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Abstract—Power quality (PQ) problems of AC railway
systems have become a major obstacle so that over the years
different compensation methods have been introduced to
dominate them. Railway Power Quality Compensator (RPQC) is
one of the effective strategies which had been presented with
different structures and compensation methods. However, these
conditioners basically have high capacity and also high potential
to be exposed to destruction due to the shoot-through switching.
In this paper a quasi Z-source based Railway Power Quality
Compensator (qQZRPQC) is proposed to improve mentioned
problems. The proposed configuration is based on two-phase,
three-wire converter composed of two step-down transformers
connected to the two adjacent sections of the traction power
substation. Despite having the all features of traditional RPQC,
the proposed configuration can decrease the rating of the
converter and increase the efficiency and reliability. In order to
verify the performance and effectiveness of the proposed strategy
the precise simulation results have been provided.

Keywords—power quality; AC railway network; quasi Z-source
converter; traction power substation

I. INTRODUCTION

Single-phase 25 kV AC power supply system is being
widely adopted in rail networks around the world. The power
quality problems of such a network in the local and upstream
grid are one of the main concerns of experts [1-3]. Due to the
using of single-phase supply, the railway system generates a
large amount of negative sequence components (NSC) to the
public grid. These NSC can lead to additional loss,
overheating of motors and transformers, undesired tripping
and failure of relays [4, 5]. On the other side, the wide
spectrum of harmonics is also generated by traction motor
drives, pantograph sliding contact uninterruptible power
supply for the feeding of on-board auxiliary services and etc.,
which may lead to torque pulses and drops of rotating
machines, interface  with the signaling systems,
communication devices additional temperature rise of
equipment, vibrations of power capacitor banks and protective
systems [6, 7]. In fact, due to the high-power and high-
capacity trains of high-speed railway (HSR), research and
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concentration on RPQC has been increased significantly. In
recent years, numerous researches have accomplished about
different aspects of RPQC containing, configuration,
compensation strategies and control system [8-10]. Despite the
fact that the power rating and efficiency of RPQC is
substantially important, the number of articles regarding to
this area, is limited. In [11] a Hybrid Power Quality
Compensator was introduced in order to decrease the
operating voltage level and the rating of compensator. But, the
low operating voltage reduces the system efficiency
compensating performance. A simplified half-bridge based
back-to-back converter is presented in [12] which leads to a
decreased number of power switch in RPQC. However,
reduction in the switch number increases the voltage and
current stress over switches. In addition, this topology formed
by two DC-link capacitors in series, which lead to the complex
and difficult DC-link voltage control system. Adopting TSC
along with RPQC and parallel with feeders was proposed in
[13] to reduce the power rating. It should be pointed that using
TSC can generate a wide spectrum of harmonics and cause
additional installation costs. Beside all the restrictions
mentioned, all of the introduced structures for RPQC are
based on Voltage-Source Converter (VSC). The VSC acts as a
buck converter in inversion mode and boost converter in
rectification mode. Due to the fact that, the RPQC works in
both modes, the operational DC-link voltage and capacitor
rating together with the rating of whole converter should be
high enough. In [14] a traditional Z-Source Converter (ZSC)
is used in configuration of railway compensator in order to
benefit its advantages. However, the voltage fed ZSC has
some substantial drawbacks such as the input current is
discontinuous and the capacitors sustain a high voltage rating.
Also, control of ZSC in a back-to-back configuration is a
complex [15]. As a result, because of discontinuous input
current, it is hard to control the DC-link voltage. Also, the
employed capacitors in the configuration of compensator
endure a high voltage. In addition, the power transferring in
this topology is wunidirectional. In this paper a new
configuration of RPQC based on quasi Z-Source Converter
(qZSC) is proposed to overcome the mentioned limitations.
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The proposed topology is formed by qZSC together with two-
phase, three-wire converter which is connected to the adjacent
sections of Traction Power Substation (TPSS) through two
step-down transformers. It can compensate all the important
PQ indexes, including harmonics, NSC and low Power Factor
(PF) simultaneously. The continuous current of DC-link
capacitor in this ¢ZSC makes this system suitable for railway
power conditioning systems. The paper is structured as
follows. In section II the proposed system details together with
equivalent circuit are presented. Then in section III, the
modified control strategy of qZRPQC has been studied in
details. In section IV, the simulation results and analysis are
presented and compared and finally, section V summarizes the
paper and draws conclusions.

II. PRINCIPLES OF PROPOSED QZRPQC

A. Configuration

Fig.1 demonstrates the configuration of proposed ¢ZRPQC
in 1x25kV TPSS. The load currents in right and left sections
(ir, i) are forwarded to the traction motors through the
overhead contact system and pantograph. In order to do the
compensation duty such as compensate NSC, harmonic and
reactive power completely, the primary side currents (ia, is, ic)
should be completely sinusoidal, balanced in both phase and
amplitude and also in the same phase of their voltages (Va, Vs,
V). Considering the three-phase to the two-phase traction
transformer (known as balanced transformers) specifications
used in TPSS, the secondary side currents of (ir, ir, ig) are
adjusted by injecting of the compensation currents (i, ir, irG)
through interface inductances (L) and step-down transformers.
The phase diagram of TPSS voltages and currents is illustrated
in Fig. 2. Regarding the type of traction transformer employed
in TPSS and their secondary side connections, the currents in
each section and the three-phase currents in primary side can
be calculated as follows [16]:
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0=-1200
N

Fig. 2. Phase diagram of currents and voltages before compensation

i (6,-9,) i(6, _z_%)

1Qge" ™+ e 7 3 )

iy oz )
i(6,—=—=%) (6 —

ig =£ OHle 3 —{Je’('gﬂ @)

. 3a x

e -5

) i(6,
~1(Ge' ) 428 3T

Where 7’ is the effective value of phase current, ‘(" is the load
balance ratios, ‘¢, ’is the phase angle of ', and ‘¢, 'and ‘¢, ’

respectively are the phase difference of current and voltage in
right and left sections. As seen in the figure, before
compensation, the current amplitudes of the two sections are
unbalanced and the primary side currents are asymmetrical
too.

B. Equivalent Circuit and Operating Description

The equivalent circuit of the compensation system is shown
in Fig. 3.a. Extracting the reference currents by modified
control system, the proposed gZRPQC produces and injects the
compensation currents to the system. In order to have a
symmetrical qZSC the inductors L; and L, and capacitors C;
and C; values are considered equal as L and C. The proposed
gqZSC has two working states. One is non shoot-through state
illustrated in Fig. 3.b. In this case the qZSI operates as a
traditional VSI and becomes an equivalent current source. The
other one is the shoot-through state illustrated in Fig. 3.c. In
this case the switches of at least one bridge leg are turned on.
All the voltages and currents together with their polarities are
defined in Fig. 3. Considering switching cycle as Ty, the period
of the shoot-through state as 7, and the period of non-shoot-
through states as T7, the relations of switching cycle and shoot-
through duty ratio can be written as:

Ts =T, +T,

T/

D. =!sn

Sh T,
T,

1-Dy, :/Ts

During the non-shoot-through state the current flows from
the Z-source network through the compensator inverter and
single-phase transformers to the two adjacent sections of TPSS.
As shown in Fig. 3.b it can be represented by an equivalent
current source.
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Fig. 3. Equivalent circuits. a) proposed compensation system b) qZRPQC
non shoot-through state ¢) ZRPQC shoot-through state

The following equation can be calculated from this figure:

vV, =V. -V
L in C, (4)

V., =7,

V :Vc, _VL, :VC, "'VC2
Where Vj, is the DC-link voltage and V,, is the DC-link
voltage across the inverter. In the shoot-through state the
inverter side of gZRPQC is shorted. Fig. 3.c shows this state
and following equation can be calculated:
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The inductor average voltage, over one switching cycle in
steady state should be zero. Then:
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The peak value of DC-link voltage across inverter can be
calculated as:
. 1 3
Vaul :VC| +VC2 = Vin :ﬂVin ( )

1-2Dq,

[ is the boost factor of the qZSC. Using this boost

specification, can decrease the capacity of DC-link voltage and
capacitors. Considering M as modulation index, maximum ac
output line to line voltage in qZRPQC can be written as
follows:

V.=M.B V2 ®)

III. CONTROL OF QZRPQC

In this part the modified control system for qZRPQC is
presented. The proposed control system for qZRPQC
composed of three main parts, including the reference current
detection system, modulation strategy with the capability of
shoot-through implementation and DC-link voltage controller.

A. Reference Current Detection Strategy

Due to the fact that, the secondary side connections of
different transformers used in TPSS are not same, using control
algorithm base on secondary side limits the performance of
compensator. Therefore, in order to design a comprehensive
control method and considering the difference between two
main theories for implementing in proposed two phases system
[17], a modified strategy based on Synchronous Reference
Frame (SRF) is proposed. This method can be used for all
kinds of TPSS transformers. As depicted in Fig. 4, using the
Phase Locked Loop (PLL) and making /2 lag in instantaneous
voltages and currents, the obtained system can be represented
in of} -coordinate system as (10)-(11).
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Where V'’and i’are w2 lag of voltages and currents.
Implementing Park transformation, the currents in d-q frame
can be calculated as:
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Where, @, and @, are the right and left sections voltage angle.
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Fig. 4. Converting two-phases af-coordinate system to SRF.
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A numerical based low pass filter (NLPF) using variable
forgetting factor recursive least squares (VFF-RLS) is
implemented to separate dc parts and ac parts of currents [18].
In order to balance the currents, half of the fundamental
current difference of the two sections should be transferred
from the heavily-loaded section to the lightly-loaded section.
Also, in order to compensate reactive power of the system
caused by secondary connection of TPSS transformer, the
common active power should be multiplied by a constant and
added to the reactive powers [16]. The deferential and
common currents of the two sections are as follows:
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The required currents for producing the reference
compensation currents can be calculated as:
g (O +AT
ir ) . 1 -
lz:l(t) B qu(t)"'(flcom(t)) (15)
ita®| |, 0)-AT

ifg®) . 1 -

! lig (t)_(ﬁlcom (t))

Where, A1 is the difference of consumed fundamental current
in two phases, ip,(t)and i;, (¢) are the ac parts of right and
left sections currents in d axis. Similarly, i, q and j; g are the
reactive components in q axis. The primary reference

compensating currents can be calculated using the reverse
Park’s transformation.
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The block diagram of proposed SRF based control strategy is
illustrated in Fig. 5. The primary output reference currents are
forwarded to the further controller section which is depicted in
Fig. 6. This section will be explained in next section.
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Fig. 6. Voltage controller and modulation technique block diagram

B. Current Control based Modulation System

Many PWM techniques together with special space vector
modulation have been presented with embedded shoot-trough
state [19, 20]. The main drawback of these techniques is the
high demands to the complex control system. On the other
side, due to the fast dynamic of traction system, there is a need
for a fast and accurate control system. Hysteresis current
control (HCC) technique is basically an instantaneous
feedback current control of PWM where, the actual current
continually tracks the reference current within a hysteresis
band. The HCC PWM technique is well known because of the
excellent dynamic response, simplicity, fast deadbeat transient
response, high accuracy with minimum hardware and
overcurrent protection [21]. However, it is difficult to
implement it in a conventional format considering shoot-
through states. In this case, a modified three modes HCC
technique with distributed shoot-through states is proposed.
The modified HCC PWM technique is set as upper and lower
hysteresis band / and an interval band & called shoot-through
zone as shown in Fig. 7. When the actual current reaches the
upper band the zero state is switched on. Therefore, the actual
current forced to reverse direction. As soon as the actual
current crosses the shoot-through band, the shoot-through state
is switched on.

Shoot-through band Actgal current
4 <

Reference current

%, 7 7.

Active state Zero state Shoot-Through state

Fig. 7. Currents tracking in modified hysteresis PWM modulation technique



TABLE L SWITCHING PATTERNS OF PROPOSED QZRPQC
Operation Switching states
Mode Si S Sz Sy Ss Ss
1 0 0 0 0 1
1 0 1 0 0 0
Non 0 0 1 0 1 0
Shoot-through 0 1 0 0 1 0
0 1 0 1 0 0
0 0 0 1 0 1
Jero 1 0 1 0 1 0
0 1 0 1 0 1
1 1 S3 S3! S5 S5!
S1 S1 1 1 S5 S5!
S1 S1! S3 S3! 1 1
Shoot-through 1 1 1 1 S5 S5!
1 1 S3 S3! 1 1
S1 S1! 1 1 1 1
1 1 1 1 1 1

Sx! is logical not of Sx. (x=1, 3, 5)

When the actual current reaches the lower band the active
(non-shoot-through) state is started. Therefore, the actual
current starts going up. The three-mode switching pattern is
illustrated in Table I. All these states can be operated by
proposed HCC method. Adjusting the band ratioes of /# and 4,
it can regulate the boost rating factor.

C. Voltage Controller

Regarding to qZRPQC topology and compensating of NSC,
harmonic currents and reactive power, the DC-link capacitor
voltage and output voltage of Z-source network should be
stabilized to prepare an accurate performance of compensating.
In order to reinstate this voltage, a conventional PI controller
has been employed. This controller compares the reference
voltage and measurement voltage and produces the proper
signals to make the charging and discharging of capacitor
balanced. As shown in Fig. 6, the final reference currents can
be extracted as:

L ® .y .
LR =1Ra+lRS (18)
L ® e .
Ly, = lLO{ +ILS
g =~ +ir)
Where, ipg and i, are the stabilizing currents determined by
PI controller.

IV. SIMULATION RESULTS

In order to validate the effective performance of the proposed
configuration, simulations based on MATLAB/Simpower
software have been carried out in two cases.

N

<
8 40 i Positive sequence current 4
Z
820 . J
@] \, —
2 0 Negative sequence current | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
~ 20
3
2
§ 0
§ 20 F Phase of PSC N
ki . J Phase of PSC
&40 I I 0 | I
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec.)
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In case 1, there are two trains in both adjacent sections of
TPSS with Load Balanced Ratio (LBR= 0.5). The power of
train in right feeder (phase ‘ac’) is 6 MW with PF of 0.86. In
left feeder (phase “bc’) the power is considered 3 MW with PF
of 0.86. Due to the low power factor and harmonic
characteristics of railway systems, traction load is modelled
using a half controlled rectifier parallel with a resistance and
inductance. The RPQC switched on at t= 0.2 s and
compensation started. In case 2, at t= 0.4 s it is considered that
the right section of the TPSS has no train and there is a train
only in the left section (LBR=0). It can be seen from the
simulation results shown that the Current Unbalanced Ratio
(CUR), has been decreased so dramatically after using
gZRPQC. The positive and negative sequence currents which
are illustrated in Fig. 8 confirm this claim. In Fig. 9 active and
reactive power of grid-side are shown. It is obvious that after
starting of compensating the amount of reactive power
consumed from the grid-side has been dropped to near zero.
Therefore, the PF has improved from 0.86 to 0.99. As
illustrated in Fig. 10, before compensation, the three-phase
network-side currents are significantly unbalanced and
overfilled of harmonic components. After compensation, the
currents are getting sinusoidal and %THD has been reduced
significantly in all cases. The phase currents and voltages of
network-side are indicated in Fig. 11. The sinusoidal current
waveforms after compensation are in the same phase of their
voltages and PF had been improved.
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Fig. 10. Grid-side three-phase currents
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V. CONCLUSION

In this paper, a new topology of railway power quality
compensator has been presented to suppress harmonic currents,
improve PF and eliminate NSC in TPSS. In the proposed
configuration, adopting a qZSC together with a two-phase,
three-wire converter leads the compensator as three controlled
current source, which generate compensating reference
currents through two step-down transformers and three
switching inductances. A modified SRF based control strategy
together with modified HCC is presented to control the
proposed compensator. The qZRPQC has high capability to
work with widely used traction transformers (V/V, Ynvd,
Impedance matching). Due to the fast dynamic of railway
systems, the analysis has investigated in two cases of load
translocations. The precise simulation results verified the
effective performance of the proposed strategy.
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