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Model Analysis and Sliding Mode Current Controller
for Multilevel Railway Power Conditioner Under the

V/v Traction System
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Abstract—To manage the power quality of a high-speed V/v
traction system, a multilevel railway power conditioner (MRPC)
is researched. According to the structure and equivalent models of
the MRPC, basically the MRPC is a symmetrical system, and its
four clusters can be divided into two cluster groups. According to
the ac equivalent mathematical models of cluster groups, it can be
considered as the relationships in the αβ frame, but not completely
symmetrical, so the positive- and negative-sequence dq models for
cluster groups can be derived. As the fluctuation and randomness
of the locomotive loads, a sliding mode control system based on the
exponential reaching law in the dq frame is explored to control the
cluster ac currents, which can improve the dynamic performance
and keep a good tolerance against parameter mismatches. Finally,
an experimental prototype is developed, and the results show the
feasibility and the robustness of the system.

Index Terms—Circuiting current, modular multilevel converter
(MMC), power quality, railway power conditioner, sliding mode
control (SMC).

I. INTRODUCTION

OVER THE years, the electrified railway, especially the
high-speed railway, has made a rapid development. The

traction features of the electrified railway cause some serious
power quality problems such as negative sequence currents
(NSCs), and harmonics and voltage fluctuations of the trac-
tion system, so it is significant to govern the power quality of
the railway traction system. Currently, to manage power quality
problems, different methods have been studied according to the
features of the traction system. Some balance transformers and
power electronic transformers are used to achieve the balance of
active power and reduce NSCs [1]–[4]. Meanwhile, in the gov-
ernance of reactive power and harmonics, passive filter, static
var compensator (SVC), static synchronous compensator, and
hybrid active power filters are commonly used [5]–[8]. Then,
in 1993, the concept of a railway power regulator (RPC) was
proposed by scholars [9], which consists of two back-to-back
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power converters; two converters can control harmonic, active,
and reactive currents to compensate NSCs synthetically. After
that, some improved topologies were proposed for the railway
power system, which could reduce the operation voltage or the
active capacity, such as an active power quality compensator
[10], the structure of a multiplexed RPC system [11]–[13], hy-
brid schemes based on SVC + RPC [14], [15], etc. However,
step-down transformers (SDTs) are required to connect a mul-
tiple RPC system with a traction grid. Nowadays, there are
some new compensation topologies proposed for governing the
power quality of the railway system with good dynamic per-
formance and accuracy compensation [16]–[21]. In [16], based
on full-bridge submodules, an RPC using a two-phase modular
multilevel converter (MMC) was studied for NSC compensa-
tion, which can be connected to 27.5-kV traction feeders in a
cophase supply system directly. In [17] and [18], based on the
same submodules, a novel three-phase MMC was proposed for
balancing the active power of two arms and compensating the
harmonic currents. While in [19], based on a three-phase full-
bridge converter and two SVCs, a hybrid traction power quality
compensation system was proposed. And in [20], a novel topol-
ogy of a hybrid railway power conditioner (H-RPC) was pro-
posed and its capacity was analyzed. For an optimal selection of
topologies, Xu et al. [21] drew a simplified quantitative compar-
ison of five previous modular RPC topologies. All the topologies
have special characteristics. To this end, this paper is motivated
by using a multilevel railway power conditioner (MRPC) to im-
prove the power quality in middle/high-voltage power systems.

As the complexity of the high-speed railway system is
increasing, and its operating environment varies from time
to time, so it is unrealistic and even impossible to describe
the dynamic characteristics of these systems with precise
mathematical models. When adopting the classical control
theory or modern control theory, one of the obvious features is
based on the precise mathematical model. However, in practical
application, due to modeling errors (linear approximation,
environmental changes, and other factors), it can only get an
approximate model of the system. So, the control systems based
on approximate models often lead to the deterioration of system
performance [22]. For the challenges mentioned above, the
nonlinear control techniques show better performance against
external disturbance and internal uncertainties [23]–[27]. Tan
et al. [23] proposed a high-performance harmonic extraction
algorithm to improve accuracy and robustness over a wide range
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of operating conditions. Kaleybar et al. [24] proposed a new
extraction method to keep a fast dynamic and high accuracy
response, which is based on modified instantaneous reactive
power theory. In [25], a recessive self-tuning PI controller in the
current control system was proposed to keep the dynamic per-
formance. In [26] and [27], a model predictive control method
and a passivity-based control method were proposed, respec-
tively, for a fast dynamic response of power compensation.
From the descriptions of the aforementioned, some advanced
control techniques have already successfully applied to the
compensation and control of a high-speed railway system. How-
ever, sliding mode control (SMC) could also be proved to be an
effective method because of its robustness, stability, and good
dynamic response with the inherent switching nature [28]–[31],
and it is rarely applied and mentioned in the high-speed railway
system, where the operation conditions are frequently varied.
In [32], Gao and Hung focused on the reaching condition, and
first proposed the concept of the reaching law, which increased
the robustness and the stability of the system. In [33], Yong et
al. proposed that an SM controller has a chattering problem and
high switching frequency, and to suppress the chattering, seven
solutions were proposed, which can provide guidance for the
engineering. In [34]–[36], the SM controller was successfully
adopted in electric drives systems for direct torque control.
And in [30] and [37], the SM controller was also prosperously
applied to pulsewidth modulation (PWM) inverters in the
renewable energy sources. All the SMC techniques have
developed rapidly and applied to many nonlinear systems
successfully. Therefore, to improve the robustness and dynamic
performance of the system, an SMC system in the dq frame
is explored for the MRPC here. In the design of the SM
controller, taking the uncertainty of the system into account, the
closed-loop control system should still maintain the stability
and ensure the appropriate dynamic performance when a
certain range of uncertain parameters and a certain limitation
of load dynamics exist.

The structure of this paper is as follows. In Section II, the
working principle and mathematical models of the MRPC
are derived. In Section III, according to the model of the V/v
traction system, the control system is divided into two parts,
one is the cluster-group SM current control in positive- and
negative-sequence dq frames, which is derived to achieve
active power transferring and NSC compensation; the other
is the cluster-group circuiting-current control to achieve the
power rebalance among the clusters and suppress the voltage
divergence. The experimental sections and conclusions are
presented in Section IV and V, respectively.

II. MODEL AND WORKING PRINCIPLE OF THE MRPC

The main circuit topology of the MRPC is shown in Fig. 1.
The MRPC is composed of four clusters; each H-bridge clus-
ter is formed by the cascaded H-bridge cells. According to the
symmetrical feature, the four clusters can be divided into two
groups. Cluster 1 (C1) and cluster 4 (C4) can be classified as
group 1, while cluster 2 (C2) and cluster 3 (C3) can be classi-
fied as group 2. The MRPC can be connected to the a/b phase

Fig. 1. Schematic of AT-mode-based traction systems. (a) A mode. (b) B
mode.

contact wires and ground, and the isolation transformers (ITs)
are needed to prevent the short-circuiting of some clusters in the
MRPC, as shown in Fig. 1(a). Ideally, the ATs will not affect
the compensation of the MRPC. If it is applied in the cophase
traction power system, the MRPC can be directly connected
with the traction power feeders without ITs. There is another
kind of auto-transformer (AT)-mode based traction systems in
Fig. 1(b), and the MRPC can be directly connected to the 55
kV bus without the IT. However, considering the series module
number and system reliability, it is suggested to be installed
with a proper SDT, which can make the operation of the MRPC
more safe and reliable. So, the MMC technology is adopted
to achieve high-power compensation, which can improve the
operation performance of the compensator.

From Fig. 1(a), the ac and dc equivalent circuits of the MRPC
can be obtained [16] and shown in Fig. 2, where ua and ub are
the secondary voltage of the V/v transformer, ica and icb are the
two-phase output currents of the MRPC, ux (x = 1, 2, 3, 4) is
the output voltage of cluster x, ix is the current of cluster x,L
is the filter inductance, and R is the resistance of the cluster.

According to Kirchhoff voltage and current laws and taking
the equivalent circuits of the MRPC into account, the mathe-
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Fig. 2. Equivalent circuit of the MRPC. (a) Overall equivalent circuit. (b)
AC + DC equivalent circuit.

matical models of two cluster groups can be obtained
⎧
⎨

⎩

ub − ua = u1 + u4 + Ld(i1 +i4 )
dt + R (i1 + i4)

ub + ua = u2 + u3 + Ld(i2 +i3 )
dt + R (i2 + i3)

(1)

{
i1 = iv1 − iz , i4 = iv4 + iz

i2 = iv2 − iz , i3 = iv3 + iz
;

⎧
⎪⎪⎨

⎪⎪⎩

iv1 = iv4 = (icb − ica)/2

iv2 = iv3 = (icb + ica)/2

iz = (i3 + i4 − i1 − i2)/4
(2)

{
u1 = v1 + uz1 , u4 = v4 − uz1

u2 = v2 − uz2 , u3 = v3 + uz2
(3)

where iv1 , iv2 , iv3 , iv4 are the ac component of i1 , i2 , i3 , i4 ; iz is
the dc component; v1 , v2 , v3 , v4 are the ac component of u1 , u2 ,
u3 , u4 ; uz1 , uz2 are the dc component, and in the steady state,
uz1 ≈ uz2 . According to the mathematical model, it can be seen
that the MRPC basically is a symmetrical system, and the ac
components of clusters 1 and 2 are equal to the ones of clusters
4 and 3, respectively. So here, clusters 1 and 4 are classified as
group 1 and clusters 3 and 2 are classified as group 2. According
to (1) and (2)

{
v1,4 = ea − Ldiv1,4/dt − Riv1,4

v2,3 = eb − Ldiv2,3/dt − Riv2,3
(4)

where ea = [(ub − ua)/2] is the differential-mode voltage, and
eb = [(ub + ua)/2] is the common-mode voltage. According to
the dc equivalent model, the circulating voltages uz1 , uz2 will
meet

uz1 − uz2 = 2L ∗ diz/dt + 2izR. (5)

Fig. 3. Voltage vector diagram.

According to [16], a dc circulating current is adopted for
the MRPC and injected into the two cluster groups, and it can
achieve the rebalance of active power of two cluster groups and
maintain the cluster-group voltage stable and balanced.

From (1) to (5), it can be seen that by controlling the output
voltages of the four clusters, the current ix of each cluster can
be controlled, which can not only achieve the indirect control of
output currents ica , icb , but also control the internal circulating
current of the MRPC independently, because the ac and dc
components are decoupling.

III. CONTROL STRATEGY

The number of locomotives on the traction feeder is varied,
and load power of locomotives is fluctuating. To improve the
dynamic performance and the robustness against the change in
parameter, an SMC in the dq frame is discussed to achieve a
rapid tracking control of the current reference signals. Accord-
ing to the model of the V/v traction system, the control system
is divided into two parts, one is the cluster-group ac control to
achieve active power transfer and negative-sequence compensa-
tion; the other is the cluster-group dc current control to achieve
the power rebalance within the groups and suppress the voltage
divergence, which can maintain the voltage balance of clusters.
The control method of the system is as follows.

A. AC Current Control in the Cluster Groups

1) DQ Model of the MRPC and Structure Design of SMC:
Aiming at the fluctuation and randomness of the high-speed
railway system, an SMC system under the dq frame is explored
to improve the dynamic tracking performance and the robustness
of the system. The SMC is aimed at the output currents of the
MRPC, which can make the MRPC accurately compensate the
negative-sequence currents of the railway system.

According to the feature of the V/v traction system, the am-
plitude of ub and ua is equal and the phase difference is 60°.
As shown in the vector diagram, ea and eb can be obtained.
They are perpendicular to each other, but their amplitudes are
different. Therefore, (4) can be considered as the relationships
in the αβ frame, but the ac components are not completely sym-
metrical, so they can be decomposed into positive-sequence and
negative-sequence components, as shown in Fig. 3.

By detecting the synchronous signals ea and eb and normaliz-
ing them, −cosθ and sinθ can be obtained and form the αβ/dq
matrix Park2 as follows:

Park2(θ) =

[
cos θ sin θ

− sin θ cos θ

]

. (6)
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Using the αβ/dq matrixes Park2(θ) and Park2(−θ), ac-
cording to (4), the mathematical models of the MRPC in the dq
synchronous frame can be deduced

{
Ldi1 d

dt = e1d + ωLi1q − Ri1d − v1d

L
di1 q
dt = e1q − ωLi1d − Ri1q − v1q

(7)

{
Ldi2 d

dt = e2d − ωLi2q − Ri2d − v2d

L
di2 q
dt = e2q + ωLi2d − Ri2q − v2q

(8)

where e1d , e1q , e2d , e2q represent the positive-and
negative-sequence components of ea and eb , respectively;
v1d , v1q , v2d , v2q denote the positive-and negative-sequence
components of v1,4 and v2,3 , respectively; i1d , i1q , i2d , i2q
represent the positive- and negative-sequence components of
iv1,4 and iv2,3 , respectively; and ω is the fundamental frequency
of the system.

As the complexity of the high-speed railway system is in-
creasing, and its operating environment varies from time to
time, so it is unrealistic and even impossible to design the con-
trol system with precise mathematical models. To enhance the
robustness of the system, an SMC with the exponential reaching
law in the dq frame is studied. According to the SMC, the four
sliding surfaces can be designed to achieve the tracking control
of the cluster currents in the dq synchronous frame as follows:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S1d = i1d − i1dref

S1q = i1q − i1qref

S2d = i2d − i2dref

S2q = i2q − i2qref

(9)

where i1dref , i1qref , i2dref , and i2qref are the references of i1d ,
i1q , i2d , and i2q , respectively. Generally, the tracking perfor-
mance is adopted to measure the effect of SMC, especially in
the case of external interference. To allow the controlled vari-
able to slide on the sliding surface, define the following sliding
vector σ:

σ =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

S1d

S1q

S2d

S2q

⎤

⎥
⎥
⎥
⎥
⎥
⎦

= 0. (10)

The equivalent control law should meet σ̇ = 0, namely

σ̇ =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Ṡ1d = i̇1d − i̇1dref

Ṡ1q = i̇1q − i̇1qref

Ṡ2d = i̇2d − i̇2dref

Ṡ2q = i̇2q − i̇2qref

⎤

⎥
⎥
⎥
⎥
⎥
⎦

= 0. (11)

The main drawback of SMC is the chattering problem caused
by the discontinuous control. Some kinds of reaching laws pro-
posed by Gao and Hung can weaken the chattering [32]. Here,
the exponential reaching law is studied, and it can be developed

in the matrix form as

σ̇ = −

⎡

⎢
⎢
⎢
⎢
⎢
⎣

ε1d sgn(S1d) + k1dS1d

ε1q sgn(S1q) + k1qS1q

ε2d sgn(S2d) + k2dS2d

ε2q sgn(S2q) + k2qS2q

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(12)

where εxy and kxy (x = 1, 2 and y = d, q) are the SMC param-
eters. According to the exponential reaching law under the dq
mathematical model of the MRPC, the following equation can
be considered for the SMC system:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

−ε1d sgn(S1d) − k1dS1d = L ∗ di1d/dt

−ε1q sgn(S1q) − k1qS1q = L ∗ di1q/dt

−ε2d sgn(S2d) − k2dS2d = L ∗ di2d/dt

−ε2q sgn(S2q) − k2qS2q = L ∗ di2q/dt.

(13)

As the resistance R of the H-bridge cluster is small, it can be
ignored. There is

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

−ε1d sgn(S1d) − k1dS1d = e1d + ωLi1q − v1d

−ε1q sgn(S1q) − k1qS1q = e1q − ωLi1d − v1q

−ε2d sgn(S2d) − k2dS2d = e2d − ωLi2q − v2d

−ε2q sgn(S2q) − k2qS2q = e2q + ωLi2d − v2q .

(14)

The equivalent control law can be derived from (14), and
there is

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

v1d = e1d + ωLi1q + ε1d sgn(S1d) + k1dS1d

v1q = e1q − ωLi1d + ε1q sgn(S1q) + k1qS1q

v2d = e2d − ωLi2q + ε2d sgn(S2d) + k2dS2d

v2q = e2q + ωLi2d + ε2q sgn(S2q) + k2qS2q .

(15)

Here, the operation of the SMC system is based on a fixed
switching frequency, and the exponential reaching law is stud-
ied for the SMC system, which can improve the dynamic per-
formance and weaken the system chattering. Once the SMC is
designed, then the reaching law ensuring system stability should
be analyzed and explained.

2) Stability and Its Arrival Conditions of SMC: Take a
derivative with (9), there is

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Ṡ1d = i̇1d − i̇1dref

Ṡ1q = i̇1q − i̇1qref

Ṡ2d = i̇2d − i̇2dref

Ṡ2q = i̇2q − i̇2qref .

(16)

Combining (7) with (8) and (15), there is (17) shown at the
bottom of next page.

The goal of the arrival condition is to ensure that, regardless of
the initial position, the corresponding control output will make
the trajectory of the system to approach and eventually reach
the sliding surface. The sufficient and necessary conditions for
the system to satisfy the arrival condition are that the equivalent
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control law vd,q produces a state variable x and the control
trajectory S should satisfy the following inequality:

SṠ < 0. (18)

Bringing (16) and (17) into (18), there is (19) shown at the
bottom of this page.

The constraint conditions of the SMC parameters can be de-
rived from (19), and there is

{
kxd > 0

kxq > 0
,

{
εxd >

∣
∣Rixdref + Li̇xdref

∣
∣

εxq >
∣
∣Rixqref + Li̇xqref

∣
∣

(20)

where x = 1, 2. The big control parameters would enlarge the
chattering problem, while small values would affect the dy-
namic converging response. So here, a tradeoff is considered
for the design of control parameters. The matrix of modulation
signals [v1d , v1q , v2d , v2q ]T , which is the SMC output in the dq
frame system, can be transformed by matrix TPark4

−1 , and the
following equation can be obtained:

[
v+

1,4 , v
+
2,3 , v

−
1,4 , v

−
2,3

]T = T−1
Park4 ∗ [v1d , v1q , v2d , v2q ]

T (21)

where

TPark4−1 =

⎡

⎢
⎢
⎢
⎢
⎣

TPark2(θ)−1

0 0

0 0
0 0

0 0
TPark2(−θ)−1

⎤

⎥
⎥
⎥
⎥
⎦

.

According to (15) and (21), the system-level SMC diagram
can be obtained, as shown in Fig. 5. The SMC is developed to
control the positive- and negative-sequence components in the
dq frame, which can achieve a fast control of ac currents of two
cluster groups to compensate negative-sequence currents.

3) Equilibrium Point Acquisition in the DQ Frame: Accord-
ing to the compensation principle of negative -sequence currents
in the V/v traction system [38], the expected output currents of
the MRPC can be obtained as follows:
⎧
⎨

⎩

ica
r = iLa −

[
Im ∗ sin

(
ωt − π

6

)
+

√
3

3 Im ∗ sin
(
ωt + π

3

)]

icb
r = iLb −

[
Im ∗ sin

(
ωt − π

2

)
+

√
3

3 Im ∗ sin(ωt − π)
]

(22)

where Im = (Iap + Ibp)/2 is half of the sum of two active cur-
rent amplitudes. According to the feature of the MRPC, the
current reference of each cluster can be obtained as

{
i1,4

r = (icb
r − ica

r )/2

i2,3
r = (icb

r + ica
r )/2.

(23)

According to the analysis of the MRPC, the overall energy
of the compensator is naturally balanced when ignoring its own
loss. Due to the existence of switching losses and power loss
of a resistor, the capacitor voltage of the cascaded cells will be
reduced. Therefore, in the steady state, the MRPC has to absorb
some active current from the traction feeders to maintain the
submodule capacitor voltage balanced, which can be achieved
by controlling the active current of each cluster.

The sum of the capacitor voltages uΣ
c1 , u

Σ
c2 , u

Σ
c3 , u

Σ
c4 of the

cascaded cells corresponding to each cluster can be obtained by
the detection link, and then the average value can be obtained
as follows:

udcave = (uΣ
c1 + uΣ

c2 + uΣ
c3 + uΣ

c4)
/

4N (24)

where N is the number of H-bridge cells for each cluster. Then,
the dc correction signal ΔI of the active current can be obtained
by the PI controller using the voltage difference (udcave − uref),
as shown in Fig. 4. The reference currents i∗d1,4 and i∗d2,3 , which
can keep the cluster voltage balanced, can be obtained separately
by multiplying the dc signal with the synchronous signals sea

and seb , respectively. Therefore, the total ac reference signal for
each cluster can be obtained as follows:

{
i1,4

∗ = i∗d1,4 + ir1,4 = ΔI ∗ sea + (icb
r − ica

r )/2

i2,3
∗ = i∗d2,3 + ir2,3 = ΔI ∗ seb + (icb

r + ica
r )/2.

(25)

Therefore, the reference signal in the dq frame can be obtained
by using matrix TPark4 to transform the reference signal matrix
[i∗1,4 , i

∗
2,3 , i

∗
1,4 , i

∗
2,3 ]

T , and there is

[i1dref , i1qref , i2dref , i2qref ]
T = TPark4 ∗

[
i∗1,4 , i

∗
2,3 , i

∗
1,4 , i

∗
2,3

]T

(26)

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Ṡ1d = − 1
L (RS1d + Ri1dref + Li̇1dref + ε1d sgn(S1d) + k1dS1d)

Ṡ1q = − 1
L (RS1q + Ri1qref + Li̇1qref + ε1q sgn(S1q) + k1qS1q)

Ṡ2d = − 1
L (RS2d + Ri2dref + Li̇2dref + ε2d sgn(S2d) + k2dS2d)

Ṡ2q = − 1
L (RS2q + Ri2qref + Li̇2qref + ε2q sgn(S2q) + k2qS2q).

(17)

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S1d Ṡ1d = − 1
L [(R + k1d)S2

1d + S1d ∗ (ε1d sgn(S1d) + Ri1dref + Li̇1dref )] < 0

S1q Ṡ1q = − 1
L [(R + k1q)S2

1q + S1d ∗ (ε1q sgn(S1q) + Ri1qref + Li̇1qref )] < 0

S2d Ṡ2d = − 1
L [(R + k2d)S2

2d + S2d ∗ (ε2d sgn(S2d) + Ri2dref + Li̇2dref )] < 0

S2q Ṡ2q = − 1
L [(R + k2q)S2

2q + S2q ∗ (ε2q sgn(S2q) + Ri2qref + Li̇2qref )] < 0.

(19)



1248 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

Fig. 4. Current reference acquisition of the MRPC.

where

TPark4 =

⎡

⎢
⎢
⎢
⎢
⎣

TPark2(θ)
0 0

0 0
0 0

0 0
TPark2(−θ)

⎤

⎥
⎥
⎥
⎥
⎦

.

So, it can be obtained that the equilibrium points of the system
in the dq frame are [i1dref , i1qref , i2dref , i2qref ]T .

B. AC Current Control in the Cluster Groups

According to [16], when the MRPC is used to compensate
reactive power of two traction arms, a positive dc active power
Pd will be generated in clusters 1 and 4; meanwhile, a negative
dc active power −Pd will be generated in clusters 2 and 3. There
is

Pd =
√

3U ∗ IQ/8 (27)

where U is the voltage amplitude of the traction power arm, and
IQ is the amplitude of the compensated reactive current. So,
when the MRPC is used to compensate reactive currents in the
V/v traction system, it is necessary to control the differences of
active power of the clusters, which will bring on the divergence
of the capacitor voltages between two cluster groups. Here, a dc
circulating current injection method is adopted to achieve the
active power rebalance and maintain the dc-link voltage stable,
as shown in Fig. 5.

Here, ucav14 is defined as the average value of the capacitor
voltages of group 1 composed of clusters 1 and 4, and ucav23 is
defined as the average value of the capacitor voltages of group
2 composed of clusters 2 and 3. The following equation can be
obtained:

{
ucav14 = (uΣ

c1 + uΣ
c4)

/
2N = (ucav1 + ucav4)/2

ucav23 = (uΣ
c2 + uΣ

c3)
/

2N = (ucav2 + ucav3)/2.
(28)

Assuming the circulating voltage reference is uzref, and then
the feed-forward reference izref of dc circulating current can
be calculated as Pd/uzref. To eliminate the interference caused

by the capacitor voltage deviation and the resistance R, the
difference of the total capacitor voltages between groups 1 and
2 is fed into the PI controller, so a correction signal Δizref can
be obtained. Δizref can be superimposed with izref to obtain the
total reference signal izr of circulating current. As the circulating
current iz is the direct current, PI can be used to achieve a rapid
and accurate tracking of the reference, and then the correction
signal Δuz of the circulating voltage uzref can be obtained. So,
the circulating voltages uz1 and uz2 for groups 1 and 2 can be
obtained

{
uz1 = (uzref + Δuz)

uz2 = (uzref − Δuz).
(29)

Under the premise of voltage balance between two cluster
groups, it is necessary to consider the voltage balance of H-
bridge cells in each cluster. Here, the individual balance control
is adopted for each cluster [26], [39], which can be achieved
by carrier phase-shift modulation, as shown in Fig. 5. Summing
up the output values of each layer of the controllers, the total
modulation signal mxy for the yth H-bridge cell in the xth cluster
can be obtained as follows:
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

m1y =(v1,4 + uz1 + Δu1y )/udcave

m2y =(v2,3 − uz2 + Δu2y )/udcave

m3y =(v2,3 + uz2 + Δu3y )/udcave

m4y =(v1,4 − uz1 + Δu4y )/udcave

,

{
v1,4 =v1,4

+ + v1,4
−

v2,3 =v2,3
+ + v2,3

− .

(30)

IV. VERIFICATION

The experiments are carried out in this section to verify the
effectiveness of the control methods and structures studied in
this paper. A 380 V level prototype of the V/v traction system
and the compensator is established in the laboratory. The phys-
ical structure of the device is given and described in Fig. 6.
Two single-phase transformers are used as the V/v traction sys-
tem, and the voltage of the traction power arm is 220 V. The
pictures of the prototype system are shown in Fig. 7. Fig. 7(a)
shows V/v traction power system and simulated loads, while
Fig. 7(b) shows the prototype of RPC, DSP control board, and
power module. Two single-phase isolated transformers are used
for the MRPC, and two cascaded cells are adopted for each
cluster. DSP2812 is used to sample signals and calculate the
current control algorithm, and field programmable gate array is
mainly used to output and drive PWM signals. The experimental
parameters of the prototype are shown in Table I.

At first, the load is located at a phase-a traction power arm,
and the MRPC is not enabled to output, so at this time there are a
large amount of NSCs in the three-phase grid currents. And then
the MRPC is enabled to transfer active power and compensate
reactive power sequentially. The active power is transferred at 40
ms, and then the reactive power is compensated at 140 ms. The
waveforms of three-phase grid currents and output currents of
the MRPC are shown in Fig. 8(a). After compensation, the NSCs
are significantly reduced and the three-phase grid currents are
almost symmetrical. At this time, the unbalance level of three-
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Fig. 5. System control diagram of the MRPC.

Fig. 6. Implementation diagram of the device.

Fig. 7. Picture of the prototype system. (a) V/v traction power system and
simulated loads. (b) RPC’s prototype, DSP control board, and power module.

TABLE I
EXPERIMENTAL PARAMETERS

phase grid currents decreased from 100% to 3.66%. What is
more, the grid voltage usa and the grid currents isa are shown in
Fig. 8(b). It can be seen that the grid current is in the same phase
with the grid voltage after compensation, which can justify the
capability of the MRPC for reactive power compensation. The
current waveforms for each cluster are shown in Fig. 8(c). When
it is used for the transferring of active power, the cluster currents
in each group are almost the same and the circuiting current
is basically 0. Because of the reactive power compensation,
a dc circuiting current is injected to achieve the rebalance of
active power of each cluster, as shown in Fig. 8(d). The average
capacitor voltages of each cluster are shown in Fig. 8(e), and the
multilevel output voltage waveforms of each cluster are shown
in Fig. 8(f). So, it can be seen that the capacitor voltages can be
maintained stable during this period.

The results show that the MRPC can output the expected ac-
tive and reactive currents to compensate the NSCs and improve
the power quality of the railway traction system.

Due to the fluctuation of the railway loads, MRPC and its
control system should be enhanced for the dynamic performance
and the robustness. To verify the dynamic tracking effect of the
SMC system, the locomotive load is simulated as sliding from
phase-a power arm to phase-b power arm, and the experimental
results are shown in Fig. 9. There is a neutral segment between
two traction power arms. So, when the locomotive load enters
this neutral segment, the load currents and grid currents will
be 0, and the MRPC does not have to output. After 0.2 s, the
locomotive load will enter the b-phase traction power arm, and
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Fig. 8. Experimental waveforms before and after the compensation of the
MPRC. (a) Three-phase grid currents and currents of two traction arms.
(b) Grid voltage and current of phase a. (c) Currents of four clusters. (d) DC
circuiting current. (e) Average capacitor voltages of each cluster. (f) Multilevel
voltage waveforms of each cluster in the steady state.

Fig. 9. Current tracking waveforms when the locomotive loads are fluctuated.
(a) Three-phase grid currents and MRPC output currents. (b) Currents of four
clusters. (c) Average capacitor voltages of each cluster. (d) Sliding surfaces S1d
and S1q .

then the MRPC will be put into compensation again, as shown in
Fig. 9(a) and (b). The average capacitor voltages of each cluster
are shown in Fig. 9(c), and they can be maintained stable during
this period.

When the locomotive load departs from the a-phase traction
power arm, the MRPC with the SMC can quickly reduce the
output currents. Meanwhile, the locomotive load gets into the b-
phase power arm, the MRPC is enabled to work and can rapidly
increase the output currents, as shown in Fig. 9(b). Seen from
Fig. 9(a) and (b), the system with SMC can almost recover to
the steady state again within 30 ms. This response time includes
the delay caused by sampling link and detection link of current
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Fig. 10. Current tracking waveform of SMC under the parameter change condition. (a) When the error is +20%. (I) Three-phase grid currents and currents of
two traction arms. (II) Four cluster currents. (III) Average capacitor voltages of each cluster. (b) When the error is –20%. (I) Three-phase grid currents and currents
of two traction arms. (II) Four cluster currents. (III) Average capacitor voltages of each cluster.

references, and the low-pass filter of detection link is the main
origin. It can be seen that the SMC with exponential reaching
law can make the state variable rapidly return to the sliding
surface when the error of state variable is far away from the
sliding surface, as shown in Fig. 9(d). So, the SMC system can
enhance the dynamic performance and guarantee a good control
effect in the varied environment of traction loads.

To verify the robustness of the SMC system against the pa-
rameter change, a contrast experiment is carried out in the paper.
The inductance L in each link is changed and set to 20% and
–20% of the nominal value, as shown in Fig. 10. It can be seen

from Fig. 10(a-I) and (b-I) that when the filter inductance is
changed suddenly, the MRPC with the SMC system can still
track to the references rapidly and keep the waveforms of grid
and traction currents well. The unbalance levels of grid currents
are 3.54% and 3.76% when the parameter error of inductance is
+20% and –20%, respectively.

In addition, the cluster currents and the cluster average capac-
itor voltages can be well controlled, as shown in Fig. 10(a-II),
(a-III) and (b-II), (b-III). Therefore, SMC can enhance the ro-
bustness of the MRPC against the interference. When SMC
is used, even if there are some mismatches in the system, the
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MRPC can output reactive and active currents to compensate
the NSCs normally, and it can maintain the stable operation of
the system.

So, the MRPC with the SMC system can operate in the se-
vere railway environment such as parameter mismatches and
load fluctuations, to achieve the requirements of power quality
compensation of the railway system.

V. CONCLUSION

In this paper, first, the equivalent circuits of the MRPC under
the V/v traction system are established and analyzed. According
to the symmetrical feature of the MRPC, the mathematical mod-
els of two cluster groups can be considered as the relationships
in an αβ coordinate system, and then the positive- and negative-
sequence dq models for two cluster groups can be derived. As
the complexity of the high-speed railway system is increasing,
and its operating environment varies from time to time, so it is
unrealistic to design the control system with precise mathemat-
ical models. To enhance the robustness of the system, a SMC
with the exponential reaching law in the dq frame is studied
for the MRPC, which can achieve active power transferring and
NSC compensation. In the presence of parameter uncertainties,
the SMC system can keep stable and ensure the appropriate per-
formance; meanwhile, it can alleviate the influence caused by
the external disturbance.
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