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StaticV甜Compens裏Or（SVC）isarecentpowerelectronicsdevicetbatcanprovi血reactivepowerto  

COmは01poⅦer SyStemVOぬge．Tberesponse speed ofSVCis mlCbbigherth弧也atoftbe conventional  

COntrOldevices・horderto氏111yutilizethecapabiiityofSVC，detailedoperationcharacteristicsoftheSVC  

mustbetakenintoconsiderationtoimprovesteadyustatestabilityandsteadydStatePerfbrmance．Inthispaper，  

tbesystems仕engtbtovoltagecoIl虹01isrep陀Sentedaslinearcon扇b血ionofsiow－reSpOnSeV甜devicestotbe  

CbangeofsbuntstlSCep乞ance，WbicbisappliedtooperationpolntCOntrOIwbilekeeplngdesirab呈evolbge  

pro重1e．Tbecontrollablevolt喝eVadatio三ユandtbe臨asibleslopesettingavoidingviolationofcon包●011imiモare  

quanti鮎dbasedonavaiiablecontTOlmarglnatCurrentOPerationpoint．ThequantitativeanalysISPrOVidesan  

effbctiveeontroimethodofSVC血atimprovestheutiiizationofitscontrolmargin．Thepaperaisodiscusses  

COOdinationamongmultip16COntrOIsofiocalSVCs．  

監eyw¢rds： VoltageCo血Oi，SVC，OperationPoi血，S短adyVoぬgeC王i甜a6teds富ic，Siope  

COmpenSation o句ect，the originaioperation pomtis  

assumedⅥ血bregulatedcuTentOrSuSCeptanCe，狐d也e  

Siopeis neglected，altbougbitis conc旦Ⅶded tbat tbe  

representat呈on ofSVC slope may be moreimpoれ弧t  

ぬantberepresentationfbrgeneratorvoltagere卯1ation。  

Basedontbesesimpl漬cationsratedcontroimarglnis  

aiways available be丘ばe血s餌ぬances，弧d tbe power  

鮎wres㍊1tismoresⅦitable氏〉rSpeCialsnapshotsinstead  

Ofcontinuousoperation．LittieattentionisglVentOthe  

SuCGeSSまYe analysまS and controito ope柑tion point of  

SVC6），SⅦChas：  

（1）Howtomakescbemestorestoreoperationpoi月t  

toorclosetotheregulatedvahewbilekeeplng  

desirablevoltagefbr血沈ばeCOntrOl，  

（2）ApproximatelyboⅥ7nmCbvoぬgevariationmay  

beco王npenSatedw地inSVCcon徳0＝imit，  

（3）H彿w to set slope fbasibly to be洗er血1izeiモS  

1．Imtrodu（：tion  

Compared witb 鮎ed or mecbanically switc王1ed  

CapaCitorandreaGtOr，Statまc VarcoInpenSatOrS（SVC），  

SuCh as sbunt comected t王1ydstor switched GapaCitor  

（TSC）andtbyistorcontro】1edreactors（TC鼠），Or抗Ⅹed  

CapaCiも併（FC）andTCR，prOVまdes臨stvoltag¢COntrOi，  

restllting into be性er steady－State an（呈 dynamic  

peぬm弧Ce OぎpoⅥ′er SyStemト2）・Tbe steady伊State  

analysIS tO SVCis usual呈ylmpleme軸d by adding  

equlVa旦entSVCmodeistopower蔦0ⅦprO許amS，SⅦCh  

asgeneratormodelwitbconstan琶reactivepowerlimits，  

PVBbusmodelwitbshntsⅥSCep払ncelimi晦Vadant  

Shuntsuscepabcemodel，andvadantむiれga一昭】emode1  
3】5） 

．Thestea彰一StateCb訂aCteぎisticsoぎSVC，S㍑Cbastbe  

Onglnalope柑tionpoimt，tbevoぬgedeadbandぬavoid  

excessiveoperation，弧dtbecontroIslope，甜euSualまy  

Simpli茄ed．Tbe voぬge dea曲andis re血cedto鮎ed  
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controlmargln and coordinate with o也er Var  

devices。  

Inぬispaperthepost－dis餌bancebebaviorofSVCis  

s餌diedandcomparedwitIIPVBdbⅥSbasedpowernow  

model．加isた〉undinmanycasesSVCmayoperateaモ  

non－re卯1atedpo血twitbVarol埠瓜王fdetailedsteaみ一  

sねtecbaracteristicsareincl㍊ded，tbeorlglnaloperation  

pointbas muc王Ie董臨ct on SVC c叩ability fbrvoi臨ge  

COntrOl．Theprevio11SpOWer鍋owmodelssim血temore  

oftbedynamicthantbesteady－Statepeぬmancea魚er  

dis短沌ance．Then steady－State OPerationpolnt COntrOl  

based on tbelinear expぞeSSion oぎⅤ甜0叫put，btlS  

voぬge，and sbunt sも1SCeptanCeisproposedto slowly  

restore SVC operation point while keeping desirable  

VOltage pro缶1e・Controlkぬ1e voltage va血tion and  

たasible slope settlnglS qu弧ti鋭edbasedonavailめ1e  

COnな01range of SVCs and system per払mance・  

Although ■払e models and the results are mainiy  

designed放）rtlnder－VOぬge control，ぬeymayalsobe  

easilyapplied如0VeⅣ01tagecontrol．  

2．SVCPcl・formanceafterI）isturbanees   

2．1P¢St岬dis紬rbaneeperぬrmamceoぎSVC   

SVCreactiontovoぬgesag録omtimegoissbownin  

ぎig．1，Wbere朽is血eぬsvoltage，粒ゆあ粒ゆ瓜aretbe  

lowerandtbeⅦpperぎe臨rencedvoltage，β動β∫如eJa陀  

tbesbuntslユSCeptanCe弧ditsregulatedvalue，β血乃，and  

風血旭in血ctiveandG叩aCitivesusceptancelimitoftbe  

Sbunt patbincluding SVC and t鮎 step一血wn  

血ns鈷mer．A免許disぬrbance，βg九∫isimcreasedbySVC  

COntrOller to restore tbeload voltage to‰如■Tbe  

Opera転onpointattim絢maybe“a”弧d“c”，Or“b”弧d  

ダG－勺ゼ闇  

n・・ヤ¢ノー・   

Fig・2 SVCcompmsatedbus伽poⅥrer鋭owanalysIS・   

㍑d”in Fig・1・Thenthe slow－reSpOnSe reaCtive power  

devices，SじC‡1aS SynC汝onous g弧eで昆tOrSクCOndensefS，  

mecbanicallyswitcbedcapaci血弧dreactorsoperated  

byⅥnder－and over－VOitage relays，aS We呈1as也e  

necessaⅣload sbeddi；唱eXeCⅦted byload shed血g  

relays，Slowlyre血ceSVC仇噸咄＝0（orcloseto）tbe  

re誹1ated susceptance（or re卯1ated c－ユ汀ent羞e′）ぬr  

蝕血e払stcontrol，W揖1eimprovl喝loadvoltageto a  

desired value・This processis called operation poin乞  

eontTOlorV11rreSCrVeCOntrOl．  

：二・ニ；．…～、Jゞヾ．こ・JJ…  

室二・．、、J．‥、ト‥－・ノ∫．～．．い  
（1）   

blitera血汀eS 鮎r steady－State analysIS，SVCis  

simd且tedbygeneratormodelorPVBb－ユSmOdel・Ås  

Sbownin Fig．2，PVB bus modelis based on an  

ima由na叩PV－buscons隠ainedby（2）－（4），Wbere¢プis  

tbe powerl叫eCtion鉦omtbe b㍑S tO tile SyStem and  

S喝ectedto也eloⅥ7erandtbeⅦpperlimiモSタメ椚f乃and  

9f椚瓜，¢Gfand払ゴ甜ereaCtiv¢generatまonandreactive  

load。斬1en風ゐノreaChes孔ん例言〃Orβ血瓜，tbebusch弧geS  

tobea‡，QbⅥS，andβ∫れきis鋭Ⅹedat題∫月例f〃Orβ∫ゐ班成W地  

necessa野mOd漬cationもOadmittancematdx（5）・  

L・ミ‥パ∴ニー．・いく∴、  

負朋∬＝払f十哉力刑瓜巧2  

i∴．÷÷．－・くノ．．・・～叫∴  

払g＝鮎】払  

∴r・－Jゴ．．  

（2）  

（3）  

（4）  

（5）  

←析雪舟瓜   

←杵ゆわ，  

Forareg且OnalsysteminclⅦdingaSVCcompensated  

bus，tbecompensatedvoltageandtbeshunts－ユSCeptanCe  

aぎeSbowninFig。3byaNewtonpower鎖owprogram，  

wber6也e re臨rencedvolt喝eis O凸95pu andOβ8pu  

respectively・Tbe power爵ow results co汀eSpOndsぬ  

eitberconstanもVOぬgeorsⅥSCept弧Celimitatb11S夏・王t  

aぬal！y simdates more oぎtbe dynamic peぬmance  

まnsteadoぎthesteady－Stateperぬmanceesp∝iallywben   

-- 20 -- 

く・－＆血Ⅲ  

←β∫みJe′  

モーlβ∫人〝．f．．  

12, time 

Fig．1Posトdis血ぬanc¢reaCtionorSVCtovoltage血op．  



VoltageControiCapabiiityAnalysisBasedontheSteadyStatePerfoTmanCeOfSVC  

0   

（‖8   

4  

－一書仙－Volt喝¢（汁e  

℡U  

7  

′
0
 
 
 
 
 
 
 
 
 
 
 
 
 
′
0
 
 
 
5
 
 

Z
 
l
 
l
 
1
 
 
 
9
 
 
9
 
 
9
 
 
9
 
 
爪
U
O
（
U
（
U
 
 

（
n
色
ひ
じ
月
計
0
ヨ
S
も
ぎ
叫
0
＞
 
 

1．00   1．05   l．10   1，王5   1．20   1．25   王．30  

R£aCtlVeload血¢renent＆1免ctor   

ITig．3 PVB－busbasedpowernowresuits．  

tileCOntrOllimitisnotreacbed．Bas8dontbe鉛1lowlng  

assumptions，1t扇estomake餌1ⅥSeOfSVCa鮎訂血e  

dish汀bance，1eavlnglittlemargi血払ど蝕血e払stvoぬge  

COntrOl，andmaking∬烏1eef払れtocontrolぬeoperation  

pointゐrbetterperfbnnance．   

－ Tberef奴encedvoltage（COntrOlo切ect），i．e．ぬe  

VOlt昭eSet血唱払rtbepVbus，is飽xed．   

－ Rated controlrange ゐr tbe shnt pa也is  

available andindependent of operation point  

befbredistufbance．   

－ Theslopeisnotincludedinthemodel，theTefbre  

nospeciaimeasureistakentopreventSVC丘om  

reaching也e controllimits too easily and to  

coordinate multiple local SVes. 

－ Tbe contrit〉ution to voltage control丘om血e  

Slowly－reSpOnSe reaCtive“poweでdevicesis not  

quantitativeiysimulated・   

ヱ。急E勤et¢fSVCoperationpoin‖¢VOl竜王唱eCOntrOl   

Inac血aloperation，SVCmayworkasaregⅦ1arV訂  

devic¢Witbotltputfbraperiodoぎtime，SⅦCbas：   

ゆ Tbereis no su臨cient V甜SuppO‡1録om the  

SyStem血e to Var capaci年Or tranSmission  

SeCWi年／eGOnOmics．   

岬 Foriong extraん1はa宣1ig量1VOltage虹ansmissまon  

皿derligb篭loadconditions，Sinc¢it’sdi路cultto  

absorb tbe re血血d弧t reaCtive power by  

generators，SVChastoprovidein血ctiveo℃申ut  

torestraintbeoveⅣ01tage．   

Thesteady帽StateV聯Icb甜aCtedsticofSVCinclⅥdetbe  

VOltage deadband，tbe regⅥ1ated sⅥSCeptanC¢，弧d tbe  

Slope，ailrelatedto tbe operationpoint■A deadband  

be知e孤loweぎand甲pperre知encedvoitage粒ゆf乃and  

衿ゆ餌issettoavoidexcessiveoperationogSVCdwぬg  

Fig．4 SteadystateV甲王ch甜aCtedsticofSVC・  

Steady－S也te operation。A免er蝕st voltage con隠01，ぬe  

Operationpointcontrol血ivesSVCtooperationpointto  

（Ciose to）regulated susceptanCe tO keep sufncient  

marginfbr蝕hばe臨stcomtrol．   

The slope prevents SVC愈■Om reaChingltS COntrOl  

limits too easily，andmakesitpossibie to coordinate  

OuQ）utamOngmultiplelocalSVCs．Itisde丘nedasthe  

ratioofvoltage－magn血dechangetocu汀enトmagn血de  

Cb弧geOVerぬelinear－COn徳oir弧ge，W王iefeゐ陀a王id右ろ  

ばetbesamecu汀孤tSatthes王1untpath．  

Al′  AIノ’  

＼J）エ．、＼J」  
！J・i   一さ．－  

AssbownまnFig．4，Wbendisttl蕗anc¢，SuCbasioad  

increase or打弧Smission contingency，血ives operation  

po血t丑・Omlto2，也evoぬgedrop‰is甲弧ti魚edもy  

the veれicaldis臨nce betweenland2（7）．Tbe total  

expected compensation乾坤in steady鵬State Operation  

mayもede且nedby（8）．Tbe負naloperationpoまnt3is  

decidedbytbeintersectまonofsiopewitbloadlinewbich  

isac餌allytbestaticvoltagecharacteristicofthesystem・  

Ac短alcompensatedvoぬge‰iseq脱1to抗甲minus  

tbe皿COmpenSatedvoぬge挽草加etoslop¢Se洗hg（9）■  

言．．、㍉ こ＿  （？、  

i．．・‥言●＝ミミ…「、  

i－、・‾・f．‥ご」  （8）  

f・．・∴＿－－i．‥．主●・．．り、ト  ざ‘、；、   

‡ぎtbe or唱呈naloperation po鼠nもis 旦’，ぬe same  

dis旭b弧Ce Wi呈1むiv葛ぬe operation pointぬ3’with  

larger晦餌t neay toぬe contmi凰imit・Wもenぬe  
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givenOperationpoint（12）－（16）．Itpaれ1yquanti免es蝕e  

Stat皇cvoぬgecbaractedsticofthesystem．  

［芸H完；班芸］  

ÅP＝ダ併一夕  

Åe＝が㌦ゼ  

、・しト∴・＼！－   

・′人…／、i－ノ′．、．・・－．・∴ノ‖  

AI・’＝〟△p   

g＝ノ忘1＝（梅）   

△巧＝∑（均喝）  

J∈タ9  

（10）  Increase  
＼悠rou中ut  

Decrease  

Varo両頭  

（ま1）  

（12）   

（13）   

（14）   

（15）  

（16）   

Fig．5 ScbematicdesigntooperationpolntCOntrOl．  

Ongl王1alpointisl管’，t宣1eintersectionof亀eslopeand且oad  

line crosses tbe controllimlt，andtbe operationpoint  

moves along モhe cont相互 旦imit with smaller ac餌a旦  

COmpenSation．Itsbowsw宣1en血eslopeis血clじded，tbe  

Steady－State perねmance o£SVCis dependemt oniもS  

Originaloperationpoint．Detailedanaiysistooperation  

pointisbelp鮎1toquanti村andもetter扇i呈izeぬe SVC  

COn虹01ma柑mhcontinuousopeぎationenv迂onments．  

3．Operat呈omp¢intC⑬ntrO凰   

Steadyustate analysIS andcontyolto SVCisⅦSually  

locallyorremotelydecidedbyt‡ほCOnは01c弧terand  

i王鱒plementedbytbeSVCcontroller．Thecontrolo毎ect  

is to better 雨ilize controlmargln under 戯蝕rent  

Operation conditions。Operation point controla免er  

dist11ぬancesis戯scほSSedin tbis section，and臨asit〉1e  

Slopeset血g呈sdisclユSSedinn¢XもSeCtion．   

Assbowninぎig・5，tOreStOぎeOpera也onpointofSVC  

払r 鮎旭e 払st voぬge conな01，tbe controicen玩汀  

decreases SVC o11tpⅦt by slowlyincreasing tb¢Var  

Ou・申ut of slow－reSpOnSe devices and avoiding 臨st  

reg正払tionorSVC・Tbereゐreint重1eprOCeSSOぎoperation  

poi血CO血0旦，Slope may be neglected and也e SVC  

COmpenSatedb11SisseenasaPQぬswitbasbuntpa亀．  

Tbeproblemnowisto魚mdtbeiocationandamountof  

Vaど 0一喝ut 如 a prescribed SVC ot鼠申ut（sb㍊nt  

SuSCeptanCe）wbiiekeepingdesirめ1evoltagepro鋭ie．   

LineadzedpoⅥrer鮎wmo血1issbown血（10）－（1り，  

WhereAPamdAeareぬecb弧geSOfac也veandreactive  

power，〆PandグP甜etbespeci鮎dactive弧dreac如e  

powers，ÅβandA㌢甜e払ec王1angeSOfvoぬgeangle弧d  

magn血de，andみ∂，み約庵β，み㌢aretbesめ一Jacobian  

matdces7）・To s餌dy鮎impact ofreact呈ve power  

Cb弧getOVOぬgecontrol，ぬeactivepoⅥ7er皇sassⅦmed  

COnStant，andtbere血cedJacobianmatdx毒，Orinvers¢  

matrix K，is fbund to establisIlthcincrcl11enlal  

re払由0盟SbipbetweenV好機ectまon弧db㍑SVO呈tageaも  

Since玖maybeVari毎ection免■OmgeneratOr，旦oad，  

and SVCs，tbeir contdb扇ions to voltage cbange are  

Separatelyexpressed（i7）－（19）．Bycombinir唱tbetems  

Witb△巧，the voltage cba‡唱e With respect to control  

Va出血1esis虫〉Ⅶndamd su句ectedto sbuntsuscep短nc6  

1imi乞（20）－（22），Wbereα，β，γafeCOnt柑1ぬctors．Ⅰりis  

motaSVCcompensatedbus，β咄a‡ldA銑ゐノ訂eZerO。  

Ⅶもe弘也ereismoret主1anOneSVCconnectmgata如s，  

蝕eyareeqⅦaledtooneSVCbycombiningtb由s加nt  

SuSCeptanCe。TheequationsqⅦanti秒tbecontrib雨ionsof  

SyStemandotberSVCstocompensatedvoitage．Ⅰ£tbe  

expectedvolもageis員Ⅹed，tbenecessaⅣVarincreaseto  

re血ce SVC ou申utmaybeねundbasedon slowand  

continuouslineareontrol．Thcmodelis suitable Ebrboth  

CapaCitiveandin血ctiveoperationstateoぎSVC．  

A玖＝A‰十A象ム，ノ  （17）  

A銑烏，ノ＝△（倶あ，ノ咋）彩呼吸ノ＋2孝一ゐ，ノりAり（18）   

△巧＝∑（悔△‰）＋∑（㌔△払方，ノ）（19）  
ノ∈タク  ノ∈♪e  

∑梅（△‰＋咋亜∫ゐ，ノ）＋∑2梅見りりAり  
ノ亡／’e  

ノ卓上lリ                     ノ≠′  

Å巧＝  

ト・：∧●ノ㌧．主二  

＝∑（αが△‰卜∑扱蝿あ，ノ）十∑（箱Aり）（20）   
ノ∈タ9  ノ∈タe  ノ∈ギク                                ノ≠J  
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‾ 
－ －－－‥－ ∴－∵■し  し・●ノー  

偽ニ  
（2i）  Tbe totalexpected compemsation 粍甲，f W地in  

availablecontrolm甜ginÅβ∫れ～isbasedonぬecbangeof  

Sbunt sⅦSCeptanCe（28）小 Tbe 氏asiも1e slope se恍i‡唱  

Witbout violation of controllimitis sbownin（29），  

depemd葛ntOnaVailablecontrolmarglnandsbticvoltage  

Charactedsticsoftbesystem．  

鴇甲．f＝（β∫＋ら）適∫力，j  

1－2隼f残れf巧  

2偉観力，ノり  
γダ＝  

0≦Å県鳥，ノ≦色毎ノー畏れノ  （22）   

4．C¢ntrO姐ab鼠eRa喝eandSl¢peSe豊富星ng   

Based on SVC operation point，Static vo】tage  

Cbaractedstic of 也e systemタ 弧d 也e possible  

disぬぬ弧Ce，也e controli血1evoltagevadation andぬe  

臨asibleslopeseぬngwitbhtbecontrolmargmmaybe  

qⅦ弧ti蔦edasshowninぎig．6．   

By neglectlng tbe perfbmance of sloⅥ′－yeSpOnSe  

devices andremote SVCsintbe臨stvoitage control，  

弧dassⅦmingmat血ginsensi毎vetosmailch弧geOf  

Operation poま鴫 也e actualcompensation 坑p′gis  

expressedas：  

吼
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よ．i－・   
（28）  ．
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さ∴．・．．／ミ．・1f～、j・、．  
屯り＝   

！：・叫′‥－－㌫・～！i‥′．・－．／しりき・∴；   

Whem亀ereis‡nOretbanoneSVC，e．g。〟SVCs，at  

blユS fwitb dif托rentslope，Op6rationpoimt弧dcontroi  
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托asibleslopeseぬngwi血outviolationtocontrol  

limit are qⅦanti負ed based on available control  

marglnatCu汀entOperationpoint・   

Quantitative analysisandcontrolto SVC operation  

pointisvaluableforeffbctiveutilizationofitscontrol  

marglnandcoordinationamOng SVCsandthe slow－  

responseVardevices．  
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