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Overview of Three-Stage Power Converter
Topologies for Medium Frequency-Based

Railway Vehicle Traction Systems
Athanasios Iraklis , Toni Schirmer , Holger Dittus , Anna Lusiewicz, and Joachim Winter

Abstract—With new developments in power electronics and
semiconductor devices, there has been an increasing interest in
the adoption of power electronic traction transformer (PETT)
topologies in railways, mainly for the purpose of mass and volume
reduction against conventional topologies. Apart from traction
transformers, examples include isolation circuits for on-board
auxiliary power units (APU) and even 750 VDC , 110 VDC and
lower voltage (e.g., 72 VDC ) battery chargers. Special attention
has been given to the more mature technology of three-stage
(ac–dc–MFac–dc) configurations with intermediate medium fre-
quency ac (MFac) links. In contrast to conventional architectures,
it becomes difficult to select a suitable multistage topology of
power electronics for the design of complex traction systems with
advanced requirements. The power electronics utilized in different
configurations have a significant effect on performance, efficiency,
power quality (harmonics and stability), and cost indicators for the
whole system, making the selection and design process more com-
plex. The objective of this paper is to provide a clear overview of
proposed topologies with special emphasis on the power electronic
architectures utilized in three-stage PETT systems particularly for
railway traction systems and on-board APUs. With regards to the
listed range of possible architectures provided to the reader, key
characteristics, such as total semiconductor (switches and diodes)
count numbers per module per phase, input/output voltage levels,
operating frequencies, and the most commonly used resonant
networks, are summarized and discussed.

Index Terms—Power electronics, medium frequency trans-
former, multi-stage converter, railway traction system.

I. INTRODUCTION

CURRENTLY, there is a huge demand for advanced
railway traction systems with increased reliability and

safety characteristics [1]. In addition, from a technical point-
of-view, significant problems, such as high current distortion
(harmonics), low power factors and unbalanced voltages and
currents in traction-side single-phase AC and DC power sup-
plies require innovative solutions [2]. The utilization of Power
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Electronics-based Traction Transformer (PETT) setups for
railway traction systems using Medium Frequency Transformer
(MFT) technologies and Wireless Power Transfer (WPT)-based
power supplies, such as in [3], is highly considered for future
railway traction systems [4]. The introduction of such advanced
systems has the potential to increase design flexibility, system
controllability, efficiency and reliability, and to help in the
inclusion of other powering solutions, such as on-board and
wayside Energy Storage Systems (ESS) as well as recuperating
substations [5]. Especially, WPT systems have already revealed
advantages in public transportation, such as elimination of
range anxiety and reduction of battery size for battery-electric
vehicles [6] and, in addition, increased system reliability under
extreme weather conditions [7].

A PETT configuration is a system that can be designed to
be used in both AC and DC railway distribution networks, with
the main aims being the voltage transformation under medium
frequency operation, galvanic isolation and reduction of weight
and size due to the utilization of higher frequencies (thousands
of Hz) [8]. In addition, other features, such as increased modu-
larity, reliability and additional controllability, including power
and voltage regulation, voltage sag protection, fault isolation
and, depending on the topology, additional useful DC-links [9],
are added. Regarding transformation, an MFT-based system can
replace the traditional Low Frequency Transformers (LFT) to
improve the intelligence level of a railway electrification net-
work, and in addition, it can provide transmission and transfor-
mation capabilities between multiple sources and multiple loads
[10]. PETT configurations can also accommodate the use of
on-board and wayside ESS and boost controllability and energy
management features in railway networks, by utilizing the smart
railway grid [11] for a more reliable, efficient and modernized
power system, or by adopting opportunity-charging techniques
for low-cost and emission-free expansion of railway networks
[12]. Also, a combination of the afore-mentioned methods has
the potential to optimize capturing of regenerative braking en-
ergy during braking/downhill operational modes of vehicles in
railway micro-grids [13], and thus, reduce energy usage and
costs for vehicle operators.

For advanced train designs, such as the Next Generation
Train (NGT) HST [14], [15], LINK [16], [17] and CARGO [18]
vehicle concepts proposed by the German Aerospace Center
(DLR), there are certain design requirements that need to be
taken into account, regarding the design of power electronics
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and isolation stages of a PETT-based power supply. In such
advanced systems the selection of a suitable three-stage power
electronic conversion architecture, which can provide the
electrical interface and galvanic isolation between multiple
sources and loads in a distributed way becomes a challenge.

Existing literature review studies have presented broad
overviews of proposed PETT systems, with brief descriptions
of both three-stage and two-stage topology examples, such as in
[19]. Others have focused on different topologies and controls
but for electrical distribution applications (both utility and rail-
way supply), such as in [20]. The purpose of this paper is to pro-
vide the reader with a clear overview of PETT topologies with
focus on the more mature three-stage technology, with configu-
rations that can be used particularly in railway traction systems.
Special emphasis is put on the utilized power electronic architec-
tures and their main technical features. Therefore, this overview
presents useful examples from literature with focus on the power
electronic setups, provides a comparison of different three-stage
designs that have been proposed for real-world railway appli-
cations and points out the main technical characteristics which
should be taken under consideration in design studies.

In Section II, three-stage (AC-DC-MFAC-DC) topology ex-
amples are presented. A short description for each of the dif-
ferent setups is given and their main functional and operational
characteristics are presented, as given in literature. In Section III,
a summary of semiconductor (switches and diodes) count num-
bers per module per phase, input/output voltage levels and op-
erating frequency values is given for 23 of the discussed setups
along with a closing discussion and a brief summary on the
most widely utilized resonant topologies for the galvanic isola-
tion stage. A final conclusion is given in Section IV.

II. OVERVIEW OF THREE-STAGE PETT-BASED TOPOLOGIES

The three-stage configurations comprise an AC-DC con-
version stage (rectification stage), a DC-MFAC conversion
stage having a harmonic filter on the converter’s primary-
side DC-link, an MFAC isolation stage with primary and
secondary windings and a final MFAC-DC stage that pro-
vides the secondary side DC-link. Three-stage PETT-based
converter topologies are otherwise called Isolated Back
End (IBE) converters, as in [21]. With regards to the isola-
tion stage, Single-Winding (S-W), Multi-Winding (M-W),
Multi-Separated Winding (MSW) and Three-Phase-Winding
(3PH-W) topologies have been considered.

In this paper, the developments include three-stage circuitry
suggestions after the introduction of silicon-based Insulated
Gate Bipolar Transistors (IGBT). For the sake of presenting
fully controlled configurations, previous developments based on
partially controlled Gate Turn-Off (GTO) thyristors [22] are not
considered. Cascaded and non-cascaded DC-MFAC-DC con-
verter topologies (e.g., for Auxiliary Power Units (APU) such
as in [23] or battery chargers) are included, as an additional AC-
DC conversion stage (input stage) will be required in any case
for both single- or multi-phase AC traction systems. The inter-
mediate MFAC-link is sometimes given in literature as HFAC
(i.e., High Frequency Alternating Current), as in [24], but in this

Fig. 1. Next Generation Train (NGT) HST, LINK, and CARGO vehicle con-
cepts proposed by the German Aerospace Center (DLR).

paper, the term MFAC will be used in order to avoid confusion
between kHz- and MHz-level transformation.

Cascaded three-stage configurations have been widely pro-
posed for MFT- and WPT-based railway traction systems. They
are the most common to find in existing setups due to the flexibil-
ity the additional input AC-DC rectification stage and primary-
side DC-link offer. They feature a DC-MFAC-DC stage for full
isolation between the primary- and secondary-side DC-links
[25] and capability for reactive power regulation [8]. Addi-
tional AC-DC input rectifiers and DC-AC output load invert-
ers are included for the power supply- and load-side AC-links
respectively.

Having similar topology requirements to MFTs, the WPT
system introduces contactless energy transfer between primary
and secondary windings of an air-gap-based MFT, and it is
expected to bring several advantages compared to existing rail-
way traction systems [26]. It has a strong potential to solve
energy supply-related problems in railways, such as high wear
on pantographs and unstable power supply due to conditions
where contact between the pantograph and the catenary is lost
at high travelling speeds [27]. Examples of WPT for railway
applications include static charging when a battery-electric rail-
way vehicle arrives at stations, such as in [28] and dynamic
WPT, such as in [29], with the Inductive Power Transfer (IPT)
system being considered for practical applications so far [30],
[31]. As an example for WPT, the high-level schematic for an
IPT-based traction system concept proposed by DLR within the
NGT project can be found in [32].

For reference, high-level schematic of MFT-based traction
system examples are shown in Fig. 2, Fig. 3 and Fig. 4, as in
[33]. With regards to the figures, the interface of interest for
this particular review work is defined by the bounds of the AC
power supply (three-phase or single-phase) and the on-board
secondary-side DC-link.

A. Cascaded Three-Stage PETT-Based Topologies

In this section, cascaded configurations that use series connec-
tions of input modules are discussed. Most of the developments
listed here are for single-phase power supply systems, but some
three-phase-based systems (mainly for WPT purposes) are also
presented. The list includes Full Active Bridge (FAB)-, Half
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Fig. 2. Example of IBE AC-DC converter topology with cascaded Input-
Series-Output-Parallel (ISOP) setup, multi-separated input DC-links, and a M-
W isolation setup.

Fig. 3. Example of IBE AC-DC converter topology with cascaded Input-
Series-Output-Parallel (ISOP) setup, multi-separated input DC-links, and a
MSW isolation setup.

Fig. 4. Example of IBE AC-DC converter topology with a cascaded rectifica-
tion stage, parallel input DC-links, and a multi-port M-W isolation setup.

Active Bridge (HAB)- and clamping-based (CL) circuitry, in-
cluding some additional setups.

1) Cascaded Full Bridge-Based Topologies: Back in 1996,
a three-stage converter based on cascaded FAB modules on both
the primary and secondary sides was proposed by Rufer et al.
[22], for single-phase 15 kVAC /16.7 Hz railway traction sys-
tems. The input stage of the topology was based on high voltage
IGBTs, which had the full controllability advantage over their
predecessors; the partially controllable GTO thyristors found in
previous developments, such as in [34]. Due to the high cate-
nary operating voltage, the input power modules (active recti-
fier/inverter units) were connected in series while the outputs of
the isolated DC-MFAC-DC stages were connected in parallel,

Fig. 5. Single-phase cascaded FAB AC-DC converter topology with MSW
isolation and ISOP setup.

Fig. 6. Single-phase cascaded AC-DC converter topology with a HAB setup
on the primary windings.

forming the Input-Series-Output-Parallel (ISOP) configuration
[35], which has been very popular in high voltage, high power
applications since today [36]. This allowed avoiding the simul-
taneous switching of series-connected devices, achieving proper
sharing of voltage and reactive power and utilizing higher fun-
damental frequencies (10 kHz) and bidirectional power flow.
The isolation stage comprised an MSW setup. The features of
this early design were widely used in later developments [37],
although the fault-tolerant capability was compromised when
an S-W or an M-W isolation stage was used.

In [38], a similar architecture was proposed by Siemens. This
FAB-based setup had a holistic ISOP configuration from AC
input to DC output and utilized an input switch bank for isolation
of modules in case of failure. Moreover, it used Series Resonant
Tanks (SRT) [39] in order to avoid hard-switching operation and
MSWs. The MSW setup allowed increased reliability in case of
module failure and easier manufacturing and installation, as
several smaller transformers were easier to be constructed in
large numbers. Based on the same concept, in [40], Rufer et
al. proposed a three-stage FAB-based re-configurable converter,
for use in both 15 kVAC /16.7 Hz and 3 kVDC traction systems,
which, compared to conventional LFTs of that time, showed
more than 5% less losses when 8 kHz isolation transformers
were considered. The converter was able to cope with both AC
and DC traction systems via the utilization of a switch box
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on the input stage, which allowed increased system flexibility
in cases where different traction systems had to be utilized,
such as in multi-current locomotives. In [41] and [42], a FAB-
based PETT system was proposed, consisting of two active
FAB rectifiers/inverters connected in series and two Voltage-
Source Converters (VSC) on the primary side, a 2:1 isolation
transformer with a M-W coil setup and a FAB voltage-source
rectifier/inverter on the secondary side for bidirectional power
flow. The disadvantage of this configuration was that, due to
the small number of input modules and the M-W coil setup, the
converter lacked redundancy in case of module failure.

In [43], [44] and [45], the two FAB-based PETT traction
systems had the same front-end setup and SRTs, but different
isolation and output stages. The one suggested for electric
multiple units had a M-W isolation transformer setup, while
the second, which was suggested for locomotives, had MSWs.
The new feature in both configurations was the multi-port
output configuration. For a single-phase catenary connection
of 25 kVAC /50 Hz, the topologies used 23 modules and a
switching frequency of 20 kHz. With FAB-based system being
the most popular, similar configurations were presented in [46]
and [47], for practical single-phase-based applications. For
example, in [46], a PETT-based topology was presented by
Bombardier for a 15 kVAC /16.7 Hz catenary system, especially
for Germany, Austria, Switzerland and the Scandinavian coun-
tries, where this particular system is the main type in railway
networks [48]. To achieve the high catenary voltage of 15 kVAC
and include some redundancy for the system, 8 sub-systems
were connected in series at the input-side, each utilizing 6.5
kVBV IGBTs for a DC-link voltage of 3.6 kVDC . The outputs
of the secondary-side four-quadrant converters were connected
in parallel and the system achieved soft-switching operation for
all switching elements, which allowed switching frequencies
up to 10 kHz with SRTs. A transformer ratio of 1:1 allowed
the use of the same IGBTs for the primary and secondary side
DC-links. FAB-based topologies have been utilized also for
early dynamic IPT systems, such as the one presented by the
Korea Railroad Research Institute (KRRI) in [49], which was
IGBT-based, operated at 60 kHz, and utilized series-series
compensation and a transformation ratio of 5:8 for a nominal
2.8 kVDC secondary DC-link voltage.

2) Cascaded Half Bridge-Based Topologies: The PETT-
based system proposed by ABB in [50]–[53] employs a cas-
caded HAB-based configuration on the DC-MFAC-DC stage,
which has the potential of having reduced system costs, due to
the smaller number of switching elements used in the setup. The
configuration consisted of 9 modules (following the N+1 rule
for redundancy), each rated at only a fraction of the maximum
power, in a holistic ISOP setup, and included a main circuit
breaker, an input choke and a start-up circuit on the AC side.
The number of modules was selected also with regards to line
over-voltage, second harmonic ripple in the DC-link voltages
and the control strategy [52]. 6.5 kVBV IGBTs were used to
meet the high catenary voltage of 15 kVAC /16.7 Hz and the
primary 3.6 kVDC DC-link, and 3.3 kVBV IGBTs were used
on the 1.5 kVDC DC-link of the secondary side. By employing
LLC resonant tanks on the primary sides of the isolation stages,
the system showed a maximum efficiency of around 96% due to

Zero Voltage Switching (ZVS) turn-on and low-current turn-off
conditions for the switches, and Zero Current Switching (ZCS)
conditions for the secondary side diode rectifiers. In addition,
low harmonic content on the input side and almost a unity power
factor for the whole output power range was presented [54].

In [55], a slightly different cascaded ISOP configuration with
modular HAB-based Dual Active Bridge (DAB) isolated con-
verters was presented. This setup utilized Phase-Shift Modula-
tion (PSM), bidirectional power flow with a half bridge on the
primary windings and low switching losses due to the achieve-
ment of ZVS operation for all switching devices. A low-power
experimental setup had a switching frequency of 50 kHz and 4
switching elements per module for the DC-MFAC-DC conver-
sion and achieved up to 97% of efficiency for a wide load range.
In this configuration, an adaptive inductor was introduced as
the main energy transfer element so that the circulating energy
could be optimized for ZVS operation at low load conditions
and increased efficiency at high load conditions.

3) Other Cascaded Three-Stage Topologies: In [56], a cas-
caded diode-clamped three-stage PETT-based system with
MSW transformers and a holistic ISOP setup was proposed
for a 25 kVAC /50 Hz railway traction system. Each module
comprised a FAB rectifier and a HAB bidirectional DC-MFAC
inverter with clamped diodes on the primary side, and a HAB
bidirectional MFAC-DC rectifier with clamped diodes on the
secondary side. However, it was pointed out that, at that time,
FAB-based designs could reach higher voltage and power levels
as they were more mature than diode-clamped converters [57].
The challenges for the latter were the unbalanced voltages and
increased switching losses.

In [58], a hybrid Metal-Oxide Semiconductor Field-Effect
Transistor (MOSFET)-IGBT modified multi-level topology was
proposed for an IPT system, with the aim of reducing the num-
ber of components and conduction losses. It used a modified
multi-level MOSFET converter and an IGBT-based FAB con-
verter on the primary side of the isolation stage. The modi-
fied multi-level stages consisted of series connected half bridge
converters and individual voltage-level sources. Compared to
its predecessor [59], the proposed topology utilized a lower
number of switches, similarly to [60]. In [61], a cascaded
DC-DC converter based on series connections of 1.5 kVBV
Silicon Carbide (SiC)-based Junction Gate Field-Effect Tran-
sistors (JFET) and low voltage silicon MOSFETs on the in-
put side and fast 0.6 kVBV IGBT switches on the output side
was presented. A bidirectional DAB configuration was used
on 5 kVDC input and 700 VDC output DC-links. The isola-
tion transformer operated with a frequency of 50 kHz. The
low-voltage MOSFETs were used to control the behavior of
the JFETs, as the series connection resulted in a normally off
behavior although the JFETs are normally off devices. The
1.5 kVBV JFETs were used to block the 5 kVDC input DC-
bus voltage and the on/off states of all the switches were
simply controlled via the MOSFET’s gate; no special drivers
were required. Due to a π/3 PSM, all switches could oper-
ate under ZVS conditions, so no turn on losses could occur.
It was demonstrated that the configuration had negligible turn-
off losses; turn-off losses are relevant for the phase-shift op-
eration of the DAB topology. That was due to the fact that
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turn-off energy was independent of the current due to the exis-
tence of parasitic capacitances on the switches (where energy is
stored).

B. Non-Cascaded Three-Stage PETT-Based Topologies

This section lists non-cascaded three-stage configurations,
basically DC-MFAC-DC conversion systems for DC input
power supplies. Such configurations can be found, for example,
in pure tram or train-tram setups where DC overhead catenaries
are used [62] or in DC-link-connected APUs and battery charg-
ers that require isolation between the input and the output sides
[63]. The list includes configurations based on the same cate-
gories of the previous cascaded three-stage topologies section.

1) Non-Cascaded Full Bridge-Based Topologies: In [64], a
non-cascaded PETT-based system was presented in two ver-
sions. The first utilized a DAB converter with a 1 kHz S-W
silicon-based transformer, while the second one used a Series
Resonant Converter (SRC) for higher power density [65], [66],
which evolved into an LLC resonant converter for ZCS opera-
tion of the IGBT switches, with a 5 kHz S-W nano-crystalline
transformer. Both configurations used 6.5 kVBV IGBTs on the
3 kVDC primary DC-link, while 1.7 kVBV IGBTs were used on
the secondary DC-link with the isolation transformer having a
transformation ratio of 4:1. The system achieved rated efficiency
values of more than 99%.

For the design presented in [67], [68] by Bombardier, a res-
onant inverter was presented for powering of linear induction
motors used in urban transit applications. The configuration
allowed soft-switching operation of the primary-side IGBTs,
which allowed high switching frequencies and lower losses. The
choice for a resonant converter was due to the fact that, unlike
Pulse Width Modulation (PWM)-based converters, resonance
provided the advantage of operating at higher frequencies with
reduced Electro-Magnetic Interference (EMI) levels. Within the
design and test parameters, a switching frequency of 25 kHz
was used. The setup showed efficiency values between 94.9%
for 5% load and 99% for full load on 750 VDC . For an input
voltage of 600 VDC (worst case scenario for voltage drops)
the recorded efficiency was 85.6% for full load. On the other
hand, the DAB topology presented in [69] with the two active
bridges allowed bidirectional power flow, simple voltage and
power regulation with both step-down and step-up operation. In
this publication, non-dissipative snubbers were also proposed
for DAB converters. However, in the DAB configuration, the
efficiency depends on the converter input/output voltage levels
and they are suitable only in certain applications. In SRCs, and
especially in dual-active SRC configurations [70], no snubbers
are required due to the use of low turn-off currents. However,
in this topology, the efficiency strongly depends on the resonant
frequency and the dead-times.

2) Non-Cascaded Half Bridge-Based Topologies: In [71], a
Single Active Bridge (SAB) resonant converter with a half-
bridge configuration with only two transistors, a series res-
onant circuit on the primary side and a Full Passive Bridge
(FPB) rectifier on the secondary side was proposed for 3 kVDC
and 600 VDC DC tram-train systems. The prototype utilized

6.5 kVBV IGBTs and a nano-crystalline transformer designed
for soft-switching conditions up to 2.7 kHz, in contrast to the
300 Hz to 400 Hz range used at that time for hard-switching
operation. The main disadvantages of the system were the nar-
row range of adjustment, the additional power capacitors and
power chokes required and the non-bidirectional power flow. On
the other hand, the SAB converter introduced in [72] was a sim-
ple solution for high power applications where power or voltage
regulation was not required. At that time, the use of capacitive
snubbers on the primary side of SAB topologies was widely ex-
tended with the goal of reducing semiconductor turn-off losses.
In [73], a 100 kVA auxiliary power supply developed by Bom-
bardier Transportation in 1996/1997 using a PETT-based con-
figuration with a Two-Quadrant Converter (2QC) on the input
side was presented. The topology was designed for 5 different
input voltages (including 3 kVAC ), with 6 input converter mod-
ules (1 for redundancy) utilizing 1.7 kVBV IGBTs and a switch
box on the input-side, which was used for the realization of the
different configurations for the different voltage inputs. From a
cost point-of-view, the increase in the number of components
was compensated through the lower costs of the low voltage (and
low power) inverters on the secondary side. The configuration
was also suggested for cascaded holistic ISOP setups.

3) Other Non-Cascaded Three-Stage Topologies: In [74],
isolated multi-phase SAB, DAB and SRC topologies were pre-
sented. A case study utilized 20 kHz as the switching frequency
and a transformation ratio of 1:1. In [75], a soft-switching con-
verter with an active clamp circuit and dual resonant struc-
tures was presented for low power applications. The dual res-
onant tanks of the leakage inductors and the resonant capaci-
tors were used to achieve ZCS turn-off operation of the sec-
ondary side diodes. By using an asymmetrical PWM scheme,
the active clamp circuit created ZVS turn-on operation for all
switches. The topology achieved a constant switching frequency
of 90 kHz, resonant frequencies of 139 kHz for the primary and
126 kHz for the secondary sides respectively and peak efficiency
of 93%. The topology was compared to a half bridge resonant
converter proposed by Kim et al. [76] with similar characteristics
but with variable switching frequency, a single switch isolated
converter proposed by Park et al. [77] which could not provide
ZVS operation for switches nor ZCS operation for diodes, an
active clamp forward converter proposed by Kim et al. [78], a
phase shift full bridge converter proposed by Park et al. [79] and
a phase shift full bridge converter proposed by Yoon et al. [80],
which only offered ZVS operation for switches.

III. DISCUSSION

A. Summary of Discussed Three-Stage PETT-Based systems

In this section, main technical aspects of 23 of the discussed
AC-DC converter topologies are summarized. Table I presents
the setups used for each stage, total semiconductor count num-
bers per module per phase, input/output voltage levels and op-
erating frequencies for three-stage PETT-based configurations
in chronological order.

PETT architectures can reduce the energy usage of railway
vehicles due to their increased efficiency characteristics and
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TABLE I
TECHNICAL SUMMARY OF THREE-STAGE PETT-BASED TOPOLOGIES

lower mass, compared to conventional low-efficiency, heavy-
weight LFTs [32] (especially the LFTs designed for 16.7 Hz
operation), resulting in lower operational costs. This is accom-
plished via the utilization of low-resistance switching elements
and higher switching frequencies, as in Table I, which allows
for higher power densities with reduced copper and magnetic
material requirements for the galvanic isolation stage. Cool-
ing requirements are also likely to be reduced via the uti-
lization of low-resistance switching devices exhibiting lower
junction temperature rise [19] and via the use of resonance-
based control techniques, as discussed in the next section, for
the reduction of switching losses. From a system point-of-
view, this further reduces energy usage and associated costs.
Reduced weight and size can also have a positive impact on
mechanical wear of wheel and rail contact surfaces and pas-
senger capacity respectively, possibly resulting in lower main-
tenance costs and increased income for operators. Especially
for EMUs, the space under the floor for integrating the main
transformer is very limited. For decentralized traction, high
power density becomes an advantage of PETT systems for
advanced traction.

However, the utilization of very high switching frequencies
(>50 kHz) at high voltage and current levels is strongly lim-
ited by semiconductor characteristics, such as turn-on/turn-off

times, junction-to-case heat dissipation and blocking voltages.
As seen in most of the listed examples, more complex cascaded
structures mainly based on FAB converters with lower-rating
advanced fast semiconductor elements solve this problem, but
reliability becomes an issue due to increased component count,
as illustrated in Table I. That requires the adoption of effective
fault-tolerant control methods [81] along with highly desirable
advanced condition monitoring techniques [82] that further in-
crease the system’s complexity and initial design and investment
costs. Setups based on HAB converters have lower component
count but exhibit lower power ratings due to semiconductor cur-
rent limitation and the requirement of high-frequency capacitor
legs. The necessity of advanced gate driver units and the uti-
lization of expensive soft magnetic cores also add to the initial
investment.

On the other hand, modularity reduces voltage and current
stresses for the semiconductors, which boosts the lifetime of
switching elements. It is also possible to have increased online
redundancy with easily-scalable spare modules for live main-
tenance purposes [83]; individual cascaded modules may be
switched off if an irreversible fault is developed. Multi-system
operation adds to the advantages of PETT systems as an in-
creased flexibility feature. In order to reduce the cost of a
PETT system, it becomes necessary to optimize the number of
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Fig. 7. Single-phase cascaded AC-DC converter topology with an asymmet-
rical HAB setup on the primary windings.

Fig. 8. Single-phase cascaded diode-clamped AC-DC converter topology with
half-bridges on the primary and secondary windings.

cascaded modules for minimized component count and optimize
the design of the isolation stage in order to minimize the use
of expensive copper and soft magnetic core materials. As the
component count becomes a key factor, the utilization of two-
stage (AC-MFAC-DC) architectures with no intermediate DC-
link on the primary side has the potential to result in lower cost
and increased efficiency and reliability due to the smaller num-
ber of conversion stages required [84]. As in [21], two-stage
converter topologies are otherwise called Isolated Front End
(IFE) converters. An example of a cascaded IFE converter with
an MSW isolation stage is given in Figure 7.

B. Resonant Circuits in the Galvanic Isolation Stage

In order to achieve soft-switching operation with reduced
switching losses for the power semiconductors, a variety of
resonant circuit configurations for the isolation stage has been
proposed. As it can be seen from the listed proposed archi-
tectures, most of the setups have utilized resonant tanks in
the isolation stage, especially the ones having relatively in-
creased switching frequencies. Resonance-based setups offers
better soft-switching characteristics (especially during turn-off)
with lower power losses, which are necessary for properly

Fig. 9. Example of IFE AC-DC converter topology with a cascaded Input-
Series-Output-Parallel (ISOP) setup and a MSW isolation stage.

controlling heat dissipation, and case and junction tempera-
tures for the power modules, and lower EMI emissions. It is
also possible to achieve soft-switching conditions (ZVS for pri-
mary switches and ZCS for secondary switches and diodes) with
phase shifting modulation. However, in those cases, the ZVS re-
gion is highly load-dependent, can be limited under low load
conditions [85] and high turn-off switching losses due to high
turn-off currents usually take place [86]. This section summa-
rizes the most widely adopted resonant topologies founded in
SRC, Parallel Resonant Converters (PRC) and Series-Parallel
Resonant Converters (SPRC).

In SRCs, the power in the isolation stage can be adjusted
via frequency control [87] above resonance [85]; the current
delivered to the resonant circuit lags the voltage applied to the
resonant circuit. For example, in [88], in order to achieve ZVS
operation for the MOSFETs of the full H-bridge converter,
the operating frequency is modulated above the resonance
frequency. Depending on the design, the minimum duty
cycle values define the ZVS range, which sometimes can be
limited. With certain control methods, such as the Half Cycle-
Discontinuous Conduction Mode (HC-DCM) in [89], [90], it is
also possible to achieve load-independent ZVS operation by uti-
lizing the magnetizing current of the isolation stage of an SRC.
However, the main disadvantage of SRCs is that proper output
voltage control cannot be achieved under no-load conditions.
This means the topology can be used in applications that do not
require load regulation. Another disadvantage is that the output
DC filter might have to carry a high current ripple, depending
on the design of the secondary side. This could prevent the use
of this particular topology in low-voltage high-current appli-
cations. However, this should not be an issue in high-voltage
applications. The topology is also considered suitable for high
power applications where a full H-bridge converter is selected,
as the resonant capacitors act as dc-blocking capacitors [91].
The necessity for additional controls due to unbalanced
switching times or forward voltage drops is eliminated.

On the other hand, PRCs are controllable during no-load
operation with operating frequency above resonance by using
parallel capacitors. However, the current in the semiconduc-
tors and the reactive components remains relatively fixed for
the whole load range, which results in overall reduced effi-
ciency when load varies. Also, circulating energy is higher, in-
creases as the input DC voltage increases and exists even during
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no-load operation. Thus, the converter is considered to be suit-
able for applications with narrow input DC voltage range and
non-varying load close to the rated one. In contrast to SRCs,
PRCs are suitable for low-voltage high-current applications,
due to the fact that the DC filter on the secondary side is of the
inductor input type, which reduces the current ripple.

An SPRC combines the advantages of the SRCs and PRCs
together. The topology is able to deal with voltage regulation un-
der no-load conditions and reduce the circulating currents with
regards to load. With proper selection of the resonant compo-
nents, the converter essentially operates as an SRC at high loads
and takes on the characteristics of PRCs as the load decreases
[91]. The SPRC is also naturally short-circuit-proof [92], which
is one of the main characteristics of the PRCs. In addition, due
to the higher degree of freedom, it is able to make smart use
of the parasitic elements of the transformer [93], i.e., leakage
inductance and winding capacitance, which considerably af-
fect the operation, efficiency and reliability characteristics [94].
However, SPRCs may still have the problem of relatively high
circulating currents when the converter works away from reso-
nance. Within the same family, the LCC and LLC types are of
particular interest. In these setups, ZVS conditions are achieved
along with higher efficiency and power density characteristics
[95]. They can work with a wide voltage range utilizing only
a narrow range of switching frequencies. Such topologies have
become very popular in industrial electronics, transportation
systems [68] and electrical vehicle battery chargers [96]. Other
similar resonant networks such as the LCL, CLL, CLLC and
LCLC types have not gained the same attention due to either
not offering as many properties as the LCC and LLC ones or
requiring more or larger compensation components.

IV. CONCLUSION

In this overview, three-stage (AC-DC-MFAC-DC) converter
topologies for MFT-based railway traction systems were
discussed. The list includes SAB-, DAB- and resonance-based
circuitry (with half and/or full H-bridges) for three-stage
topologies, including DC-MFAC-DC configurations. Several
examples from literature were presented with their main
characteristics being pointed out. Main technical aspects
(semiconductor count numbers, input/output voltage ratings
and operational frequencies) were also listed in the last section
for 23 of the discussed systems. An overview of the main
characteristics of the most widely adopted isolation stage
compensation networks was also presented.

Adding to existing literature review studies and with spe-
cial focus on three-stage power electronic architectures, this
overview dived into several examples especially proposed for
railway traction systems utilizing a rectification stage, essen-
tially resulting in the existence of primary and secondary DC-
links. A comparison of the different architectures was presented
and main technical characteristics, which should be taken under
consideration in design studies, were pointed out and discussed,
providing the reader with a good understanding of the different
features of possible three-stage design solutions for PETT-based
railway traction systems and APUs.
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