circuit enables zero-voltage
switching (ZVS), which minimizes switching losses
and allows for a more compact thermal design, includ-
ing a smaller heatsink. Additionally, the integration
of SiC semiconductor technology on both the primary
and secondary sides play a major role in achieving
high efficiency across a wide operating range.

The converter’s power stage is compatible with stan-
dard inverter modules, such as six-pack SiC modules,
simplifying implementation and enhancing modular-
ity. These combined benefits make the three-phase
LLC resonant converter a compelling candidate for ap-
plications that demand high efficiency, compact de-
sign, and flexible voltage regulation, such as battery
chargers for railway vehicles and other high-voltage
transportation systems.

Furthermore, the use of high switching frequencies
contributes to reduced size and cost of magnetic com-
ponents and output filters, reinforcing the converter’s
suitability for space-constrained and cost-sensitive en-
vironments.

Future work will focus on integrating synchronous
rectification to further reduce conduction losses
and improve performance under high-load conditions.
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