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Abstract: Power quality conditioners based on modern power electronics technology were proposed to solve the power quality
problems of the electrified railway power supply system. Large-capacity power converters are used as the main circuits of the
compensator, which is one of the main reasons for the high initial cost of the railway power conditioner. A hybrid power
quality conditioner (HPQC) for co-phase power supply system in electrified railway is proposed in this study. The HPQC
adopts a single-phase back-to-back converter. It connects to the feeding phase of the balance feeding transformer via an
L—C branch and to the other phase via a coupling transformer. To inject the same compensating currents to the traction
power supply system, the DC bus voltage of the HPQC could be much lower than that of an active power conditioner
(APC). As a result, the cost of the power quality conditioner is reduced. Simulation models are built with a HPQC
connected to the secondary side of a 110kV/27.5kV V/V transformer. Simulation results show the HPQC could
compensate reactive current, unbalance current and current harmonics simultaneously. Comparisons with an APC are also
given. A small-capacity experimental prototype is built in the laboratory to validate the HPQC and testing results are also
provided.

V, voltage across coupling impedance at a-phase
Nomenclature Le ge ac ping mp «p
X coupling impedance between S-phase converter

v4, Vg, Ve Voltage at primary side of traction transformer and supply system

Vas Vg voltage at secondary side of traction transformer Ve voltage across coupling impedance at 3-phase
i4, i, ic currents at the primary side of traction transformer
ig, Ip, i.  currents at the secondary side of traction
transformer 1 Introduction
ir current of traction loads
irip» ir14 active and reactive component of fundamental The 25kV s1.ngle-phase AC supply ha§ been widely gdopted
frequency component of load current in the long-distance electrified railway in many countries. The
) b . ¢ ion load electrical locomotives generate reactive power and harmonic
ILn armonic component of traction load current currents in traction power supply systems. The single-phase
Ipas ipp, ~ COmpensating currents inject to the secondary side traction loads also inject large unbalance currents to
Ipe of traction transformer the three-phase power grid and cause voltage
oS @; displacement power factor of traction load unbalance subsequently. As the amount of rail traffic
K the ratio of turns of traction transformer increases, the issue of power quality distortion becomes
. ) more critical [1-3].
Ipal_set the fundamental frequency compensating current In 1990s, balance feeding transformers are used in a few
of phase 4 under a set load condition traction power supply substations (SSs) in China. The
Viavee output voltage of a-phase and B-phase converter system configuration of traditional traction power system is
Vinvg shown in Fig. 1. There are several balance transformers,
Viaval fundamental frequency component of output such as Scott, YNvd, V/V and impedance balancing
voltage of a-phase converter transformers [4—6]. Among them, the V/V transformer has
. the simplest structure. These transformers could convert the
Vinvan harmonic component of output voltage of a-phase - -
three-phase supply into two single-phase voltage sources,
converter . . . : .
o which supply two neighbouring sections, respectively.
Xic coupling impedance between a-phase converter Unbalance currents could be reduced under this supply
and supply system mode. However, perfect compensation of the unbalance
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Fig. 1 Traditional traction power supply

currents could only be achieved when the currents of the two
phases at the secondary side are balanced. The chances of
having equal loads are very small. In addition, the
harmonics and reactive currents from the traction loads
could not be compensated. Compared to passive
compensation techniques, active compensators could
compensate more than one power quality distortion
simultaneously and have better dynamic performance. Field
testing results of the railway static power conditioner in
Shinkansen in Japan were reported around 2004 [7]. Studies
about using active power conditioners (APCs) to operate
together with the balance transformer could be found in [8—
11]. Recently, the multi-level converter for railway power
quality conditioner has been studied [12, 13].

As shown in Fig. 1, the traction power system is separated
into electrically isolated sections with length of 20—30 km by
neutral section (NS). Each section is separately fed from a
single-phase voltage supply. The length of the NS varies
from several hundred metres to more than 1 km. The fact
that electric locomotive needs to slide across the NS
without power supply, affects its speed and may make the
passengers feel uncomfortable. In addition, expensive
automatic switches and their controllers are required for
switching the power supply of the locomotive at each NS
[14, 15].

As more heavy-load high-speed trains are put into use in
China, more distortion currents are injected to the supply
system. At the same time, it is preferred that these new
trains have a continuous supply without interruption.
Therefore the co-phase traction power supply systems with
balance transformer and active power compensator were
proposed so as to feed the single-phase traction loads
without the three-phase side voltage unbalance and
distortion [12, 16—19]. The number of NSs could be cut
down by half in the co-phase power supply system. The
remained NS can be replaced by section insulator, for
which the requirement of insulation is reduced since the
terminal voltage difference between the two neighbouring
sections is much smaller. The configuration of the co-phase
power supply system is shown in Fig. 2, in which a V/V
transformer is used as the balance feeding transformer.
Other balance feeding transformers are also applicable, but
the current relationships on the primary side and secondary
side are different because of transformer winding
connections. The two outputs of the balance feeding
transformer supply the same section in the co-phase power
supply. As a result, the maximum rating of the locomotive
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Fig. 2 Co-phase traction power supply

¥

on each section is doubled without increasing the capacity
of the traction transformer.

In the co-phase power supply system, one phase at the
secondary side of the traction transformer directly supplies
the traction loads. The other phase supplies the loads
indirectly via a power conditioner. The single-phase back-
to-back converter is adopted in the power conditioner,
which could balance the active currents between the
transformer’s two secondary windings. Since one side of
the power conditioners is connected in parallel with the
traction loads, both the harmonic and the reactive powers
at the load side are compensated simultaneously. However,
the ratings of the power converter in the power quality
conditioner for the co-phase power supply system could be
larger than 10 MVA. The initial cost of the power converter
is around USD60 per kVA whereas the passive filter only
requires USDS5 per kVA [12]. Therefore the high initial cost
is the main obstacle for promoting the co-phase power
supply system.

In this paper, a novel hybrid power quality conditioner
(HPQC) is proposed for the co-phase power supply system.
The HPQC can achieve active power balancing, reactive
power compensation and harmonic filtering as pure APC in
the co-phase power supply system. However, the rating of
the back-to-back converter can be lower. It is estimated that
about 30% of the initial cost of the converter can be saved.
Since the power converter in railway power compensator
ranges from several MVA to more than 10 MVA, a large
amount of money could be saved. In Section 2, the system
configuration and the operational principle of the co-phase
power supply system are provided. The ratings of the power
converters in HPQC are analysed in Section 3. The control
system is implemented in Section 4. Simulation verification
and comparisons with pure APC are provided in Section
5. Experimental results are given in Section 6.

2 Operational principle of the co-phase
power supply system

The system configuration of the co-phase power supply
system is given in Fig. 2, in which a V/V transformer is
selected owing to its low cost and simple connection. If the
proposed co-phase power supply with power quality
conditioner could work, the three-phase currents at the grid
side would be balanced and in phase with the voltages.
Based on this assumption, the compensating currents of the
power conditioner are deduced.
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It is assumed that the three-phase voltages at the grid side
are expressed as

V4 V2V, sin wt
vg | = | V2V, sin(wt — 120°) (1
Ve V2V sin(wt + 120°)

The voltage at the secondary side of the V/V transformer is
expressed in (2), in which v, directly supplies the electric
traction loads

Va | _ | Vae | V2V, sin(wt — 30°) 2)
Vg Ve V2V, sin(wt — 90°)
Without the power conditioner, the load current at the
secondary side of the traction transformer is

ia iL
ic _iL

Load current is divided into the fundamental frequency
component, iz, and the harmonic component, i;,, as in

ip =i, iy tig, “)
where iz, and iz, are, respectively, the active component

and the reactive component of the load current, and could
be expressed as

iy, = ~21p,, sin(wt — 30°) 5)
i1, = —~2I,,, cos(wt — 30°) (6)

where ]Llp = ILl COS ¢, and ]qu = ILl sin Q1. @1 denotes the
phase angle between the supply voltage and the fundamental
frequency current of the traction load. The active power
consumed by the traction load is

Py =V, cosp = VaILlp (7

If the power quality conditioner works, compensating
currents are injected

l I = by

ip | = —lpp (8)

i, —ip — Iy

The currents at grid side are balanced and with unity power
factor, as given in

iy V21, sin wt
iy | = | v2I,sin(wt — 120°) €))
ic V21, sin(wt + 120°)

The three-phase grid only provides active power to the
traction loads and the power is expressed as

Py =3V,I, (10)

Since the load active power is provided by three-phase grid,
the power in (7) and (10) should be equivalent, that is,
Ps=P,. In addition, V, =V, x +/3/K, where K is the
ratio of turns of the traction transformer. The root mean
square (rms) value of the source current could be deduced

I, (11)

1
=K

It is assumed that the current harmonics are compensated at
the secondary side of the traction transformer, that is to say,
there is no harmonics passing through the transformer. The
compensating currents of the power conditioner are given in

Ipa 1) Iy
ip | =] 0 |=K| i (12)
ch —I Ic

By substituting (4)—(6), (9) and (11) into (12), equation (13)
is obtained. The compensating currents are constructed by the
fundamental frequency component being in phase with
voltage, and being perpendicular to voltage and harmonics
(see (13))

If the power conditioner could inject the compensating
currents in (13) at the secondary side of the V/V
transformer, the reactive current, the unbalance current and
the harmonic currents are compensated simultaneously and
the grid side currents become balanced with unity power
factor.

3 Capacity optimisation of the HPQC

The topology of the proposed HPQC is shown in Fig. 3, in
which the DC capacitor illustrates the energy exchanged via
the DC part. The topology of the DC bus varies according
to the converter structure. The «-phase converter is
connected in parallel with the traction loads and the
B-phase converter is connected to the other phase of the
V/V transformer.

In previous study [7, 17], coupling transformer is used to
reduce the voltage rating of the power converter. However,
the current rating increases and the total rating of the
converter remains the same. When the multi-level converter
is adopted, the voltage rating of the converter is increased
so that the a-phase converter could connect to the supply
line without the coupling transformer [12]. As a result, the
DC bus voltage needs to be larger than the peak value of
the supply voltage in order to inject the required
compensating currents to the power supply system. In this
paper, the HPQC is proposed, which could inject the same
compensating current with reduced DC voltage. Hence, the
total rating of the power converter is reduced.
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Fig. 3 Topology of the proposed HPQC

3.1 Voltage ratings of the a-phase converter

First, the ratings of the a-phase converter are analysed. The
a-phase converter is connected to the load side via an L—C
branch. According to (13), the a-phase converter needs to
inject fundamental frequency current both in phase with the
supply voltage and perpendicular to the supply voltage in
order to compensate the reactive power and unbalance
currents at the grid sides. Harmonic compensation is also
achieved by the «-phase converter. Based on the
superposition algorithm, the equivalent model of the
a-phase is decomposed into fundamental frequency model
and harmonics model, as shown in Fig. 4. The required
voltage rating is first analysed in the fundamental frequency
model, then followed by the harmonics compensation.

3.1.1 Fundamental frequency model: The impedance
of the L—C branch is expressed as (14). Similar to the
hybrid power filter [20, 21], the L—C branch is resonant at
a certain harmonic frequency and its fundamental frequency
impedance is capacitive

1
=——— ol 14
1€ = HCe c (14)
In order to inject compensating current to the a-phase, the
output voltage of the a-phase converter is expressed as

Vival = Vot Vie =Vao =Xl (15)
where i, is the fundamental frequency compensating current
and V¢ is the voltage across the L—C branch. According to
(14), X; ¢ is a positive value. As shown in Fig. 5, V¢ 1S ipq;
rotating 90° clockwise. The corresponding vector diagram
is shown in Fig. 5.

According to (15), the output voltage of the a-phase
converter is determined by the coupling impedance X; ¢ and
the compensating current iy,;. First, it is assumed that the

fr=iriptivigtin iLiptiLg
—_—

Vie=—JiX ¢ -ipal

ine L Va’m-al _ min

Fig.5 Vector diagram for a-phase converter
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HPQC is used to compensate a fixed load and the
corresponding compensating current is denoted as #ya1 ger-
Given a fixed ipa; s, the coupling impedance X;c only
changes the amplitude of the output voltage of the a-phase
converter, Vi a1, and it varies along the line L. As shown
in Fig. 5, the voltage reaches the minimum value when the
vector Vinva1 is perpendicular to the vector V¢ or in phase
with vector i, s- In this case, the coupling impedance
equals to

XLC = Voz sin G/Ipal _set (16)

The angle 6 is indicated in Fig. 5 and is determined by the
compensating current i,,_se;- According to (13), 6 could be
calculated by (17), in which ¢, = tan™'(I,,,/1,,,) and it is
the angle between the supply voltage V,, and fundamental
frequency load current i;,

1 1
0:tan—1<(—1 +1 ) =y )
2«/§ Llp Llg /2 Llp (17)
:tan_1<1/\/§+2tangol)

As a result, the minimum output voltage of the a-phase
converter is expressed as

Vicval _min = \/chz - ([pal_set)(LC)2 =V, cos 0 (18)

The variation of cos 6 according to the displacement power
factor of the traction loads is shown in Fig. 6. Since the
power factors are generally 0.80—0.85 of the electric
locomotives widely used in China [22], Fig. 6 shows that
the output voltage of the a-phase converter is much smaller
than the system voltage when the HPQC is used since cos 6
is smaller than one. As a result, a smaller DC bus voltage is
required in the proposed HPQC.

The rating of the a-phase converter of the conventional
APC is analysed in the Appendix. Results indicate that the
a-phase converter output voltage of the APC should always
be larger than the supply voltage. The corresponding DC
bus voltage should be larger than the peak value of the
supply voltage. Hence, the power converter of the proposed
HPQC has a smaller rating, which could reduce the initial
cost of the compensators.

3.1.2 Harmonic model for harmonics

compensation: The a-phase converter also works in
compensating harmonic currents of the traction loads. It is

cos @
1

0.8 /
0.6

//
0.4 e
..-'-""'-—————-
—'-""'-—————”
0.2f———]
0
0.4 05 0.6 0.7 0.8 0.9 1

Displacement power factor of traction loads

Fig. 6 Variation of cos 0 according to the displacement power
factor
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assumed that the harmonic voltage drop across the coupling
impedance is mainly generated by the highly current
demand and caused by heavy loading. The effect of voltage
distortion caused by power supplier is not considered.
According to Fig. 4, the output voltage of the a-phase
converter is expressed as

Vinvah = Vch = H ZXCzh[l% (19)
h=2

In the previous part, X; - denotes the fundamental frequency
impedance of the coupling circuit. Actually, X;c is the
summation of the impedance of the coupling capacitor and
the inductor. The L—C branch at the a-phase is designed to
be resonant at nth harmonic to eliminate load harmonics.
The impedance of the LC coupling circuit at the harmonic
frequency is expressed as

1 A\ 1 n’/h—h
Xion = (Z - ;) = =1 Ne=rkc (20)

where 4 denotes the harmonic order. Fig. 7 shows how 7,
varies according to 4. When 7, is positive, the impedance
of the L—C branch is still capacitive, just like the
fundamental frequency impedance. When 7, is negative, the
impedance of the L—C branch becomes inductive.

The impedance equals zero at the resonant frequency. The
zero-crossing point for each curve indicates the coupling
impedance changes from capacitive to inductive. The
harmonic characteristics of the traction loads are given in
[23]. The L—C branch at the a-phase is preferred to be
resonant at the fifth harmonics, although the most
significant harmonic in the load currents is the third order.
As shown in Fig. 7, the impedance increases more quickly
with the frequency for the third harmonic resonant L—C
branch. As a result, selecting the fifth harmonic resonant
L—C branch could reduce the inverter output voltage for
compensating high-order harmonics.

As provided in the Appendix, the coupling impedance of
the inductor-coupled converter increases linearly with the
frequency. Compared to the conventional active power
quality conditioner, the L—C resonant branch of the HPQC
provides zero impedance for the harmonics at resonant
frequency. Its impedance for high-order harmonics also
increases relatively slowly. Hence, the HPQC could also
reduce the voltage rating of the a-phase converter when
harmonic compensation is considered.

Harmonic impedance / fundamental frequency impedance

0.5

0 A=+
) 3 n= 5 -N.-__-.;-_-_-—--_‘-‘-h
05 = ™. T —

N

1 3 5 7 9 11 13
Harmonic frequency / fundamental frequency

Fig. 7 r.. varies as frequency increases
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Finally, in order to compensate the reactive current, the
unbalance and the harmonics, the rms value of the required
output voltage of the inverter could be estimated by

Vinva = Vi%lval + Vi%lvah (21)

However, the peak value of the inverter output voltage is
larger than +/2V,,,,. because the harmonic components are
included. Practically, the inverter DC voltage should be
larger than 2V, to meet the requirement of the power
quality conditioning in the co-phase power supply system.

3.2 Voltage ratings for the B-phase converter

According to (13), the compensating current for the B-phase
is expressed as

. 1 . o 1 o
iy = —5 V21, sin(wt — 90°) + e V21, cos(wt — 90°)

(22)

where 11, = I1; cos ¢;. Unlike the a-phase converter, there
is no harmonic compensation requirement for the B-phase.
Hence, only the fundamental frequency model is analysed,
and the output voltage of the B-phase converter is

Ving =V + VL=V +iXiy, (23)

where V; is the voltage drop across the coupling inductor and
X; = wLr. The vector diagram is shown in Fig. 8. The phase
angle of the compensating current vector i, is given in

(1 1 .
8 = tan l(ilLlp/ﬁzup> = 60 (24)

The direction of voltage vector across the coupling inductor
could be obtained by rotating i,, 90° counter-clockwise.
The amplitude of the output voltage of the [-phase
converter achieves the minimum value when v,z is
perpendicular to V7, as shown in Fig. 8. Since the phase
angle of the B-phase compensating current is a fixed value,
the minimum amplitude of vi,,g equals to V3 Vg/2. For a
small coupling inductor, the voltage rating of the B-phase
converter locates in the range of J3 VB/2 to VB' The
a-phase and the B-phase converter share a common DC
bus. However, their converter voltage ratings may not
match according to the previous analyses. The ratio of turns
of the pB-phase coupling transformer could adjust the
voltage rating of the B-phase converter and therefore solves
this problem. The structure of the conventional APC at the
B-phase is the same as that of the HPQC and the converter
capacity analyses are almost the same.

vy :fxr."T:w

E‘.” ") / vi'm'ﬁ _min

Fig. 8

Vector diagram for B-phase converter
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Fig. 9 System configuration of the co-phase power supply system with HPQC

4 Control system of the HPQC

The system configuration of a co-phase power supply system
with HPQC is shown in Fig. 9. A single-phase full-bridge
back-to-back converter is adopted to illustrate the
operational principle of the proposed system in this section.
In order to suppress the current ripples, an LCL filter is
used. Practically, a multi-level converter needs to be applied
if the a-phase converter is connected to the supply without
the coupling transformer. In that case, the LCL filter could
be replaced by an inductor.

In order to calculate the reference currents in (13), the
instantaneous power method is used. The instantaneous
active and reactive powers are calculated by (25), in which
veq and i,; are 90° delay of the system voltage and load
current, respectively. The active power is further split into a
DC part and an oscillating part, as given in

|:p] — |:vaiL + VadiLd] (25)
q vadiL - vaiLd
P =P +pac (26)

The required a-phase and -phase compensation power can

Va LNy - i N
P =7 Pac* Puc |Pr| Reference | .+ T
P.q P, 2 C -
Calculation 0 | current | pa | %
J‘ Qe =—Pa +qi"i‘. calculation g
o q Y i 2
- @
Detection of a-phase "‘T i o
L= g :‘
Trigger
> 1 . (2]
Ve P Puw="5Pu~P 70| Reference & g | Signals
current  [“pb | T
Vie r sz A q,,| caleulation [~ g
7 P9 —'ﬁf’« 5 1)
Detection of [-phase =Y
Vgl

Fig. 10 Control system of the HPQC
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be expressed, as in (27). The compensating current of
phases 4 and B is transferred to corresponding power by
multiplying the a-phase current by a-phase voltage, and the
B-phase current by B-phase voltage

| —
Epdc +pac
1
Ppa
—=Pd t4
Ga | _ | 23" @7
Ppb 1
Db 2pdc
1
| "2 |

Consequently, the reference currents at each phase is
calculated by (28) and (29) according to the required output
power. Similarly, vgy is 90° delay of the system voltage vg

ok 1 p a
el wl [] e
i :—1 [v v d] |:p”b:| (29)
e

The obtained reference current signal is sent to the hysteresis
current controller. The pulse width modulation signals are
generated for the a-phase and SB-phase converters,
respectively. Fig. 10 illustrates the control diagram of the
proposed HPQC. The HPQC balances the grid-side currents
by transferring active power between a-phase and SB-phase.
The B-phase converter absorbs active power from the grid
side. If the active power taken by the a-phase is smaller
than that provided by the B-phase converter, the DC-link
voltage increases and vice versa. Hence, the [-phase
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converter also works for DC-bus voltage control. The
harmonic compensation is done by the a-phase converter.

As mentioned in the previous part, the DC bus voltage is
set according to the rating of the a-phase converter. It is a
value smaller than the peak value of the supply voltage
since the a-phase converter is connected to the system via
a capacitor and an inductor. However, only a coupling
inductor is used at the p[-phase. Without coupling
transformer, the supply voltage is too high to achieve the
power transfer at this phase. A step-down coupling
transformer is used to reduce the supply voltage at the
B-phase. During compensation, active power is transferred
from the beta to the alpha phase. For the initial boost-up of
the DC link voltage, additional active power is absorbed
from the [B-phase converter via control. As shown in
Fig. 10, the B-phase converter works for DC bus voltage
control. This control can also help in maintaining the DC-
link voltage during compensation.

5 Simulation verification

Simulations are done by using PSCAD/EMTDC. The system
configuration of the co-phase power supply system is shown
earlier in Fig. 2. Two 10 MVA 110 kV/27.5 kV transformers

Alpha Beta Voltage and Current Waveforms

or g il
s | T
s ' / \
£ G A ,,/
=] 1~ < <
= =504
0607 h\ W
= 31— b § v 4
E / \_/j \/’l
O .060°
0.100 0110 0120 0130 0.140 0.150
a
3 Phase Source Voltage and Current Waveforms

o "¢
. — T /y
)
=
% e -
>

QN /\/‘y\/\% B

g ™
-ooso—
0.100 0110 0.120 0.130 0.140 0.150
b
Fig. 11 Co-phase power supply system without power quality

conditioner

a Voltages and currents at the secondary side of the V/V transformer
b Three-phase voltages and currents at the grid side

a-phase converter

Table 1 Circuit parameters of proposed HPQC in simulation

No. ltems Description

1 a-phase coupling inductor Ly, L 5.945 mH

2 a-phase Ccr 5 nF

3 a-phase Ry 300

4 a-phase coupling capacitor C, 34.09 nF

5 capacitor Cyc 10 000 wF

6 B-phase coupling transformer T 13.75 kV/27.5 kV,
20 MVA (HPQC)
27.5kV/27.5kV,
20 MVA (APC)

7 B-phase L4, Ly 2 mH

8 B-phase C 10 wF

9 B-phase Rg 15 Q

10 load inductor 193 mH

11 load resistor 80.66 ()

are used to construct a V/V transformer for the co-phase
power supply system. The voltages and currents at the
secondary side of the V/V transformer are shown in
Fig. 11a without the power quality conditioner. The load is
modelled by a single-phase rectifier, as shown in Fig. 9,
and its parameters are listed in Table 1. A simplified single-
bridge converter could cause higher harmonic distortion
problem than either the double-bridge or the multi-bridge.
Based on the worst-case consideration, the simplified
single-bridge converter is chosen as the traction load model.
The current at phase B equals to zero since the load is only
connected to the a-phase. The three-phase voltages and
currents at the grid side are shown in Fig. 115b.

The conventional co-phase power supply system with APC
is first implemented in the simulation. The topology of the
APC in simulation is shown in Fig. 12 and the
circuit parameters are given in Table 1. The LCL filter is
designed according to the method employed in [24, 25].
The DC-link voltage of the power converters in APC
should be larger than the peak value of the supply voltage
and is 40kV in simulation. The simulation results are
shown in Fig. 13. The APC is connected to the supply
system at 0.02s. The DC-link voltage variation is also
provided in Fig. 13. It could be observed that the three-
phase source current becomes balanced after compensation,
and the harmonics and reactive currents are compensated
simultaneously.

The proposed HPQC is also applied to the co-phase power
supply system and the system configuration is given in Fig. 9.
The coupling capacitor and the inductor at a-phase are tuned
to oscillate at the fifth harmonic and are calculated by (14) and
(16). The circuit parameters are listed in Table 1. In order to
reduce the ripple and high-frequency components in the
output of the converter, an LCL filter is adopted at both

[}-phase converter

L\a Lza
= [l L
=0C,
2R,

t— 9 S

]
ana—ll
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Fig. 12 System configuration of the APC
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Fig. 13 Co-phase power supply system with APC
a Voltages and currents at the secondary side of the V/V transformer
b Three-phase voltages and currents at the grid side
¢ APC’s DC bus voltage variation
sides of the HPQC in simulation. The DC-link voltage is 6 Experimental verification

28 kV for the HPQC. Simulation results of the co-phase
power supply system using HPQC are shown in Fig. 14.
The DC-link voltage variation is also provided in Fig. 14.

When Figs. 13 and 14 are compared, results indicate that
both structures can be used as the power quality conditioner
in the co-phase traction power system. However, the DC-
link voltage of the proposed HPQC is only 70% of
conventional APC. To further investigate compensation
performances, system performances before and after
compensations are summarised in Table 2. Total demand
distortion (TDD) is used in IEEE standard to evaluate the
current distortion [26]. The demand current is set as the full
load current of the V/V transformer. The distortion limit for
110 kV line is 2.5%. Results in Table 2 indicate that the
compensator fits the requirement of the IEEE standard. In
addition, the simulation results of the HPQC when the load
varies are given in Fig. 15.

IET Power Electron., 2012, Vol. 5, Iss. 7, pp. 1084-1094
doi: 10.1049/iet-pel.2011.0292

A small-capacity co-phase power supply system with a HPQC
was built for verification. The system configuration is the
same as Fig. 9, but the LCL filter is replaced by an L filter
since the filtering requirement of small-capacity system is
lower. The V/V transformer is composed of two 1:1
isolation transformers, with capacity of 5 kVA individually.
The peak value of the sinusoidal three-phase supply voltage
is 70.7V. The coupling impedance and coupling
transformer parameters are slightly different from the
designed value because of practical limitation. The DC-link
voltage of the HPQC is 60 V in experiment. The circuit
parameters in experiment are listed in Table 3.

Fig. 16 shows the source voltage and source current at grid
side, respectively, before and after compensation. The
detailed compensation performance is summarised in
Table 4. Results indicate that the proposed co-phase power
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Fig. 14 Co-phase power supply system with HPQC

a Voltages and currents at the secondary side of the V/V transformer
b Three-phase voltages and currents at the grid side
¢ HPQC’s DC bus voltage variation

Table 2 Compensation performance comparison using HPQC and APC

Currents Three-phase source current
Before compensation After compensation using APC After compensation using
(Vge = 40 kV) HPQC (V4. = 28 kV)

A B C A B c A B c
rms, A 44 0 44 27.5 31.9 33.1 25.8 29.6 315
third harmonic, % 14.66 14.66 1.85 1.00 1.96 2.42 0.88 1.18
fifth harmonic, % 8.87 - 8.87 3.13 0.27 2.40 0.93 0.18 0.93
seventh harmonic, % 6.06 - 6.06 2.51 0.18 1.86 1.93 0.1 1.65
THD, % 19.2 - 19.2 6.70 1.00 5.49 6.70 0.99 5.52
TDD, % 4.56 - 4.56 1.01 0.18 1.0 0.95 0.16 0.95
current unbalance, % 99 12.34 12.23

supply system with HPQC could compensate the current

unbalance, the reactive current and the current harmonics.
There are difference in simulation and experimental results.

The actual component parameters of the circuit, the resolution
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of the transducers, the digital computation error and the noise
may affect the experimental performance. All of the items
mentioned above need to be considered in order to improve
the practical compensation ability.
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Fig. 15  Performance of HPQC when load varies

Table 3 Circuit parameters in experiment

No. Items Description
1 a-phase coupling inductor L, 2.5mH
2 a-phase coupling capacitor C, 170 pnF
3 DC capacitor 5000 pwF
4 coupling transformer T the ratio of turns:1:2
5 B-phase coupling inductor 12 mH
6 load inductor 30 mH
7 load resistor 10 Q
(3 m PR

50, 00w

50, s s .
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a
I3 m £33
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Fig. 16 Co-phase power supply experimental system

a Voltage and current waveforms before compensation
b Voltage and current waveforms after compensation

Table 4 Compensation performance in experiment

www.ietdl.org

7 Conclusions

In this paper, a hybrid power quality compensator is proposed
for the co-phase power supply system for electrified railway.
The proposed HPQC could operate at a lower DC bus voltage
compared to an APC. As a result, the initial cost of the system
could be reduced. Simulation results show that the HPQC
could compensate reactive current, unbalance current and
current harmonics simultaneously. A  small-capacity
experimental prototype is built in the laboratory to validate
the HPQC and testing results are also provided.
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10 Appendix

The capacity for the back-to-back converter in APC is
analysed in this part [17]. It is assumed that the same
compensating currents are injected into the co-phase power
supply system and the minimum required DC bus voltage
affects the ratings of the converter.

=it !;u"‘ff_ Iqtin

First, the ratings of the a-phase converter are analysed. The
a-phase converter is connected to the load side via an inductor.
Similar to previous discussions, the equivalent model of the
a-phase of the co-phase power supply system is decomposed
into fundamental frequency model and harmonics model, as
shown in Fig. 17. The fundamental frequency model is first
analysed to deduce the voltage rating of the converter. The
harmonics compensation will be added as an independent
part and can be considered subsequently.

In the fundamental frequency model, the inverter output
voltage is expressed as

Vv

=V, +V, =V, +iXi (30)

inval pal

The corresponding vector diagram is shown in Fig. 18. The
direction of V7 is iy, rotates 90° counter-clockwise. Since
the traction loads are always inductive, in order to provide
the required compensation currents, the required voltage
rating of the inverter is always larger than V,.

In the harmonic model, the coupling inductance for
harmonics is

Xiw = hXp €2y}

The inductor impedance is found to increase linearly with the
harmonic order. As a result, the APC needs to provide a larger
output voltage for harmonic compensation. The total output
voltage of the inverter is calculated according to

invL — inval

2o+ XA (32)
h=2

In order to work in the co-phase power supply system, the
voltage rating of the APC should always be larger than the
supply system voltage. Although the voltage rating could be
reduced by using the coupling transformer to integrate the
compensator to the supply system, the current rating
increases accordingly whereas the rating of the converter
always remains the same.
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Fig. 17 Equivalent model of a-phase compensation
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