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Abstract:I:hl'spaperreportsLJzeoytliTZeOfthe48MrAse/I-commzJtatedstatL'cvugenerator(SVG)installedin
CepltT･alJapanRat'[wqyCompaり''sshL'ntakatszJkasubstatt'ona71da/SoszLmmarizestheremllofaperformance

verlJicatt'ontest･Astheヮ〟mbe'ofpassengeTszL如gtheTokaL'doShinkO脚enbulleltrat'nincrease" ea'byyea'･
thereisacorrespondt'ngmcreaset'ntheservtceloadl'nclzLdingstejPed-ZLPOperationofLratlNandtheirl'ncreased
speed TheSVGisdesL'gnedtoszLPPreSSVO/(ageJ伽ctzLationsandimbalancecawedbyloadva,L'otL'onsoftraL'ns
andthereby,toalJevjateeHeclso7101heyconszLmer:SOnthesamepower耶tem.WecondzLCtedaverLjicatL'Ontest
ontheSVGzLSinganactzLaltrain/odd.Th'sverlJicatL'OnteuTtfozmdthattheSVGcanre/L'ablycompe肘atefor

reactivepowerandnegative-phase･se?uencecurrentofmagnt'tudeuwt'tht'naratedcapacL'or･thzL'PrOV''dL'nga
sqt1-sfactoヮvoltagevo,iatL'onsZLPPreuSLOnedect.

htroduction

Therehavebeengrowingcansforhigherstability
andqualityofelectricpowersupplyamidincreasing
powerdemandinrecentyears.Elec打icrailwaysysteJnS
arealsorequiredtominimizevoltagenuctuationand
imbalance.

Recentadvancesinpowerelectronicstechnology
haveenabledasubstantialincreaseintheratmgof
powerconvertmgsemiconductordeyiceshavingaself-
ex血guishingcapability,SuchaSGTOthyristors,which,
inturn,hasallowedpracticaluseoflarge･capacityPWM
mverters.

ThisPWM inVerterisalreadyinactualserviceas
anSVG,whosecapabilitytoregulatereactivepowcrand
negative-phase-SequenceCu汀entathighspeedbyPWM
controloftheGTOthyTistorshasbeenproveninservice
experience.
Itisgenerally bowれthatreactivepowerand

negative-phase-Sequence currentcausevariationsand
imbatanceofpowersystemvoltage.Weadoptacontrol
system thatisbased onallinstantaneousreaIand
reactivepowertheorytodetectandcompensateforsuch
disturbancecomponents.Wehaverecentlyinstalledan
SVGforaShinkansensuperexpresstrainfeedingcircuit
intheCentralJapaJIRailwayCompany'sShintakatsuka
substation.TTLCOutlineofthisequJPmentandtheresults
ofitsperformanceverificationtestaredescribedinthis
paPer･

Obiective

Whereasubstationhasasmallpowersupplyshort-
circuitcapacity,whentwoormoretrainsdrawalarge
amountofloadinthesamesubstationsection,the

yoltageyariation ofreceiyed powerbecomes large
affectingotherconsum ersconnectedtothesamepower
system.SubstationsforfeedingShhkansenconyerf3･
phaseACyoltagetosingle-phaseACvoltagebyScott-
Cotuected trmsformers before supplying electricity.
Traizw collectthissingle-phaseACyoltagethrough a
pantographandrectifyittodriveamotorforprqpulsion.
TheScott･connectedtransformerhasacharacteristicthat

whenitstwowindingsareaPPIiedwiththesameamount
ofload,the3-phaseACctm tsontheprimarysideare
balancedcompletely,butthatwhenthetwowinding
loadsarenotbalanced,asinShinkansen,the3･phase
ACcurrentontheprimarysidebecomesimbalanced,
causlngaVOltagedrop.Theyoltagedropisgenerally
controlledbyashuntcapacltOr,Which,however,caJuOt
suppressyariationsofreactivepower.
ConsideringthefactthatthetrainLoadofthe

Shinkansenisbasicallyan imbataLICedloadandthaHhe
imbataJICeCOmPOnentSinthetoadwiltfurtherincrease
asagrowlngnumberofregenerativec∬Sarecurrently
beingintroduced,weadoptedasystemincorporatingan
SVGtosuppresstheimbalancecomponentsandreactiye

poTeてcontainedinload･therebycontrollingvoltage
yanattonsofreceiyedpower.

SystemConfiguration

Figure1showsasystemconfiguration.ncSVG
system isinstalledinpaLrallelwiththekdingcircuit
andcomprlSeSatraASforTnertOStepdownareceived
yoltageof154kV to33kV,three 16-MVA GTO
inverters,aLlda6-MVAshuntcapacitor.TTLetransform-
erforsteppingdownto33kVmakessayingsmterms
ofeconomyandspaceoftheSVGsystem.Theuseof
the6-MVA shuntcapacltOrthatcompensatesforthe
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16IYlinyerteTFigure1Systemconfigura

tionreactiycpowerconsum edbythetrainloadreduces
thecapacityandsizeoftheSVGsystemitself.hthis
sys-tem,theGTOinyertersaredividedintothTeCgro
upsandarecontrolledindcpendently sothatthesystem c
anremainoperationalevenwhenoneortwoGTOinvcrter

sshouldfail,thusenhan cingreliability.Control

ofSVGFigure2Showsthecontrolblockdiagram. It
isknownthatyoltagevariationresults&omreactivepow
erandnegatiye･phase-Sequence currentgenerated by
aload.Tocontrolthese,theSVGperformsthefollowLng

contTO1:(1) Detection ofReactive and Negatiye-Pha

se-Se-quenceComponentsorLoadCu汀entTheload

currentcomponentdetectionblockofFigurF 2de
tectsaloadreactive powe'QLandanegative-Phase-sequencepowerPLN,qLN.Dete

ctionofQL,PLNandqlNisdonebythegeneralizedtheoryofthe instantaneousreactivepowerinthree-phasecircuit

s【1】.Then,cu-ntvaluesiLQ',iLJ equivalent
toQLandp山,quV

aredetemlined.(2) CalculationofCtm tRefer
encenectm treferencecalculationblockofFigu

re2combinesiLQ暮andiLN●oftheloadctm ntand
calculatesznirLStantaneOuSrealpowerandaminstanta

neousimagl-narypowerofthecombinedcurrent･ Thec
alculatedvaluesareadjustedbyanoutputlimitcon
tro一factor(describedlater),Apefactor(describedl
ater),numberofoperatinginvertersNZandshun

tcapacitorQctodeterminethectm treference

i+.(3) DCVoltageCo
ntrolTheDCyoltagecontrol regulatest hevoltageoft

heDC capacitortocoincidewith thereferencevoltag
e･TheDCvoltagec
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Becausethefeedingsystem isanungroundedSystem,
io三Oandequation(りcanbedevelopedaSfわllows:
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Subjecting equation (4)tothe3-phasF to2-phase
conversionresultsinthefollowlngequationWherelLα
andiLPdenotethe2-phaseACcurrents.

二二二叫三
12違2魂 (5,

Zl+12-j(il-l'2) (6)

Heretheeffectiyevaluesofilandiユarerepresentedby
llandIZ,reSPeCtiyely,aidcanbeexpressedasfollows:

il-JfIISin(ot-¢1) (7)

ら-JfI2Sin(ot14,2) (8)

O-27tJ (9)

whereO.isaphasedifferencebetweenthepositiye-

phase-sequencecurrentandtheline.voltageand.2isa
phasedifferencebetweenthenegatlVe-Phase-sequence
currentandthelinevoltage,andf(-60Hz)isa
&equency.Basedonthese,thepositiyep,qcalculation
circuitdeterminesapositiyeinstantaneousrealpowerp,
aJldapositiveinstantaneousimaglnaryPowerqp.Using
thetheoryoftheinstantaneousreactivepowerinthree-

phasecircuits【l]･thepositiveinstant甲eousrealpower
qpaTLdthepositiveinstantaneousimaginaryPowerqpare
definedbyequation(10). Equation(10)iscaHeda
positiye instaJltaneOuS real and imaglnary POWer
calculation.

lpq:口:tap:I:LPaH:冒:1 (10,

wherevcL事andvP◆denote2-phaseACquantitiesin
phasewithvoltageandhaveanamplitudeofIpu.
TTleyareexpressedasfollows:

Vい -βSinoE

vP･ニーβcos(Jt
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Substittltingequation(ll)and(12)intoequation(10)
resultsin･.

p-3IICOS4'1-3IZCOS(2or-4'2) (13)

q--3IISin¢1+3I2Sin(2(JT-¢2) (14)

Equation(13)and(14)signify thattherealpowerand
reactivepowerfわrthepositive-phase-SequenceCu汀ent
appealaSDC quantitiesandthoseforthenegative-
phase-sequerlCe CurT'entappear asAC quantitiesthat
changeata&equencyTwotimesthatofthefundamental
ware.TTlerefore,bydetectLngaDCcomponentusLnga
low-passfilter,therealpowerPandreactivepowerQ
can bedetermined･ ThedetectedreactivepowerQis
conyerted into2-phaseAC currentsiQα,iQβbythe
positive-phase-sequenceinstantaneouscu汀entCalculation

andtheninto3-phaseACcurrentsiQR'･iQS+･iQT+bythe
2-phase-to-3-phaseconyersion･ nleSeCalculationsare
identicalwith reverseconyersionofequation(10)孤d
(5).
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(16)

CalcutationofNegative-Phase-Sequence ComponentOf

LoadCu汀enti.N三
nenegative-phase-sequenceinstantaJleOuSrealand

imagmary power calculation isthe positive-phase-
sequence instantaJleOuS realand imaglnaTy Power
calculationwiththevoltagesignalvP'invezledandis
definedbyequation(17).

(17)

vncE･ -1伝inoE (18)

vnp･-J5cosoE (19)

SubstittJtingequation(17)and(tS)intoequation(19)
resultsin:

pn--3tlCOS(2O1-01)◆3I2COS4,2 (20)

qtz=-3IISin(2O1-01)+3I2SiIゆ2 (21)

Equation(20)and(21)signifythattherea一andreactive
∽mponents f♭rthenegative-phase-Sequence CU汀ent
appearasDCquantitiesaJldthosefortheposltiye･phase-
sequencecurrentappear aSACquantitiesthatchangeat
a斤equencytwotimesthatofthe血ndamentalwave.
TTlerefore,itiSPOSSibletodetecHherealandreactive
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componentsor山enegative-phase-Sequence Cu汀entby
detectulgOnlyaDCcomponentwithalow-passfilter.
Then,asinthecalculationofthereactivecomponentof

loadcurrentiLQ+･thenegatiye-phase-sequence compo-
nentofloadcurrentiLN'isdeterminedbyanegative-
phase-sequenceinstantaneouscurrentCalculationdefined
by equation (22) and by the 2-phase-to-3-phase
conversionexpressedbyequation(23).
Ifwelettherealandreactivecomponentsofthe

negative-phase-sequencecurrentbepJandq∴ respec-
tively,thefollowlngequationshold:
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CalculationofCurrentReference

Thecu汀entreferencedeterminedbyequation(16)
and (23)a托 COrnbined and then subjected to the
positive-phase-sequence instaJltan eOuSrealandimagl-
narypowercalculations.lThecalculatedvaluesareused
todeterminethegainproducedbyAPCandoutputlimit
controlDothdescribedlater)andthentocalculatethe
powerreferencesp',q'.Fromthepowerreferencesp',
q'thusobtained,itispossibletoderivethecurrent
referencesiR',is',iT'through thepositiyeinstantaJleOuS
cu汀entCalculationandthe2-phase-to-3-phaseCOnVer-
Sionbyusmgthefollowingequations:
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(25)

ABS

Anadvanced powercontrol(APC)isa.control
methodforeffectivelysuppresslngYOllageyariatLOnWith
alimitedequlpmentCaPability･TTleSVGcompensates
forthetoadreactivepowerandthenegative-phase-
Sequencecu汀ent.lnreality,however,becausethereisa
limittotheequlpmentCapability,theSVG cannot

respondtoloadvariations.greaterthanitsrating(Fig･
3(a)).WtentheloadreactlVePowerandthenegative-
phaSe-SequenceCu汀entexceedtheratedcapaclryOrthe

SVG,itispossible toeffectiyely suppressyoltage
variationbyoutputtlngareactivepowerandanegative-
phase-Sequence currentboth multiplied bythegaln
showninFigure3(b).Foraloadnuctuationshownin
Figure3(C),forexample,constantTeaCtiyepowerand
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Figtm 4.Outputlimitcontrol

0utT)utLimitControl

Normally,theSVGcompensatesfor100% ofthe
readvepowerandnegative-phase-sequence currentof
magnitudeswithintheratedcapacity. Wh eretheload
readvepowerandnegative-phase･sequencecurrentare
small,however,itispossibletosuppresstheyoltage
vdationwithin therequiredraJlgewithoutsettingthe
m pensationgain TITOfSVGtol･Thecompensation
gaJnTITisdennedby:

¶r三
actzLaEamountofcomperLSaEio17bySVG

TequE'redamoLLnEofcompensatio7Z
(26)

Insuchacase,byloweringthecompensationgainTITOf

Os
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SVG,thelossoftheSVGsystemcanbereduced.
Figure4showsthemethodofSVGoperation･The

abscissarepresentsarequiredamountofcompensation
andtheordinaterepresentsacompensationgalnTITOf
SVG. Figure3(b)ShowsthenormalSVG operating
condition.Whenthecompensationamountiswithinthe
SVGrating,thecompensationgainissettol･
htheoutputlimitcontrol,ontheotherhand,when

thecompensationamouTltisbelowaspecirledthreshold
level,thecompensationgaulischangedlineaTly. For
example,whentheoutputlimitcontrolfactorissetat
K=0.6,therequiredamountofcompensatlOnismulti-
pliedbyagainwhichchangesinarange斤om0MVA
to28.iMVAwithacertainlinearinclinatlOn.

PerformanceVerificationTestResults

AperformaJICeVerificationtestusingactualmi
loadswasperformedforfourdays&omJuly25toJuly
28,1994.

2-MinuteWindowVoltageVariation

The2-minutewindow voltagevariationfactoris
defined asapercentage ofthedifference between
maximum andminimum yaluesofthepowersystem
yoltageinadurationoftwominutes･Thatis,ifwelet
amaximum valueofthepowersystemvoltageinatwo-
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T- V ▼ ■Figure6 2-minutewindowreceivedvoltagenu

ctuationfactor(July27'94,14:20-14:30)minutetimeintervalbevmaxandaminimumv

aluebeymin,thenthe2･min
utewindowvoltagevariationfactor AfterW canbeexp

ressedby:W

= m ax-vminxlOOl%] (27)VTTLaZAn ap
paratusdevelopedbyRailwayTechnicalReseaTChInst
itutethatcandirectlymeasurethe2-minutewindowv

oltageyariationfactorwasused.ResultsofMeaSll

rementS(AcasewheretheloadcLLrrentfortrai

niscompen-satedfor:)(a) OperationonJuly26
at10:14-10:17Figure5showsachartforthe10:14･1

0:17opera-tiononJuly26.nereactiyepowerandt
henegative･phase-sequencecurrent(power)drawnbythe
trainloadもavethemaximum yaluesofabout32MVarla

gglngandabout150Am (about28MVA),respectively
,insectioTl(A)whichexceedtheratedcapacit

yoftheSVGsystem. h thisco
ndition,avoltagenucttlationthatcouldnotb

ecompensatedforbytheSVGresults,butisonly0.6%at
maximum,wellbelowtheregulatedleyel,demonstrat

inganeffectivesuppressioncapability.(2-minute window received

voltage nucttlatiもnfactorandimbalancefactor)Fi

gure6and7show two-minutewindow receivedvoltagenuctuationfactorsforthe1

4:20-14:30OperationonJuly27,Voltagenuctua
tionsbeforeandafterthecompensationandvoltageimbalancefactors･Wefoun

dthefollowing:- Themaximumv

oltagenuctuationis1.74%atpoint(B)inFigure6verifyingasatis血:torycompensa-

tioncapabilityoftheSVG.l Amaximum voltagei
mbalancefac(orol3.6% insection(C)inFigure7
isHmitedtobelow l%bytheSVG. COmPensation 14:

20 14:25 14:30 14:35

Figllre7 Receivedvoltage
beforeanda氏ercompensation(July27'94,1

4:20-14:30)ltisconfirmedthatevenwhentheoutput
limitcontrolwithK-016isperformed,theSVGcanstil
lprovideasatisfactoryvoltagenuctuationsuppres-

sionfわrthetrainload.Conclusion

TbeperfonnanCe verification testsoftheSVGinstall
edintheShinkansenfeedingcircuithavefoundthatt

heSVGcanreliablycompensateforreactivepowerandnegative-phase-sequencecurrent,producin

gsatisfac･toryyoltage
yariationsuppressioneffects･ Whenthereactiyepowerand
negative-phase-Sequencecurrentofaloadaresmau,iftheoutputoftheSVGislower


