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Abstract. Semiconductor power devices made from silicon carbide (SiC) reached a level of technology 
enabling their widespread use in power converters. Two different approaches to implementation of modern 
traction converters in electric multiple units (EMU) have been presented in recent years: (i) 3.3-kV SiC 
MOSFET-based three-level PWM inverter with regenerative braking and (ii) 6.5-kV IGBT-based four-
quadrant power electronic traction transformer (PETT). The former has successfully reached optimized 
dimensions and efficiency but still requires a bulky line frequency transformer for multisystem applications. 
The latter characterizes inherent galvanic isolation from AC traction, which is realized by cascaded system 
of power electronic cells containing medium frequency transformers (MFT). The downsizing of the 6.5-kV 
IGBT-based cells is, however, problematic. The present paper proposes a different approach, that involves 
the use of a fast switching 1.2-kV SiC MOSFETS. The SiC-based PETT proposed in the paper is dedicated 
first for the DC traction. For multi-system application the input voltage of the proposed PETT can be 
adjusted using weight-optimized adjusting autotransformer. Thanks to utilization of fast-switching SiC-
based power modules the weight and size of the power electronic cells can be optimized in a convenient 
way.

1 Introduction 

Modern semiconductor devices allow realization of 
traction power converters with minimized weight and 
size, and high efficiency [1]. Silicon carbide (SiC) 
semiconductor material is treated as a direct successor to 
silicon (Si). The high breakdown electric field, low 
specific on-resistance, high operating frequency and high 
junction temperature of SiC transistors are beneficial for 
the efficiency, power density, specific power and 
reliability of traction power converters. SiC Metal Oxide 
Field Effect Transistors (SiC MOSFETs) enable lower 
system costs by providing the ability for increasing 
power density and frequency of operation, thereby 
reducing the volume and weight of the power converter 
[2]. To increase the number of applications, that SiC 
MOSFETs can serve, manufacturers of these devices 
have extended their capability to higher voltages [3], [4]. 
A megawatt-scale traction inverter using 3.3 kV SiC 
MOSFETs, made by Mitsubishi company, has been 
successfully used in Japanese EMU trains powered from 
1500V DC traction. The three-level PWM inverter with 
regenerative braking using 1.5 kA SiC MOSFETs has 
been applied to Shinkansen train, providing a 2.5 kV AC 
voltage for the group of 305 kW power, self-cooling 
traction motors, operating in parallel.  

The 3.3 kV SiC-based power modules have over 70% 
less switching losses than Si-based GTO thyristors used 
earlier. As it was reported in [5], the use of SiC modules 
in N700 Shinkansen bullet train reduced the size and 
weight of its inverter system by approximately 55% and 
35%, respectively, compared to inverters using GTOs.  

In the 3kV DC traction network, either 6.5kV IGBT-
based two-level inverters or multilevel inverters using 
3.3.kV switches can be used. Multilevel inverters 
characterize lower dv/dt slew rates than two-level 
inverters and can operate at higher resulting frequency 
without augmented electromagnetic interference (EMI) 
emission. Multisystem EMUs operated in Europe within 
different traction systems: 3kV DC, 25kV/50Hz and 
15kV/16.7Hz have on-board power distribution systems, 
which are reconfigured on-line [6] by using high voltage 
switchboards and multi-winding traction transformers. 
Three main goals of multi-system EMU design are 
selected. They are time to reach full speed operation of 
the train (acceleration improvement), energy saving and 
weight and dimension reduction of the electrical 
equipment. The limiting factor for the EMU train’s 
acceleration can be overcome by increasing the number 
of powered axles, which, however, binds with increasing 
cost of the system. More serious limitations apply to 
electrical equipment downsizing problem. The low 
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frequency transformer (LFT) is the heaviest and bulky 
constituent of the multi-system rolling stock and it 
represents the worst efficiency between different main 
components of traction drive. Traditionally, LFT 
occupies 12% of the weight and volume of rail vehicles. 
Nevertheless it is 82% smaller than its infrastructure on-
ground counterpart. Today, one the most important 
evolution to be realized on traction transformer is the 
power electronics on-board traction transformer (PETT) 
[7], [8]. The power electronics on-board transformer 
combine several high voltage AC-AC converters 
connected in series and directly connected to catenary, 
several high-frequency transformers (HFT) providing 
galvanic isolation and several rectifiers, each connected 
to the secondary side of one high frequency transformer, 
which supplies usual DC-link or several independent 
DC-links used by other on-board converters. On-board 
PETT provides control functionality which are far 
beyond conventional LFT capabilities. Modular 
approach can cope with any grid voltage by increasing 
the number of cascaded cells. Cascaded full-bridge 
topology is actually the most popular solution for 
constructing PETT prototypes. However  the  connection 
of  full-bridge converters at  the  high-voltage side, e.g. 
25kV or 15kV is still a challenge. Unlike full-bridge 
converters, the three-level neutral point clamped (NPC) 
converter [5] does not provide modularity. Bi-directional 
three-level NPC converters cannot be scaled to 15kV or 
25kV voltage level, except for using of direct series 
connection of power semiconductors [9].  

The world’s first PETT installed in the Ee 933-Type 
shunting locomotive fed from 15-kV/16.7-Hz traction 
has shown in [10]. The PETT system described in [10] is 
constructed from isolated AC-DC-DC cells, which 
includes resonant DC-DC converters. Each power-
electronic cell is made of two types of power modules: 
high voltage and low voltage. Application of different 
voltage level subassemblies causes increased complexity 
of the system. The high voltage PEBBs consist of bulky 
6.5kV IGBTs connected to 3.6kV dc-link, while the 
faster, low voltage 3.3kV IGBTs are connected to dc-
link of the propulsion converter. Very slow speed of high 
voltage IGBTs limits the operating frequency of HFTs. 
The PETT system in [10] needs, at minimum, N = 8 
cells. Selection of 6.5-kV IGBTs for converter design 
also entails unfavourably high cost of capacitors, 
inductive components, protection devices and the whole 
system. 

The present paper aims the development of another 
type of isolated modular traction converter for multi-
system EMUs [11]. The essence of the proposed 
approach is to apply 1.2kV SiC power modules to 
construct small-size and fast-switching PETT operating 
at full DC traction voltage and partial AC traction (25kV 
or 15kV) voltage.  

For AC traction application the inherent galvanic 
isolation of the proposed converter need not be 
duplicated by bulky line-frequency transformer. Instead, 
a weight-optimized autotransformer can be used for 
adjusting the input voltage of the converter. First of all, 
the basic topology which can be directly connected to 
DC traction grid is presented. For multi-system 

applications the whole system of PETT with LF 
autotransformer is proposed. In Section II the very recent 
achievements in the power electronic transformer 
technology are described. Section III shows a SiC-based 
Dual Active Bridge (DAB) DC-DC converter as the key 
component of SiC-based PETT. Experimental results of 
the proposed SiC-based DAB converter are given in 
section IV. Discussion and conclusions are covered in 
section V. 

2 Recent achievements in power 
electronic transformer (PET) industrial 
applications 
Electrical drives consume 64% of all electricity used in 
industry. Use of frequency converters with electronic 
speed control providing recuperation of brake energy 
into the system leads to  save energy and increase 
efficiency. Many medium voltage (MV) variable speed 
drive applications need one or two LF transformers 
matching voltage levels in the system. In the oil industry, 
typical offshore installations of megawatt scale electric 
submersible pumps (ESP) have step down transformer 
that supplies low voltage variable speed drive (VSD) and 
step up transformer providing MV for the high 
horsepower (above 1000 HP) ESP motor. With the 
power electronic transformer (PET), supply line voltage 
up to 6.6kV does not need to be stepped down, 
furthermore is no requirement for a multi-tap step up 
transformer as the VSD can provide the required 
medium voltage required for the ESP motor. The 
removal of LF transformers has reduced the space and 
weight of the surface electrical equipment, which has a 
significant influence on the size and load bearing 
capabilities of new installations [12]. 

Application of PET topology to industrial drives 
leads to several advantages such as: (i) power scalability, 
(ii) ability to shape output voltage with significantly 
reduced harmonic content and, hence, operation with 
small size passive filter and (iv) ease of maintenance and 
inspections. In [12] the benefits of application of PET in 
the oil industry has been presented. The typical state-of-
the-art surface equipment containing two low-frequency 
transformers occupies significant deck space, of about 10 
m2. The PET-based VSD doesn’t need any additional 
transformers and makes it possible to obtain 
advantageously smaller footprint. Hence, it gives 
possibility to upgrade the surface equipment in terms of 
higher power or possibility of installing additional drive 
on the same used surface. 

The first PET-based VSD has been installed in Saudi 
Aramco fields in 2014 [12], [13]. The overall scheme of 
IGBT-based 3.3kV/3.3kV PET is shown in Fig. 1 [13]. 
The PET topology features isolated dual active bridge 
(DAB) DC-DC converter technology [14] with a PWM 
multilevel cascaded full-bridge rectifier at the input and 
PWM multilevel cascaded full-bridge inverter at the 
output of the system [15]. Each phase leg of the PET 
from Fig. 1 consists of 3 cascaded cells. The full-bridge 
converters in Fig. 1. are constructed from 1.7kV IGBTs 
and DAB DC-DC converters utilize 1:1 HFTs. The use 
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of universal modules on the primary and secondary side 
reduces complexity of the system and makes easier 
maintenance of the system and reduces production costs 
when compared to 15kV PETT from [10].  

 

 
Fig. 1. The overall scheme of 0.6MW, 3.3kV/3.3kV PET 
installed in the oil well [13]. 

The active front-end stage creates a near sinusoidal 
waveforms that require no filtering. The multilevel 
cascaded full-bridge PWM converter ensures total 
harmonic distortion (THD) below 4% [12]. Application 
of 1.7-kV IGBTs allows the isolated modular multilevel 
power converter to get high efficiency and high power 
density of magnetic components and line filters 
compared to 6.5kV or 3.3-kV IGBT-based counterparts. 
The cleaner, spike free power being delivered by the 
PET converter along the long cable to the asynchronous 
motor installed from 2km to 5km underground helps to 
ensure the longest possible ESP run life by minimizing 
the degradation of the ESP electrical system insulation 
[12]. The PET converter having NEMA-4 enclosure to 
protect against windblown dust and water, occupies 
twice smaller deck space than existing LV drives 
supplied from line frequency transformers and is capable 

of uninterrupted operation at high summer temperatures 
of up to 55°C. 

Application of fast switching 1.2-kV SiC MOSFETs, 
enables the PET-based variable speed drives to obtain 
improved functionality. Fig. 2. Shows SiC-based 
successor of PET from Fig. 1. The increase in frequency 
of HFTs from 8 kHz to 25 kHz allows noiseless 
operation of the PET and HFTs downsizing. The 1MW, 
4kV/4kV PET, shown in Fig. 2, has been constructed 
from 1.2-kV SiC MOSFETs and consists of six cascaded 
cells in each phase. 
 

 
Fig. 2. Air-cooled 4kV/4kV PET, constructed from 1.2kV SiC 
MOSFET power modules (Photo courtesy of MMB Drives ) 

3 Novel autotransformer-based PETT 
for multi-system EMUs 
Replacement of bulky 6.5kV IGBTs by SiC-based 
counterparts in the PETT system from [10] will not 
completely eliminate the problem of limited frequency 
of HFTs. High-voltage SiC devices suffer from high 
dv/dt and di/dt slew rates required to limit the switching 
losses. Fast 1.2kV SiC-MOSFETs give more freedom 
and the ability to design a noiseless device with less EMI 
emissions. First of all the DC-AC PETT for 3kV DC 
traction is proposed. The overall scheme of the compact 
traction converter combining multilevel propulsion 
inverter and auxiliary power converter in the same 
housing is shown in Fig. 3. The proposed PETT 
topology consists of: (i) filter inductor, (ii) cascaded 
connection of isolated  DC-DC converters including 
input filter capacitors and HFTs operated with high 
frequency, above 20kHz,  (iii) the three phase propulsion 
inverter realized as cascaded full-bridge multilevel 
converter and (iv) integrated auxiliary converter. 

The propulsion inverter features a cascaded  full-
bridge  multilevel DC-AC converter topology. Each 
phase of the propulsion inverter consists of three full-
bridges connected in series. A cascaded topology having 
3 isolated input sources in each phase provides 7 levels 
to synthesize the AC output voltage waveform. This 7-
level voltage waveform enables significant reduction of 
harmonics in the synthesized output current feeding the 
traction motor. The high frequency isolated dual active 
bridge (DAB) converters galvanically separate the 
propulsion inverter and auxiliary power converter from 
traction grid. In the PETT from Fig. 3 the DC traction 
voltage udc is divided between five DC-link capacitors of 
DAB DC-DC converters.  
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Fig. 3. The proposed DC-AC PETT 

One fifth of the actual DC traction voltage is connected 
to each DAB converter. Five DAB DC-DC converters 
connected in series, step up or down the input voltage 
voltages during voltage transients in DC traction line. 
Two sets of DC-DC-AC converters operate within the 
compact traction power converter. As the propulsion 
inverter use 9 isolated power cells, the one remaining 
isolated DAB DC-DC converter serve as isolating stage 
for the 3x400V auxiliary power converter. The concept 
the traction converter shown in Fig. 3 can be extended to 
multi-system version. The replacement of the isolated 
DC-DC-AC cells with four quadrant isolated AC-DC-
DC-AC counterparts is therefore required. The inherent 
galvanic isolation of the traction converter from Fig. 3 
can be utilized in multisystem converter for galvanic 
isolation from AC traction grid. To cope with the 
problem of connection of PETT with the AC traction 
voltage (15kV or 25kV), a low-frequency 
autotransformer, shown in Fig. 4, is proposed. According 
to the   proposed  concept,  the four  quadrant  isolated 
AC-DC-DC-AC cells, connected in cascade, form the 
three-stages of the PETT: (i) the single phase multilevel 
cascaded full-bridge rectifier connected to the voltage-
adjusting autotransformer, (ii) isolated DC-DC stage and 
(iii) three phase multilevel cascaded full-bridge 
propulsion inverter integrated with auxiliary power 
converter.  

The concept of the autotransformer-based traction 
converter for the multisystem EMUs is shown in Fig. 5. 

The advantages of the proposed system are: expected 
lower weight of the LF autotransformer when compared 
to HFT, lower costs, increased reliability and flexibility 
and preferably lower complexity when compared to 
existing  PETT [10]. The design and optimization of the 
line frequency adjusting autotransformer is out of scope 
of the present paper and will be described in further 
publications. 
 

 
Fig. 4. Functional scheme of the proposed 
autotransformer-based traction converter 

4 SiC-based Dual Active Bridge 
converter as a key component of PETT 
The key component of the proposed PETT, which is the 
isolated DAB DC-DC converter (Fig. 5), has been 
investigated experimentally. 
 

 
 
Fig. 5. Isolated dual active bridge DC-DC converter  under 
investigations. 
 

The 400kW, 2340V asynchronous traction motor has 
been assumed for further investigation. According to the 
maximum power of 500kW, the nominal power of the 
designed DAB DC-DC converter is about 60 kW. The 
investigated DAB converter from Fig. 5 has been built 
from CAS120M12BM2 power modules characterizing 
continuous drain current of 138A at 90 Celsius degrees. 
The DAB DC-DC converter enables bi-directional power 
flow which is controlled using phase shift control. The  
DC voltages: uDC1 on primary side and uDC2 on 
secondary side are converted into high frequency 
rectangular pulses, with constant or modulated pulse 
width.  
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The transferred power depends on the mutual phase shift 
d1 ratio between primary and secondary voltages uDC1 
and uDC2.  For pure phase-shift control, when the voltage 
pulse duty cycle is fixed at 50%, the transferred power is 
described by the following relation: 
 

𝑃 = ����∙����
�∙�∙��

∙ 𝑑� ∙ (1 − 𝑑�)            (1) 

 
where f =25kHz denotes switching frequency of the SiC 
MOSFETs. Fig. 8 shows the output power as a function 
of the phase shift d1. For dual phase-shift control voltage 
pulse width can be adjusted second phase shift parameter 
d2 between pair of switches Si, Si+2 (Fig. 5), i = 1, 2, 5, 6. 
Phase shift d2 modulates the voltage pulse width and can 
be used for shaping of the transformer current (loss 
minimization) and for prevention from the core 
saturation.  

Fig. 6 shows the characteristic waveforms of DAB 
converter: the secondary transformer voltage uTR2, 
secondary transformer current iTR2 (inverted) and voltage 
of S2 with half load (30kW). The commercially available 
high frequency 100kW transformer (oversized) with N87 
UIIU/93/245/30 core has been used in the first 
experiment. Two identical series inductors LS/2=10µH  
consisting of ferrite cores and Litz wires were connected 
to the transformer to adjust the inductance value Ls 
which affect the power flow. A significant ringing can be 
observed in the transformer voltage and current. It can be 
deduced that their magnitude will increase with 
increased power.  For the second experiment an 
optimized high frequency transformer has been designed 
within the present project. Litz wire coils, N87 core 
material and insulation resin with optimized temperature 
conductivity coefficient have been used in the design. 
Fig.7 shows characteristic waveforms of 60 kW DAB 
converter at half load: secondary transformer voltage 
uTR2, secondary transformer current iTR2 and S1 switch 
voltage. The ringing in transformer voltage and current 
have been reduced significantly. The measured dv/dt 
value during SiC transistor switching in Fig. 7b is 
3.5kV/µs and the basic frequency of the SiC transistor 
voltage oscillations is 30 MHz. Fig. 9 and Fig. 10 show 
the results of the temperature test. The investigated DAB 
converter operated with full load of 60kW. 

5 Conclusions 

The concept of novel autotransformer-based PETT for 
multi-system EMUs was proposed. The investigated 
SiC-based PETT features noiseless operation and 
galvanic isolation realized with the use of high-
frequency transformers. Special attention was given on 
isolated DAB DC-DC converter, which provides power 
flow control with high efficiency. 
 

 
Fig. 6. Characteristic waveforms of DAB converter with 
commercially available high frequency transformer at half load 
(30kW). 

 
a) 

 
b) 

Fig. 7. Characteristic waveforms of DAB converter with 60kW 
HFT optimized for the project, at half load (a) and transients 
during SiC switching (b). 

The investigated isolated DAB DC-DC converter, 
constructed from 1.2kV SiC MOSFETs demonstrates 
60kW transferable power using 25 kHz switching 
frequency. The measured temperature of heatsinks did 
not exceed 55 Celsius degrees during constant load 
operation, which is a promising result when taking into 
account application in roof-mounted container. 
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Fig. 8. Output power in function of phase shift d1. 

 
Fig. 9. Output power during temperature test. 

 
Fig. 10. Temperatures of DAB heatsinks. 

The next step of investigations should be detailed EMC 
analysis on compliance with railway standards. 
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