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Abstract: Electric locomotives in AC traction power systems represent a huge single-phase non-linear
load and, detrimentally, affect the power quality and the efficiency of the three-phase power grid.
Nevertheless, along the last decades, power electronics are being used to mitigate power quality
problems in the three-phase power grid. In particular, Rail Power Conditioner (RPC) helps to
increase the loading capacity of traction substations and improve the power quality of three-phase
power grids. As the main characteristics, an RPC can supply reactive power, suppress current
harmonics and overcome currents imbalance of the three-phase power grid. On the other hand,
the traction substations may be constituted by different types of power transformers. For instance,
single-phase power transformers and open-delta (V/V) power transformers are widely used, while
Scott power transformers are less frequently used, since they are more complex and expensive. In this
framework, this work presents a review study of RPC topologies, including their operation modes,
and a comprehensive comparison between the characteristics of the RPC topologies when using
different types of AC traction substations and power transformers. This helps to ensure the correct
selection of the RPC topology for a specific application, according to the main structure of the traction
substation. Consequently, and based on the established review, it is possible to sort and allocate each
RPC topology for limited or wider applications.

Keywords: power quality; rail power conditioner; Scott power transformer; traction power grid;
V/V power transformer

1. Introduction

In recent years, high-speed electrified railway has reached a rapid development and has been
considered as one of the economic booster indicators, granting the most secure land transportation
mode in terms of freight and passenger transport [1]. However, and unfortunately, many power
quality problems are caused by electric trains. This is due to the single-phase traction power grid
characteristics in which many single-phase electric locomotives introduce harmonic contents and cause
imbalance in the three-phase currents. The power quality deterioration not only affects the single-phase
traction power grid, but it also threatens the stability and the safe operation of the three-phase power
grid. Therefore, power quality improvement is a significant factor to guarantee the safety and the
economical operation of the electric trains [2—4].

In this context, a power compensator installed on two traction feeders of the traction power
grid, called, a Rail Power Conditioner (RPC) was introduced in [5,6]. In the RPC system, two power
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converters (one for each traction feeder) can act to compensate reactive power, thus providing the
reactive power required by the traction loads and maintaining near a unitary power factor of the
three-phase power grid. In addition, RPC balances the active power between the two traction feeders.
Consequently, balanced three-phase currents with reduced harmonic contents and without negative
sequence component (NSC) can be obtained [6-9].

The conventional RPC system presented in Figure 1, is composed of a full-bridge back-to-back (B2B)
converter (FB-RPC), which is connected to two traction feeders through two coupling transformers (CTs).
These transformers are important to achieve the required galvanic isolation between the RPC and the
single-phase traction power grid, besides step-down of the traction feeders voltage [10]. Subsequently, some
improved topologies based on the FB-RPC are presented in the literature. For instance, a comprehensive
analysis of the FB-RPC system based on an unbalanced open-delta (V/V) power transformer, providing
simulation and experimental results, is presented in [6]. An RPC system, based on V/V power transformer
and equipped with an energy storage system, is presented in [11], which uses a supercapacitor that is
connected to the DC-link of the RPC via a bidirectional DC-DC converter. This energy storage system
is useful for reducing the peak power demand and the operation costs in a railway substation. In [12],
an improved grid voltage sensorless control strategy for the RPC system is proposed to replace the AC
voltage sensors by a virtual flux method based on second-order low-pass filters.

A Three-phase power grid
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Figure 1. FB-RPC system linked to a single-phase traction power grid (based on [6]).

The imbalance ratio of the three-phase currents depends on the topology of the traction systems,
as well as the type of power transformer [13]. When a traction system contains a balanced power
transformer (such as Scott, LeBlanc, YNvd, Woodbridge, and the impedance-matching transformers),
the two-phase balanced secondary currents will result in balanced three-phase primary currents. In this
context, the combination between the RPC system and the balanced power transformers is studied
in [14-16]. For instance, the combination of an RPC with YNvd transformer for co-phase traction
power supply system is studied in [14].

Co-phase hybrid RPC system (co-HRPC), proposed in [16-18], is extensively studied by researchers,
in which a partial compensation is adopted to reduce both the current and voltage ratings of the
RPC converter. This is possible by using a capacitive-inductive structure in one coupling branch of
the RPC, which improves the RPC performance. In [19], a study recommends to include a double
asymmetric capacitive-inductive structure in the two coupling branches of the RPC for a better
heavy-load compensation capacity with a lower DC-link voltage. On the other hand, a flexible DC-link
voltage control for the co-HRPC system is proposed in [20] to reduce the power losses during the RPC
operation, besides reducing the RPC ratings. A hybrid RPC (HRPC) system may contain additional
power filters to reduce the volume and power ratings of the system. In this context, a combination of
RPC and Static Var Compensator (SVC) is presented in [21]; however, a coordinated control is necessary
for two subsystems of RPC and SVC [10]. The relationship between the DC-link voltage of the HRPC



Energies 2020, 13, 2151 3 of 30

and its power quality compensation capability is presented in [22], where the experimental results show
that, the higher is the DC-link voltage of the HRPC, the better is the compensation capability achieved.

Two-phase three-wire RPC (TW-RPC) contains three switch legs, thus allowing to reduce a switch
leg when compared with the FB-RPC system [7]. In that regard, hybrid TW-RPC is presented in [23].
In addition to this, in [24], a quasi-Z-source TW-RPC is proposed and, in [25], a Z-source TW-RPC
is proposed to decrease the ratings of the RPC converter. In [26], a TW-RPC with an isolation Scott
transformer is proposed, which converts the two-phase traction power grid to a nearly balanced
three-phase power system; this helps to reduce the RPC power ratings. On the other hand, simplified
half-bridge RPC (HB-RPC) only contains two switch legs, thus allowing to reduce two switch legs when
compared with the FB-RPC system [8]. A comparative study of the FB-RPC, TW-RPC, and HB-RPC is
presented in [27,28].

RPC based on indirect AC/DC/AC Modular Multilevel Converter (MMC) and half-bridge
submodule (SM) topologies has recently been proposed due to the MMC advantages, such as scalability,
lower harmonics production, lower voltage stress, and lower switching losses [13]. In this context,
RPC based on two full-bridge B2B single-phase indirect MMC (HB-MMC4 RPC) and a V/V power
transformer is presented in [29]. In addition, a study of the HB-MMC4 RPC and a Scott power transformer
is presented in [15]. Other studies discuss the RPC based on two-phase three-wire indirect MMC
(HB-MMC3 RPC) as a prominent solution in a V/V traction power system due to the lower costs and
the high compensation capacity. In this framework, a combination of a hybrid HB-MMC3 RPC and a
V/V power transformer is presented in [30]. In addition, in [10], the HB-MMC3 RPC in V/V and Scott
power transformers is studied. In [31], the RPC based on the half-bridge indirect MMC (HB-MMC2
RPC) and V/V power transformer is investigated. In [32], a hybrid HB-MMC2 RPC and a single-phase
power transformer is discussed. On the other hand, RPC based on direct AC/AC MMC and full-bridge
SM (FB-MMC2 RPC) topology has recently been proposed by researchers. Accordingly, in [33],
the FB-MMC2 RPC in V/V and Scott power transformers is presented, while, in [34], an evaluation for
the RPC based on delta-connected direct AC/AC MMC with full-bridge SM is presented.

The MMC topology is not the only solution to reduce the voltage and the frequency stress of the
RPC switching devices. In this context, modular full-bridge B2B RPC topologies (MRPC) are presented
in [35-37], in which each RPC module can be treated as an independent FB-RPC. MRPC system for
power quality compensation in co-phase traction power supply system is studied in [37]. The use
of MRPC is more common, since a single FB-RPC cannot withstand the high values of currents and
voltages. On the other hand, the MRPC solution and its management control strategy with renewable
energy access is presented in [38], showing a better integration of the distributed renewable energy
sources along the railway, besides the power quality control of the railway system.

Figure 2 shows a main classification of the RPC topologies. The two-level RPC category consists of
a single two-level converter with a limited number of switching devices. The multilevel RPC category,
presented in this paper, is mainly based on the MMC, and the multiple RPC category is considered
when many two-level RPC modules can be processed independently due to the isolation of the multiple
secondary windings transformer. Among these topologies, based on different power converters and
traction systems, advantages and disadvantages can be identified, as well as differences between the
RPC topologies. Therefore, a key question is: What are the best and most adequate conditions for each
topology to operate and when can be effectively utilized? In that respect, no articles in the published
studies present a comprehensive review of the RPC topologies, including the RPC operation modes as
well. Consequently, the main contribution of this paper is to present a review of the most relevant RPC
topologies, presenting a comparative study that includes the main similarities and differences of these
topologies. In addition, the RPC operation modes are explained in the paper.

This paper is organized as follows. Section 2 explains the RPC operation modes. Section 3 presents
a comprehensive study of the most relevant RPC topologies. Section 4 presents a comparative study
between the RPC topologies in the V/V and Scott traction power systems. Finally, Section 5 summarizes
the main conclusions of the paper.
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Figure 2. Classification of the RPC topologies (based on [6-8,10]).

2. RPC Feeding Substation: Operation Modes

The key feature of the RPC topology is the potential of different operation modes, in which each
operation mode can be implemented by using the same converter hardware, but the converter control
is quite different. The operation modes can be implemented either to increase the power capacity of
the traction substation or to solve one or more of the power quality problems. When the two terminals
of the RPC are connected to a single-phase traction power grid, the RPC can operate as an SVC. On the
other hand, when the two terminals of the RPC are connected to two-phase traction power grid,
the RPC can transfer active power between the two-phases [39].

2.1. Static Var Compensator

Normally, the power transformers, such as the V/V and Scott, are constituted by a three-phase
input and a two-phase output. When one of the traction transformer output phases is disconnected
due to periodic maintenance, in this case, the SVC mode based on a single-phase power transformer
is implemented, as shown in Figure 3 Accordingly, the active power cannot be shifted between the
traction feeders, and the RPC operates as an SVC system only to compensate reactive power and
harmonic distortion, as presented in Table 1. The RPC based on SVC mode calculates the reactive
power of the substation according to the traction feeder currents and voltage deviation, and then the
converter controls the reactive power that has a reverse polarity of the calculated reactive power to
accomplish reactive power compensation. The converter x and converter y are connected in parallel,
and, therefore, each converter injects half of the reactive power amount [40,41].

Px+ Py+Plosses Q=0
bty _>Q — Three-phase power grid

Single-phase Transformer
YOUN,
<« Py Px —
<« Qy . Qx— Px>Py
EEEERANE EEELERY

Traction feeder (y) . L . Traction feeder (x)
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Figure 3. RPC operating in SVC mode (RPC based SVC) (based on [40]).
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Table 1. Capabilities of RPC operating in SVC mode.

Active Power Shifting Reactive Power Harmonics Cancelation Catenary.\./oltage
Compensation Stability
\ x | v CHECK \ v \ x \

2.2. Catenary Voltage Requlator

An additional operation mode is implemented when the RPC is not directly connected to the
traction substation, but it is connected to a certain zone of the overhead catenary line, as shown in
Figure 4. In that case, no active power shifting or reactive power compensation is applied. However,
the converter, in this case, can produce reactive power to compensate the feeding voltage drop caused
by the loads of the traction feeders, as presented in Table 2. The voltage regulation in the overhead
catenary lines occurs due to the internal impedance of the line. On the other hand, this operation
mode overcomes the effect of the three-phase power grid voltage oscillations to maintain constant
overhead catenary voltages. The catenary voltage adjustment near the connection point is achieved by
controlling the reactive power output Qy, Qy [9,40].

Three-phase power grid Three-phase power grid

. .| V/V Transformer V/V Transformer |. .

\AAAAAANS \AAANAAAN
_{WM ZL i‘_r«wfvvv]_

U Yoy,
QyI Ly L IQ"
~, T ~,
Converter (y) Converter (x)

Figure 4. RPC operating in catenary voltage regulator mode (based on [40]).

Table 2. Capabilities of the RPC operating in catenary voltage regulator mode.

Active Power Shifting Reactive Po‘.,ver Harmonics Cancelation Catenary.\'loltage
Compensation Stability
| E | % | X | 7 |

2.3. Interface Converter between Two Collateral Substations

One additional operation mode is when the RPC operates as an interface converter between
two substations for the double-side feeding system, as shown in Figure 5. In this case, it is used
as an interface between two-phases (with different phase-angles) and the control is quite different
from the conventional application of the RPC. The RPC for this application is mainly used for the
purpose of power transfer, by controlling the interface converter, as a voltage source or as a current
source, to extract power from two substations instead of only one substation. By another meaning, it is
possible to shift the active power from one substation to another, aiming to increase the power capacity
of the traction substation. In addition, this solution has no ability to compensate NSC of currents,
thus the three-phase currents may suffer from imbalance [42]. Table 3 presents the main capabilities of
this solution.
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Figure 5. RPC operating as an interface converter between two substations (based on [42]).

Table 3. Capabilities of the RPC operating as an interface converter between two substations.

R ive P q q Vol
eactive Power Harmonics Cancelation Catenary Voltage

Active Power Shifting Compensation Stability

| v | X | X | X |

An RPC interface converter located between two collateral substations is presented in [42],
as commercialized by Hitachi, Japan. The system started to operate in 2015 and is designed to shift
active power from one substation to another, including the power resulting from the regenerative
braking of trains. The RPC converter was manufactured for the 22 kV AC catenary line and installed at
the Ushiku neutral section between Tsuchiura and Fujishiro traction substations in Japan. Both traction
substations were equipped with arithmetic units that compute the amount of electric power consumed
and regenerated. Each of these units transmits the power data to a central control unit of the RPC
installed at the neutral section between the traction substations. Digital subscriber line communication
technology was used to a range of 10-20 km. The converter was designed with a total capacity around
of 2.6 MW. However, since regenerative electric power is frequently generated in large amount over
short time duration, the power transformer and cooling system have been adapted by giving the system
a 1-min overload capacity of 5.3 MW. A single-phase full-bridge power converter using Insulated-Gate
Bipolar Transistor (IGBT) switching devices was used, with a total DC-link of 6 kV.

2.4. Rail Power Conditioner

High-speed trains are single-phase non-linear loads that usually cause NSCs, current harmonics,
current imbalance, and low power factor at the three-phase power grid [43]. These power quality
phenomena occur regardless of the used power transformers, but the effect of power quality distortion
is higher when using unbalanced transformers (V/V power transformers). For instance, to solve the
problem of low power factor at the three-phase power grid, reactive power exchange should not be
between the traction loads and the three-phase power grid; traction loads have to exchange reactive
power with a third party (e.g., power compensator).

RPC systems are very effective in compensating NSC of currents and harmonic contents in the
electrified railway. The following RPC schemes are based on the split of the traction power grid into
two traction feeders separated by isolators known as catenary neutral sections. RPC systems are
designed to tolerate the overloading circumstances that may happen when several locomotives operate
at the same traction feeder. The RPC should deal with harmonics compensation, presenting a balanced
load, seen by the three-phase power grid point of view, and correcting the three-phase grid power
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factor to unitary or compensate reactive power. Table 4 presents the capabilities of the RPC operation
mode. Figure 6 shows the basic principle of operation of the RPC when both traction feeders (x and y)
are unequally loaded (Py > P,) and when using a V/V power transformer. In this case, the RPC system
shifts half of the active power difference (P¢) from the highly loaded section (section x) to the lightly
loaded one (section y).

Table 4. Capabilities of the RPC operation mode.

Active Power Shifting Reactive POYNer Harmonics Cancelation Catenary.\./oltage
Compensation Stability
v | v | v | x |
Px+ Py+PlOSS£E>Q =_2 Three-phase power grid
V/V Transformer
<« Py pyypc 22 b p. Pro
4—$ Qy < . . - Qx —» Px > Py
v
Traction feeder (y) . * Pc = P C? . Traction feeder (x)
Qy I Ly Pe, Lx I Qx
AV 1 &Y
Converter (y) Converter (x)

Figure 6. Operation principle of the RPC system (based on [44]).

The power factor of the three-phase power grid is almost unitary since the required reactive power
for both load sections is always provided by the RPC compensator. The reactive power exchanged
between the single-phase traction power grid and the RPC is bidirectional according to the load
conditions and the used power transformer to interface between the three-phase power grid and the
single-phase traction grid. For instance, when using the RPC in the V/V connection, the converter x
compensates a capacitive reactive power, while the converter y compensates an inductive reactive
power, as demonstrated in [31]. The validation of RPC systems in Shin-Numakunai substation in
Japan, besides some technical aspects, is presented in [45].

3. RPC Topologies

3.1. RPC Based on a Full-Bridge Back-to-Back Two-Level Converter (FB-RPC)

The principle of operation of this RPC topology has been described and validated to compensate,
simultaneously, NSC, reactive power and harmonic currents [43,46]. To overcome the power quality
deterioration at the three-phase power grid, RPC based on a full-bridge B2B two-level converter
(FB-RPC), sharing the same DC-link, can provide power quality improvement. FB-RPC consists of
eight switching devices (IGBTs and freewheeling diodes). The amount of NSC depends on the traction
power system topology, particularly the type of the used power transformer. Figure 7 depicts the
FB-RPC system. The three-phase line-to-line voltages are stepped-down through a power transformer;
then, two isolated traction feeders are acquired. It is assumed that the right traction feeder is called
phase x, and the left traction feeder is called phase y. Since two of the RPC legs are connected to the
same grounding point (the rail), two CTs are necessary to avoid short circuits in the RPC. In addition,
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and by considering the maximum voltage blocking power of 6.5 kV of the commercially available
IGBTs [47], the CTs are important to step-down the catenary medium-voltage value to a low-voltage
value. Table 5 presents the components quantities of the FB-RPC.

A Three-phase power grid
B
C
) Traction .
Traction feeder (y) Transformer Traction feeder (x)
I I

Isolation and coupling
transformer

Isolation and coupling
transformer

Figure 7. RPC based on a full-bridge back-to-back two-level converter (FB-RPC) with coupling
transformers (based on [27]).

Table 5. Components quantities of the FB-RPC.

Number of IGBTs Number of Capacitors Number of Inductors e e EnE
Transformer
| 8 | 1 | 2 | 2 |

The rapid growth in the railway industry demands finding new technologies to cope with the
new requirements of railway electrification. In this context, FB-RPC was a good choice to deal with
power quality deterioration caused by electric locomotives. In this topology, the voltage stress of each
IGBT is half the DC-link voltage of the FB-RPC. However, the current stress is very high due to the
use of step-down CTs. In the FB-RPC, the outer legs generate the compensation currents for phase x
and phase y, respectively. On the other hand, the two inner legs together generate the compensation
current of the common ground. Therefore, the outer legs IGBTs are the most stressed (this is true when
removing the coupling transformers) [28]. Normally, the size of power electronic switches is designed
to be half of the maximum active power of each section [2], which means that FB-RPC will have eight
bulky power electronic switches, a huge cooling system, and high costs.

3.2. RPC Based on Two-Phase Three-Wire Converter (TW-RPC)

This RPC system consists of two-phase three-wire converter (TW-RPC), which s fed by single-phase
step-down CTs connected to the traction feeders of the traction power grid. Therefore, it can be
considered as two single-phase merged converters, sharing the same DC-link voltage, as shown in
Figure 8. This generation of RPC compensators has been described and validated to compensating
NSC and harmonic currents [7,26]. Since each leg of the TW-RPC is connected to different phase or
wire, it is not essential to have isolation transformers (ITs) between the converter and the traction
feeders as in the case of the FB-RPC. However, step-down CTs are indispensable in this topology [28].
Table 6 presents the components quantities of the TW-RPC.
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Figure 8. RPC based on two-phase three-wire converter (TW-RPC) with coupling transformers (based

on [27]).
Table 6. Components quantities of the TW-RPC.
’ Isolation/Coupling
Number of IGBTs Number of Capacitors Number of Inductors
Transformer
| 6 | 1 | 2 | 2 |

There are six switching devices and one of the TW-RPC wires (the common phase) is connected
to the grounded wire or the rail of the two single-phase traction feeders. Hence, a leg with two
switching devices is reduced when compared to the FB-RPC, as shown in Figure 8 TW-RPC has
the same characteristics and it does the same as the FB-RPC topology, while the rating of the IGBT
switching devices in this solution does not increase [27]. In the TW-RPC, the outer legs generate
the compensation currents for phase x and phase y, respectively. On the other hand, the inner leg
generates the compensation current of the common ground phase. Therefore, all the IGBTs in the
TW-RPC topology have homogeneous stress. In some applications, the TW-RPC converter can be
connected through three-phase step-down CT to the three-phase power grid instead of the single-phase
traction power grid [48]. In that case, the solution is denominated as a shunt active power conditioner,
which does not offer the operation modes flexibility that the RPC presents. Due to the use of the
three-phase coupling power transformer, the shunt active power conditioner can be bulkier and more
expensive than the TW-RPC.

3.3. Simplified RPC Based on a Half-Bridge Two-Level Converter (HB-RPC)

This system consists of two half-bridge converters connected by two capacitors with a mid-neutral
point (HB-RPC), as presented in Figure 9. This RPC can reduce half of the required switching devices
comparing to the FB-RPC, which can decrease the power losses, complexity, and the total costs of
the HB-RPC system. However, the voltage stress of each switching device in the HB-RPC is double
compared with the FB-RPC and TW-RPC. This determines to use switching devices with a higher
voltage stress capability [8]. Table 7 presents the components quantities of the HB-RPC. To have a
similar performance of the FB-RPC, TW-RPC, and HB-RPC, and by considering identical filter inductors
in these topologies, the switching stress for each switching device in the HB-RPC should be twice the
value of the applied switching frequency in the FB-RPC and TW-RPC. Otherwise, a higher value of the
filter inductor is required for the HB-RPC because of the high current ripple as a result of the half-bridge
schematic. On the other hand, by using a high switching frequency increases the switching losses
of the switching devices. The results presented in [8] confirm that HB-RPC has a good performance
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regarding the power quality improvement in electrified railway, including, NSC and harmonic contents
compensation. Although the HB-RPC has some drawbacks, as previously indicated, it provides one of
the attempts to accomplish power quality improvement in the high-speed electrified railway systems.

A Three-phase power grid
B
C
Traction
Traction feeder (y) Tmeloamae Traction feeder (x)
Coupling Ll - o Coupling
Transformer A Common phase R Transformer
T T T T o T T T 1
Ll/ | J_ I Ly
T 9 ‘|‘ Ci |
‘ }
I t
\ 4@ 1 4@ '
C |
| i |
 Converter () Converter (x)

Figure 9. RPC based on a half-bridge two-level converter (HB-RPC) with coupling transformers (based

on [27]).
Table 7. Components quantities of the HB-RPC.
] Isolation/Coupling
Number of IGBTs Number of Capacitors Number of Inductors
Transformer
| 4 | 2 | 2 | 2 |

3.4. Modular RPC Units (MRPC)

The modular rail power conditioner (MRPC) is mainly used to decrease the current stress of the
semiconductor switches. The application of this topology is usual when a single RPC module cannot
withstand the high values of the compensation currents. The step-down CT for each traction feeder is
multiple secondary windings, as shown in Figure 10. Each RPC module contributes with a part of the
total compensation currents. In addition, each control module should guarantee a constant DC-link
voltage. The MRPC improves the power grid reliability as one or more of the RPC modules is out of
service, the MRPC system can present power quality improvement, allowing full utilization of the
installing capacity of the traction power transformer [9,34]. By considering k as the number of FB-RPC
units, Table 8 presents the components quantities of the MRPC.

Each RPC module can be treated as an independent FB-RPC unit. Consequently, the RPC module
compensates a part of the reactive power and shifts a part of the active power difference between the
feeder sections. The RPC module has its independent control in terms of producing the compensation
current references and the DC-link voltage control. Therefore, it is not appropriate to use a common
single DC-link for all the RPC modules. Otherwise, this will result in a bulky and expensive DC-link
capacitor, besides the necessary coordinated control between the RPC modules in this case. In [37],
a MRPC in a co-phase traction power supply system is presented, in which separated DC-links of the
RPC power converters are used instead of a single DC-link between B2B converters, and, therefore,
the two converters can operate independently with a relatively simple controlling method. However,
due to the separated DC-links, the main drawback is that the active power cannot be exchanged
between the RPC power converters, thus the compensation performance is just satisfactory for traction
loads at nearly unitary power factor.
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A Three-phase power grid
B
C
Traction
Traction feeder (y) Transformer Traction feeder (x)
T o
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Figure 10. Modular RPC units (MRPC) with coupling transformers (based on [35]).

Table 8. Components quantities of the MRPC.

Number of IGBTs Number of Capacitors Number of Inductors Isolation/Coupling
Transformer
| 8%k \ k \ 2%k \ 2 \

Although the advantages of the MRPC topology, such as the scalability and better reliability,
the main drawback of using this topology is its high implementation cost. The step-down CTs (one for
each traction feeder) with multiple secondary windings are a bulky and costly solution. In addition,
the FB-RPC modules can be processed independently due to the isolation of multiple secondary
windings transformer. This means that the number of DC-link voltage controllers, current controllers,
and pulse width modulation (PWM) generators are all proportional to the number of the FB-RPC
modules [10].

3.5. Hybrid Co-Phase RPC (co-HRPC)

The aforementioned RPC topologies are connected to the traction power grid with an inductive
coupling structure, bearing in mind that most of the traction loads are inductive in nature. This will
increase the voltage drop across the coupling structure, leading to a higher RPC DC-link voltage.
However, this voltage can be decreased by using a capacitive-inductive coupled structure such as
a series LC branch [49]. The series LC passive filter is used to compensate harmonics, besides its
main role in minimizing the RPC DC-link voltage. In this context, a developed system, called hybrid
co-phase RPC (co-HRPC), eliminates the needs for a neutral section at the traction power grid when
using a single-phase traction transformer, as shown in Figure 11. Table 9 presents the components
quantities of the co-HRPC.

Despite the advantage of neutral section elimination in the co-phase connection (only the neutral
sections in front of the traction substations), this is the worst operating scenario for the RPC converter.
In a V/V power transformer, RPC shifts half of the active power difference from the highly to the
lightly loaded traction feeder and provides all the reactive power. However, in a single-phase traction
transformer, this active power magnitude is equal to half of the total load active power, which is
the active power magnitude that the RPC should always shift when using a single-phase traction
transformer. Hence, the RPC power ratings is higher. To overcome this problem, it is possible to
include a capacitor in one coupling branch. In that case, RPC operational voltage is significantly
reduced when compared to the conventional FB-RPC solution. Then, a lower DC-link voltage is
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required for the B2B converter, which reduces the power ratings of the power semiconductor switches
as well. The capacitive coupling phase of the hybrid RPC is connected to the single-phase traction
power grid. The other phase is connected to the three-phase power grid through a single-phase CT. It is
worth mentioning that some studies recommend inserting a double asymmetric capacitive-inductive
structure in the two coupling branches of the RPC for a better heavy-load compensation capacity and
lower DC-link voltage [19].

A Three-phase power grid
B
C
%) Coupling YUY, Single-phase. traction
Wj transformer 880 substation
Traction feeder

L /\/7 % N ﬁ%?ﬁ!ﬁ?i}

\d

Converter (x) Converter (y)
Figure 11. Hybrid co-phase RPC system (co-HRPC) (based on [20]).

Table 9. Components quantities of the co-HRPC.

Number of IGBTs Number of Capacitors ‘ Number of Inductors e eaun
Transformer
| 8 | 2 | 2 | 1 |

In some applications, a partial compensation is implemented for a more economical solution,
in which the compensation currents are expressed as a function of the power factor at the three-phase
power grid [50]. The use of the partial compensation helps to reduce the co-HRPC power ratings.
On the other hand, the co-HRPC can increase the loading capacity of the traction substation by
transferring active power from the three-phase power grid to the single-phase traction substation.
Moreover, when a full compensation is applied, all the reactive power is supplied by the co-phase
hybrid RPC, maintaining a unitary power factor of the three-phase power grid [17].

Using double-side feeding co-phase substations, as shown in Figure 12, eliminates the neutral
sections in front of the substations but the ones between the neighboring substations should remain
for safety and security reasons. A double-side feeding system is applied when the load is always fed
by two neighboring traction substations. When using double-side feeding V/V or Scott substations,
the neutral sections in front of the substations, besides the ones between the neighboring substations,
should remain. As a result, the total number of neutral sections could be reduced by half on the whole
catenary line when using co-phase traction substations [51]. This allows the locomotives to reach a
higher speed since they lose power and velocity when they are passing through the neutral sections [20].
The locomotives need fewer times and less time to pass the neutral sections. Co-HRPC system improves
the traction performance by increasing the power capacity. Consequently, the co-phase system is more
appropriate for supplying the high-speed railway than other traction schemes [14].



Energies 2020, 13, 2151 13 of 30

A Three-phase power grid A Three-phase power grid
B B
C C
o Coupling . Single-phase o Coupling . Single-phase
MAAN transformer AANS traction substation MAAN transformer AANS traction substation
™M (N M Y
Co-HRPC Co-HRPC
l Traction feeder Neutral section J Traction feeder
Rail . — Rail —

Figure 12. Double-side feeding co-HRPC substations (based on [20]).

3.6. RPC Based on a Full-Bridge Indirect Modular Multilevel Converter (HB-MMC4 RPC)

The conventional FB-RPC system based on two-level converters has some disadvantages in terms
of the converter power ratings, and the high switching frequency applied on the switching devices.
Over the last years, an important change has taken place toward SMs based topologies, in which
cascade strings of converter SMs behave as controllable voltage sources [10]. To enhance the voltage
and current ratings of the FB-RPC, several options in a modular manner were developed in the last
decade in which the MMC was one of the applied choices. RPC based on MMC is an innovative
solution since the total RPC power ratings will be divided among several cascade-connected SMs.
Therefore, there is no need to use power electronic switches with high power ratings. In addition,
MMC equivalent switching frequency is equal to the SM switching frequency multiplied by the number
of SMs in each MMC arm [52]. Accordingly, MMC output waveforms will contain lower harmonic
contents. MMC phase leg is divided into two equal arms (the number of SMs must be even) to be able
to generate an equal number of positive and negative levels at the AC side [53]. The possibility to
increase the total MMC power with ease, by inserting extra SMs, besides the high MMC reliability due
to the MMC flexibility of redundancy, are extra advantages of the MMC [29]. Nowadays, the majority
of the commercial MMC projects are based on the indirect AC/DC/AC MMC with half-bridge SMs [54].
This is due to the high efficiency of the half-bridge SM, besides its lower cost and simpler construction
comparing to other types of SM [55].

The RPC based on a full-bridge indirect modular multilevel converter (HB-MMC4 RPC) is shown
in Figure 13. Each half-bridge SM contains two switching devices and one capacitor that can be inserted
or bypassed. The arm inductors are important to adjust the circulating current value between the
MMC legs (the circulating currents are produced due to the inner DC-voltage differences between
the MMC SMs [55]). In this topology, ITs with a turns ratio 1:1 are necessary to interface between the
converter and the traction power grid. This is important to avoid short circuits between the MMC
arms since two of the MMC legs are connected to the same ground [10]. HB-MMC4 RPC contains
many power electronics equipment, the control strategy of this system is more complex than the
aforementioned RPC topologies. This system is characterized by an inherent DC-link that is formed
by the SM voltages of section x and section y converters. As a result, SM capacitors can effectively
substitute the high-voltage DC-link capacitor [56]. Since N is the MMC number of levels, (N-1) is the
number of SMs on one MMC arm. Table 10 presents the components quantities of the HB-MMC4 RPC.
The discussion on analysis and control strategies for the HB-MMC4 RPC is presented in [10,15,29].
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Figure 13. RPC based on a full-bridge indirect modular multilevel converter (HB-MMC4 RPC) with
isolation transformers (based on [57]).

Table 10. Components quantities of the HB-MMC4 RPC.

Number of IGBTs Number of Capacitors Number of Inductors Isolation/Coupling
Transformer
| 16(N-1) \ 8(N-1) \ 8 \ 2 \

3.7. RPC Based on Two-Phase Three-Wire Indirect Modular Multilevel Converter (HB-MMC3 RPC)

This topology is quite different from the HB-MMC4 RPC, and it can be considered as a three-phase
MMC operating to compensate the NSC of currents and harmonics [10]. Since the RPC based on
two-phase three-wire indirect modular multilevel converter (HB-MMC3 RPC) does not have the
potential of an inherent DC-link between the converters, as is the case for the HB-MMC4 RPC, it is
recommended to add a DC-link capacitor to insure a good performance as well as to reduce the size of
the SM capacitors [58]. On the other hand, this solution does not require the use of step-down CTs
or ITs to interface between the converter and the traction power grid, when the MMC level is quite
enough to withstand the medium voltage value. The HB-MMC3 RPC topology is shown in Figure 14.
Each half-bridge SM contains two switching devices and one capacitor, which could be inserted or
bypassed. The leg inductors are considered as the converter inner filters, which are important to adjust
the circulating current between the MMC arms.

This solution saves 25% of the hardware required in the HB-MMC4 RPC topology [58]. If N as
the MMC number of levels, then (N-1) is the number of SMs in one MMC arm. Table 11 presents the
components quantities of the HB-MMC3 RPC.

One of the HB-MMC3 RPC legs (the common phase) is connected to the grounded wire or the rail
of the two single-phase traction feeders. Hence, a leg with 4(N-1) switching devices is saved when
compared to the HB-MMC4 RPC. HB-MMC3 RPC has the same characteristics and it does the same
as the HB-MMC4 RPC topology, while the rating of the switching devices in this solution does not
increase [10,58]. In the HB-MMC3 RPC, the outer legs generate the compensation currents for phase x
and phase y, respectively. On the other hand, the inner leg generates the compensation current of the
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common ground phase. Therefore, all the IGBTs in the TW-RPC topology have homogeneous stress of
currents and voltages [28]. The discussion on analysis and control strategies for the HB-MMC3 RPC is
found in [10].
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Figure 14. RPC based on two-phase three-wire indirect modular multilevel converter (HB-MMC3 RPC)
(based on [58]).

Table 11. Components quantities of the HB-MMC3 RPC.

Number of IGBTs Number of Capacitors Number of Inductors R aupling
Transformer
| 12(N-1) \ 6(N-1)+1 \ 6 \ 0 \

3.8. Simplified RPC Based on a Half-Bridge Indirect Modular Multilevel Converter (HB-MMC2 RPC)

The RPC based on a half-bridge indirect modular multilevel converter (HB-MMC2 RPC) has
a simpler hardware structure when compared with the HB-MMC4 RPC and HB-MMC3 RPC [32].
The half-bridge MMC is a four-quadrant multilevel converter and its drawback is the fact that it requires
the double of the phase voltage with respect to the output neutral. Therefore, two large bulk capacitors
with a mid-neutral point are required, as shown in Figure 15. However, as shown in Figure 16, in the
HB-MMC2 RPC, each DC-link capacitor is connected in series with a specific number of SMs, which is
half the number of the SMs connected in the case of the HB-MMC4 RPC to generate a half-cycle of the
sinusoidal waveform, which means, in the HB-MMC2 RPC, the power can be transferred to the output
terminals during the on-time using half the number of the SMs required compared to the case of the
HB-MMC4 RPC. This increases the efficiency (due to the lower power losses) of the HB-MMC2 RPC
compared to the HB-MMC4 RPC. Since N is the MMC number of levels, (N-1) is the number of SMs in
one MMC arm. Table 12 presents the components quantities of the HB-MMC2 RPC.
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Figure 15. Simplified RPC based on a half bridge indirect modular multilevel converter (HB-MMC2
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Figure 16. Number of SMs connected to the output terminals: (a) HB-MMC4; and (b) HB-MMC2.
Table 12. Components quantities of the HB-MMC2 RPC.

Number of IGBTs Number of Capacitors Number of Inductors e e n
Transformer
| 8(N-1) | 4(N-1)+2 \ 4 \ 0 \

The main disadvantage of the HB-MMC2 RPC is that the main DC-link voltage ripple frequency
is equal to the fundamental frequency of the traction power grid, which implies to use two large bulk
capacitors with a mid-neutral point. This solution does not require the use of step-down CTs or ITs to
interface between the converter and the traction power grid, when the MMC level is quite enough to
withstand the medium voltage value. The switching stress for each switching device in the HB-MMC2
RPC should have double the value of the applied switching frequency in the HB-MMC3 RPC and
HB-MMC4 RPC topologies. Otherwise, higher values of filter inductors is required for the HB-MMC2
RPC because of the high current ripple, as a result of the low equivalent switching frequency [8].
To some extent, although this topology has some drawbacks, it can offer a new attempt for power quality
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improvement in the railway system, which can expand the research ideas as well [7,30]. The analysis
and control strategies for the HB-MMC2 RPC are presented in [30,53].

3.9. RPC Based on Direct Modular Multilevel Converter (FB-MMC2 RPC)

The HB-MMC4 RPC, HB-MMC3 RPC, and HB-MMC(C2 RPC are based on the indirect MMC, which
is equipped with unidirectional half-bridge SM. However, the RPC based on direct modular multilevel
converter (FB-MMC2 RPC) includes multiple cascade-connected bidirectional full-bridge SM, which
can perform a direct AC/AC conversion, as the full-bridge SM can operate in the four quadrants.
As a result, the DC-link between the B2B converters can be avoided in this topology, as shown in
Figure 17 [33]. Each full-bridge SM contains four switching devices and one capacitor, which can
be inserted or bypassed. When using the FB-MMC2 RPC in a co-phase supply mode with only one
traction feeder, it can be directly connected to the single-phase traction power grid, without step-down
CTs [9,32]. However, in the conventional railway system with two traction feeders, ITs are important
to avoid short circuits of some SMs.

A Three-phase power grid
B
C
. Traction
Traction feeder (y) . Traction feeder (x)
LWL L L QWJ i
Isolation
Transformer
SM | SM |
SM —l SM |
J <
SM | SM |
SM L L
SM SM
Single L L
Submodule

Figure 17. RPC based on direct modular multilevel converter (FB-MMC2 RPC) with isolation
transformers (based on [33]).

Due to the direct AC/AC power conversion of the FB-MMC2 RPC and the full-bridge SM structure,
the control of this system is more complex than the RPC based on the indirect MMC topologies [33].
If N is the MMC number of levels, then (N-1) is the number of SMs in one MMC arm. Table 13 presents
the components quantities of the FB-MMC2 RPC. According to the analysis of the FB-MMC2 RPC
equivalent electrical model presented in [33], this solution can be used for different traction power
grids, but it is more appropriate with the Scott power transformer. The discussion on analysis and
control strategies for the FB-MMC2 RPC is found in [9,32].

Table 13. Components quantities of the FB-MMC2 RPC.

Number of IGBTs Number of Capacitors Number of Inductors Isolation/Coupling
Transformer
| 16(N-1) \ 4(N-1) \ 4 \ 2 \
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4. Comprehensive Comparison between the RPC Topologies in V/V and Scott Power Transformers

The RPC characteristics are not only dependent on the type of the RPC topology, but also the type
of the traction power system. In this context, among the presented RPC topologies based on different
converters and different types of traction power system, a major question must be discussed about
the characteristics of the RPC topologies, including the advantages, disadvantages, and differences
among these topologies in V/V and Scott power transformers. In other words, what are the satisfactory
conditions for each RPC topology to operate and when can be effectively utilized either in the V/V
or in the Scott traction power system? In this framework, RPC analysis in V/V and Scott power
transformers is provided, showing the main differences that must be considered in the design process
of the RPC system.

4.1. RPC Analysis in V/V and Scott Power Transformer

Figure 18 shows the RPC system in V/V and Scott power transformer, besides the associated
phasor diagrams. Normally, V/V and Scott power transformers are used to perform the three-phase
to two-phase conversion. In this regard, V/V power transformers are widely used in the high-speed
railway due to their simple structure, low cost, and the high overloading capability [6]. It is important
to declare that, when using V/V power transformer, the NSC of currents injected into the three-phase
power grid is half of the fundamental positive sequence components when both traction feeders are
equally loaded [6]. In these conditions, there is no active power shifting between the feeder sections,
but reactive power for NSC and harmonics compensation must be applied by the RPC to obtain
balanced three-phase currents and unitary power factor. This is the best operation scenario for the
RPC system with V/V power transformer.
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Figure 18. RPC system and phasor diagrams in V/V and Scott power transformer (based on [10,48]).

Despite the complex structure of the Scott power transformers when compared to the V/V
power transformers, Scott power transformers have several advantages regarding the power quality
improvement capability [59]. For instance, when the traction feeders are equally loaded, no active
power shifting and no reactive power for NSC compensation are applied by the RPC. However, when
the traction feeders are unequally loaded, the Scott power transformer helps to reduce the reactive
power produced by the RPC for NSC compensation. Nevertheless, in this case, an additional amount
of reactive power for harmonics compensation can be produced by the RPC system as well. As a result,
reactive power compensation is not a vital issue in the RPC with Scott power transformer, but it is
fundamental in the RPC with the V/V power transformer. Accordingly, due to the difference in reactive
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power compensation, the compensation capacity of the RPC with the V/V power transformer is a little
higher than the RPC with the Scott power transformer [10]. The phasor diagrams in Figure 18 show
60° out-of-phase and 90° out-of-phase between the traction feeder voltages, Uy and Uy, in the V/V and
Scott power transformers, respectively. Consequently, in the V/V power transformer, the line-to-line or
the voltage between traction feeders, Uy, has a root mean square (RMS) voltage equals to the one of the
traction feeder voltages. However, in the Scott power transformer, the voltage, Uy, has a higher RMS
value than the traction feeder voltages, which results in a higher DC-link voltage of the RPC. This is
only correct in the RPC topologies that designed with respect to the line-to-line voltage (TW-RPC,
HB-RPC, HB-MMCS3, and HB-MMC2).

Figure 19a presents the RPC output voltages in the V/V power transformer, and Figure 19b in the
Scott power transformer. In the V/V power transformer, phase x output voltage of the RPC, U, vyv),
is higher than the phase y output voltage, U,vyv). Therefore, phase x output voltage is the value
that should be considered in the design process of the RPC in V/V power transformer. Then, the RPC
phases and the associated power equipment, in this case, suffer from asymmetrical loading conditions.
On the contrary, in Scott power transformer, phase x output voltage of the RPC, Uyyvyy), is similar
to the phase y output voltage, Uyovv). Then, the RPC phases and the associated power equipment,
in this case, have symmetrical loading conditions. Apparently, as shown in Figure 19, the DC-link
voltage of the RPC should be higher when using the V/V power transformer. This is only correct in the
RPC topologies that have B2B converters and designed with respect to the phase-to-neutral voltages
(e.g., FB-RPC, MRPC, Co-HRPC, and HB-MMC4 RPC).
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uy 0 ul/ . .
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(a) \ (b) ULy ()

Figure 19. RPC output equivalent circuit and phasors of output voltages: (a) output equivalent circuit
of the RPC; (b) phasors of the RPC output voltages in V/V power transformer; and (c) phasors of the
RPC output voltages in Scott power transformer (based on [10]).

4.2. Case Study: Simulation of the FB-RPC Topology in V/V and Scott Power Transformer

A comparative study between the FB-RPC in V/V and Scott power transformers has been
established by using the PSIM 9.1 software. The simulation model is based on Figure 18, but after
substituting the RPC system block with the FB-RPC system presented in Figure 7. The simulation
parameters are presented in Table 14 after considering a unitary load power factor for both traction
feeders. Figure 20a shows the performance of each traction power transformer (V/V and Scott power
transformer) when both traction feeders x and y are equally loaded (each traction feeder is loaded
with 4.8 MW at three-phase power grid line-to-line voltage 220 kV). Along the simulation period, the
FB-RPC is turned off and there are no compensation currents injected into the three-phase power grid.
Figure 20a (A) presents the three-phase currents at the primary winding of the V/V power transformer
and without compensation. The positive sequence component (PSC) and the NSC of the three-phase
currents are calculated at the fundamental frequency of 50 Hz, as shown in Figure 20a (B). In this case,
the NSC of currents is almost 50% of the PSC at the fundamental frequency of 50 Hz. On the other
hand, the simulation results when using the Scott power transformer show a very good ability to
present balanced three-phase currents without any compensation, as shown in Figure 20a (C). The NSC
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of currents, in this case, is near zero, as shown in Figure 20a (D), and the three-phase currents only
contain harmonic contents.

Table 14. Parameters of the FB-RPC simulation model.

Description Symbols | Value \
‘ Three-phase power grid line-to-line voltage ‘ Uxp, Upc, Uca ‘ 220 kV ‘
‘ Catenary voltage ‘ Uy, Uy ‘ 275 kV ‘
| RPC filter inductance \ Ly, Ly \ 22 mH \
‘ Capacitance of the DC-link capacitor ‘ Cac ‘ 80 mF ‘
‘ Turns ratio of the V/V power transformer ‘ Ky ‘ 220/27.5 ‘
| Turns ratio of the step-down coupling transformer | Kp ‘ 27.5/1 ‘
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Figure 20. Three-phase power grid currents, PSC, and NSC of currents in V/V and Scott traction power
systems: when the feeder sections are equally loaded (a); and when the feeder section x has double the
load of the feeder section y (b) ((A,B) when using the V/V traction power system; and (C,D) when using
the Scott traction power system).

Scott power transformer shows a better power quality improvement capability than the V/V
power transformer, even when both traction feeders are unequally loaded (traction feeder x is loaded
with 4.8 MW and traction feeder y is loaded with 2.4 MW), as shown in Figure 20b [59]. In this case,
the NSC of currents at the fundamental frequency of 50 Hz when using the Scott power transformer
was lower than the NSC when using the V/V power transformer. The NSC of currents has a value of
more than 50% of the PSC when using the V/V power transformer, while the NSC of currents has a
value lower than 40% of the PSC when using the Scott power transformer.

Figure 21a,b shows the three-phase grid currents, PSC, and NSC of currents before and after
compensation when using the FB-RPC with the V/V and Scott power transformers, respectively.
The FB-RPC is turned on after 0.1 s and when both traction feeders are unequally loaded (traction
feeder x: 4.8 MW, traction feeder y: 2.4 MW). Before the indicated time (0.1 s), the three-phase currents
are imbalanced and the NSC of currents has a higher value when using the V/V power transformer.
After 0.1 s, the RPC is turned on to compensate both of harmonics and NSC of currents. Consequently,
as shown in Figure 21a,b (C), the NSC of currents at the fundamental frequency 50 Hz is reduced
to be almost zero. Figure 21a,b (B) shows the secondary windings currents of the V/V and Scott
power transformers, respectively. The secondary windings currents of the Scott power transformer are
imbalanced since the primary and the secondary windings end points of the Scott power transformer
are different. This imbalance does not appear when using the V/V power transformer, as shown in
Figure 21a (B), since it has common windings end points on the primary and the secondary sides.
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Figure 21. Three-phase power grid currents, PSC, and NSC of currents in V/V traction power system

(a) and Scott traction power system (b) when the feeder section x has double the load of the feeder section
y: (A) three-phase currents after compensation at the primary windings of the power transformer;
(B) three-phase currents after compensation at the secondary windings of the power transformer;
and (C) PSC and NSC of currents before and after compensation.

Figure 22a,b shows the FB-RPC simulation results after compensation when using the V/V power
transformer and the Scott power transformer, respectively. Figure 22a,b (A) shows the traction feeder
currents which considered as harmonics sources. These currents have a constant RMS value during the
simulation. Figure 22a,b (B) presents the compensation currents synthesized by the FB-RPC converter
when using the V/V and Scott power transformers, respectively. Apparently, the FB-RPC in the V/V
power transformer has a higher demand for power compensation. On the other hand, as mentioned
above, using the Scott power transformer in traction applications will lead to a decrease of the required
DC-link voltage (V.= «/Euxo(&ott)). Consequently, as shown in Figure 22b (C), the initial value of
the DC-link voltage is 1.5 kV before turning on the FB-RPC. In the steady-state and after synthesizing
the compensation currents, the DC-link voltage reached a value near of 1.8 kV. The DC-link voltage
when using V/V power transformer and at the loading conditions is around 2 kV (V> \/Ellxo(v/v)),
as shown in Figure 22a (C). There is a proportional-integral controller to regulate the DC-link voltage
in a closed-loop. Therefore, in the steady-state operation, the DC-link voltage will be kept constant,
according to its reference value.
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Figure 22. Simulation results of the FB-RPC in V/V traction power system (a) and in Scott traction
power system (b) when the feeder section x has double the load of the feeder section y: (A) currents of
the feeder sections; (B) compensation currents synthesized by the FB-RPC; and (C) DC-link voltage of
the FB-RPC.
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4.3. Comparative Study between the RPC Topologies in V/V and Scott Power Transformer

For the objective of comparison, V/V and Scott power transformers are both used for all the
aforementioned RPCs. In addition, the multilevel RPC topologies are considered with a similar MMC
voltage level of N. In this context, Table 15 presents the IGBT characteristics of the RPC topologies.
Normally, the multilevel RPC topologies, such as HB-MMC4 RPC and FB-MMC2 RPC, require the
highest number of the switching devices, but the RPCs based on half-bridge topologies, such as
HB-RPC and HB-MMC2 RPC, need a lower number of the IGBT switching devices. Other important
factors in the IGBT selection are the applied current and voltage stress. Hereafter, and by considering
that each of the RPC topologies must synthesize similar compensation current waveforms, the MRPC
topology has the lowest IGBT current stress since each RPC module synthesizes only a portion of the
total compensation current. However, the IGBT current stress in the FB-MMC2 RPC topology is quite
different and considered the highest, especially in the V/V power system. In this case, the reactive
power compensation is a vital factor and obligates to inject circulating voltages and currents. As a
result, the RMS values of the MMC arm currents will be higher than these when using the FB-MMC2
RPC topology with the Scott power transformer, where reactive power compensation is not a vital
factor and it is not important to inject circulating currents to maintain balanced SM voltages [10].

Table 15. IGBT characteristics of the RPC topologies (based on [6-8,10,33]).

Number of IGBTs ‘ IGBT Current Stress IGBT Voltage Stress IGBT Switching Frequency

| | |
| FB-RPC \ 8 \ lpu \ 0.5V \ fisw \
| TW-RPC \ 6 | 1pu | 0.5V, | fisw |
| HB-RPC | 4 \ 1p.u \ Ve \ fisew \
| MRPC \ 8k \ 1/kpu \ 0.5Viek \ fisw \
| Co-HRPC \ 8 | ~lpu | <05V | fisw |
| HB-MMC4RPC | 16(N-1) \ 1p.u \ Vsm = Vige/(N-1) \ Fiswl(N-1) \
| HB-MMC3 RPC | 12(N-1) \ lpu | Vem=Vai/N-1) | fiswl(N-1) \
| HB-MMC2RPC | 8(N-1) | lpu | Vsm = Via/(N-1) | 2fisw/(N-1) |
| FB-MMC2RPC | 16(N-1) | >1pu orxlpu™ | 0.5V \ fiswl(N-1) \

* In V/V power transformer, ** In Scott power transformer.

Regarding the multilevel RPC topologies, and by considering an identical MMC voltage level,
N, and equal SM DC-link voltages, Vs, the IGBT voltage stress is the lowest in the FB-MMC2 RPC,
due to the used full-bridge SM topology [33]. In this case, the voltage stress across one IGBT is half
of the SM voltage, Vsp. On the other hand, the IGBT voltage stress in the HB-MMC4, HB-MMCS3,
and the HB-MMC2 are equal to the SM voltage due to the half-bridge SM topology. In the FB-RPC and
the TW-RPC, the IGBT voltage stress is equal to half of the RPC DC-link voltage, V., but it is double
this value in the HB-RPC due to the half-bridge topology [6-8]. In the hybrid RPC topology with a
single or double LC passive filter-branch, the IGBT voltage stress is lower than half of the RPC DC-link
voltage due to the capacitive coupling structure [19].

In fact, the IGBT switching frequency is an important parameter and has a direct influence on the
RPC power losses. By considering the same carrier frequency and equal passive inductors for all of
the RPC topologies, the IGBT switching stress in the HB-RPC must be twice the value in the FB-RPC
and TW-RPC to have synthesized compensation currents with similar current ripples [8]. As a result,
the switching stress in the half-bridge RPC topologies, such as HB-RPC and HB-MMC2, RPC is double
and the associated switching losses are double as well. In the multilevel RPC topologies, the switching
frequency of one IGBT is significantly lower since the switching stress can be divided among several
cascade-connected SMs (N-1) in one MMC arm.

Table 16 presents a quantitative comparison of the RPC topologies after considering the same MMC
voltage level, N, for the multilevel RPC topologies. Apparently, HB-MMC4 RPC requires the highest
number of capacitors since this topology is based on B2B MMCs. The number of capacitors in the HB-RPC



Energies 2020, 13, 2151 23 of 30

has double the value in the FB-RPC and the TW-RPC. However, in the MRPC, the number of capacitors
is equal to the number of RPC modules. On the other hand, in the co-HRPC, the number of capacitors
depends on whether the co-HRPC has a single or double LC series filter in the two coupling branches of
the RPC, where, in the first case, the RPC only contains two capacitors and, in the second case (double
capacitive-inductive structure), the RPC contains three capacitors. Moreover, the filter inductors are
indispensable to smooth the synthesized compensation currents produced by the RPC. In this context,
as presented in Table 16, the number of the filter inductors in most of the RPC topologies is constant.
The HB-MMC4 RPC topology needs the highest number of the filter inductors. However, in the MRPC
topology, the total quantity of the filter inductors is related to the number of the RPC modules, k.

Table 16. Quantitative comparison of the RPC topologies (based on [6-8,10,33]).

Number of Number of Coupling Isolation

Capacitors Inductors Transformers (CTs) | Transformers (ITs)
‘ FB-RPC ‘ 1 ‘ 2 ‘ Yes (2) ‘ Inherent ‘
| TW-RPC \ 1 \ 2 \ Yes (2) \ Inherent \
| HB-RPC \ 2 \ 2 \ Yes (2) \ Inherent \
‘ MRPC ‘ k ‘ 2k ‘ Yes (2k) ‘ Inherent ‘
| Co-HRPC \ 20r3 \ 3 \ Yes (1) \ Inherent \
| HB-MMC4 RPC | 8(N -1) \ 8 \ No \ Yes (2) \
| HB-MMC3 RPC | 6(N —1)+1 \ 6 \ No \ No \
| HB-MMC2 RPC | 4N -1)+2 \ 4 \ No \ No \
| FB-MMC2 RPC | 4(N-1) \ 4 \ No \ Yes (2) \

CTs are important to step-down the traction power grid voltage and to achieve the necessary
galvanic isolation between the RPC converter and the traction power grid. In this context, the CTs are
dispensable in the multilevel RPC topologies (HB-MMC4, HB-MMC3, HB-MMC2, and FB-MMC2)
since an MMC with a high level allows a direct interface with the traction power grid. Nevertheless,
the HB-MMC4 RPC and FB-MMC2 RPC topologies require two ITs (with turns ratio of 1/1) to prevent
short circuits between the MMC SMs [10]. However, when using the HB-MMC4 RPC and FB-MMC2
RPC topologies in the co-phase traction grid, the ITs are dispensable [33]. It is worth mentioning that
the galvanic isolation is inherent in the RPC topologies that use the CTs.

Table 17 presents different characteristics of the RPC topologies in the V/V and Scott power
transformers. The most important parameter that makes a difference is the RPC DC-link voltage,
which is normally higher in the V/V power transformer than the case when using the Scott power
transformer (Uyov) > Uxo(scorr)), as shown in Figure 19. However, this is only true in the FB-RPC,
MRPC, co-HRPC, and HB-MMC4 RPC, where the common denominator of these topologies is the
four wires B2B converter. On the other hand, in the RPC topologies where a common phase exists,
such as TW-RPC, HB-RPC, HB-MMC3 RPC, and HB-MMC2 RPC, the DC-link voltage is higher in the
Scott power transformer than the case of the V/V power transformer. As a result, the FB-RPC, MRPC,
co-HRPC, and HB-MMC4 RPC, are considered as power compensators for wider applications and they
are quite appropriate for the applications of power quality improvement in the V/V or the Scott power
transformers. On the contrary, the RPC topologies with a common phase, such as TW-RPC, HB-RPC,
HB-MMC3 RPC, and HB-MMC2 RPC, are considered as power compensators for limited applications.
The TW-RPC, HB-RPC, and HB-MMC3 RPC are only appropriate for the power quality improvement
in the V/V traction power system, while the FB-MMC2 RPC is the adequate choice for the Scott traction
power system, due to the not needed circulating current between the MMC arms. Moreover, using the
FB-MMC2 RPC in a co-phase Scott traction power system is the optimal scenario to save the additional
costs resulting from the required ITs in the conventional Scott traction power system [33].
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Table 17. Characteristics of the RPC topologies in V/V and Scott transformer (based on [6-8,10,33]).

RPC DC-link Voltage C;‘:;;:‘)’i . Reliability/Perf% EStCiL“S"::ed Ii;*(g:‘lir;eed
| V/V power transformer ‘
| FB-RPC ‘ Ve V2Usovyv) ‘ 4 ‘ 4 ‘ 4+ ‘ 4+ ‘
| TW-RPC \ Ve V2Uxovpy) \ ++ \ F++ ‘ o+ ‘ r ¥ |
| HB-RPC | Va2 2 V2Usovyy | + | ++ | ++ | +4 |
| MRPC | Va2 V2Uwyy k| F 4 \ F 4+ \ 4+ | s
| Co-HRPC ‘ Vae< V2Usovyy) ‘ o+t ‘ o+t ‘ I ‘ I ‘
| HB-MMC4 RPC | Ve V2Uxovpy) I N B B e e
| HB-MMC3RPC | V> V2Uwovyy | A+ | +++++ | F4 A+ ‘ e+ ‘
| HB-MMC2RPC | V4> 2 V2Usorvypyy | e+ ‘ e+ ‘ e+ ‘ e+ ‘
| FB-MMC2RPC | - | A+t | + 4+ | + | + 4+ + |
‘ Scott power transformer ‘
| FB-RPC | Va2 V2Usoscory | R ‘ 4 ‘ 4+ ‘ e+ ‘
| TW-RPC | Viae> 2Uxo(scott) | ++ | 4+ \ o+t \ R \
| HB-RPC \ Vige= 4Uyo(Scott) | + \ ++ \ 4+ \ e+ \
| MRPC | Va2 V2Uwogeory /K | ++++ | | | |
| Co-HRPC | Ve V2Usoscots ‘ 4+ ‘ 4+ ‘ 4+ ‘ e+ ‘
| HB-MMC4RPC | V> V2Uroseory | +++++ | +++++ | +++++ | +++++ |
| HB-MMC3 RPC | Viae2 2Uxo(Scott) | + 4+ | + A+ | +++++ | +++++ |
| HB-MMC2 RPC | Vie= 4Uxo(cott) | +++ | +++ | + o+t \ 44+ ‘
| FB-MMC2 RPC | - | ++ 4+ | +++++ +++ \ +++ ‘

The symbol “+” reflects the quantification of the parameter.

The control complexity is the highest in the HB-MMC4 RPC due to the high number of the
IGBT devices, while the control is the simplest in the HB-RPC topology due to the low number of
the hardware components involved. In addition, the HB-MMC4 and HB-MMC3 RPCs have the best
reliability and performance in the V/V power transformer; thus, the higher is the MMC level, the better
is the performance of the RPC. In the Scott power transformer, the HB-MMC4 and FB-MMC2 RPCs have
the best reliability and performance, but the choice of the HB-MMC4 will be more costly and bulky than
the FB-MMC2 due to the extra hardware involved in the HB-MMC4 RPC topology; thus, considering
the estimated costs of each topology and the required volume for installation, the HB-MMC3 RPC
fulfills the best conditions in the V/V traction power system, whereas the FB-MMC2 RPC provides the
best conditions in the co-phase Scott traction power system.

According to Tables 15-17, Figure 23 shows two radar charts to compare between the multilevel RPC
topologies (HB-MMC4 RPC, HB-MMC3 RPC, HB-MMC2 RPC, and FB-MMC2 RPC) in the V/V traction
power transformer (Figure 23a) and the Scott traction power transformer (Figure 23b), considering an
equal number of MMC SMs or voltage levels. The presented ratios per characteristic/category, and for
different RPC topologies, are proportional between each other. Therefore, any of the presented ratios,
in the same characteristic/category, can be considered as a reference.

The HB-MMC3 RPC is the best topology to be used in the V/V traction power system, since it
does not require an IT and relatively needs a lower number of components with lower IGBT power
ratings (voltage and current ratings) compared with the HB-MMC2 and the FB-MMC2 RPC. On the
other hand, the FB-MMC2 RPC is the best topology to be used in the Scott traction power system,
and IT can be dispensable in the co-phase Scott power system to reduce the total costs. Accordingly,
Figure 24 presents the final classification of the RPC topologies. There are topologies adopted for
wider applications that can be used in the V/V or Scott traction power system and show the same
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performance and characteristics. On the other side, there are RPC topologies for limited applications;
some of them are more appropriate in the V/V traction power system, such as the HB-MMC3 RPC,
and others give a better performance in the Scott traction power system.

-o-HB-MMC4 -e-HB-MMC3 -e-HB-MMC2 -e-FB-MMC2 -o-HB-MMC4 -e-HB-MMC3 -e-HB-MMC2 -e- FB-MMC2

Isolation Isolation
Transformer Transformer
120% 120%
Control 100% MMC DC-link Control 1 MMC DC-link
comlexity voltage comlexity o voltage
60% p
Dago, ‘

IGBT Switching MY Number of IGBT Switching = _ Number of
Stress J Inductors Stress Inductors
IGBT Power l Number of IGBT Power © Number of
Ratings Capacitors Ratings Capacitors
Number of Number of
IGBTs IGBTs

(@) (b)

Figure 23. Comparison between the multilevel RPC topologies, using radar charts: (a) in the V/V
power transformer; and (b) in the Scott power transformer (based on [6-8,10,33]).

RPC topologies

[RPC with wider applications ‘ { RPC with limited applications ‘
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FB-RPCJ { MRPC [CO-HRPCJ { RPC RPC ‘ { RPC [ RPC

‘ I o 1 RV 4
Can be used in V/V or
Scott system

{TW-RPC} ‘HB—RPC {
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co-phase system

The best in
V/V system

svstem
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Figure 24. Final classification of the RPC topologies (based on [6-8,10,33]).
5. Conclusions

This paper presents the Rail Power Conditioner (RPC) operation modes and nine potential RPC
topologies: RPC based on a full-bridge back-to-back two-level converter (FB-RPC); RPC based on a
two-phase three-wire converter (TW-RPC); simplified RPC based on a half-bridge two-level converter
(HB-RPC); modular RPC (MRPC); hybrid co-phase RPC (co-HRPC); RPC based on a full-bridge
indirect modular multilevel converter (HB-MMC4 RPC); RPC based on a two-phase three-wire indirect
modular multilevel converter (HB-MMC3 RPC); simplified RPC based on a half-bridge indirect
modular multilevel converter (HB-MMC2 RPC); and RPC based on a direct modular multilevel
converter (FB-MMC2 RPC). In this paper, after considering a similar voltage level for the multilevel
RPC topologies (HB-MMC4 RPC, HB-MMC3 RPC, HB-MMC2 RPC, and FB-MMC2 RPC), the RPC
topologies are evaluated and compared in terms of isolation transformer (IT) or coupling transformer
(CT) requirements, number of the switching devices, power ratings of the switching devices, number
of passive elements required in the RPC system (such as capacitors and inductors), RPC DC-link
voltage value, estimated costs of implementation, control complexity, and the required volume for
the installation.

As demonstrated, all topologies can achieve power quality improvement after compensating
reactive power and overcoming the imbalance of the three-phase currents. The RPC topologies
can be classified for wider applications (FB-RPC, MRPC, co-HRPC, and HB-MMC4 RPC) or limited
applications (TW-RPC, HB-RPC, HB-MMC3 RPC, HB-MMC2 RPC, and FB-MMC2 RPC), where the
RPC for wider applications are adapted to operate in V/V or Scott traction power systems, without
high divergence in their characteristics between the V/V and Scott traction power systems. On the
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other hand, RPC topologies with limited applications are specified and show evident differences
between the V/V and Scott traction power systems. These topologies can be more compatible to
operate in either the V/V or Scott traction power system. The limited application topologies can
give similar or better performances than the topologies with wider applications, also with a lower
cost of implementation. The results confirm that the HB-MMC3 RPC is the best topology in the V/V
traction power system, since it provides a similar performance of the HB-MMC4 RPC, but with a lower
quantity of hardware devices, lower control complexity, and without the need for ITs, which means
lower costs of implementation. On the other hand, since the reactive power compensation is not a
vital factor in the Scott traction power system, the FB-MMC2 RPC is the best topology to be used in
the Scott traction power system. However, ITs are required to interface between the FB-MMC2 RPC
and the traction power grid, which highly increases the implementation costs of the FB-MMC2 RPC.
Nevertheless, using the FB-MMC2 RPC in the co-phase Scott traction power systems helps to overcome
this disadvantage, besides reducing the FB-MMC2 RPC overall costs.
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Nomenclature

In, Ip, Ic Phasors of the phase A, phase B and phase C currents

ia, i, ic phase A, phase B and phase C instantaneous currents

It I Ly Phasors of the traction feeder currents

iry, iy Traction feeders instantaneous currents

Lx, I ry Phasors of the compensation currents synthesized by RPC

irx, iry Phase x and phase y instantaneous compensation currents synthesized by the RPC
. Phase x and phase y instantaneous compensation currents synthesized by the
trxls fryl RPC at the secondary windings of the coupling transformers

i Phasors of the three phase currents at the secondary windings of the V/V or the
¥z Scott power transformer

i i Three phase instantaneous currents at the secondary windings of the V/V or the

TyE Scott power transformer

Ux, Uy Phasors of the traction feeders line to phase voltages

ny Phasor of the traction feeders line to line voltage

Uy, Ug, Uc Phasors of the three phase power grid line to phase voltages

Upc, Upe Phasors of the three phase power grid line to line voltages

Upy, ULy Phasors of the voltages across the RPC buffer inductors

Uxo(v V) Uxo(Scott) RPC phase x output voltage in V/V and Scott power transformers

Uy, Uy Phase x and phase y instantaneous traction feeder voltages

Vie DC link voltage of the RPC system

Vick DC link voltage of one RPC module.

Viem DC link voltage of the SM

fisw IGBT switching frequency

k Number of the RPC modules

L Buffer inductor in the RPC system

N MMC voltage level

N-1 Number of SM in one MMC arm

Catenary section lumped impedance
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