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Abstract: In order to solve the power quality problem of negasequence and
harmonic currents in high-speed railway tractiostesns, a novel power quality
compensator is proposed, which is constituted lidywag static power conditioner
(RPC), two thyristor-controlled reactors and twgristor-controlled 3 filters. The
RPC contains two converters which are connecte&-tmaback by sharing the DC
link and is only used to transfer active power angpress harmonics. The thyristor-
controlled 3rd filters are used to suppress 3rdnbaic current and change the phase
angle of power supply current.

The thyristor-controlled reactors are as the sass#l o change the phase angle of
power supply current. The proposed power qualitmpensator has small capacity
and low cost. Furthermore, based on the workingciple of the proposed power
guality compensator, its equivalent electrical medee established in fundamental
and harmonic domain respectively. Simulation resalte provided to demonstrate
that the negative-sequence currents is zero and 2 of power arm current is
reduced from 14% to 3%, after the proposed powalitg§rcompensator is run.

Keywords: Negative-sequence current compensation; harmomniertts suppression;
high-speed electric railway; novel power qualitynpensator.
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INTRODUCTION

With the development of electrified railway in ChjrPower quality becomes a major concern for AC
electrified railway power supply systerh’sAs for China's high-speed railway, it will be diomious
operation for more than 350 kilometres per hourcaBse of the rapid development of the power
electronic switching device, the DC-AC-DC PWM maatidn was adopted by high-speed electric
trains, as a result, the power factor can rea€h3® and it is no need for the compensation oftieac
power. However, there are a large amount of thatiegsequence current and harmonic currents
which have a broad spectral range. So these negsg¢iguence and harmonic currents are a direct
threat to the public power grid and the safe opamaif its owr. In order to solve the issue of power
quality in the general and high-speed electrifiedlway, many methods and power quality
compensators are studied. Static Var Compensa8¥€) can be used to balance a distribution
systend, but the SVC should be connected to the 110kV28k¥ high-voltage side of the traction
system, which increases the requirement on voltagjag. General active filters are effective in
suppressing harmonic currents in electrified rayfva but cannot compensate negative-sequence
currents. An active power quality compensator (APQG@Gth an impedance matching balance
transformer and an Scott transformer is proposktbicompensate negative-sequence, harmonic and
reactive currents. Japanese scholars in 1993, sedpa the electrified railway power regulator
(Railway Static Power Conditioner, RPC) notion lie titeratur&® that RPC based on the switching
devices is connected between two secondary outpatgs of traction transformer, which has the
ability to control two-phase active, reactive povaad harmonic currents. But the capacity of RPC is
large and cost too much. For power quality probleithigh-speed electrified railway, this paper
presents a new type of power quality compensati@iem, which is mainly made of railway
regulator RPC, two sets of thyristor-controlledatea and two sets of thyristor-controlled 3rd filte
Based on the working principle of the proposed pogelity compensator, its equivalent electrical
models are established in fundamental and harmdoivain respectively. The simulation results
confirm the correctness of the contents of thisepaand also reflect the new power quality
compensation system has the low cost, stabilityagitaristics and good prospects for engineering
applications.

SYSTEM STRUCTURE

The structure of proposed power quality compensattiich suitable for high-speed electrified
railway systems, is shown kig.1,
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Fig 1: Structure of novel power quality compensator

JECET; December 2013 — February 2014; Vol.3.No.152-260. pLY)



Negative... Pakkiraiah and Raja

The compensator is constituted by the three peatisvay power regulator consisting of two single-
phase H bridge inverter which is linked by the aioa CR1 and CR2; two sets of thyristor-
controlled reactor constituting by the inductorsdr®l L4; two sets of thyristor-Controlled 3rd singl
tuned filter constituting by the inductors L1, LAdacapacitor C1, C2. The transformer is a single-
phase three-winding step down transformer. Thevagilpower regulator makes a connection with
two power supply arms of the V/V traction transfernta second side by step-down transformer.
Thyristor-controlled 3rd single-tuned filter is taed under a phase-leading power arm. Thyristor-
controlled Reactor is installed under b phase-laggiower arm. When the locomotive load is under
A power arm, the filters composed of L1, C1 and inductor L3 aretshing on respectively. When
the locomotive load is under B power arm, thenf8ters composed of L2, C2 and inductor L4 are
switching on respectively.

In this new structure, in order to reduce the capad active part of RPC and improve the stabibfy
entire compensation system, RPC is only used tasfiea active power. The thyristor-controlled
reactor and "3filters provide reactive power. And here thyristonly play the role of switch, so they
do not generate additional harmonics. Because tdefiBer is capacitive in fundamental wave,
thyristor-controlled 3rd filters and thyristor-coolted reactor are equivalent to the function ofGGV
which can provide capacitive and inductive reacpioever for power supply system. In FiglA,, 1B,

IC means the three-phase current of the original edgbe traction transformer V/Ma , Ib , Ic
means the three-phase current of the Vice-edge.

UNIFIED EQUIVALENT ELECTRICAL MODEL OF THE PROPOSED COMPENSATOR

Unified equivalent electrical model in fundamentalDomain: Corresponding to the secondary
winding of traction transformer, RPC can be equmato two controlled current sources respectively.
As a result of the four-quadrant PWM rectifier gohtlocomotive power factor is close to 1, and it
has a little of Low-frequency harmonic. so locometioad can be equivalent to a fundamental source
and a harmonic current source in parallel. In seistion we only discuss the fundamental domain; the
harmonic domain will be discussed in the next sectSo locomotive load can be an equivalent to a
fundamental current source in this section. Thedémmental equivalent circuit of the novel power
guality compensator under A and B power arms isvshia Fig.2.
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A power arm B power arm

Fig 2: Equivalent electrical model of the novel power ityadompensator in fundamental domain
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In Fig.2, the two H-bridge inverters in parallel under A a@Bdoower arms share the fundamental
output currentRaf, IRbfequally togetherlaf and|bf are fundamental current of A, B power arms
respectivelylRal f / k andIRa2 f / k are the fundamental current of the two inverterdenrA power
arm when converted to 27.5kV sid®hbl f / k andIR2 f / k are the fundamental current of the two
converters under B power arm when converted tok®7$de.Ua , Z1 andlLaf are A power arm
voltage of traction transformer vice-side, impedaraf 3rd filter and fundamental current of
locomotive respectivelyUb, Z3 andlLbf are B power arm voltage of traction transformeessale,
reactor resistance and fundamental current of et respectively.

Because the line fundamental impedadses far smaller than the equivalent impedandéeZ2 of 3rd
filter and the equivalent impedance& Z3 of the reactor, we neglect the divergence efiéthe line
fundamental impedance and consider it as a shantici The following equations can be obtained
from the equivalent circuit diagram:

U

Iaf = IRaf + ILaf + kT;]- (1)
U
lbf=|Rbf+|Lbf+k272bS
Where,
| _2|Ralf _2|Ra2f
Raf K - K
| :2|Rb1f :2|Rb2f (2)
Rbf K K
. 1

Z,= jwlyg + ———

1= 1(2) jwC,,)
Z,= jw'—s(4)

In the above equations, is the fundamental angular frequenk.(2) expresses the inductancd.af
or L2, C1 (2) expresses the capacity@f or C2, andL3 (4) expresses the inductancelL@for L4.
When locomotive load is under a power arm, switnhttee filter composed df1 andC1 under A
power arm and-3 under B power arm simultaneously. When locomoloas is under B powered
arm, switch on the filter composedIa? andC2 under A powered arm anhd under B powered arm
simultaneously. From equation (1) and (2), the ealfizl andZ3 can be derived.

In Fig.1, in order to reduce the capacity of active deviaes the cost, RPC is only used to transfer
active power. Maximum active power is half of thetivee power difference between A, B power
arms, that isC ILaf — ILbf) /2 (set it as the standards of transferring aativeent). Transfer active
current from the power arm with smaller load to tileer arm. In order to improve the reliability of
the system, RPC’s transferring current size coelduother reduced tp(n < 1) times of the standard
active current. so the capacity of the active mam be further reduced. At this point, RPC’s
transferring active current expression can be drasviollows:

1
| ==(l,, — |
Raf > (1 ot Lat ) X1 3)

1
I ror = E(ILaf =l ) %0
Unified equivalent electrical model in Harmonic donain: A harmonic domain equivalent circuit of

the new power quality compensation system undd8 ppwer arms is shown in Fig.3 respectively.
lah, IRah, Z1h, ILahare the line harmonic current under A power arm,itarmonic current shared
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by the two inverters, reactor impedance in harmafocain and locomotive harmonic current
respectivelyl Ralh andIRa2h are the two respective inverters harmonic curredieu A power arm.
Ibh, IRbh, Z3h, ILbhare the line harmonic current under B power arm,h&rmonic current shared
by the two inverters, reactor impedance in harmatoenain and locomotive harmonic current
respectivelyl Rblh andIRl2h are the two respective inverters harmonic currecien B power arm.
Zshis the line harmonic impedance.
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(b) Harmonic domain equivalent circuit of b
power arm
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Fig 3: Equivalent electrical model of novel power quattmpensator in harmonics domain

According to the basic principles of the circuite tformulas can be drawn frdrig.3:

Lo Ko, Kz
Ttz Mzt Ky,
4
.. =1 kZZSh +] k223h
B
To achieve the effect of harmonic suppressiorhoutd be as follows:
l.,,=0
{ ah _ (5)
l,,=0
From equation (4) and (5), the formula can be dated:
I Rah =-1 Lah
_ (6)
I ron = =1 Lo

Drawn from the equation (3) and (6), the total famental currentRaand harmonic currenRb of
the inverter under the two power arms can be dérmgefollows:

1
Raf+|Rah=E(|Lbf_ILaf)x”_ILah @)

IRa

1
le_IRbf+|Rbh_E(|Laf_lLbf)xn_lLbh
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Furthermore, the output current expressibRsl, IRa2, IRbL, IR of each inverter under A, B
power arm can be got in equation (8). As long @&sitiverter output current of two power arm is
under control, then the new power quality compearsadn suppress harmonics and compensate
negative-sequence currents successfully.

| R = | rao ZZ(ILbf )X =1
8

I e = 1 rb2 :Z(ILaf =l ) xn =1,

SIMULATION CIRCUIT MODEL

The simulation analysis of the proposed compensaystem on the application of the high-speed
electrified traction supply system is given by P8IM The simulation schematic diagram is shown in
Fig 4. The simulation parameters are as follows: Thressphvoltage of the system is 220kV. The
frequency is 50Hz; the ratio of V/V traction tramshers is 8:1. The ratio of step-down transforrser i
35:1.The load is AC-DC-AC electric locomotives hayithe capacity of 4.8MW. The capacitor of
RPC at DC side is 100000uF, and the values;@id Ly are 3.396mH and 1.371mH respectiveff}. 3
filter parameters of Land G are 105.3mH and 10.7F respectively when convea@.5kV side.

Fig 5: Subsysteml1
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Fig 6: Subsystem?2

Fig 7 is the simulation current waveforms comparisorof®fnd after three-phase negative sequence
current compensation at 220kV side when locomoivaa is under A power arnkig 7(a) is the
three-phase current waveform diagram before thgpeosation at the 220kV side, it can be seen that
the current of B power arm IB is zero, so A andiage current IA, IC have the same amplitude but
have 180° phase difference. Meanwhile negativeesszpicomponent of three-phase current is great
content.Fig 7(b) is a simple RPC compensation only transferring &etive power, it can be seen
that B phase current amplitude equal to A phasdhétsame time the negative-sequence current is
decreased greatly after compensation, but stibtexrig 7(c) is the three-phase current waveform
after the proposed compensation system is usednsfer half active power. Meanwhile the filters
and reactors are made to play the role of adjugtower factor angle of the A, B power arm to 30°.
At this point, three-phase currents have same &ndgeliand have 120° phase angle difference. So
negative-sequence components are almost zero. ¢ooparison irfFig 7, it can be seen that the new
power quality compensation system has many advestaigcluding transferring active power,
compensating the negative sequence current by &ifid reactor. Negative-sequence current can be
fully compensated under the premise of the deangasi active power capacity of RPC. The cost of
the entire system is reduced.

"R osx o oee ] 100

(b) Three-phase current waveform after switching RP@rdy and transferring half of active power
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(c)Three-phase current waveform after a new power eosgtion system is
switched on (30 degree for power factor angle oBAvower arm)

Figure 7: Comparison waveforms when the negative sequenttead-phase current is fully
compensated

Fig 8 shows the waveform and spectrum of the locomdasd current and two power arms’ current
when the locomotive load is under A power arnflg 8, |, represent the total current of A power
arm. |, is load current. From the waveform, it can bededrthat the waveforms of total current A
power arm become smooth and the burr is greatlycestl after the new power quality compensation
system is run. From the frequency spectrum, itimiseen that the new power quality compensation
system not only has a good performance at low-oh@monic suppression, but also has a good
performance at high-order harmonic suppression. THE of power arm current is reduced from
14% to 3%.
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Fig 8: Current Waveforms and Spectrums of Load and Power\When the Locomotive Load is
Under A Power Arm

The belowfig 9 shows the output waveform ‘Vitr' before the subsgstuns (i.e. after the step down
transformer and line impedance).
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Fig 9: Vtr Output Waveform
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Fig 10 shows the harmonic waveform ‘Vinverter’ occurstire system (i.e. after the subsystem is
run).

A i R
Q W Nﬁ \ \’\ \Mw w it )F \HW i Mj M
EﬁﬂAGAA E( < ;w%ﬂwf% ‘ E
R

Fig 10: Vinverter Output Waveform

Fig 11 shows the pure sinusoidal waveform and overalbuutvaveform ‘Vload' after the filter is
used.
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Fig 11: Vload Output Waveform

CONCLUSION

This paper proposes a new power quality compemsatystem which is composed of the railway
power conditioner (RPC), two sets of thyristor-colied reactor and 3rd thyristor control filter. &h
proposed system can be used to compensate negatjuence current and suppress harmonic current
in high-speed electrified railway. The uniform eétecmodels in fundamental domain and harmonic
domain are derived in this paper. The simulatisults are shown that the proposed power quality
compensator is effective. It can reduce the capadithe active part and has a good performance at

harmonic suppression and negative-sequence contjmensa
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