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ABSTRACT : Co-phase traction power system has high potential to be power supply fesdggh railway. However,
the dc operation voltage of conventional power quality compensation device within, such as raikeaygpality
conditioner, is high and may limit its apgdition and development. The hybrid power quality conditioner (HPQC), in
which a capacitive couplddC structure is added, is thus proposed for lower operation voltage. However, there is less
investigation and study on the HPQC parameter design for miniopenation voltage when harmonic compensation is
concerned. In this paper, the HPQC design for minimum dc operation voltage under comprehensiventahdad
harmonic compensation is being proposed and introduced. Analysis and case study are alsal gerfdnowe the
advantage of the proposed HPQC design. Simulation and labesatied experimental results are presented to show
effective reduction in dc operation voltage using the proposed HPQC design. Through the simndagiqoeaimental
case studyand verification, there is a reduction of 15% in operation voltage using the proposedUy/istidicture
design compared with the conventional design. The proposed design does not add much additenméicapstlso
reduce the coupling inductance val&milar analysis procedure may be also applied to dt@ehybrid-structured
active power compensators.

KEYWORDS: Co-phase traction, higepeed locomotivehybrid filter, power quality compensation.
I. INTRODUCTION

SINGLE-PHASE ac power supply has beerdely adopted in longlistance electrified railway in many countries
Electrical locomotives introduce reactive power and harmonic problems into the traction powersgsigohs. As the
amount of rail traffic increases, the issue of power quality diistois becoming more critical Moreover, electrical
isolationssuch as neutral sections between power regions are requiietl, causes reductian locomotive speeés
aresult, a traction power supply suitable for hgpreed railways required to oveame the aforementioned issues.

II. EXISTING SYSTEM

There are various techniques to relieve the unbalance problem, such as usage of Scott, YNvd Mipedance
matching transformers. However, due to traction load variations, these solutions manptately compensate the
unbalance problem. The reactive power and harmonic portions can be compensated by passive asngpehsaso
capacitor banks and filters. Compared with passive compensators, active compensators can ppeowdgiedratc and
conprehensive compensation. The most commonly used compensators in traction power supply are static VAR
compensator (SVC) and static synchronous compensator (STATCOM). In existing, the compensatioranssfor
using SVC for voltage regulation of a -RY tracton is explored. However, its dynamic response is poor, and
compensation results are not satisfactory when the load is varying. Furthermore, {heweglsVVC occupies a large

area.
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Fig. 1 Cophase traction powseasr supply with the conventional RPC.

Il . PROPOSED SYSTEM

In this paper, the comprehensive HPQC designniorimum operation voltage under both fundamental and harmonic
compensation is discussed. The control principle of comprehensive power quality compensatioenofusystiance,
reactive power, and harmonics in-ghase traction power supply is introduckdorder to show the advantages of HPQC
over RPC, the motivation and differences of the proposed HPQC structure from the conventionad RR€vigwed.
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Fig. 2. Cophase traciion powser supply with the proposed HPOQC.

At around 2012, in a hybrid device combining active and passive compensators, which is ndreddylsd power
quality compensator (HPQC), was proposed for compensation-finas®e traction power supply. This approach is
advantageous not only for reduction in system capacity and initial cost but also the reductivedecawitching
operation bss compared with conventional-gbase traction power supply system. Hereafter, minimum dc operation
voltage design of this HPQC under fundamental compensation of system unbalancetamdp@aer was discussed.
However there is no detailed descriptiohHPQC design wer conprehensive compensation including considerations
of both fundamental and harmonic compensation. Moreover, it has been mostly suggested thatathtefnepoency

of the passivé&.C branch of a hybrigstructured compensator can heed tothe frequency where system harmonics are
mostly concentrated at to minimize the dc operation voltage of the compensator. However, thél ideksst
theoretical support or mathematical derivatidine required output compensation power from gltase traction
power quality compensator is shown in the following

Pea -'!"*_lfjdf: + Pac
Jea . h-i;}rf{' + g
Peh B =2 E-l Pde
deb —Kopa

COMPARISONS BETWEEN COPHASE TRACTION WITEONVENTIONAL AND PRAPOSED HPQC

First of all the compensation theory is briefly introduced. $y&em configurations of a typical cppase traction
power with the conventional RPC and the proposed HPQC are shown in figuresl and 2 respectipgelyef haality
compensator is connected across the transformer.
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Based on the instantaneqoug theory aml the compensator control system block diagram is presented-igure 3.

The instantaneous load active and reactive power is first computed and is used to determinigeti €oetpensation
power and thus the required compensation current. They atdaigenerate pulse width modulation (PWM) signals,
which are used to control the electronic switches insulgégel bipolar transistors within the compensator to output the
required compensation currefifie discussions that follow are developed basethertheory above. Differences of
configuration and operation of the conventional RPC and the proposed HPQC are discussed.
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Fig. 2. Control block diagram of compensation in copphase traction
power supply.

I. Converter Topology

With reference td-iguresl and 2it can be observed that both the conventional RPC and the proposed HPC are
backto-back converter with a common dc link. The major difference between them is the Vac phase cagbied.str

In the conventional RPC, it is an inductive coupled structure, and in the proposed HPQC, it iigl anidyistor
capacitor C) capacitie coupled structure. The passive structure in HPQC can help to reduce the operation voltage
during compensation. This will be covered in the next subsection

II. Operation Voltage

In addition to converter topology, another difference is that the openadltage of the proposed HPQC is lower
than that of the conventional RPC. The vector diagram showing their operation voltage is prasEmgecti4.The
mathematical relationship is shown in the following:

7 __ farD 72
! 1m’:1[.| T ‘l,l.”' imvalp e V mval.g

- \'Ellf[i':.'tf + fj{.‘{m.}:f,u )-3 ¥ [”r-'tll-?'}:h”f }2

s I / r2 SIS o]
VinvalLc | . '\IJ'III | inval.Cp invaL.Cq
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RPC
RPC and HPQC Operation In
Ca-phase Traction Pawer
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COMPREHENSIVE HPQCCOMPENSATOR PARAMETER DESIGN BASED ON MINIMUM OPERATION
VOLTAGE

The usage of HPQC operation voltage may be dividezbeding to two purposes: fundamentdl.{, c1) and harmonic
(VinvaLch) COMpensation. In traction load fundamental compensation occupgsfrthe compensation capacity. Here,
the comprehensive HPQC design will be presented based on the criteria of minimizing the opeltatienfeo
providing these two compensatiorodes. Thus

- o 2
i'11]1,-'<'1I.'E N '\',- i"Lm'-a;l_‘i'_":l 12 ]'im'ul('_‘fh

}2

F :2 i .
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I. HPQC Design of minimum operation vaj@for fundamental compensation

Fundamental compensation in-gbase traction power supply includes basic compensation for system unbalance and
reactive power. In short, the operation voltage for fundamental compensation is the required operation agk to
provide power quality compensation (of system unbalance and reactive power) without harmonic ationpdhs
dominates the major portion of power quality compensation, as harmonics are usualigniésant compared with
reactive power and systeunbalancén a power system.

The design of HPQC Vac coupled impedance has been discussed in the previous section. The opimeter par
selection of Vac phase coupled impedaXgg may be also determined by taking derivative of M{Ba and setingt has

zero. The process and result are consistent with the expression Notice that the negative sexpiedsien refer to a
capacitive coupledmpedance. Thus

r2

d (Vivarct) _ v | . i .
W =] ac -"r-:‘ur,l1| =; X|_C51 {”L‘rlrﬂ | - |f|?(1|;1|

=4

iv'rm" sin feq

Xioa =—
L WY f{tr

II. HPQC Design of minimum operation voltage for Harmonic compensat

Although fundamental system unbalance and reactive power compensation occupy the major porteer of po
guality compensation capacity, harmonic compensation cannot be neglected as it will also addverathe
compensator operation voltage requiremerith\ieference to it can be observed that the discussion relates also to the
harmonic impedance that an optimum selection of coupled inductanaed C, must be chosen to minimize the
harmonic operation voltagé..a.ch. Here isthe discussion of the HPQ@esign is presented basedtbe criteria of
minimum fundamental operation voltagga.ci. In other words, the parameter design for minimoparation voltage
during harmonic compensation developed here does not alter the fundamental coupled imfpegdance

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2016.0512055 9129



ISSN (Print) : 2320—3765
ISSN (Online): 2278-8875

I nternational  Journal of Advanced Researchin Electrical,
Electronics and | nstrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)

Vol. 5, Issue 12, December 2016

‘Graph showing different ki and kC design in HPOC Vac phase coupled impedance
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Fig. 6. Different possible combinations of Vac phase coupled induc-
tance (% ) and capacitance (k) ratio.

The expression for the impedance of coupled inductance and coupled capacitance

Xrca = —(Xpa +Xea) = — (ki + ko) XvLca.
The relationship between the valuekohndk: can be expressed in the following:
_kh - k{'_? = J.

The impedance at th#h harmonics can be expressed as

1
XT.0ah = —(Arah + XiGah) = — (h‘lﬂb + Effc.‘) XLca-

1
X1.cah = % [(h* — D)kr — 1] XLca.

The load harmonic current can be expressed as

It =rulia

- 'il"h I IC(.T
\/[G.ESS?PFL—:—SM (cos Y PFL)) ]2—.[0.5}7}1 )2

I'E'a
=T (?> : (16)

The expression for determining the harmonic compensation voltage for HPQC can be obtained, aa shewn
following:
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The Vbc phase coupled impedance may be designed according to the minimum operationVyltages expressed in

oo 73 . 73
Viesinby, ++/Vo 1o V2 cos? 6,
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IV. HPQC OPERATION VOLTAGE WITH THE PROPOSED DESIGN

Assuming that the HPQC parameter is designed according to previous discussidmirfarm operation voltage. As
for the HPQC dc link operation voltage, it may be calculated as square root 2 times of the HRG@hogstage.

IV. Comprehensive HPQC Design Procedure
TheVac phase coupled impedaricgs

kLXLCH L-._f_. o li";a(_' Sil] HCQ

' i JEr1*:a

Lo=—

Vac phase coupled inductance
1 1
CI] = = ;
wikeXrca wi(—1 — kg ) XvLca
jil--".'1'1'.

f-'-'lc.r_l = k.f.-}ir';[ac-ﬂiﬂ Oca .

Vbc phase coupled impedence
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The dc link operation voltage in HPQC
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TABLE 1
ON-SITE STATISTICS OF HARMONIC CURRENT CONTENTS
IN WUQING SUBSTATION TRACTION LOAD

Ird 5th Tth Oth 11th
10.81 7.96 4.51 3.04 2.68

Harmonic contents
(%% of fondamental)

V. CASE STUDY AND SIMULATION

Simulation Circuit
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In order to verify the theory and analysis developed during the discussion for HPQC parametdoidesigmum
operation voltage in fundamental and harmonic compensation, a case study has been done. Shaésvh igthab
practical onsite data of the drmonic distribution in traction load of the WuQing substation in China. Traction load
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power factor usually ranges from 0.8 to 0.9, with an average of 0.85. The analysis that follearisqul based on
theseassumptions. As introduced, the operationtag# for HPQC using the proposed parameesign may be
determined In order to eliminate the effect of PCC voltage in the analysis, the operation voltage is exiorgsse
unit, with base oW, as expressed in shown at the bottom of the pagantie observed from the expression that the
HPQC operation voltage is dependent on load power factor, harmonics, and HPQC coupled impedance (bot
inductance and capacitance).By substitytihe data in Table | intthe value ofk_ in the proposed design cae b
determined as 0.023. Therresponding HPQC operation voltageing is calculated usingnd the value is 0.4833.
This value is close to the minimum HPQC operation for fundamental compensation, i.e., 0.48. &lwewakponds

to HPQC dc link voltage oéround 18.7 kV for a 27-kV PCC voltage. Notice that, conventionally, the coupled
inductance and capacitance parameter in a hybricttured compensator is tuned at the frequency where system
harmonics are mostly concentratédthe WuQing substatiorthis corresponds to the third harmonics, whqsealue

is around 0.125, and is actyalhot the point of minimum opation voltage. This shows that different from the
conventional design, the HPQC operation voltage can be minimized under comprehengigasebion (including
harmonics) using the proposed design procedure In order to do furtheratienfic simulations are doneing
PSCAD. The circuit schematics can be foundrigure2. The substation transformer is composed of two sipigése
transformers with V/V connections. The parameters withindimeulationare selected based on the existing practical
traction power supply system. The th®ase power grid is around 110 kV, and the traction load is around 27.5 kV.
The traction load is around 15 MVA, and the load power factor is around 0.85. The systeenismadance is
calculated as 2 mH according to the shoimtuit capacity of common traction power supply of 750 MVA. The load
harmonics are designed according todat in Table |, whose higher peak load current condition is being sdiected.
the simuldion, the system source current unbalance and harmonic distortions are being monitored, arelphaséire
source power factor is calculated according to IEEE Standard2QWE®"“Definitions for the Measurement of Electric
Power Quantities under Sinusdiddon-sinusoidal, Balanced or Wmalanced Conditions.” The system source voltage
and current waveforms without power quality compensation are shown in Figure 7. The system soente cu
unbalance is 100%, with harmonic distortions of 14.7%, whereas nbepthase source power factor is only 0.6.
Obviously, the system source power quality is far from satisfactory. Power quality compenshtisrrésjtired.

3 Phasa Source ‘u'::ltagn and Currend Waveforms
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Fig. 7. Simulated three-phase source voltage and current waveforms
obtained without power quality compensation.
TABLE 11
HPQC PARAMETER SETTINGS IN THE TWO SIMULATED CONDITIONS
Condition La Ca Lb
AL LC wned at 3rd harmonics 19.7mH 57 uF & mH
B. Proposed Design 6.6 mH 62.2uF & mH
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In order to provide comprehensive power quality compensation of system unbalance, reactivarublagmonics,
HPQC is connected across the two substation spitpse outputs and is switched in. Two conditions are being
simulated, namely, HPQC Vac phase coudl€lvalues tuned at third harmonic frequency and HPQC Vac phase
coupledLC values usingte proposed design. The parameter settirtposen according to the theory developed and is
shown in Table Il. Notice that the overall Vac phase fundamental coupled impedance is exaathethvehseh offers
the minimum HPQC operation voltage during fantental compensation, in the two conditions. The only difference is
the value oLC parameters. Details of the simulation results and analysis are shown in the following.

A. HPQC Vac Phase Coupled LC Values Tuned at Third Harmonic Freq{yasicy 187 kV)

First of all, the parameter design for hybrid filter, being used in most research studies, izdintuias been

suggested

3 Phase Source Valtage and Current Waveforms
= VB Ui

L

Vallage (kKV)

Current (ki)

0300 0.310 0.320 0.330 0.340 0.350

Fig. 8. Simulated three-phase source voltage and current waveforms
obtained for cophase traction power supply system with HPQC of Vac
phase coupled LC values tuned at the third harmonics.

3 Phasze Source Voltage and Current Waveforms
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Fig. 9. Simulated three-phase source voltage and current waveforms

obtained for cophase traction power supply system with HPQC of the

proposed parameter design.
In various research studies that the inductance and capacitance valuesGrbtaach of hybrid filter can be tuned to
the frequency where system harmonics are mostly concentrated to minimize the operation voltaustariam,

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2016.0512055 9134



ISSN (Print) : 2320—3765
ISSN (Online): 2278-8875

I nternational  Journal of Advanced Researchin Electrical,
Electronics and | nstrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)

Vol. 5, Issue 12, December 2016

according to the data in Table I, the load harmonics are mostly concentrated at the third hafinesicse, in this
simulation subsection, the HPQC Vac phase coupledalues are tuned to the third harmonics, and the parameters are
shown in Table II.

The dc link voltage used is 18.7 kV, which can be concluded from (21), to show the pros of tlsedgridp@C
design. The simulated thrpdase source voltage and current wiorens are shown ifrigure 8. It can be observed

that the system source current unbalance and harmonics are not completely eliminated. The systecnrsent
harmonic distortion is 21%, whereas its unbalance is 8%. The harmonic compensation performansendt th
satisfactory.

B. HPQC Vac Phase Coupled LC Values Using the Proposed O®%gsr 187 kV)

Next, the system performance of HPQC with the proposed parameter design under harmonic comp&nsation
investigated. According to (21), the HPQC operation voltage rating i®@r@4833 using the proposed parameter
design under the specified condition. This corresponds to a dc link voltage of around 18.7 k&7fokd PCC
voltage. The simulated thrgshase source voltage and current wiorens are shown ifrigure 9. It can beobserved

that the thregophase source current harmonics and unbalance are eliminated. Furthermore, the reactive power is also
compensated. This can be verified by its harmonic distortions of 2.2%, unbalance of 4%, and giowef 8a99. A
summarized syem performance obtained from the simulations mentioned is shown in Table Ill. The dc link voltage
used is 18.7 kV during compensation. It can observed from the data that, with the proposed HR@@mpdesign,

the HPQC operation voltage can be lowerad aan also provide satisfactory compensation performance. With the
same dc link voltage, the compensation performance is not satisfactory using parameter design usechal
previously. It is also found that, using the conventional design, the compensatiormance is satisfactory only when

the dc link operation voltage reaches 22 kV. There is, therefore, a 15% further reduction ieropelae using the
proposed HPQC design.

C. HPQC Vac Phase Coupled LC Values Using the Proposed Design unféeerDifioad Power Factor
Conditions(Vpc = 187 kV)

In order to evaluate the power quality compensation ability of HPQC with the proposed desigriiosimmata done

again under different load power factor conditions. Notice that critical conditiottatlfy load active or reactive
power are also included to have comprehensive investigations. The results are shown in TabsnlWe lbbserved

from the results that the designed HPQC can provide satisfactory power quality compensation fengédé
reactive power, except for conditions near loadings with totally reactive power or active powerarive explained

by parameter design exceeding designed range for heastiveepower loading and insuffent dc link operation
voltage for active poer transfer under load with total active power. Since traction load power factor ranges from 0.8 to
0.85, the proposed parameter design for HPQC can provide satisfactory compensation for mosiioditiomgs.

B Saurce voltage3 oo
4R LEL AEE 24 %

current_Load capalfy increases.

= N R R R ===
002 004 008 01 012 014 0.16 018 0

Fig. 10. Simulated threghase source vkaig and current waveforms obtained frorrpbae traction power supply
system with HPQC of the proposed parameter design during load variations.

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2016.0512055 9135



ISSN (Print) : 2320—3765
ISSN (Online): 2278-8875

I nternational  Journal of Advanced Researchin Electrical,
Electronics and | nstrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)

Vol. 5, Issue 12, December 2016

D. HPQC Vac Phase Coupled LC Values Using the Proposed Design under Varyir(y h©adl87 kV)

In order tofurther evaluate the system performance using the proposed design, simulations are done with a varyi
load. Suppose that the load capacity is increased from 0.6 to full rated load value near Ostsldted primary
source current and voltage wavefarare shown in Figure 10.

It can be observed that the system performance is within standard using the proposed parametérestekigding
condition is varied.

EXPERIMENTAL VERIFICATIONS
In order to verify the system performances of the proposgthae traction power supply system with HPQC of
minimum operation voltage and its corresponding design under comprehensive compensation, inatatingc h
consideration, a loveapacity laboratorgcaled hardware prototype is constructed. It can be obseored23) that the
HPQC operation voltage is proportional to the PCC voldagand is independent of fundamental loading capacity.
Therefore, the validity of the proposed HPQC in reducing operation voltage can be verified ssiog-dapacity
hardwareprototype. The circuit schematic and hardware appearance of the prototype are shown in Figuré/¥1.The
transformer is composed of twek®¥A single-phase transformers. The traction load is represented using a rectifier
Ri/ circuit, with a linear capacityR | 9% 7KH ORDG UHVLVWDQFH DQG LQGXFWDQFL!
respectively. The control of the compensation is accomplished using DSP2812 according to thblooktdhgram
shownin Figure 3. The PWM signal generation is achieved using fegsePWM tracking techniques.

TABLE V
HPQC PARAMETER SETTINGS IN EXPERIMENTAL VERIFICATIONS
Condition L; Ca Ly
A. LC wned at 3 harmonics 4.7 mH 240 uF & mH
B. Proposed Design 2.00 mH 260 uF 8 mH

A AN A

By B

C s
SkVA ol SkVA ViV Source
20V /220V = S= 20V/A010Y Transformer

Vac Vbe
phase phase

| b
L T[- { ¥ it R 2
g 31 5
150 Vi ¥ | i
4 T
1
x

RL Load

RPCHPOC

Figure 11. Circuit schematic of the hardware prototype for verification of performances in the propgseaiseo
traction power supply system with HPQC.

The operation voltage &f,c is 50 V. The presence of harmonics is caused by the nonlinear diode in the load rectifier
and adds to the requirement of the HPQC operation voltage. According to the calculation innf@ijrthen dc link
operation voltage for fundamental compensatioar@aind 40 V. On the other hand, the dc link operation voltage is
around 41 V using the proposed parameter design. In the experiment with compensation, two camelitiairsg
verified. Similar to the simulation, the two conditions are HPQC with parasne@@ituned at 3rd harmonics (A) and
Proposed Design (B). The detailed parameters are shown in Table V. The system waveforms areusapuaed
Yokogawa DL750 1&hannel Scope order oscilloscope, and power quality is monitored using a Fluke43plsasgle
power quality analyzer. Captured waveforms and screens are presented.

A. Co-phase Traction Powsavithout Compensation
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First, the system performance ofjgbase traction power without compensation is investigated. The system waveforms
obtained are shown ifrigure 12. Absence of waveforms &ligure 12(fi+(h) indicates absence of power quality
conditioner. Waveform with larger amplitude refers to the voltatpereas that with a smaller one refers to the current.

It can be clearly observed that the system suffers from unbalance and harmonic problem. Thendzdteroeuis
around 99%, with current harmonic distortions of 17.8%.

B. Co-phase Traction Power withRQC Using the Conventional DesifWipc = 41V)

Next experimental results are done with-mlwase traction power supply with HPQC compensation using the
conventional pameter design. In other worttee Vac phase coupled inductahgeand capacitancg, is slected such

that its resonant frequency is located at the third harmonics, where load harmonics are mosttyateh¢eefer to
Table | for reference). The HPQC circuit parameters are shown in Table Ill. In order to compemdaimeance wh

HPQC ofthe proeposed desigthe same dc link voltage of 41 V is being chosen. The system waveforms obtained
through experimental results are shown in Figure 13. It can be observed that, with the sameottadiakthe three
phase source current waveforms suffem obvious harmonic distortion, particularly at phase C current. This indicates
that the compensation performance is not satisfactory when using HPQC of the conventional cqueudiechden
design. The system source current still suffers from signifttamhonic problem.
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Figure 12. Detailed experimental system waveforms captured fephase traction power supply without
compensation. (a) System source voltage and current of phase A. (b) System source voltage aofiphuasenB. (c)
System sourcgoltage and current of phase C. (d) Vac phase voltage and current at the secondary side. (eeVbc pha
voltage and current at the secondary side. (f) Vac phase compensation.
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Figure 13. Detailed experimental system waveforms captured-funase tractiopower supply with the conventional
HPQC design tuned at the third harmonics. (a) System source voltage and current of phase Aenfbldtyse
voltage and current of phase B. (c) System source voltage and current of phase C. (d) Vac phasandotiuent at
the secondary side. (e) Vbc phase voltage and current at the secondary side. (f) Vac phase iconqoeresgt (g)
Vbc phase compensation current. (h) DC link voltage.
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Fig. 14. Detailed experimental system waveforms captured f@mhaee tragbn power supply with the proposed
HPQC design. (a) System source voltage and current of phase A. (b) System source voltage aoflphasenB. (c)
System source voltage and current of phase C. (d) Vac phase voltage and current at the se@n@pibsighhase
voltage and current at the secondary side. (f) Vac phase compensation current. (g) Vbc phasatcmmpenant. (h)
DC link voltage.

C. Cophase Traction Power with Compensation with HPQC Using the Proposed Désign41V)

Next, experinents are conducted on the laboratecgled cephase traction power with HPQC using the proposed
HPQC parameter design in this paper. The dc link voltage is also set as 41 V, according to ss®misand
calculations. The HPQC circuit parameters cafobed in Table Ill. The system waveforms obtained with RPC under
such conditions are presented in Figure 14. It can be observed that, compared with those ir3 Bigutieréegphase
source current becoméealanced and harmonics are eliminated. The hatahonic distortion is reduced to within 3%,
while the system unbalance is also reduced.

H,
o _anau ZO14-OR-PA 1Z:11:31

TABLE VI
COMPARISONS OF SYSTEM COMPENSATION PERFORMANCE

Source Source Source
Condition Current Current Power
THI» Unbalance Factor
Without compensation 17.8% DOGEH .66
AL HPOOC {.‘nn'lglt—:n};mic:n
(LC tuned at 3™ 10, 3% | B9 096
harmonics)
B. HPOCOC Compensalion 3 s 14 097

({ Proposed Design)

For comparisons, summarized data of system statisticsowitbompensation and with HPQC compensation using the
proposed and conventional parameter desigas<41 V) are shown in Table VI. Recorded waveforms and power
quality data for the three phases of the primary source grid are shown in Figlife t5an be observed from the
figures that, before compensation, the thsbase power is unbalanced and isstty concentrated at phase A and
phase C. During power quality compensation, active power is transferred from the Vbc phase tpghaséaFor
performance using conventional HPQC design tuned at the third harmonics, thghésegower is less balagc On

the other hand, for compensatiasing the proposed HPQC design, the tpleese power is more balanced. This
shows that, with a low dc link voltage, the compensation performance using the proposed HPQ tettigmthan
that using the convential design. The data obtained are used to compute the parameters in Table VI according to the
standard. It can be observed from the data that, with the conventional HPQC parameter desigmathie ha
compensation performance is not satisfied at the iigagetl operation voltage. By contrast, using HPQC with the
proposed parameter design, with the same operation voltage, the compensation performancisiastihga
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Fig. 15. Recorded experimental waveforms and power quality data from primary lpigk pA. (@) before
compensation. (b) With HPQC compensatib@ uned at third harmonics). (c) With HPQC compensation (proposed
design).

(€= )

Fig. 16. Recorded experimental waveforms and power quality data from primary grid phase B. (@) befor
compensation(b) With HPQC compensatioh. € tuned at third harmonics). (c) With HPQC compensation (proposed
design).

D. Cophase Traction Power with Compensation with HPQC under Load Variations

In order to further investigate the system performance during load variations using the propgesedesign, the load

is set to vary from 0.6 of rated ratings to full one. The experimental waveforms obtained arénshigwre 18. It can

be observed &m the waveforms that compensation can be provided for both load ratings. Details of the system powe
quality data obtained are shown in Table VII. It can be observed that the system power quadlity istandard even

when load varies. This shows thattisfactory compensation performance can be provided by HPQC using the
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proposed design when load varies. The price of conventional STATCOM or RPC ranges from-$EDE3A [26];
reduction of device capacity in HPQC thus also indicates cost reductioherfruotre, the passive capacitor bank or
SVC is relatively less expensive. According to the reference, the price of SVC is only aroundA$ A8V nearly
45% reduction in HPQC operation voltage and thus device capacity, the price reduction is significant

Fig. 18. Experimental system waveforms forpttase traction power supply with HPQC of the proposed parameter
design under load variations, system voltage and current waveforms in (a) phase A, (b) phaseaBe(€), and (d)
load current

VI. CONCLUSION

In this paper, thé&.C parameter design in HPQC has been investigated for reduction of the operation voltage under
fundamental and harmonic compensation. HPQC is previoushpgeed for reduction in operation voltage when
providing power qualit compensation in ephase traction power. It works by introducing a capaclt@eranch as

the coupled impedance. However, the design is mostly focused on fundamental compensation. Nioenhally,
parameter is chosen at the frequency where load harnoamitents are mostly concentrated at for minimum
compensator operation voltage, but the design lacks theoretical support. The HPQC design witin @opearation
voltage for power quality compensation ingoase traction power supply system under tkeegce of load harmonics

is being explored. The power quality compensation principle 4phase traction power supply is being reviewed, and
HPQC is compared with conventional RPC to show the advantage of lower operation voltage andhiileyscénr
HPQC Based on the presence of load harmonics, the comprehensive design for HPQC is mathematiedllytdsriv
shown that, under harmonic compensation, with a prb@eparameter design, a lower dc voltage operation can be
achieved. This can eventually reduthe initial cost and switching loss. It is obtained through simulation and
experimental verification that, with the propoded parameter design, there is a 15% further reductiaspération
voltage compared with the conventional one, leading to hdb#8% reduction compared with the conventional RPC.
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Further study of the project includes proposing design so that HPQC can provide compensatiosr ftmadidg
range.
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