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Abstract—With the rapid development of modern electrified
railway, negative-sequence current minimization is one of the most
important considerations in the high-speed railway traction sys-
tem. In the past, many multiple or multilevel topologies with high
compensation capacity have been introduced for railway power
conditioner (RPC). This paper presents a simplified quantitative
comparison of five previous modular RPC topologies for nega-
tive sequence compensation in V/V and SCOTT traction systems,
aiming for an optimal selection of the compensators. Performance
criteria such as transformer requirement, voltage stress and cur-
rent stress of a power switch, numbers of the power switches and
capacitor are derived by analytical methods. Moreover, the numer-
ical comparison of operating controllers is completed for modular
RPCs. In addition, power losses of five modular RPCs are obtained
by theoretical analysis, IPOSIM calculation as well as PSIM sim-
ulation. These calculations are validated via simulations results in
PSIM. The main conclusion is that presented modular RPCs can
be divided into general purpose RPC and special purpose RPC
in terms of the behavior and efficiency. It is helpful to choose the
appropriate topology for specific applications.

Index Terms—High-speed railway traction, modular multilevel
converter (MMC), negative-sequence current (NSC), power losses,
railway power conditioner (RPC).

NOMENCLATURE

A. Abbreviations

APQC Active power quality compensator.
CPS-PWM Carrier phase-shifted PWM.
CVCI Circulating voltages and current injection.
FB-B2B Back-to-back converters based on full bridges.
FB-MMC2 MMC with two arms using full bridges.
HB-MMC4 MMC with four arms using half bridges.
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HB-MMC3 MMC with three arms using half bridges.
HAPF Hybrid active power filter.
IGBT Insulated gate bipolar transistor.
IMBT Impedance-matched balancing transformer.
IVBC Individual voltage balancing control.
IT Isolation transformer.
MMC Modular multilevel converter.
NSC Negative-sequence current.
RPC Railway power conditioner.
PET Power electronic transformer.
PF Passive filter.
PWM Pulse-width-modulation.
RMS Root mean square
SDT Step-down transformer.
SPDF Single polarity double frequency
SPWM Sinusoidal pulse width modulation.
STATCOM Static synchronous compensator.
SVC Static var compensator.
TB-SCOTT Three-phase bridges based SCOTT transformer.
THI-SPWM Three order harmonic injected SPWM.

B. Symbols

usa , usb , usc Three-phase grid voltages of 220 kV.
ua , ub Two-phase feeder voltages of 27.5 kV.
US RMS value of feeder voltages.
Uc N Voltage rating of power submodule.
uL Voltage drop on reactor.
uinv Output voltage of inverter.
ua2 Low voltage side voltages of FB-B2B.
uu , uv , uw Low voltage side voltages of TB-SCOTT.
up , un Arm voltages of HB-MMC4 or HB-MMC3.
u1 , u2 , u3 , u4 Arm voltages of FB-MMC2.
Udc DC-bus voltage.
isa , isb , isc Three-phase grid currents of 220 kV.
ia , ib Two-phase feeder currents of 27.5 kV.
iLa , iLb Two-phase load currents of 27.5 kV.
ica , icb Two-phase compensating currents of RPC.
θa , θb Phase angles.
SN Apparent power of railway traction system.
IP , IQ RMS value of active and reactive currents.
IN Current rating of power submodule.
Ica2 Low voltage side currents of FB-B2B.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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iu , iv , iw Low voltage side currents of TB-SCOTT.
ip , in Arm currents of HB-MMC4 or HB-MMC3.
uaN , ubN , ucN Phase voltages of HB-MMC3.
i1 , i2 , i3 , i4 Arm currents of FB-MMC2.
K Transformation ratio of the SDT.
N Submodule number in series or parallel.
L Filter inductance or arm reactor.
ω Fundamental angular frequency.
PTon Turn-ON losses.
PToff , PDoff Turn-OFF losses.
PTcon , PDcon Conduction losses.

I. INTRODUCTION

NOWADAYS, the high-speed electrified railway for mass
transportation with reliability and safety is in demand

in many countries. Advanced power-electronic technologies
[1]–[7], such as pulse-width-modulated (PWM) control and full
controlled devices, have partly mitigated the power quality in
the traditional traction systems, like harmonic, reactive power,
etc. However, negative-sequence current (NSC) caused by the
inherited single-phase power traction is increased due to the en-
hancive load power and the increasing trains [8] [9]. Existence
of system unbalance can threaten system stability and may dam-
age vital devices or even cause system failure, resulting in mas-
sive economic losses. Hence, proper compensation for traction
power supply has become a great concern [10]–[16].

Various solutions were proposed to reduce the NSC to meet
the standard in the electrified railway. These methods can be
divided into two categories. The first one is optimizing power
system. Increasing the planned traction capacity can weaken
the influence of NSC [17] [18]. SCOTT transformer, IMBT,
Leblanc transformer, power electronic transformer (PET), etc.,
can also be used to decrease NSC [19]–[22]. It is particularly
worth mentioning that the PET integrated with the advanced
power electronics technology is a promising method to elim-
inate NSC in the future [23]. The other one is adding com-
pensation equipment. Initial compensation devices mainly in-
clude PFs [24], static var compensator (SVC) [25]–[27], HAPF
[28] [29], and static synchronous compensator (STATCOM)
[30] [31]. Then, the railway power conditioner (RPC) was pro-
posed to transfer active power to achieve three-phase balance for
the traction substation [32]. RPC is composed of two back-to-
back (B2B) single-phase power converters, which are separately
connected to two traction feeders of traction power system, as
shown in Fig. 1. Subsequently, some improved structures and
control methods based on single-module RPC are presented
[33]–[45]. In [38], an active power compensator with balanced
transformer for cophase traction power supply system was re-
searched. In [39], an APQC which is composed of a SCOTT
transformer and a three-phase converter was proposed to com-
pensate NSC, reactive power, and harmonics for traction power
system. In [40]–[42], a hybrid RPC was proposed to reduce the
operation voltage. An LC filter was adopted for the lead arm
of RPC instead of L filter, which can improve the compensa-
tion performance of the system. Some hybrid schemes based
on RPC + SVC were proposed to reduce the active capacity

Fig. 1. V/V and SCOTT railway traction systems and the RPC.

[43], [44], but a coordinative control is indispensable for two
subsystems.

Over the last ten years, a dramatic shift has taken place toward
submodule-based topologies, in which cascaded strings of con-
verter submodules act as controllable voltage sources [46]–[54].
In order to enhance the voltage and current ratings of traditional
single-module RPC, several alternatives in a modular manner
are implemented and aroused wide attention, as illustrated in
Fig. 2. In [55], modular and multiple RPC scheme composed
of B2B full bridge (FB-B2B) power submodules in parallel is
proposed. The ac side of power submodules is connected to the
secondary split-windings of a step-down transformer, and the
carrier phase-shift PWM is used to counteract output current
ripples. In [39] and [56], the B2B full bridge power submodules
are replaced with three-phase bridges, and a SCOTT step-down
transformer can be substituted for multiwinding transformers. In
this way, the problem of two-phase power transfer is transformed
into that of three-phase reactive current and negative sequence
compensation, which can be characterized as TB-SCOTT. Re-
cently, modular multilevel converters (MMCs) have been iden-
tified as an excellent solution for many needs, including railway
power compensation. In [57]–[59], modular multilevel railway
power compensator with four arms and three arms based on
half bridge submodules (HB-MMC4 and HB-MMC3) are pro-
posed. In [60], an RPC using two-phase MMC based on full
bridge submodules (FB-MMC2) is studied for NSC compensa-
tion. The intermediate dc line in the back-to-back converters is
avoidable, which is beneficial to simplify the encapsulation of
the overall system.

These configurations in [55]–[60] have the following advan-
tages:

1) the power is divided symmetrically among the submod-
ules thus reducing the voltage and current ratings of power
electronic components;

2) the series or parallel assembling of identical converters
allows the operation of the topology at any compensation
capacity;

3) under a component failure just its hosting submodule is
removed allowing the other cells to keep on running;

4) increasing number of the submodules allows the lower
switch frequency and lower harmonic output.

Among these RPC topologies based on different type of sub-
modules, a crucial question is which will play a more prominent
role for RPC applications. Hence, it is interesting and signi-
ficative to compare and contrast five kinds of aforementioned
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Fig. 2. Five representative modular RPCs for railway traction system.
(a) FB-B2B. (b) TB-SCOTT. (c) HB-MMC4. (d) HB-MMC3. (e) FB-MMC2.

modular RPCs. Motivated by this issue, the key similarities and
differences, as well as advantages and disadvantages of five
modular RPCs are identified and discussed in this paper.

This paper is organized as follows. In Section II, the ba-
sic compensation principle of railway traction system is briefly
introduced. In addition, the operation principle and design con-
siderations of these representative modular RPCs are analyzed
and compared in detail. In Section III, a comparison of con-
trollers used in five RPCs is completed. Then, power losses and
efficiencies of these RPCs are evaluated in Section IV. Sub-
sequently, analysis results of previous sections are validated

Fig. 3. Compensation principle phasor diagrams of V/V and SCOTT traction
system.

via simulation in Section V. Finally, conclusion is made in
Section VI to summarize the findings and results.

II. MODULAR RPCS FOR RAILWAY TRACTION SYSTEM

The RPC is installed on two traction feeders of the power
system. By controlling two-phase outputs of RPC, it can transfer
active power from one feeder to another and achieve three-phase
balance for a traction substation.

For comparison purpose, V/V and SCOTT railway traction
systems are both used for all mentioned RPCs as observed from
Fig. 1. According to [60], the connected voltages and the com-
pensation current references of RPC can be expressed as (1) and
(2), respectively. US denotes the root-mean-square (RMS) value
of feeder voltages, and the initial phase angles of phase-a and
phase-b are defined as θa and θb , respectively. Precisely, there
are θa = −π/6 and θb = −π/2 in V/V traction power system,
whereas θa = 0 and θb = −π/2 in the SCOTT traction power
system. IP and IQ are the RMS values of expected output active
and reactive currents of RPC, respectively. It should be noted
that IQ =

√
3IP/3 in V/V traction power system, and IQ = 0

in the SCOTT traction power system. Fig. 3 illustrates the pha-
sor diagrams of compensation principle for V/V and SCOTT
traction system. It can be seen that the compensation capacity
of RPC in V/V traction system is a little higher than that in
SCOTT traction system on account of the difference in reactive
compensation{

ua =
√

2US sin(ωt + θa)

ub =
√

2US sin(ωt + θb)
(1)

{
ica =

√
2IQ cos(ωt + θa) −

√
2IP sin(ωt + θa)

icb = −√
2IQ cos(ωt + θb) +

√
2IP sin(ωt + θb).

(2)

Fig. 4 depicts the phasor diagrams of the output voltages of
RPC in the V/V and SCOTT traction system. Apparently, the ac
output voltages of phase-a and phase-b have the same magni-
tudes but different phases in SCOTT traction system. However,
in V/V traction system, the reactive power compensation is vi-
tal for the three-phase balance. In consequence, the ac output
voltages of phase-a and phase-b are perpendicular, and the mag-
nitude of the output voltage in full-load phase, namely phase-a,
is slightly higher than that in no-load phase, also higher than
the same phase in SCOTT traction system. Thus, the dc-link
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Fig. 4. Output voltage phasor diagrams of RPC in V/V and SCOTT traction
system.

Fig. 5. Single-phase equivalent circuit of FB-B2B.

voltage in V/V traction system is generally higher than that in
SCOTT traction system.

Subsequently, the equipment circuits of the aforementioned
five kinds of RPCs are established. In the given condition, a
comprehensive study is presented for five kinds of the men-
tioned RPCs in terms of transformer requirement, voltage stress
and current stress of the power switches, numbers of the power
switch and the capacitor. The dc-link voltage reference of sub-
module capacitor is set as Uc N , and the current rating of the
power module is set as IN .

A. FB-B2B

As illustrated in Fig. 2(a), submodules in FB-B2B can be
treated as two independent single-phase full bridges. Its equiv-
alent circuit in phase-a is shown in Fig. 5. It is assumed that
the step-down transformer is ideal and its transformation ra-
tio is K = Ua/Ua2 = US/Ua2 . In the case of the split wind-
ing number N, the current flowing through submodules is
Ica2 = Ica ∗ K/N .

According to Fig. 5, the steady-state circuit equation can be
given as below

ua2 = uinva + uL . (3)

Assuming that the inductance of the output filtering reactor
is 0.1 p.u., namely L = 0.1 ∗ Ua2/(Ica2 ∗ ω), and there is

uL = L
dica2

dt
=

−√
2Us

10K
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa)]. (4)

Substituting (4) into (3), the output voltage uinva can be
adapted as

uinva = ua2 − L
dica2

dt
=

√
2Us

K
sin(ωt + θa)

+
√

2Us

10K
√

I2
Q + I2

P

[IQ sin(ωt + θa)+ IP cos(ωt+θa)].

(5)

Fig. 6. Single-phase equivalent circuit of TB-SCOTT.

As mentioned before, the dc-link voltage of each submodule
capacitor is set as Uc N , so the RMS value of the output volt-
age should meet (6) when employing sinusoidal pulse width
modulation (SPWM)

Uinva ≤ Uc N
/√

2. (6)

Transparently, the key issue to copy with for FB-B2B is find-
ing appropriate K. Substituting (6) into (5), the ratio of the
transformer can be given by K = US/Ua2 . Accordingly, the

total current on the low voltage side is
√

I2
Q + I2

P ∗ K, and

then the number of power module as well as split winding is

N =
√

I2
Q + I2

P ∗ K/IN. Thus, it can be known that the total

number of IGBT is 8 ∗ N, and the number of the capacitor is N.

B. TB-SCOTT

As for TB-SCOTT, a SCOTT step-down transformer is im-
plemented to transform two-phase power transfer into three-
phase reactive-current and negative-sequence compensation. Its
single-phase equivalent circuit can be established, as shown in
Fig. 6.

The two-phase voltages and currents can be transformed into
the three-phase currents by Matrix Tab/uvw in [39], where K
is the phase voltage ratio between the three-phase side and the
two-phase side, and N is the number of three-phase converters

[uuvw ]=

⎡
⎣ 1/K 0
−1/2K

√
3
/

2K

−1/2K −√
3
/

2K

⎤
⎦[uab ]=

3N

2K2 Tab/uvw [uab ]

[iuvw ]=

⎡
⎣2K/3N 0
−K/3N

√
3K

/
3N

−K/3N −√
3K

/
3N

⎤
⎦[icab ]=Tab/uvw [icab ] .

(7)

According to Fig. 6, the instantaneous voltages can be con-
structed in stationary coordinates as follows:

uuvw = uinvuvw + uLuvw (8)

It is assumed that the inductance of the output filtering reactor
is 0.1 p.u., so the voltage drops on the filtering reactor can be
written as (9). Then, substituting (7) and (9) into (8), the output



XU et al.: ANALYSIS AND COMPARISON OF MODULAR RAILWAY POWER CONDITIONER FOR HIGH-SPEED RAILWAY TRACTION SYSTEM 6035

phase voltage uinv can be represented as (10)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uLu = L
diu
dt

=
−√

2Us

10K
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa)]

uLv = L
div
dt

=
√

2Us

20K
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa) +
√

3IQ sin(ωt + θb)

+
√

3IP cos(ωt + θb)]

uLw = L
div
dt

=
√

2Us

20K
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa) −
√

3IQ sin(ωt + θb)

−√
3IP cos(ωt + θb)]

(9)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uinvu = uu − uLu =
√

2Us

K
sin(ωt + θa)+

√
2Us

10K
√

I2
Q + I2

P

[IQ sin(ωt + θa) + IP cos(ωt + θa)]

uinvv = uv− uLv =
√

2Us

2K

[
− sin(ωt + θa)+

√
3 sin(ωt + θb)

]

−
√

2Us

20K
√

I2
Q + I2

P

[IQ sin(ωt + θa) + IP cos(ωt + θa)

+
√

3IQ sin(ωt + θb) +
√

3IP cos(ωt + θb)]

uinvw = uw− uLw =
√

2Us

2K

[
− sin(ωt+ θa)−

√
3 sin(ωt+ θb)

]

−
√

2Us

20K
√

I2
Q + I2

P

[IQ sin(ωt + θa) + IP cos(ωt + θa)

−√
3IQ sin(ωt + θb) −√

3IP cos(ωt + θb)].

(10)

In order to improve the utilization of the dc-link voltage, the
three harmonic injected SPWM (THI-SPWM) can be employed
to TB-SCOTT. Hence, the output phase voltage RMS should
meet

Uinv ≤ Uc N
/√

6. (11)

Accordingly, substituting (11) into (10), the maximum RMS
value of the phase voltage on the low-voltage side can be
obtained as U on the basis of (10). Then, the turn ratio of
SCOTT step-down transformer is considered as K = US /U,
and the total output current for three-phase converters is√

I2
Q + I2

P ∗ (2/3) ∗ K. Therefore, the parallel module num-

ber of three-phase converters is N =
√

I2
Q + I2

P ∗ (2/3) ∗ K/IN .

Thus, the total numbers of IGBT and capacitor are 6 ∗ N and N
respectively.

Fig. 7. Equivalent circuit of HB-MMC4. (a) Equivalent circuit. (b) Output
equivalent circuit.

C. HB-MMC4

MMC is a new compensation structure for railway power
regulation. Similar to FB-B2B, HB-MMC4 can be regarded
as two back-to-back single-phase MMCs. When HB-MMC4
is used in the conventional railway traction system, an extra
isolation transformer (IT) is necessary to prevent short circuit.
Its equivalent circuit is shown in Fig. 7.

According to Fig. 7, the instantaneous voltage of traction
feeder can be obtained as

ua = uinva + uL . (12)

Similarly, the inductance of the output filtering reactor is set
as 0.1 p.u., and its voltage drops can be described as

uL = L
dica

dt
=

−√
2Us

10
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa)]. (13)

Substituting (13) into (12), the output phase voltage uinva can
be obtained as

uinva = ua − L
dica

dt
=

√
2US sin(ωt + θa)

+
√

2Us

10
√

I2
Q + I2

P

[IQ sin(ωt + θa) + IP cos(ωt + θa)].

(14)

The peak value Ûinva of the output voltage uinva of HB-
MMC4 can be obtained from (14). Therefore, the dc-bus voltage
of HB-MMC4 should meet Udc ≥ Ûinva . Hence, the number
of half bridge submodule in each arm is N = Udc/Uc N . On
account of four arms, the total number of IGBT is 16 ∗ N, and
the number of the capacitor is 8 ∗ N. It is noteworthy that there
are both dc component and ac component in each arm current.
The RMS values of the dc component and ac component are

US ∗ IP/(Udc ∗ 2) and
√

I2
Q + I2

P/2, respectively.
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Fig. 8. Three-phase equivalent circuit of HB-MMC3. (a) Equivalent circuit.
(b) Output equivalent circuit.

D. HB-MMC3

HB-MMC3 is quite different from HB-MMC4. When con-
nected to two traction feeders, HB-MMC3 can be taken as
a three-phase converter operating at the compensation of
NSC and reactive power under the unbalanced grid voltage
[61]–[63]. Its three-phase equivalent circuit is shown in Fig.
8, in which the zero sequence voltage is uNO = (ua + ub)/3.

As illustrated in Fig. 8, the instantaneous voltages of traction
feeders are calculated as

⎧⎪⎨
⎪⎩

ua = uinva + uLa = uaN + uNO

ub = uinvb + uLb = ubN + uNO

0 = uinvc + uLc = ucN + uNO .

(15)

Suppose that the inductance of the output filtering reactor
is 0.1 p.u., the voltage drops on the filtering reactor can be
expressed as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uLa = L
dica

dt
=

−√
2Us

10
√

I2
Q + I2

P

[IQ sin(ωt + θa)

+ IP cos(ωt + θa)]

uLb = L
dicb

dt
=

√
2Us

10
√

I2
Q + I2

P

[IQ sin(ωt + θb)

+ IP cos(ωt + θb)]

uLc = L
dicc

dt
=

√
2Us

10
√

I2
Q + I2

P

[IQ sin(ωt+ θa)IP cos(ωt+ θa)

− IQ sin(ωt + θb) − IP cos(ωt + θb)]

(16)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uinva = ua − uLa =
√

2US sin(ωt + θa)

+
√

2Us

10
√

I2
Q + I2

P

[IQ sin(ωt+ θa) + IP cos(ωt+ θa)]

uinvb = ub − uLb =
√

2US sin(ωt + θb)

−
√

2Us

10
√

I2
Q + I2

P

[IQ sin(ωt+ θb)+ IP cos(ωt + θb)]

uinvc = −uLc =
−√

2Us

10
√

I2
Q + I2

P

[IQ sin(ωt + θa)

IP cos(ωt+ θa)−IQ sin(ωt+ θb)− IP cos(ωt+ θb)].

(17)

Then, substituting (16) into (15), the output phase voltage
uinv can be adapted as (17). Hence, the peak value Ûinva of
the output voltage uinva of HB-MMC3 can be given from (17).
With regard to the three-phase structure, the dc-bus voltage
of HB-MMC3 should be not less than the magnitude of line-
to-line voltage. It means that the dc-bus voltage should meet
Udc ≥

√
2Ûinva in the SCOTT traction system since the phase

angle difference between phase-a and phase-b is π/2. However,
there is Udc ≥ Ûinva in V/V traction system since the phase an-
gle difference is π/3. Consequently, the number of half bridge
submodule in each arm is Udc /Uc N . On account of six arms,
the total number of IGBT is Udc/Uc N ∗ 12, and the number of
the capacitor is Udc/Uc N ∗ 6. Meanwhile, the arm current com-
ponents are different in the V/V and SCOTT traction systems
as a result of different initial phases. Without loss of generality,
the ac components among the arms in phase-a and phase-b have

the same value
√

I2
Q + I2

P/2, and the ac component among the

arms in phase-c is
√

I2
Q + I2

P sin[(θa − θb)/2]. Besides, the dc

components among the arms in three phase can be expressed
as (uaN ∗ ica)/Udc , (ubN ∗ icb)/Udc , and (ucN ∗ icc)/Udc ,
respectively.

E. FB-MMC2

FB-MMC2 can be directly used to compensate the power
quality of high-speed railway system with cophase supply mode,
and it can omit the heavy step-down transformer. In the conven-
tional traction power system with common ground, an IT is
needed to prevent short circuit of some clusters. The interme-
diate dc-bus line in the back-to-back converters is avoidable.
According to [60], in consideration of the similarity among four
arms, the equivalent circuit of FB-MMC2 is established using
arm 1 and arm 2 as an example, as shown in Fig. 9.

According to Fig. 9, taking into consideration the existence
of circulating current, the resulting steady-state equations can
be given by ⎧⎪⎨

⎪⎩
u1 =

ub − ua

2
+ uz1 − uL1

u2 =
ub + ua

2
− uz2 − uL2 .

(18)
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Fig. 9. Equivalent circuit of FB-MMC2. (a) Equivalent circuit. (b) Output
equivalent circuit.

Assume that the inductance of the output filtering reactor is
0.1 p.u., the voltage across the filtering reactor can be expressed
as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uL1 =
L

2
d(icb − ica)

dt
=

√
2Us

20
√

I2
Q + I2

P

[IQ sin(ωt + θb)

+ IP cos(ωt + θb) + IQ sin(ωt + θa)

+ IP cos(ωt + θa)]

uL2 =
L

2
d(icb + ica)

dt
=

√
2Us

20
√

I2
Q + I2

P

[IQ sin(ωt + θb)

+ IP cos(ωt + θb) − IQ sin(ωt + θa)

− IP cos(ωt + θa)].
(19)

Subsequently, substituting (19) into (18), the output phase
voltage u1,2 can be adapted as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u1 =
ub − ua

2
+ uz1 − uL1

=
√

2US [sin(ωt + θb) − sin(ωt + θa)]
2

+uz1−
√

2Us

20
√

I2
Q +I2

P

[IQ sin(ωt+ θb)+ IP cos(ωt+ θb)

+ IQ sin(ωt + θa) + IP cos(ωt + θa)]

u2 =
ub + ua

2
− uz2 − uL2

=
√

2US [sin(ωt + θb) + sin(ωt + θa)]
2

−uz2−
√

2Us

20
√

I2
Q +I2

P

[IQ sin(ωt+ θb)+ IP cos(ωt+ θb)

− IQ sin(ωt + θa) − IP cos(ωt + θa)].
(20)

According to (20), the peak values Û1,2 of the output volt-
age of FB-MMC2 can be obtained, and the total available arm
capacitor voltage should be not less than Û1,2 . Hence, the num-
ber of full bridge submodule in each arm can be obtained as
Û1,2 /Uc N . In consideration of four arms, the total number of
IGBT is Û1,2/Uc N ∗ 16, and the number of the capacitor is

Û1,2 /Uc N ∗ 4. It is worth noting that in V/V traction system,
the reactive power compensation of FB-MMC2 makes it indis-
pensable to inject circulating voltages and current. Hence, the
RMS values of arm currents in V/V traction system will be
larger than these in the SCOTT traction system. And the peak
values Û1,2 in V/V traction system are larger as well. Detail
analysis can be obtained from [60].

In order to evaluate the performance of five different RPCs,
two typical high-speed railway traction systems in China are
taken for examples. In consideration of the most serious condi-
tion, railway traction systems are set as full-load in phase-a and
no-load in phase-b. Generally, PWM rectifier is adopted for lo-
comotives in high-speed railway traction system, so the traction
load power rated at 8 MW can be considered as a unity power
factor and low harmonic content. Hence, only the fundamental
frequency compensation is taken into account. In order to fa-
cilitate the comparison and analysis, the power switch designed
for these topologies is selected as Infineon-FZ250R65KE3. The
dc-link voltage of each module capacitor is set around Uc N =
3.6 kV and the current rating of the power module is set around
IN = 100 A. Under this premise, the main parameters design of
these RPCs is expanded in the Appendix and the relative results
are shown in Table I. Quantitative comparisons are split into
V/V and SCOTT traction systems.

From the perspective of the high-ratio step-down transformer
(SDT), HB-MMC4, HB-MMC3, and FB-MMC2 can make the
bulky and costly SDT dispensable, whereas it is necessary for
FB-B2B and TB-SCOTT to lower the connected voltage. Par-
ticularly, the manufacturing of SCOTT matching transformer
in TB-SCOTT is relatively complicated and its cost and power
loss should be considered. Moreover, in the conventional trac-
tion system, HB-MMC4 and FB-MMC2 both need IT to avoid
voltage clamp, and the cost and power losses could not be ne-
glected.

From a general view, the RPCs in the V/V traction system
have a higher demand for both IGBT and capacitor. In the V/V
traction system, the IGBT used in FB-MMC2 is far more than
that in others, and HB-MMC3 has the minimum IGBT num-
ber. Capacitor numbers for these RPCs vary widely, and the
number in HB-MMC4 quadruples that in FB-B2B. Then, there
is a considerable current stress difference among these RPCs.
Particularly, current stresses of power switches in TB-SCOTT,
HB-MMC3, and FB-MMC2 are not identical, resulting in dif-
ferent junction temperatures. In the SCOTT traction system,
the half-bridge structures, namely HB-MMC4 and HB-MMC3,
have the maximum IGBT number and much more capacitor.
Meanwhile, current stresses of the power switch do not vary
much among the mentioned RPCs. Due to the predefined volt-
age references, the voltage stresses of power switches in these
RPCs are basically the same.

Overall, it is obvious that HB-MMC3 shows the best per-
formance in the V/V traction system, and FB-MMC2 appears
better performance in SCOTT cophase traction system. In ad-
dition, TB-SCOTT is more suitable for the NSC compensation
in SCOTT traction system due to the same current stresses.
Hence, these three RPCs can be regarded as the special purpose
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TABLE I
CHARACTERISTICS QUANTITATIVE COMPARISONS OF FIVE MODULAR RPCS IN V/V AND SCOTT TRACTION SYSTEMS

Traction Purpose RPC SDT IT Need SM Number in IGBT Capacitor Current Voltage
System Category Topology Need IT Need Each Arm Number Number Stress (A) Stress (V)

V/V Traction System General Purpose FB-B2B Yes No 19 152 19 100.60 3600
HB-MMC4 No Conventional 11 176 88 97.16 3724

Special Purpose TB-SCOTT Yes No 24 144 24 101.74 & 121.78 & 76.60 3600
HB-MMC3 No No 11 132 66 90.60 & 106.25 3724
FB-MMC2 No Conventional 14 224 56 160.00 & 107.22 3598

SCOTT Traction System General Purpose FB-B2B Yes No 16 128 16 98.73 3600
HB-MMC4 No Conventional 11 176 88 88.93 3553

Special Purpose TB-SCOTT Yes No 20 120 20 98.67 36
HB-MMC3 No No 15 180 90 87.28 & 102.84 3685
FB-MMC2 No Conventional 8 128 32 102.84 3781

RPC because of relatively large performance differences be-
tween V/V and SCOTT traction systems. Meanwhile, FB-B2B,
HB-MMC4 can be classified as the general purpose RPC due to
the suitability for both V/V and SCOTT traction systems.

III. CONTROLLER COMPARISON

As a matter of fact, control of an RPC is one of the most signif-
icant features, which involves the current references extraction,
and the voltage balancing as well as the current tracking. The
acquisitions of compensating current references can be treated
identically for mentioned five RPCs in V/V or SCOTT traction
system. The extraction method of NSC and reactive currents can
be got from [36]–[43].

In addition, the voltage balancing control is inevitable to
prevent capacitors voltage from divergence, especially when
considering the decentralized energy storage elements. Then,
another issue to copy with for RPC is the current tracking
control, which directly determines the three-phase unbalanced
compensation effect. As a consequence, in this section, the con-
trol structures used in five RPCs are compared in the case of
same given references, namely iref

ca and iref
cb . For comparative

purposes, a dual-loop control method involving the outer volt-
age balancing control loop and the inner compensating current
control loop is identically implemented, as shown in Fig. 10.
More precisely, the Proportional Integral is used for the dc-link
voltage control, and the proportional resonant plus harmonic
compensators (HC) appeared in [64] is employed in two-phase
stationary coordinate to present a good performance in terms of
accurate tracking ability and satisfactory harmonic rejection.

As for the multiple configurations, namely FB-B2B and TB-
SCOTT, power submodules can be processed independently
due to the isolation of multiple-winding transformer. It means
that dc-link voltage controllers, current controllers, independent
carriers, and PWM waves are all proportional to the submod-
ules number. In addition, the single polarity double frequency
(SPDF) carrier phase-shifted PWM (CPS-PWM) is adopted for
the driving signals of IGBTs in FB-B2B. Recalling the men-
tioned modulation method in Section II, the THI-SPWM can be
employed for the three-phase bridge converter in TB-SCOTT.

As for the multilevel configurations, namely HB-MMC4, HB-
MMC3, and FB-MMC2, the power arm composed of serial

Fig. 10. Control system structures of five RPCs. (a) FB-B2B. (b) TB-SCOTT.
(c) HB-MMC4. (d) HB-MMC3. (e) FB-MMC2.

submodules can be regarded as a controlled voltage source.
In general, one dc-link voltage controller and two current
controllers are used to implement the external concentrated
compensation control. Moreover, the internal capacitor voltage
balancing is encountered in any MMC-based topology. Hence,
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TABLE II
CONTROLLER CHARACTERISTICS COMPARISON OF FIVE MODULAR RPCS

Traction System Purpose Category RPC Topology DC-link controller Current controller Carrier PWM waves IVBC controller

V/V Traction System General Purpose FB-B2B 19 38 19 152 0
HB-MMC4 1 2 22 176 80

Special Purpose TB-SCOTT 24 48 24 144 0
HB-MMC3 1 2 22 132 60
FB-MMC2 2 3 14 224 52

SCOTT Traction System General Purpose FB-B2B 16 32 16 128 16
HB-MMC4 1 2 22 176 80

Special Purpose TB-SCOTT 20 40 20 120 0
HB-MMC3 1 2 30 180 84
FB-MMC2 1 2 8 128 28

Fig. 11. Radar chart of five characteristics of different modular RPCs. (a) V/V
traction system. (b) SCOTT traction system.

Fig. 12. (Left diagram) on-state and (right diagram) switching characteristics
of the IGBT module FZ250R65KE3 at a junction temperature of 125 °C and a
reference voltage for switching losses of vCE ,ref = 3600 V.

the individual voltage balancing control (IVBC), as presented
in [65] and [66], is indispensable to balance the submodule
capacitors voltages in the same arm. Specially, there is a posi-
tive correlation between the IVBC controller number and power
submodule number. It should be emphasized that, in the V/V
traction system, CVCI is part and parcel of the voltage bal-
ance control for FB-MMC2. Hence, extra dual-loop controller
referring to the outer deviation voltage control and the inner
circulating current control should be added [60].

Following the quantitative deduction of five RPCs in
Section III, a classification can be done based on the follow-
ing characteristics: dc-link controller, current controller, car-
rier, PWM waves, and IVBC controller. As shown in Table II,
the decentralized control makes multiple configurations need
much more facilities for dc-link control and current control,
while multilevel configurations only have a high demand for
IVBC due to the centralization of control. The intuitive com-
parison is illustrated in Fig. 11 that general purpose RPCs
show slight difference about the hardware and software func-
tions between V/V and SCOTT traction systems. However, the
requirement of special purpose RPCs obviously varies from
V/V to SCOTT traction systems. Specifically, from the per-
spective of the control system complexity, HB-MMC3 shows
a relatively balanced burden in the V/V traction system, while
FB-MMC2 gives a good performance in the SCOTT traction
system.

IV. POWER LOSSES ANALYSIS

Given an objective power to deliver in the 8-MW/27.5-kV
SCOTT railway traction system, the aim of this section is to
compare the power losses results for different RPC, in order to
have a criterion to show the efficiency performance. In view of
these topologies in Fig. 2, power losses results and efficiencies
of RPCs are performed in the following three ways.

As a matter of fact, switch frequency is one of the great con-
cerns of power losses analysis. To meet the requirement of the
power switch (Infineon-FZ250R65KE3), the equivalent output
frequencies of five RPCs are all set as 10 kHz. Hence, since the
SPDF CPS-PWM is used in FB-B2B and FB-MMC2, the cor-
responding carrier frequency can be obtained as 10k/(2N) Hz.
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TABLE III
POWER LOSSES COMPARISON OF FIVE MODULAR RPCS

Fig. 13. Parameters setting of IPOSIM 7 calculation for power losses.

However, the CPS-PWM is used in TB-SCOTT, HB-MMC4,
and HB-MMC3 due to the half-bridge submodule.

Then, the corresponding carrier frequency can be obtained as
10k/N Hz.

A. Theoretical Analysis

Power losses of power switches are the major factors influ-
encing the efficiency of RPCs. As mentioned in [67] and [68],
power losses of the power switches mainly involve two parts: 1)
PTcon and PDcon are the conduction losses in one fundamental
output time period in the IGBT and diode parts of an IGBT mod-
ule, respectively; 2) PTon describes the turn-ON losses in one
fundamental output time period in the IGBT part of an IGBT
module, and PToff and PDoff are analogously the turn-OFF losses
in the IGBT and diode parts of an IGBT module.

In detail, PTcon and PDcon can be calculated within one fun-
damental output time period 2π/ω by (21)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

PTcon =
ω

2π

∫ TS +2π/ ω

TS

iC(τ) · vCE(iC(τ))dτ

PDcon =
ω

2π

∫ Tα +2π/ ω

Tα

iF(τ) · vF(iF(τ))dτ.

(21)

Subsequently, switching losses are calculated within one fun-
damental output time period 2π/ω by (22).

At every switching instant (Tα , Tβ , Tγ ), the switching ener-
gies (Eon , Eoff , Erec) are calculated by using the derived cur-
rents (iC(Tα ), iC(Tβ ), iF(Tγ )) and the curves in Fig. 12 [69].
The switching loss energies are scaled by the ratio of the occur-
ring blocking voltage (vCE ,off (Tα ), vCE ,off (Tβ ), vF,off (Tγ )) to
the reference blocking voltage (vCE ,ref = 3600 V) in Fig. 12
and summed over the duration of a fundamental output time
period, where Nα, Nβ , and Nγ are the numbers of all switching
actions. Diode turn-ON losses are considered negligible. Total
losses in the IGBT and diode are calculated by the sum of the
conduction and switching losses

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PTon =
ω

2π

Nα∑
α=1

{
vCE ,off (tα )

vCE ,ref
· Eon(iC(tα ))

}

PToff =
ω

2π

Nβ∑
β=1

{
vCE ,off (tβ )

vCE ,ref
· Eoff (iC(tβ ))

}

PDoff =
ω

2π

Nγ∑
γ=1

{
vF ,off (tγ )
vCE ,ref

· Erec(iF(tγ ))
}

(22)

{
PTtot = PTcon + PTon + PToff
PDtot = PDcon + PDoff .

(23)

By substituting derived currents in Table I into (21)–(23),
theoretical power losses for five RPCs can be got in Table III.
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Fig. 14. Power losses comparison in PSIM 9.0 for five modular RPCs.

Fig. 15. Efficiency comparisons for different topologies.

Fig. 16. Current and voltage waveforms without compensation. V/V traction
system at the top: (a) Three-phase grid currents. (b) Two-phase traction currents.
SCOTT traction system at the bottom: (c) Three-phase grid currents. (d) Two-
phase traction currents.

Fig. 17. Current and voltage waveforms with compensation of FB-B2B. V/V
traction system at the top: (a) Three-phase grid currents. (b) Two-phase traction
currents. (c) Two-phase compensating currents. (d) Two-phase output currents
of single module. SCOTT traction system at the bottom: (e) Three-phase grid
currents. (f) Two-phase traction currents. (g) Two-phase compensating currents.
(h) Two-phase output currents of single module.

B. IPOSIM 7 Calculation

As appeared in [70], the Infineon power simulation program
(IPOSIM) performs an approximate calculation of switching
and conduction losses for IGBTs and diodes under the assump-
tion of sinusoidal output currents. With this tool, a quick se-
lection of a suitable Infineon IGBT module for an application
is possible, taking into account its average losses and thermal
ratings.

Fig. 13 highlights the calculation interface as well as the cal-
culation result of the power losses of one IGBT. For simplicity,
only FB-MMC2 in the SCOTT traction system is handled for
example. The calculation results in diagrams showing an esti-
mation of the average power losses at sinusoidal currents versus
the RMS phase leg current. According to the derived parameters
in Table I, IPOSIM calculation results of the power losses for
five RPCs can be obtained, as shown in Table III.

C. PSIM 9.0 Simulation

In order to further verify the reasonability of theoretical anal-
ysis results of power losses, thermal modules of five RPCs are
set up in PSIM 9.0. PSIM’s Thermal module can quickly esti-
mate power losses calculations and compare multiple conditions
and devices without slowing down simulation speed [71]. The
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Fig. 18. Current and voltage waveforms with compensation of TB-SCOTT.
V/V traction system at the top: (a) Three-phase grid currents. (b) Two-phase
traction currents. (c) Two-phase compensating currents. (d) Three-phase output
currents of single module. SCOTT traction system at the bottom: (e) Three-phase
grid currents. (f) Two-phase traction currents. (g) Two-phase compensating
currents. (h) Three-phase output currents of single module.

Fig. 19. Current and voltage waveforms with compensation of HB-MMC4.
V/V traction system at the top: (a) Three-phase grid currents. (b) Two-phase trac-
tion currents. (c) Two-phase compensating currents. (d) Arm currents. SCOTT
traction system on the right: (e) Three-phase grid currents. (f) Two-phase trac-
tion currents. (g) Two-phase compensating currents. (h) Arm currents.

Fig. 20. Current and voltage waveforms with compensation of HB-MMC3.
V/V traction system at the top: (a) Three-phase grid currents. (b) Two-phase trac-
tion currents. (c) Three-phase compensating currents. (d) Arm currents. SCOTT
traction system at the bottom: (e) Three-phase grid currents. (f) Two-phase trac-
tion currents. (g) Three-phase compensating currents. (h) Arm currents.

Thermal module provides a very quick way of estimating con-
duction and switching losses of semiconductor devices (diode,
IGBT, and MOSFET). As shown in Fig. 14, the power losses sim-
ulation results of five RPCs are depicted in the SCOTT traction
system. Besides, the average values are listed in Table III.

Table III shows the power losses comparison of five modular
RPCs in the V/V and SCOTT traction systems. As a general
view, in comparison with the RPC in the SCOTT traction system,
the RPC in V/V traction system has higher power losses mainly
because of larger compensating capacity. In the case of the same
equivalent output frequency, HB-MMC4, and HB-MMC3 based
on half-bridge submodule show much higher power losses in the
same traction system. However, FB-B2B and TB-SCOTT have
much smaller power losses, and it can be found that FB-B2B
and TB-SCOTT appear largely unaffected by the type of traction
system. However, there is a slight difference for HB-MMC4,
HB-MMC3, and FB-MMC2.

Furthermore, system efficiencies of five modular RPCs are
obtained by averaging the power losses in Table III. As for FB-
B2B and TB-SCOTT, the integrant step-down transformer not
only increases the cost and volume of the compensation system
but also causes additional power losses. Meanwhile, the IT used
in the conventional traction system adds extra power losses to
HB-MMC4 and FB-MMC2. For simplicity, the SDT and IT are
approximately treated with the efficiency 98%. It deserves to be
noted the efficiencies of five modular RPCs are all above 93%
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Fig. 21. Current and voltage waveforms with compensation of FB-MMC2.
V/V traction system at the top: (a) Three-phase grid currents. (b) Two-phase trac-
tion currents. (c) Two-phase compensating currents. (d) Arm currents. SCOTT
traction system at the bottom: (e) Three-phase grid currents. (f) Two-phase
traction currents. (g) Two-phase compensating currents. (h) Arm currents.

in four different traction systems, as illustrated in Fig. 15. The
system efficiency of HB-MMC3 is the highest in the V/V trac-
tion system, and FB-MMC2 shows the preferable performance
in SCOTT cophase traction system with the highest efficiency
97.66%. Hence, it can be concluded that the special purpose
RPC has a better performance in proper traction system. Hence,
the optimal topologies in V/V and SCOTT traction systems can
be selected from special purpose RPCs.

V. SIMULATION VERIFICATION

In order to validate aforementioned theoretical analysis, sim-
ulations are carried out in PSIM 9.0 to analyze the operation
and to evaluate the performance of modular RPCs. Both V/V
transformer and SCOTT transformer are used in a 27.5-kV/
8-MW traction power system. Railway traction systems are set
as full-load in phase-a and no-load in phase-b. The single-phase
locomotive load is simulated by a linear resistor and its power
factor is close to 1. The current and voltage waveforms without
compensation are depicted in Fig. 16. The RMS value of traction
current ia is up to 291 A, whereas RMS value of traction current
ib is 0 A. The seriously unbalanced traction currents ia and ib
lead to large amounts of NSC components in the three-phase
grid. Precisely, the three-phase current unbalance factors are up
to 100% both in V/V and SCOTT traction systems, respectively.

Fig. 22. Voltage fluctuations of different RPCs. (a) V/V traction system. (b)
SCOTT traction system.

A. FB-B2B

The simulation results with compensation of FB-B2B are
shown in Fig. 17. The load power is distributed equally among
two traction feeders, resulting in the three-phase current balance
in the three-phase grid. The three-phase current unbalance fac-
tors in V/V and SCOTT traction systems are reduced to 1.0%
and 0.6%, respectively. From Fig. 17(c) and (g), it can be seen
that the compensating currents in the V/V traction system are
larger than those in the SCOTT traction system because of the
reactive compensation. In Fig. 17(d) and (h), the RMS values
of two-phase compensating currents at the low voltage side of
the SDT are all close to the set value 100 A in two traction sys-
tems as expected. It can be found the current stresses of power
switches in V/V and SCOTT traction systems are almost the
same for FB-B2B, namely the general purpose RPC.

B. TB-SCOTT

Fig. 18 illustrates the simulation results with compensation of
TB-SCOTT. From Fig. 18(a)–(b) and (e)–(f), it can be seen that
the three-phase currents at the high voltage side are balanced
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TABLE IV
COMPARISON OF DERIVED RESULTS AND SIMULATED RESULTS

Traction System Purpose Category RPC Topology Current Stress (A) Voltage Stress (V)

Derived Result Simulated Result Derived Result Simulated Result

V/V Traction System General Purpose FB-B2B 100.60 99 & 100 3600 3600 ± 22.5
HB-MMC4 97.16 96 & 98 3724 3724 ± 20.5

Special Purpose TB-SCOTT 101.74 & 121.78 & 76.60 102 & 123 & 78 3600 3600 ± 20.5
HB-MMC3 90.06 & 106.25 90 & 105 3724 3724 ± 24.5 & 3724 ± 17
FB-MMC2 160.00 & 107.22 161 & 106 3598 3598 ± 26 & 3724 ± 22

SCOTT Traction System General Purpose FB-B2B 98.73 98 & 99 3600 3600 ± 30
HB-MMC4 88.93 87 & 88 3553 3553 ± 17.5

Special Purpose TB-SCOTT 98.67 98 & 100 & 100 3600 3600 ± 24.5
HB-MMC3 87.28 & 102.84 86 & 103 3685 3685 ± 17.5 & 3724 ± 32
FB-MMC2 102.84 103 & 102 3781 3781 ± 15

Fig. 23. Classification for five modular RPC topologies.

when the two-phase traction currents are distributed equally.
The three-phase current unbalance factors in V/V and SCOTT
traction system are reduced to 0.6% and 0.9%, respectively. In
Fig. 18(d) and (h), it is obvious that the three-phase compensat-
ing currents of the single power module in V/V traction system
are unbalanced and asymmetric in V/V traction system, whereas
they are fully balanced in the SCOTT traction system.

C. HB-MMC4

In Fig. 19, the simulation results with compensation of HB-
MMC4 are presented. It can be observed that the currents in
the three-phase grid are well-balanced from Fig. 19(a)–(b) and
(e)–(f). The three-phase current unbalance factors in V/V and
SCOTT traction systems are reduced to 0.5% and 0.7%, re-
spectively. Furthermore, the two-phase compensating currents
are shared among upper and lower arms. Meanwhile, the dc
component exists in each arm. In Fig. 19(d) and (h), the dc com-
ponents in V/V and SCOTT traction systems are 47 and 50 A,
respectively.

D. HB-MMC3

According to Fig. 20, the simulation results of HB-MMC3
show a balanced three-phase system. The three-phase current
unbalance factors in V/V and SCOTT traction system are re-
duced to 0.4% and 0.5%, respectively. In Fig. 20(c) and (g), the
compensating currents are three-phases other than two-phases.
Moreover, the three-phase currents are balanced in V/V traction

system, whereas they are unbalanced in SCOTT traction sys-
tem. Obviously, the dc component exists in all arm currents in
V/V traction system. However, in SCOTT traction system, arm
currents of phase-c only contain the ac component. Overall, the
arms currents in Fig. 20(d) and (h) are not much different from
the rating value 100 A.

E. FB-MMC2

Fig. 21 presents the simulation results with compensa-
tion of FB-MMC2. Similarly, the load power is distributed
equally among two traction feeders and three-phase currents are
well-balanced. The three-phase current unbalance factors in V/V
and SCOTT traction system are reduced to 0.4% and 0.3%, re-
spectively. In particular, it can be seen the two-phase compen-
sating currents are distributed equally among four arms from
Fig. 21(c)–(d) and (g)–(h). There is no dc component in the arm
currents in the SCOTT traction system, however the dc com-
ponent in arm currents of the V/V traction system is in close
proximity to 66 A. Moreover, the RMS value difference between
arm currents in V/V traction system is obviously large. This side
effect indicates that as the special purpose RPC, FB-MMC2 is
more suitable to the SCOTT traction system.

From Fig. 22, it can be observed that submodule capacitors
voltages of five modular RPCs are maintained in the vicin-
ity of respective references. It is indicated that the voltage-
balancing control is valid. However, there are significant
differences among the voltage fluctuations of different RPCs
under the premise of same capacitors. This is an expected re-
sult since the existence of the dc circulating current arouses the
voltage fluctuations with the frequency of 50 Hz. Additionally,
the voltage fluctuations with the frequency 100 Hz exist in all
RPCs.

Current and voltage stresses of the power switch in five RPCs
are compared between derived results and simulated results, as
shown in Table IV. It can be found that the simulated results are
well consistent with the derived results in Table I.

Viewed from system level, this paper gives out some sug-
gestions about classifying these RPCs according to the analysis
and results above, as shown in Fig. 23. As far as the structure is
concerned, these five RPCs can be divided into multiple config-
uration and multilevel configuration. Meanwhile, they also can



XU et al.: ANALYSIS AND COMPARISON OF MODULAR RAILWAY POWER CONDITIONER FOR HIGH-SPEED RAILWAY TRACTION SYSTEM 6045

be divided into general purpose RPC and special purpose RPC
in terms of the functionality and adaptability.

VI. CONCLUSION

This paper analyzes and compares five modular RPC
topologies for negative sequence compensation in high-speed
railway traction system: FB-B2B, HB-MMC4, TB-SCOTT,
HB-MMC3, and FB-MMC2. The former two structures can be
classified as the general purpose RPC, and the latter three can
be regarded as the special purpose RPC. The essential differ-
ence between the general purpose RPC and the special purpose
RPC locates on the adaptability for the V/V and SCOTT traction
systems.

Based on the equivalent circuits, the performances of five RPC
topologies are evaluated in terms of transformer requirement,
voltage stress and current stress of the power switch, numbers of
the power switch and the capacitor. The general purpose RPC
has similar characteristics between V/V and SCOTT traction
systems, whereas the special purpose RPC shows obvious dif-
ferences. From the perspective of control complexity, the gen-
eral purpose RPC shows slight difference about the hardware
and software functions between the V/V and SCOTT traction
systems. However, the control requirement of special purpose
RPCs obviously varies in V/V and SCOTT traction systems. In
addition, the quantitative study indicates that the special RPC
can achieve higher efficiency than the general purpose RPC in
the corresponding traction system.

In general, advantages of the special purpose RPC are quite
apparent when they are applied to the befitting traction system.
Specifically, it is found that HB-MMC3 shows the best compre-
hensive performance in V/V traction system, and FB-MMC2
appears better overall performance in SCOTT cophase traction
system.

The practical application prospects of these modular RPCs
topology are worthy of further exploration, such as the feeder
voltage pulsation and distortion, load power impulse, volume,
and cost of the RPC. In any decision making, all of mentioned
techniques/technologies should be surveyed.

APPENDIX

Combining the given compensation system and selected
power devices, listed parameters in Table I are deduced in detail
as follows.

A. FB-B2B

As for V/V traction system, K = US/Ua2 = 11.38. Accord-
ingly, the total current on the low voltage side can be ex-

pressed as
√

I2
Q + I2

P ∗ K = 167.96 ∗ 11.38 = 1911.40 A,

then the integral split winding number is N =
√

I2
Q + I2

P ∗
K/IN = 1911.40/100 � 19. Therefore, the accurate value of
the current flowing through each submodule can be obtained as
Ica2 = 1911.40/ 19 = 100.60 A. Thus, it can be seen that the
total number of IGBT is 152 (= 19 ∗ 8), and the number of the
capacitor is 19.

As for the SCOTT traction system, K = US/Ua2 = 10.86.
Accordingly, the total current on the low voltage side can be

expressed as
√

I2
Q + I2

P ∗K = 145.45 ∗ 10.86 = 1579.64 A, then

the integral split winding number is N =
√

I2
Q + I2

P ∗ K/IN =
1579.64/100 � 16. Therefore, the accurate value of the current
flowing through each submodule can be obtained as Ica2 =
1579.64/16 = 98.73 A. Thus, it can be seen that the total number
of IGBT is 128 (=16 ∗ 8), and the number of the capacitor
is 16.

B. TB-SCOTT

As for V/V traction system, the turn ratio of SCOTT step-
down transformer is considered as K = US /U = 21.81. And

the total output current for three-phase converters is
√

I2
Q + I2

P

∗ (2/3) ∗ K = 167.96 ∗ 2/3 ∗ 21.81 = 2442.25 A. Therefore,
the integral parallel module number of three-phase converters in

TB-SCOTT is N =
√

I2
Q + I2

P ∗ (2/3) ∗ K/IN = 2442.25/100

� 24. Then, the accurate value of three unbalanced current
flowing through the submodules can be concluded as 101.74,
121.78, and 76.60 A according to (7). The total numbers of
IGBT and capacitor are 146 (=24 ∗ 6) and 24, respectively.

As for the SCOTT traction system, the turn ratio of SCOTT
step-down transformer is considered as K = US /U = 20.35. And

the total output current for three-phase converters is
√

I2
Q + I2

P

∗ (2/3) ∗ K = 145.45 ∗ 2/3 ∗ 20.35 = 1973.33 A. Therefore,
the integral parallel module number of three-phase converters in

TB-SCOTT is N =
√

I2
Q + I2

P ∗ (2/3) ∗ K/IN = 1973.33/100 �

20. Then, the accurate value of three balanced current flowing
through the submodules can be concluded as 98.67 A according
to (7). The total numbers of IGBT and capacitor are 120 (=20
∗ 6) and 20, respectively.

C. HB-MMC4

As for V/V traction system, the peak value Ûinva of
the output voltage uinva of HB-MMC4 can be obtained as
40.97 kV from (14). Therefore, the dc-bus voltage of HB-MMC4
should meet Udc ≥ Ûinva = 40.97 kV. Hence, the integral num-
ber of half bridge submodule in each arm is N = Udc/Uc N =
40.97/3.6 ≈ 11. Then, the accurate capacitor voltage reference
of the submodule is 40.97k/11 = 3724 V. On account of four
arms, the total number of IGBT is 16 ∗ N = 176, and the num-
ber of the capacitor is 8 ∗ N = 88. There are both direct current
component and ac current component in each arm current. The
RMS value of dc component is US ∗ IP /(Udc ∗ 2) = 48.82 A

and
√

I2
Q + I2

P/2 = 84.01 A, respectively. So the accurate RMS

value of the arm current is 97.16 A.
As for the SCOTT traction system, the peak value Ûinva

of the output voltage uinva of HB-MMC4 can be obtained as
39.08 kV from (14). Therefore, the dc-bus voltage of HB-MMC4
should meet Udc ≥ Ûinva = 39.08 kV. Hence, the integral num-
ber of half bridge submodule in each arm is N = Udc/Uc N =
39.08/3.6 ≈ 11. Then, the accurate capacitor voltage reference
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of the submodule is 39.08k/11 = 3553 V. On account of four
arms, the total number of IGBT is 16 ∗ N = 176, and the num-
ber of the capacitor is 8 ∗ N = 88. There are both direct current
component and ac current component in each arm current. The
RMS value of dc component is US ∗ IP /(Udc ∗ 2) = 51.17 A and√

I2
Q + I2

P/2 = 72.73 A, respectively. Therefore, the accurate

RMS value of the arm current is 88.93 A.

D. HB-MMC3

As for the V/V traction system, the peak value Ûinva of the out-
put voltage uinva of HB-MMC3 can be given as 40.97 kV from
(17). The dc-bus voltage should meet Udc ≥ Ûinva = 40.97 kV.
As a consequence, the integral number of half bridge submod-
ule in each arm is Udc /Uc N � 11. Then, the accurate capacitor
voltage reference of the submodule is 55.276 k/15 = 3724 V.
On account of six arms, the total number of IGBT is Udc/Uc N ∗
12 = 132, and the number of the capacitor is Udc/Uc N ∗
6 = 66. The ac components among the arms in phase-a

and phase-b have the same value
√

I2
Q + I2

P/2 = 83.98 A,

and the ac component among the arms in phase-c is√
I2
Q + I2

P sin[(θa − θb)/2] = 83.98. Besides, the dc compo-

nents among the arms in three phase can be expressed as
(uaN ∗ ica)/Udc = 32.54 A, (ubN ∗ icb)/Udc = 65.09 A, and
(ucN ∗ icc)/Udc = 32.54 A, respectively. Therefore, the accu-
rate RMS values of the arm currents in phase-a and phase-b are
90.06 and 106.25 A, and it is 90.06 A in phase-c.

As for the SCOTT traction system, the peak value Ûinva
of the output voltage uinva of HB-MMC3 can be given as
39.08 kV from (17). The dc-bus voltage should meet Udc ≥√

2Ûinva = 55.27 kV. As a consequence, the integral number
of half bridge submodule in each arm is Udc /Uc N � 15.
Then, the accurate capacitor voltage reference of the submod-
ule is 55.27k/15 = 3685 V. On account of six arms, the total
number of IGBT is Udc /Uc N ∗ 12 = 180, and the number
of the capacitor is Udc /Uc N ∗ 6 = 90. The ac components
among the arms in phase-a and phase-b have the same value√

I2
Q + I2

P/2 = 72.73, and the ac component among the arms in

phase-c is
√

I2
Q + I2

P sin[(θa − θb)/2] = 102.84. Besides, the

dc components among the arms in three phase can be expressed
as (uaN ∗ ica)/Udc = 48.25 A, (ubN ∗ icb)/Udc = 48.25 A,
and (ucN ∗ icc)/Udc = 0 A respectively. So the accurate RMS
value of the arm currents in phase-a and phase-b is 87.28 A, and
it is 102.84 A in phase-c.

E. FB-MMC2

As for V/V traction system, according to (20), the peak value
of the ac output voltage in FB-MMC2 can be obtained as 35.37
kV along with the injected dc circulating voltage 15 kV. So the
total available capacitor voltage should be not less than 50.37
kV. Hence, the integral number of full bridge submodule in
each arm can be obtained as Û1,2 /Uc N = 50.37/3.6 � 14.
Then, the accurate capacitor voltage reference of the submod-
ule is 50.37/14 = 3598 V. In consideration of four arms, the

total number of IGBT is 14 ∗ 16 = 224, and the number of
the capacitor is 14 ∗ 4 = 56. Meanwhile, the arm currents con-
tain both the ac components and the injected dc components.

The ac components in currents are
√

I2
Q + I2

P/2 = 83.98 A and

3
√

I2
Q + I2

P/2 = 145.45, and the dc component is (
√

3 ∗ US ∗
IQ /4)/15k = 66.66 A. Therefore, the accurate RMS values of the
total current of first and second arm are 107.22 and 160.00 A,
respectively.

As for the SCOTT traction system, according to (20), the
peak value Û1,2 of the output voltage in FB-MMC2 can
be obtained as 30.25 kV. And the total available capacitor
voltage should be not less than 30.25 kV. Hence, the integral
number of full bridge submodule in each arm can be obtained
as Û1,2 /Uc N = 30.25/3.6 � 8. Then, the accurate capaci-
tor voltage reference of the submodule is set as 30.25/8 =
3781 V. In consideration of four arms, the total number of
IGBT is 8 ∗ 16 = 128, and the number of the capacitor is
8 ∗ 4 = 32. Meanwhile, the accurate RMS values of the arm

currents are
√

I2
Q + I2

P sin[(θa − θb)/2] = 102.84 A.
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