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ABSTRACT

In the recenttimes,the electricaldistribution network is facing challenges in

maintaining powerquality (PQ)due to increasing use ofsensitive electronic

equipmentinmostoftheresidential,industrialandcommercialapplications.These

electronicequipmentsbehaveasnonlinearloadstothepowersystem network.The

custom powerdevices(CPDs)arebeingusedasremediesto improvethePQ

problemsfacedbythepowerdistributionnetwork,thecommonlyusedCPDsareD-

STATCOM (distribution static compensator), UPQCs (unified power quality

conditioners),andDVR(dynamicvoltagerestorers)etc.ADSTATCOM isusedfor

eliminationofharmonicsinsourcecurrent,reactivepowercompensation,power

factorcorrectionandforloadunbalancingthroughappropriatecontrolofitsvoltage

sourceconverter(VSC).ADSTATCOM injectscurrentintosystem tomaintainsource

currentsinusoidalandmaintainunitypowerfactorbetweensourcevoltageand

current.ThepresentworkgivesadetailedperformanceanalysisofDSTATCOM

usingtwodifferenttypesofcontrolalgorithmsforVSCi.e.synchronousreference

frame(SRF)andAdaptiveBasedcontrol.Thesecontrolschemesaremodeledand

simulatedinMATLABSIMULINKtogeneratereferencesourcecurrentandcontrol

signaltoD-STATCOM tomitigatepowerqualityproblemsunderdifferentloading

condition.Thecomparisonperformanceanalysisofbothalgorithmsonthebasisof

THD(totalharmonicdistortion)insourcecurrentispresented.Theperformanceof

DSTATCOM forreactivepowercompensation,powerfactorcorrectionandload

balancing is also analyzed using SRF and adaptive based algorithms.The

DSTATCOM isconnected in shuntconfiguration to distribution system feeding

differenttypeloads.
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CHAPTER1

INTRODUCTION

1.0INTRODUCTION

Electricityiskeyelementinthegrowthofeconomyofacountry.Inmodern

worldtheimportanceandneedofgoodpowersupplyisgrowingdaybydaybut

maintainingqualityandreliabilityofthepowersupplyisacomplicatedtask.Ifpower

qualityofsupplyisnotmaintained,itwillaffecttheperformanceofotherloadsof

enduser.Thepowerquality(PQ)shouldbemaintainedatalllevelgeneration,

transmission,distribution,andutilizationlevelbutmajorityoftheproblemsinsupply

are from consumerlevelorutilization level. In presenttime everysectorof

commercial,domestic,agricultureandindustrialusesdifferenttypesofelectronic

equipmentandtheusesofthistypeequipmentisincreasingdaybyday.Every

equipmenthassomepowerelectronicconverteratfrontendbecauseofwhichthat

equipmentactasnon-linearloadtoourconventionalsupply.Thosenon-linearloads

drawnonsinusoidalcurrentfrom thepowersource.

Thesepowerqualityissuesaffectalltypeofendcustomersindistribution

system directlyorindirectlyintermsfinanciallossofduetointerruptionofprocess,

manufacturinglossduetostoppageoftheprocess,damageofequipment,raw

materialwastage,datalossatdatacentersandsoon.Therearemanyindustriesin

manufacturingandbankingsectorwheresmallproblem interrupttheentireprocess

forhours.Thesearesomepowerqualityissueswhichaffecttheendcustomer

because ofwhich the importance ofpowerquality in distribution system is

increasingdaybyday.

1.1POWERQUALITYISSUESANDREMEDIES

According to Institute ofElectricaland Electronics Engineers (IEEE)

standardIEEE1100“Power quality istheconceptofpoweringandgrounding

sensitiveelectronicequipmentinamannersuitablefortheequipment.”Insimple

wordsperfectsinusoidalvoltage with constantamplitude and frequencyisan

indicationofperfectpowerqualitywhichallowsanysensitiveelectronicequipment

toworkwithoutanylossinperformanceandlifeofequipment.
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Powerquality issues generally divided into three broad categories,

Harmonicsinthesystem whichisintroducedbytherectifierbasednon-linearloadin

system whichdistortsthewaveform ofvoltageandcurrentandincreasepower

usage.Thenon-linearloadsinjectharmonicsinsupplycurrentwaveform.Lowpower

factororpoorpowerfactoroperationitrefershighreactivepowerinthesystem

becauseofthisloadwilldemandheavyamountofcurrentfrom sourcethisheavy

currentdamagetheinsulationofwiresandcables.Now-aday’smostofloadsin

industries,agricultureanddomesticareinductiveinnaturelikemotors,fans,pumps,

etc.theseinductiveloadsneedreactivepowersoburdenofreactivepowerincreases

inthesystem.Whentheneedofreactivepowerincreasesinsystem,thiswillcause

voltagesagatthedistributionsideanddemandheavyamountofcurrent.When

system islightlyloadedoratnoloadconditionvoltageswellsatdistributionside

happen.Voltageunbalancebecauseofnonuniform distributionofloads,itcreates

voltageunbalanceinallthreephaseswhichaffectsperformanceandlifeofthe

machinery connected to the supply.Excessive neutralcurrent because of

unbalancedloadiscreatingpowerqualityissuelikeheatingofwireandcables.

Somenaturalphenomenonlikelightning,flashover,equipmentfailure,andfaults

alsoaffectthepowerquality[1]-[2].

Powerqualityissues are increasing in numberbecause ofthe use

sensitiveelectronicequipmentwhichisnon-linearloadsinnaturelikecomputer,

laptop,Xeroxmachine,TVsets,printer,scanners,faxmachines,batterychargers,

medicalequipmentelectricfurnaces,fluorescentlamp,andadjustablespeeddrives

etc.Duetoincreasedproblem ofpowerquality,differenttypesoftechniqueto

improvepowerqualityevolvedinthepastcentury.Toimprovepowerqualityonecan

usepassivecomponents,passivefilter,andactivefilters.Thereismanycategories

comesundereachoffilteringoptioninwhichDSTATCOM comesunderactive

filteringwhichiseffectivebutbecauseofhighcostofoperation[3].

1.1.1 PASSIVECOMPENSATOR

Itisconsistoflosslesspassivecomponentlikeinductorandcapacitor

withswitchesorwithoutswitches.Theycanabsorbandsupplyfixedorvariable

reactivepoweraccordingtothePQ issues.Theyimprovepowerqualityofthe

system byenhancingtheefficiencyandutilizationoftheequipmentconnectedinthe
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network.Thesecompensatorsareusedindistributionsystem toimprovevoltage

profileatPCC,reducethelosses,forpowerfactorimprovement,forneutralcurrent

compensation,for load balancing.The use of these passive compensator

componentsissimple,costeffectiveandeasyinstallationtheyarestillusedinlarge

powerratingsystem.Thesearefurtherclassifiedandusedasseries,shuntand

hybrid(arrangementofbothseriesandshunt)passivecompensator.

1.1.2 PASSIVEPOWERFILTERS(PPF)

Inlowandmedium powerratingsystem weusepassivefilterbecauseof

hislowcostofoperationandsimpleoperation.Itisalsousedinsomehighpower

ratingbutrequirementsfordesignisdifferentfrom lowandmedium powerrating.In

earlydayspassivefilterwereusedtocompensatetheharmonicspresentinthe

system becauseoftheirsimpleoperationbutinfurtherstagesofresearchdifferent

typesofarrangementandtopologieshasbeendiscoveredaccordingtotheneedof

thesystem.NowthisPPFisusedtoprovidecompensationforharmonicscurrents

andreactivepowerinsystem.Passivefiltersgenerallyclassifiedinthreetypes

knownas:

(i) SeriesPassiveFilter

(ii) ShuntPassiveFilter

(iii) HybridPassiveFilter

(i) ShuntPassiveFilter

Itisconnectedinparallelwithnon-linearloadswhichinjectsharmonicsin

tothesupplysystem.Itprovideslow impedancepathtoharmonicsfrom theload

becauseofwhichharmonicsdoesnotentertothesystem butstayinL-Cpassive

circuit.Ifthedesignofthefilterdoneproperlyitofferstwofunctionsfirstisfiltering

ofharmonicsandsecondiscompensationofreactivepowertoimprovepower

factorofsystem.ThesefilterfurthercategorizedasBand-passorTunedfiltersand

High-passorDampedfilters.

Tunedfiltershavesingletuned,doubletunedandmultipletunedinsingle

tuned filteris tuned atone specific frequency,when two single tuned circuit

combineditisknownasdoubletunedfiltersitisusedinhighvoltageapplication.

Morethantwotunedfilterarenotusedinpracticebecauseithasnospecific

advantageanditisdifficulttoadjustinonecircuit.Highpassfilterabsorbsallthe
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higherorderofharmonicsandprovidedamping.Shuntpassivefilterhavesome

problems like resonance condition with source impedance,itprovides fixed

compensationtothesystem andpoorpowerfactoratlightorlowloadcondition.

(ii) SeriesPassiveFilters

ThisseriespassivefilterconsistsofsimpleparallelL-Celementwhichis

connectedinserieswithnon-linearloadswhichinjectsharmonicsintothesupply

system.Itprovideshighimpedancepathtoblocktheharmonicsfrom theload.To

blocksingleharmoniccurrentseriespassivefilterisusedandtoblockmultiple

harmonic currents multiple filters need to be connected in series.Butthis

arrangementconsumesreactivepowerandcreatevoltagedrop.Thatisthereason

shuntpassivefilterismoreused.Insmallpowerratingsystem to blockthird

harmoniccurrentsinglephaseseriespassivefilterisquitepopular.

(iii) HybridPassiveFilters

Itconsistsofseriesandshuntpassivefilterscombinationwhichisusedin

manyindustrialapplications.Iftheseriesandshuntbothfiltersusedtogetherthey

offergood filtering characteristics.Ifonly passive shuntfilteris used then

sometimesresonanceconditionwithsupplyoccursbutonesingletunedseries

filtersisusedthenitblockstheresonancebetweensupplyandshuntfilterandalso

absorbsexcessreactivepoweratlightloadcondition.Formanylargepowersrating

applicationscombinationofbothfiltersisusedbecauseofitslowcost.

Therearesomelimitationsofthesepassivepowerfilterslikethesefilters

notworkwithvaryingsystem conditions,tuningfrequencyandsizeoffiltercannot

bechangedeasilyiftheyinstalledinsystem,therearenumberofelementspresent

inthefilterifanyelementdamagedthenresonantfrequencywillchange,powerloss

alsotherebecauseoftheresistiveelement,parallelresonancebetweensourceand

filteretc.aresomelimitationofpassivefilters.

1.1.3 ACTIVEPOWERFILTERS

Duetolimitationofpassivefiltersandlimitedapplicationofthefilter

encouragedtodeveloptheactivefilter.Thesefiltersgenerallyhavetwotypes:

(i) Shuntactivepowerfilter(SAPF)
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(ii) Seriesactivepowerfilter

(i) ShuntActiveFilters

Shuntactivefiltersareusedtoprovideharmoniccurrentcompensation,

reactivepowercompensationandneutralcurrentcompensationinanydistribution

system.ShuntAPFhasDCbusconnectedVSC,ACinterfacinginductorsandsmall

passivefilters.TogenerategatingsignalforswitchesinVSCcontrolalgorithm and

PWM currentcontrolisused.VSIbasedshuntAPFisusedmostcommonly.

(ii) SeriesActiveFilters

Seriesactivefiltersareused to providecompensationpresentinthe

voltageandcurrentinthesystem.SeriesAPFhasDCbusconnectedVSCwhichisin

serieswithprimarysideofsinglephasetransformerasmallratingRC filteris

connectedacrossthesecondarysideoftransformer.Thecontrolalgorithm and

PWM currentcontrolisusedtogeneratethesignalforswitchespresentintheVSC.

1.2CLASSIFICATIONOFPOWERQUALITYISSUES

In general,variation ofvoltage orcurrentwaveform from the ideal

waveform isdefinedbytheterm powerqualityissuesorproblems.Theseissuesin

voltageorcurrentcreatedifferenttypesofproblem onusersidelikefailureof

equipment,lossofdata,affectingthemanufacturingprocessetc.Tomaintainthe

powerqualitythroughoutthenetworksomedevicesinstalledatcustomerside.Here

aresomeclassificationsofpowerqualityissuesdependingupontheaffectthatis

presentinpowersystem:

1.2.1SHORTDURATIONVARIATIONANDLONGDURATIONVARIATION

VoltageSagwhenreductioninrmsvoltagelevelto10%-90%ofnominal

atthepowerfrequency,forthedurationofhalfcycletooneminute.Voltagesagmay

beeffectoffaultindistributionortransmissionsystem ortheswitchingonofheavy

loads.

Voltagesswellwhenincreasesinthermsvoltagelevelto110%-180%of

nominalvalueatapowerfrequencyfordurationofhalfcycletooneminute.Voltage

swellcausedbyswitchingoffheavyloads,energizingcapacitorbankandtransferof
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loadsfrom onesourcetoanothersource.

Undervoltagewhenthermsvoltagefallsbelow 90% ofthenominal

voltagefordurationmorethanoneminute.

Overvoltageoccurswhenthermsvalueofvoltagerisesabove110%of

thenominalvoltagefordurationmorethanoneminute.

1.2.2POWERINTERRUPTIONS

Whenelectricalsupplydeliveredtotheconsumerisgoesawaythisis

calledpowerinterruption.Theseinterruptionsfurtherclassifiedaccordingtotheir

durationmomentaryinterruption(timeperiodbetween0.5cyclesand3seconds),

temporaryinterruption(between3secondsand1minute)andsustainedinterruption

(morethanoneminute).

1.2.3FLICKER,TRANSIENTSANDNOISE

Flickerisresponseoflightingsystem whenfastchangingloadsconnected

tothepowersystem. Suchvariationobservedbythehumaneye.Devicesthat

showsinstantloadcurrentvariationscausevoltagefluctuationsandlightflickerlike

electricarcfurnaces,arcwelders,x-raymachinesandelectricboilersetc.

Transientsoccurwhenspikesarepresentonasinewaveofvoltageand

current,amplitudeofspikesisbetweenfew voltsandthousandvolts.Transients

classifiedintotwotypesimpulsivetransientwhichisasmallunidirectionalchangein

current,voltageorbothonpowerline.Themaincausesareswitchingofinductive

loads,lighting and removalofheavy loads.Oscillatory transientis a small

bidirectionalchangeincurrent,voltageorbothonapowerline.Themaincausesof

transientsareswitchingofinductiveloadsandpfcorrectioncapacitors.

Noisereferstosuperimpositionofhighfrequencysignalswiththesine

waveform ofthe AC voltage orcurrent.Noise usuallyoccurs because ofthe

impropergrounding and itiscapableofdamaging electronicdevicessuch as

controllersandcomputers.

1.2.4LOW POWERFACTOR,UNBALANCELOADINGANDHARMONICS

Poorpowerfactororlowpowerfactoriscausedinthesystem whenload

connectedishighlyinductiveload(electricmotors,transformers,fan,andpumps)

anditmeanshighreactivepowerneededtothesystem.

Unbalanceconditionoccurswhenunbalanceloadisconnectedinthe
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system doesnotdraw equalamountofcurrentfrom allthethreephasesthis

increasethecurrentonneutralwireastheunbalanceincreasesoverheatingandrisk

offireincreases.Inanunbalancedvoltageconditionifanymotoroperateitwill

createtheopposingtorqueandimpacttheperformanceofmotor.

Harmonicdistortionisthevariationfrom idealsinusoids.Harmonicsare

notproducedbysystem itself,butloadconnectedtosystem.Whennonlinearloads

(rectifier,inverter)areconnectedtothesystem itinjectsharmonicsintosupply

system.When Harmonics combined with the fundamentalvoltage orcurrent

sinusoidsitwillcreatenonsinusoidalshape.Thisnonsinusoidalshapeisthesum of

differentsinewavesofmagnitudeandphaseanglesanddifferentmultipleofsystem

fundamentalfrequency.Tomeasureharmonicdistortionofanywaveform wecan

calculate totalharmonic distortion (THD) of waveform.THD measures every

individualcomponentmagnitudeandphaseangleofentireharmonicspectrum.

Someeffectofpoorpowerqualityisgivenbelow:

 Noise,heatinganddecresedlifespanofcapacitor,surgesuppereser,cables,

machines,fusesandcustomersequipment.

 Duetoharmonicstherearesomeextralossesincables,transmissionlines,

motors,generatorsandtransformers.

 Dueto unexpected disturbancessuch ascurrentorvoltagemagnification

failureinpowersystem componentsandconsumerloads.

 Maloperationofprotectivedevicessuchasfuseandrelay.

 Trippingofanyelectronicsensitivedevices.

 Datalossinanydevice.

1.3OUTLINEOFTHEDISSERTAION

Chapter-1givesthebroadintroductiononpowerquality,italsodiscuss

classificationofdifferenttypesissuesduetopoorpowerqualityandtheirremedies.

Chapter-2Inthisliteraturereviewofpublishedworkondifferenttypesof

powerqualityissuesanddifferenttypesoftechniquesusedtoimprovepowerquality

havebeendiscussed.

Chapter-3givesthebriefdescriptionaboutDSTACOM anditscomponents,

design,principalandcontrolalgorithmsusedforpowerqualityimprovementin

distributionsystem.

Chapter-4isaboutsimulationandperformanceanalysisofDSTACOM for
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harmoniccompensation,reactivepowercompensation,powerfactorcorrectionand

loadunbalancingconditionindistributionsystem.

Chapter-5presentsmainconclusionofthepresentworkandfuturescope

ofworkintheareaofpowerqualityimprovement.
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CHAPTER2
LITRATUREREVIEW

2.0INTRODUCTION

Thepowerqualityhasemergedoneoftheimportantareasofresearchin

last40yearsincreasinguseoftheelectricity.Whenthereachandavailabilityof

electricityisgreatthensomeresearcheranduserofelectricitystartednoticingsome

issuesonpowerqualitythatmotivatethem toresearchandprovidesolutionto

maintainthepowerquality.Lotofresearchandarticlepublishedonthevarious

powerqualityissueswhicharediscussedinpreviouschapter.Thebriefliterature

review relatedtopowerqualityimprovementusingdifferentdevicesanddifferent

technologiesisstudiedandpresentedasliteraturesurvey:

2.1CLASSIFICATIONOFLITRATURESURVEY

Inthissectionanextensivereview ofsomepublishedworkonpower

qualityissuesandtechniquesusedtomitigatethoseissuesispresented.

2.1.1ClassificationofPowerQualityIssues

Power quality issues like harmonic elimination, reactive power

compensation,powerfactorcorrection,voltage unbalance,neutralcurrentand

voltageregulationatpointoftheconnectionarecommonform ofPQissues.

B.Singhetal.discussedaboutpowerqualityitsstandardsandissuesand

alsodiscussedaboutdifferenttypestechniquesusedtosolvethepowerquality

issues[4].

B.SinghandJ.Solankidiscussedaboutcompensationforreactivepower

andharmonicscausedbydifferenttypesofloads.Threedifferentmethods(SRF,

IRPTandAdaline)areusedforreferencecurrentsestimationforDSTACOM and

compared2009[5].

A.KAkellaetal.discussedaboutharmonicandpowerfactorcorrectionin

threephasefourwiresystemswhennonlinearloadisconnectedattheendof

distributionsystem.InthisDSTATCOM usedSRFcontrolalgorithm tomitigatethe

issues2014[6].

B.Singhetal.discussedattenuationoftheharmonicssuchasnoise,
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notches,dcoffsetanddistortioninjectedinthesystem becauseofnonlinearloads.

Leastmeansquarebasedneuralnetworkstructurecontrolalgorithm isusedin

DSTATCOM toimproveforthepowerqualityofpowernetwork.2017[7].

Srinivasanetal.discussedissueslikeloadcompensationandPower

Factorcorrectionusingnovelpredictivecontrolwithinstantaneoussymmetrical

componenttheoryonforextractionofreferencecurrentinDSTATCOM.2015[8].

Y.C.Wang et al. discussed about Adaline based DSTATCOM to

compensatepowerqualityproblems.Thecompensatingcurrentisproducedwiththe

helpofunitpositive–sequencevoltagevector.2011[9].

N.Kumaretal.discussedcomparisonbetweenvoltagesourceinverter

and CSIbased DSTATCOM in termsofpowerfactorcorrection and harmonic

compensation.AVSIbasedDSATCOM offersmoreadvantagecomparetoCSIbased

DSTACOM.2015[10].

TimothyA.Haskewetal.comparedperformanceofVSIbasedSTATCOM

conventionald-q vectorcontroltechnologyand a direct-currentvectorcontrol

schemestoprovidereactivepowerandvoltagesupporttothesystem.2013[11].

S.RAryaetal.discussedtoimprovepowerqualityissuesunderlinear/

nonlinearloadsindistributionsystem usingDSTATCOM andtheextractionofactive

andreactivecomponentsofreferencecurrentfrom correlationandcrosscorrelation

algorithm intimedomain.2012[12].

A.AhirwarandASinghdiscussedaboutimprovementofpowerfactor,

voltageregulation,reducing harmonicsin supplycurrentand also provideload

balancinginthesystem usingconventionalinstantaneousreactivepowertheory

(IRPT)andmodifiedIRPTbasedDSTATCOM 2016[13].

A.K Pandaetal.discussedaboutharmoniceliminationinthesource

currentandunbalanceconditionduetononlinearbasedloadandADALINEbased

controlalgorithm isusedinDSTATCOM toprovidesolutiontothenetwork.2016[14].

B.Singh etal.discussed aboutbalancing ofload,neutralcurrent

elimination,powerfactorcorrectionandvoltageregulationinsystem whenindustrial

loadsareconnected.modifiedIRPTbasedDSTATCOM isused2005[15].

S.R.Reddyetal.discussedaboutharmonicelimination,neutralcurrent

elimination,improvevoltageregulationandreactivepowercompensationusingSRF

basedDSTATCOM andhysteresisbandcurrentcontrollerforbetterswitching2018

[16].
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EHossainetal.discussedaboutpowerqualityissueinrenewableenergy

sourcesconnectedpowernetwork.The differenttypesofdevicesDSTATCOM,

UPQC,DVRUPS,etcarediscussedtomitigatethepowerqualityissues2018[17].

S.R.ReddyandP.V Kishorediscussedaboutreducingthelossesand

improvingthevoltageregulationatthebusses.Comparisonbetweenpushpulland

VSIbasedDSTATCOM ispresented2014[18].

Nielsenetal.discussedabouttheprotectionofsensitiveelectronicloads

inlowandmedium voltagelevelsystem from voltagesag,ADVR iscosteffective

solutionforsuchprotection[19].

B.S.S.KumarandR.S.Kumardiscussedaboutharmoniceliminationand

reactive power compensation using different types of controlalgorithm in

DSTATCOM andperformanceisanalyzed[20].

T.Zaverietal.discussedPQ issuesinthreephasefourwiresystem

connected to the non linearload.The differentcontrolalgorithms based

DSTATCOM operationiscomparedinharmonicdistortion,gridpowerfactorand

compensatorrating[21].

T.Penthiaetal.discussedaboutharmoniceliminationandunbalanced

currentconditionatsupplyside undersinglephasefaultconditionAdalinebased

DSTACOM isused[22].

M.I.M Monteroetal.discussedharmoniccancellationandreactivepower

compensationwhennonlinearloadisconnectedandtoprovidesolutionforthese

powerqualityissuesusingshuntactivepowerfilters[23].

2.1.2ClassificationBasedonControlTechniquesUsedforPQIssues

D.P.Kotharietal.discussedaboutT-connectedtransformerforneutral

currentcompensationandthreelegsDSTATCOM tocompensateharmonic,reactive

poweralsoimprovevoltageregulationandpowerfactor.SRFandIRPTbasedcontrol

algorithm areused[24].

S.Ranaetal.usedathreephaseDSTATCOM tocompensatethepower

qualityissues.ForextractionofreferencecurrentDoubleSecondOrderGeneralized

IntegratorSynchronousReferenceFrame(DSOGI-SRF)isappliedinDSTACOM.It

givesgoodperformanceinpowerfactorcorrection,voltageregulationandload

balancing[25].



23

P.Jayaprakash and E.Varghese discussed aboutdifferentcontrol

algorithmsofDSTATCOM forextractionofreferencecurrentandcomparedthe

performance analyzed.These algorithms are IRPT,SRF,Adaline and Back

Propagation[26].

M.AMahmudetal.discussedaboutdesignofNon-linearcontrollerdesign

foraDSTATCOM andcomparedwithconventionalPIcontrollerusedinDSTATCOM.

itimprovesthevoltagestabilityofdistributionnetwork[27].

M.K MishraandK.KarthikeyandiscussedtheresponseofDSTATCOM

undervaryingunbalancedloads.TheDC-linkvoltagehasafastactingdc-linkvoltage

controller.TheperformanceiscomparedwithconventionalPIcontroller[28].

P.Chittoraetal.discussedaboutHopfieldNeuralnetworkbasedcontrol

algorithm inDSTATCOM toeliminatedifferenttypesofharmonicsinjectedbythe

non-linearloadspresentindistributionsystem.Italsoimprovespowerfactorand

loadunbalancingproblem [29].

R.Bansaletal.discussedaboutmodifiedfuzzycontrollerbasedcontrol

algorithm forextractionofreferencecurrentandcontrolofshuntactivepowerfilter

(SAPF)toimprovePowerqualityofmicrogrid.Itisimplementedonhardware[30].

S.R.AryaandB.SinghdiscussedaboutDSTATCOM basedonkernel

incrementalMetalearningalgorithm (KIMEL)controlalgorithm whichshowsthe

reactive powercompensation,harmonics elimination and load balancing under

differentkindofbalancedandunbalancedlinearandnon-linearloads[31].

J.SolankiandB.SinghdiscussedabouttheimplementationofAdaptive

controlalgorithm forShuntActiveFiltertomaintainsinusoidalandunitypower

factorsourcecurrentindistributionsystem.[32]

S.R.AryaandB.SinghdiscussedabouttheperformanceofleakyLMS

basedcontrolalgorithm forDSTATCOM tosolvedifferenttypesofpowerquality

issueslikeharmonicelimination,reactivepowercompensation and unbalanced

loadingcondition[33].

S.Osowskidiscussed about the novelapproach to estimate the

harmonicsinthepowersystem anditusestheoptimizationneuralnetworktheory

[34].

P.Chittoraetal.discussedabouttheefficientcontrolofDSTATCOM using

multiple complex coefficientfilter(MCCF)-second-ordergeneralized integrator

(SOGI).MCCF filterextractfundamentalcomponentofvoltage and SOGIfor
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extractionoffundamentalcomponentofloadcurrent.ThiscontrolofDSTATCOM

compensatedifferenttypesPQissuesindistributionsystem [35].

P.Chittoraetal.discussedaboutperformanceanalysisofdifferenttypes

offiltersusedinDSTATCOM forextractionoffundamentalcomponentofLoad

current.Thesefiltersaremultiplecomplexcoefficientfilter,movingaverageand

Butterworthfilter[36].

M.Tumayetal.discussedaboutnoveltechniqueforreferencecurrent

extractioninunifiedpowerqualityconditioner(UPQC)fordifferenttypeofvoltage

andcurrentbasedpowerqualityproblem indistributionsystem.[37]

Y.Yoldasetal.discussedaboutvariousconfigurationanddifferenttypes

ofcontrolstrategiesusedinDSTATCOM tocompensatedifferenttypesofpower

quality problems in distribution system.It gives comprehensive review on

DSTATCOM.[38]

K.Kantetal.discussed aboutthe notch filterwhich is used for

fundamentalfrequencyloadcurrentcomponentextraction.Whichisfurtherusedto

estimatereferencesupplycurrentinDSTATCOOM.[39]

P.DeyandS.Mekhilefdiscussedaboutd-qcontroltheoryandmodified

phaselockedloop(PLL)forshunthybridactivefilterforestimationofreference

current.The performance is evaluated based on harmonic compensation and

reactivepowercompensation.[40]

D.C.Pham etal.discussedaboutthemodelingofvoltagesourceinverter

anditsapplicationtocontroltheinductionmotors.[41]

M.ARahmanetal.discussedaboutdifferenttypesofcurrentcontroller

usedforcontrollingVoltagesourceconverterlikehysteresis,PWM andothers.[42]

BrijN.Singh and ParvizRastgoufard discussed aboutthe theoryof

reactive powerto develop the novelcontrolalgorithm forthe active filterto

compensateharmonicscreatedbynon–linearloadinthedistributionsystem.[43]

P.Chittora etal.discussed aboutmodified recursive based gauss-

Newtonbasedcontrolalgorithm inshuntactivefilterto improvepowerquality

problemslikeloadunbalancing,lowpowerfactor,harmonicandproblem ofneutral

currentindistributionsystem.[44]

A.Singh presented detailed analysis,modeling,design and control

algorithm forthreedifferentconfigurationofDSTATCOM forimprovingpowerfactor,
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voltageregulationandalsoharmoniccompensationwhensystem connectedtonon-

linearloadandalsodifferenttypesofloadingcondition.[45]

M.Badonietal.discussed aboutthedesignofadaptiveneuro-fuzzy

inferencesystem basedcontrollertocontrolDClinkvoltageandvoltageatloadbus

d-qtheorybasedDSTATCOM.Thiscontrollershowssatisfactoryperformancein

powerfactorcorrection and harmonics compensation underdifferenttypes of

loadingconditions.[46]

A.Chandraetal.discussedaboutanew controltechniqueforactive

powerfiltertocompensatereactivepowerandneutralcurrent,eliminateharmonics

current.[47]

A.Nabaeetal.discussedaboutcombinedsystem ofshuntandseries

activepowerfiltertocompensateharmonicsindistributionsystem duetonon

–linearload.[48]

2.2RESEARCHGAP

Inlasttwodecadestheissueofpowerqualityimprovementbasedon

novelandconventionalalgorithmsarebeingdiscussedextensivelyinliterature.The

controlalgorithmsareanalyticalinnatureandhavesomelimitsbutfewauthorsalso

reportedtheuseoflearningbasedalgorithms.Theselearningalgorithmsareless

analyticaland reduced computationalcomplexity,fastand accurate in nature

comparedtotheconventionalalgorithms.Differenttypesofnon-linearcontrollerand

filters are also used with these algorithms to improve overallperformance of

DSTATCOM anddistributionsystem.

2.3OBJECTIVEOFTHEPRESENTWORK

Inthepresentworkefforthasbeenmadetostudyfollowingaspectsof

powerqualityissuesandtheirimprovement:

(a)Identificationofpowerqualityissueslikeharmonics,reactivepowerdemand,low

powerfactorandloadunbalancingindistributionsystem withlinearandnon-linear

loads.

(b)Improvementofpowerqualityissuesindistributionsystem withnon-linearloads

usingconventionalcontrolmethodslikesynchronousreferenceframe(SRF)theory.

(c)Improvementofpowerqualityindistributionsystem feedingnon-linearloads

usinglearningbasedalgorithm likeADALINE.
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2.4CONCLUSION

Inthischapterareviewofthepublishedworkonpowerqualityissuesand

techniquesusedtoimprovepowerqualityarediscussed.Theresearchgapinthe

areaofpowerqualityindistributionsystem areidentifiedandthedefinedobjective

ofthepresentwork.

CHAPTER3

MATHEMATICALMODELINGANDDESIGNOFDSTATCOM

FORDISTRIBUTIONSYSTEM

3.0INTRODUCTION

Thepowersystem hasmainlythreelevelstosupplyelectricitytothe

consumerorenduser.TheselevelsareGeneration,TransmissionandDistribution.

Thepowerqualityissuesariseinallthreelevelsbutthedistributionsystem ismore

vulnerabletothepowerqualityissuesbecauseofvarietyofloadsusedbythe

consumers.Theloadsmainlynon-linearloadssuchaspowerelectronicconverter

basedloads,computerbatterychargingsystem,UPS,printeretc.injectharmonics

intothesystem andaffecttheperformanceofthesystems.Theinductiveloads

(motors,solenoids,relaysandcompressors)createreactivepowerdemandinthe

system.Unbalanceloadingorunequalloadinggiverisetotheneutralcurrentthis

leadsto theheating ofwireand cables.To mitigatethesetypesofissuesin

distributionsystem conventionallypassivecompensator(inductorandcapacitor)are

deployedinthenetwork.Theactiveandpassivefilteringarediscussedinchapter1.

InthischapterscopeofactivefilteringusingDSTATCOM isdiscussedandthe

performanceofDSTATCOM usingconventionalandlearningbasedalgorithm is
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analyzed.

3.1POWERQUALITYIMPROVEMENTDEVICES

Inmoderndaypowersystem mainlyindistributionsidearefacingdifferent

typesofpowerqualityissuesduetoexcessiveuseofsensitiveequipmentsin

residential,industrial,tractionandcommercialapplications.Theevolutioninpower

electronicconverterhasgiventheconceptofcustom powerdeviceswhicharemost

commonlyusedthepowerqualityimprovementdevices.Toprovidequalitypowerto

thecommercialandindustrialconsumersisthemajorchallengestopowerutilities

duetodiversenatureofloads.Thepowerelectronicsbasedcontrollersarealso

calledcustom powerdevicesarenow usedtoimprovePQ.Theusesofthese

devicesaremainlyinlow andmedium distributionsystem.TheCustom power

devicesmainlyconsistofaVSIwithselfsupportingdcbusvoltagewithlargeDC

capacitor.TheCustom PowerDevices(CPDs),namely,DSTATCOMs(distribution

static compensators),UPQCs (unified powerquality conditioners)and DVRs

(dynamic voltage restorers)are used to remove the powerquality problems

accordingtotheneed.IntheseCPDs,DSTATCOMsaremainlyusedforpowerquality

problems like harmonic elimination,poorpowerfactor,unbalanced currents,

increasedneutralcurrentandpoorvoltageregulation.Accordingtothepowerquality

issuesanappropriateconfigurationofDSTATCOM isselectedinpractice.

3.1.1DISTRIBUTIONSTATCOM (DSTATCOM)

Adistributionstaticcompensatorisashuntcompensatorusedinparallel

totheconsumerloadsitcanimprovepowerqualityissueslikeharmonicelimination,

low powerfactor,unbalancedcurrents,increasedneutralcurrentandpoorvoltage

regulation.The powersemiconductorswitches such as insulated gate tripolar

transistor(IGBT)switchesareusedinconverterforfastswitchingcontrol.Thefast

switchingofIGBTsusingpropercontrolalgorithm provideseffectsofloadbalancing,

reactivepowerbalanceandharmoniceliminationetc.ADSTATCOM isavariable

currentsource capable to provide harmonics currentdemand ofthe load.To

increasethedynamicrating,apassivefiltercanbeusedinshuntpositionwith

DSTATCOM.Thesehybridfiltershasbeenusedtocancelouttheharmoniccurrents
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atthePCC(pointofcommoncoupling)voltagenormallyinjectedbynonlinearloads.

SuitableconfigurationofDSTATCOM isusedinpracticeaccordingtotheproblem

faced.

Manyconfigurationsandcontrolalgorithmsaredevelopedoverthetime

andaDSTATCOM canbeclassifiedbasedonmainlythreetypes:

Converter-basedclassification:converterusedinDSTATCOM iseitherVSI

orCSI.

Topology-basedclassification:InthisDSTATCOM realizedwithorwithout

transformer.

Supplysystem-basedclassification:Accordingtothenumberofphases.

Figure1:GeneralconfigurationofDSTATCOM

3.1.1.1 Three–PhaseThree-WireDSTATCOM

InthistypeofDSTATCOM therearetwocategoriesnonisolatedVSCand

isolatedVSCthroughdifferentconnectionoftransformers.Butthethreelegsbased

threephasethreewireDSTATCOM iscommonlyusedinpractice.

AtthePccDSTATCOM improvespowerquality.ADSTATCOM ispower

electronic controllerwhich has very fastresponse time and mostsignificant

controllerforanydistributionsideFig.2showsathreelegVSIbasedDSTATCOM.By

varyingthephaseangleandmagnitudeofthevoltageoftheVSCwithrespecttothe

PCCvoltageDSTATCOM cantradeactiveandreactivepowersaccordingtotheneed
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ofthedistributionsystem.AVSCbasedDSTATCOM isalwayspreferredoverCSC

basedDSTATCOM forpowerqualityimprovement,suchasharmonicelimination,

reactivepowercompensation,neutralcurrentcompensation,andloadbalancing.

TheuseofIGBTswitchesismajortechnologyadvancementintheDSTATCOM

whichmakesthisdeviceresponsetimefastandefficient.

Figure2:Three-legVSCbasedthree-phasethree-wireDSTATCOM

3.1.1.2MAINCOMPONENTSOFDSTATCOM

ThemaincomponentsofaDSTATCOM are:

(i) VoltageSourceConverter

VSCisapowerelectronicconverterwhichismadewithsixIGBTswitches

withparalleldiodesandonedcenergystoringelementlikecapacitor.Byproviding
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appropriate switching pulses to the switches ofVSC adequate compensating

currentsaregeneratedbyVSC.Itcangenerateappropriateamountofmagnitude,

frequencyandphaseanglesofvoltageorcurrentwhichisrequiredforcompensation.

TheVSCisusedtochangethecompletevoltageorcurrentorjustinjectthelostpart

ofthevoltageorcurrenttosolvetheproblem facedbythesystem whileconnected

toanynon-linearload.Tosupplyenergytotheconverterithasoneenergystorage

device.

(ii) EnergyStorageDevice

Thechargingofenergystoragedeviceisdonebybatterysourceorby

converteritself.Itstoresreactiveenergy.Themainfunctionofthisdeviceisto

supplytheappropriateamountoftheenergytoVSCthroughadclinktogeneratethe

injectingcurrentorvoltage.

(iii) Transformer

Thecouplingtransformerhastwoveryimportantroles.First,itprovides

isolationbetweentheconverterandhighvoltagesystem.Second,theinductanceof

transformermakessurethatDCcapacitornotshortcircuitedordischargedquickly.

TheoutputofVSCislinkedwiththesystem throughcouplingtransformer.Thereare

differentconnectionsoftransformerusedinpracticeaccordingtheproblem.

(iv) Filters

AttheoutputsideofVSCfiltersareusedtopreventthesystem byhigh

frequencycurrentripples.Thefilterelement(RC)provideslow impedancepathto

highfrequencycomponentandfilteroutthecomponentfrom enteringintothe

system.Todampoutthehighfrequencyresonanceinthesystem resistorseries

withcapacitoractsasvoltagefilter.TheLC filterisusedtomatchtheoutput

impedanceofinverterandtoeliminatetheharmonics.

3.1.1.2 PRINCIPLEOFOPERATONOFDSTATCOM

DSTATCOM solve powerquality issue such as reactive powercompensation,

unbalancedcurrentsandneutralcurrentproblem duetounequalloading,harmonics

andalsoprovidesinusoidalbalancedcurrenttothesupply.AnIGBTbasedcurrent

controlled VSC withDC buscapacitorisfundamentalDSTACOM.Using proper
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controlalgorithm,referencecurrentsofDSTATCOM isestimatedthegatingpulses

are generated byemploying hysteresis currentcontrolbycomparing reference

currentandsensedsupplycurrenttoprovideindirectcurrentcontrolofVSCwhich

injectsappropriatecurrentsinthesystem.Bymodifyingcontrolalgorithm onecan

alsoachievethezerovoltageregulationconditionatPCC(PointofConnection).

3.1.2DYNAMICVOLTAGEREGULATOR/RESTORER(DVR)

TheDVRisalwaysjoinedinseriesconfiguration.Fig.3showsageneral

configurationofDVR.Tomaintainandregulatethevoltageattheloadsideitinjects

voltageintothesystem.ItisconnectedbetweenthesupplyandloadatPCC.When

voltagesags/dipsareseenbythesensitiveloadstheDVRboostuptheloadside

voltage.Therearevarioustypesofcontrolalgorithmsandcircuitconnectionthatcan

beimplementedinDVR.ADVRisalwaysinstandbymode,iftherenovoltagesag

detectedthentherearenoinjectionofvoltagebutwhensagsdetectedDVRinjects

appropriateamountofvoltagetoprotectfrom anyfailurehappeningatload-side.

TheconfigurationoftheDVRconsistsofaninjection/boostertransformerwhichhas

twopurposefirstlyinjectionofvoltagethroughitandsecondlyisolation.Inaddition

tothisaDVRhasaenergystorageunit,voltagesourceconverter,harmonicfilter,

andcontrolsystem.ADVRworksinthreemodesprotectionmode,standbymode

andinjectionmode.
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Figure3:GeneralConfigurationofDVR

3.1.3 UNIFIEDPOWERQUALITYCONDITIONER(UPQC)

Fig.4showsabasicconfigurationofUPQC.AUPQCisanintegrationof

seriesand shuntactive filterswhich isused to compensate reactivepower,

harmonicsandnegative–sequencecurrentinjectedbyloads.Ithasabilityto

improvepowerqualityatthePCCondistributionsystem.Withidealcompensation

thePccvoltageisthefundamentalsinusoidalvoltage,sourcecurrentsarealso

sinusoidaland in phase ofthe source fundamentalvoltage.A UPQC is the

combinationofbothseriesandshuntbothsotheirfunctionsarealsodifferent.

Series filterisolate and suppresses voltage based problems and shuntfilter

cancelscurrentbasedproblemslikeharmonicsbynonlinearload.Therearelotof

controlalgorithm usedtoknow thereferencevalueofvoltageandcurrent.The

dualfunctionofUPQCsolvestheproblemsofconsumerandtheutility.
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Figure4:BasicConfigurationofUPQC

3.2 MATHEMATICALMODELINGOFDSTATCOM BASED
DISTRIBUTIONSYSTEM

3.2.1 ModelingofVSC

The DSTATCOM modelequation forthree leg can be written using KVL in

DSTATCOM circuitshowninFig.2:

vpa=i
ca

R
r

+L
r

d

dt
i
ca

+v
ca

(3.1)
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cb
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r
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Wherevpa,v
pb

andvpcare3-phaseinstantaneousvoltagesatthePCC.v
ca

,v
cb

andv
cc

threephasevoltagesattheAC sideofDSTATCOM.R
r

and L
r

arethe

resistanceandinductanceofDSTATCOM.i
ca

,i
cb

andi
cc

aretheDSTATCOM currents.

Theseequationscanalsobewrittenfirstorderdifferentialequationforcurrent
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ForDClinkvoltagefirstorderdifferentialequationcanbewrittenas:

d

dt
v

DC
=

(i
ca

SWA+i
cb

SWB+i
cc

SWC)
C

DC

(3.7)

Wherev
DC

isthedclinkVoltageofDSTATCOM andSWA,SWB,SWCarethe

switchingfunctionforthecontrolofDSTATCOM anddecidedbyONorOFFposition

ofIGBTswitches.SWAistaken‘1’whenupperswitchofphasealeginONand‘0’

when OFF.The three-phase ac side voltages ofDSTATCOM (v
ca

,v
cb

,v
cc

)are

calculatedas:

v
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3
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3.2.2 ModelingofThreePhaseACSource

ThemodelingofthreephaseACsourcecanbewrittenusingKVLinFig.2:
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Wherev
sa

,v
sb

andv
sc

arethethreephasesupplyvoltagesandi
sa

,i
sb

andi
sc

are
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thesupplycurrents.R
s

SupplyresistanceandL
s

supplyinductance.Theseequations

canalsobewriteasfirstorderdifferentialequation
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3.2.3ModelingofNonlinearLoad

Athreephasediodebridgerectifierwithresistive-inductiveloading(R,L)is

takenasbalancednonlinearloadandmodeledhere.Thisdioderectifierhastwo

modes,i.e.conductingornon-conducting.Whenconducting,linetolinevoltage

sourceisconnectedtotheloadandloadequationofdcsidecanbewrittenas:

v
s

=2R
s
i
d

+2L
s

d

dt
i
d

+v
l

(3.17)

Canbeexpressedas:

d
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where v
s

istheinstantaneouslinevoltagedependingupondiodepairconductingit

changesitsvalue.Theacloadcurrents(i
la

,i
lb

,i
lc

)isachievedbyusingdiodecurrent

(i
d
).

3.3 DESIGNOFDSTATCOM

Designing ofDSTATCOM involvesthecalculation ofdifferenttypeof

componentusedinVSClikedcbusvoltage,dccapacitorvalue,interfacinginductor

andfilter.

3.3.1 DCBusVoltage(VDC)

TheVSCneedsminimum DCbusvoltagewhichiscalculatedas

V
DC

=
2 2V

LL

3m
(3.19)
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Wheremodulationindex(m)istaken1andlineoutputvoltageisVLL.

Inthepresentanalysisadistributionnetworkof415V,50Hzistakenforpurposeof

PQstudiesusingDSTATCOM.Therefore,

V
LL

=415V

V
DC

=
2 2*415

3*1

Aftercalculation V
DC

valueis677.69Vforasimulationpurposeitisselectedas

800V.

3.3.2 DCBusCapacitor(CDC)

TheenergypresentintheDSTATCOM duringtransientsdecidesthevalue

ofCapacitor.TheprincipalofenergyconservationisusedtodeterminevalueofCDC.

1

2
C

DC
(V

2

DC
-V

2

DC1
)=3.V.I.t (3.20)

WhereVDC-referenceDCvoltage,VDC1-minimum voltageofDCbus,VandIarephase

voltageandphasecurrent,t-timebywhichDCvoltageistoberecoveredTaking

VDC1=677.69V,VDC=800V,V=240V,I=16.68A,t=55ms,andaftercalculationusing

equation(3.20)CDC=2114.85µFforsimulationpurposeitistakenas2300µF

3.3.3 InterfacingInductor(Lr)

Selection ofAC inductorisdependson the switching frequency(fs),

currentripple(Icr.pp)andDCbusvoltage(VDC).Thecompensatingcurrentproduced

byDSTATCOM containsrippleinordertocompensateweusethis.Itisestimated

withequationby

L
r

=
3mV

DC

12.a.f
s.

Icr.pp

(3.21)

Takingfs=200KHz,Icr.pp=15%,m=1anda=1.2thevalueofL
r

comes3.2mH for

simulationpurposeroundoffvalue3mHtaken.

3.3.4 RippleFilter

TofilterPCC voltagenoise,filteristunedatthehalfoftheswitching

frequency(fs).Itisalwaysfirstorderhighpassfilter.Timeconstant(Tf=RfCf)of
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filtershouldsmallcomparedtofundamentaltimeperiod(T).R
f
C

f
≤T,consideringRf

Cf=Ts/10WhereRfisripplefilterresistanceandCffiltercapacitanceandTs is

switchingtime.ForasimulationpurposeselectedvaluesR
f

=10ΩandC
f

=5.5µF.

3.4 CONTROLOFDSTATCOM

Thecontrolalgorithm isusedforreferencecurrentextractionthrough

sensedfeedbacksignals.Withthehelpofthesereferencecurrentsandsensed

supplycurrents,thePWM basedcurrentcontrollersgeneratepulsesforswitching

device(IGBT)ofVSCusedinDSTATCOM.DSTATCOM controlalgorithmshavebeen

usedtogeneratereferencecurrentsforthecontrolofDSTATCOMs.Thefollowing

controlalgorithmsforDSTATCOM arecombinedforthepurposeofperformance

analysis:

3.4.1SYNCHRONOUSREFERENCEFRAMETHEORY(SRF)

Itiscalledasd-qtheory.Fig.5showsblockdiagram oftheSRFalgorithm.

ThePCCvoltages(vpa,v
pb

,vpc)theloadcurrents(i
La

,i
Lb

,i
Lc

)andDCbusvoltage(VDC)are

takenfrom thesystem intheDSTACOM.FurtherusingPark’stransformationload

currentsconvertedintodq0framebyasshownbelow:
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ThesesignalsfurthersynchronizedwithPCCvoltageusing3-phasephaselocked

loop(PLL).Afterthetransformationoftheloadcurrentsandsynchronizationwith

thePCCvoltagethroughPLL,togetDCcomponentofloadcurrentsi
Ld

andi
Lq

passed

through a low passfilter(LPF).Thed-q load currentcomponentmadeup of

fundamentalandharmoniccomponentsas:

i
Ld

=i
dDC

+i
dAC

i
Lq

=i
qDC

+i
qAC

(3.24)



38

Figure5:BlockDiagram ofSRFControlAlgorithm

ASRFcontrollerusesLPFtoremovetheDCquantitiesofthereferencesignalandto

separatethenon-DCquantities.Thiscontrollercanoperateinmainlytwomodes

UPF(unitypowerfactor)andZVR(zerovoltageregulation)mode

In the UPF mode forreactive powercompensation considerthatto

maintaintheDCbusvoltageandmeetingtheloss(ilosses)intheDSTATCOM the

supplysidetodeliveronlyDCpartofd-axiscomponentofloadcurrent(i
dDC

)along

withactivepowercomponent.Thecurrent(ilosses)formeetingitslossesistheoutput

ofthePIcontrollerattheDCbusvoltageoftheDSTATCOM whichisgivenby:

i
loss
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loss
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DC
(n) (3.26)

Wherev
de

(n)iserrorbetweenthereferenceDC voltage(v
*

DC
)andthesensedDC

voltage(v
DC

).ProportionalgainconstantKpd andintegralgainconstantKid ofPI

controller.
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Thereferencedirectaxissupplycurrent(i
*

d
)is

i
*

d
=i

dDC
+i

loss
(3.27)

thisreferencedirectaxissupplycurrent(i
*

d
)shouldbeinphasewiththevoltageat

PCC.TogetthereferencesupplycurrentsweapplyreversePark’stransformation

showninequation(3.28)withi
*

d
showninEquation3.8,i

*

q=0andi
*

0
=0.

[
i
*

sa

i
*

sb

i
*

sc

]=[
cosθ sinθ 1

cos(θ-
2π

3) sin(θ-
2π

3) 1

cos(θ+
2π

3) sin(θ+
2π

3) 1][
i
*

d

i
*

q

i
*

0

] (3.28)

InZVRmodetoachievezerovoltageregulationatPCC,supplydeliversthe

directaxiscomponent(i
*

d
)inequation(3.27)andthedifferenceofquadratureaxis

component(i
qDC

)oftheloadandtheoutputofthePIcontroller(iqr).Withthehelpof

PIcontrollervoltageatPCC(Vsp)andthereferencevoltage(V
*

sp)iscontrolled.The

outputofPIcontrollerisreactivepowercomponentofcurrent(iqr)forzerovoltage

regulation ofthe PCC voltage.Theamplitude ofthe voltageatPCC (V
pabc

)is

calculatedwithvoltage(vpa,v
pb

,vpc)as:

V
pabc

=(2/3)
1/2

(v
2

pa+v
2

pb
+v

2

pc)
1/2

(3.29)

ToregulatePCCvoltagetoareferencevalueaPIcontrollerisused:

iqr(n)=iqr
(n-1)+Kpq{v

te
(n)-v

te
(n-1)}+K

iq
v

te
(n) (3.30)

Where

v
te

(n)=v
*

pabc
(n)-v

pabc
(n) (3.31)

Iserrorbetweenreferencevoltage(v
*

pabc
)andactualterminalvoltageamplitude(v

pabc
).

Kpq ProportionalgainconstantsandKiqintegralgainconstantsofthePIcontroller.

Thereferencequadrature-axissupplycurrent(i
*

q)is

i
*

q=iqr-i
qDC

(3.32)

To getthereferencesupplycurrentsreversePark’stransformation is

appliedasshowninequation(3.28)withi
*

d
showninequation(3.27)andi

*

qshownin

equation(3.32)andi
*

0
aszero.Thesereferencesupplycurrents(i

*

sa
,i

*

sb
,i

*

sc
)withsensed

supplycurrents(i
sa

,i
sb

,i
sc

)arecomparedinhysteresiscurrentcontrollertogenerate
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signalsforIGBT.

3.4.2 ADALINE-BASEDCONTROLALGORITHM

ADALINEstandsforAdaptiveLinearNeuronorAdaptiveLinearElement.It

isfirstdevelopedbyBernardWidrow andTeddHoffin1960.Itisonelayerneural

networkwithmanynodesandeachnodeacceptsmultipleinputsandgenerates

singleoutputasshowninFig.6.Thiscontrolalgorithm isbasedonLMSalgorithm

anditstrainingthroughAdaline,whichalwaystrackstheunitvectortemplateto

maintaintheminimizederror.

Figure6AdaptivelinearNeuron

Itiseasilyunderstandbytakingthesingle-phasesystem,supplyvoltageisgivenas

v
s

=V
1
sin ωt (3.33)

Andsensedloadcurrent(i
L
)isexpressedas

i
L

=i
+

p+i
+

q+i
-

(3.34)

Theaboveequation(3.34)ofloadcurrentisrepresentedasactiveand

reactive componentofpositive and negative sequence current.In this control

algorithm theextractedcurrentcomponentisalwaysinphasewiththeunitvoltage

template.Forcalculationofunitvoltagetemplatesensedvoltagesaredividedby

amplitudeofPCCvoltage.

Estimationofactivepartofcurrentforsinglephaseis:

i
+

p=Wp×u (3.35)

WiththehelpofAdalinetechniqueweight(Wp)isestimated.Thisweight
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dependsuponthenatureofloadcurrentandphasevoltagemagnitude.Themethod

toestimateweightsarecorrespondingtothefundamentalfrequencyrealcurrent

componentbasedonLMSalgorithm tunedAdaline;italwaystrackstheunitvoltage

templatestomaintainerrorminimum.

Forthecomparisonwithsupplycurrentsweestimatereferencesupply

currentswiththehelpofAdaptivelinearneuralnetwork-basedcontrolalgorithm.The

blockdiagram ofcontrolalgorithm isshowninFig.6.

Figure7:BlockDiagram ofADALINEBased–ControlAlgorithm

ThePCCvoltages(vpa,v
pb

,vpc)aresensedandamplitudeofvoltageatPCC

(V
pabc

)isestimatedas:

V
pabc

=(2/3)
1/2

(v
2

pa+v
2

pb
+v

2

pc)
1/2

(3.36)

Thein-phaseunitvectorof(vpa,v
pb

,vpc)arecomputedas:

upa =
vpa

V
pabc

,u
pb

=
v

pb

V
pabc

,upc =
vpc

V
pabc

(3.37)

DifferencebetweenreferenceDC busvoltage(V
DCref

(k))andsensedDC

busvoltageoftheVSC(V
DC

(k))oftheDSTATCOM atthek
th

samplinginstantis
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knownastheerrorintheDCbusvoltageoftheVSC(V
DCe

(k))givenas:

V
DCe

(k)=V
DCref

(k)-V
DC

(k) (3.38)

FurtherthiserrorinDCvoltageoftheVSCisproducedbyPIcontrollerto

maintainingtheDCvoltageoftheDSTATCOM atthek
th

samplinginstant:

I
L
(k)=I

L
(k-1)+K

pd
{V

DCe
(k)-V

DCe
(k-1)}+K

id
V

DCe
(k) (3.39)

Where I
L
(k)ispartofthed-axiscomponentofsupplycurrentsand K

pd
is

proportionalgainconstantand K
id

isintegralgainconstantsofPIcontrollerforDC

busvoltage.Theaverageweightcalculationisgivenby:

Wp=I
L
(k)+

{Wpa(k)+W
pb

(k)+Wpc(k)}

3
(3.40)

Leastmean square (LMS)algorithm is used forthe extraction of

weights.[49]

AndafterthatAdalineNN controlalgorithm isappliedforthetrainingofthese

weights.TheLMSadoptionalgorithm isshowninFig.7.

Figure8:BlockDiagram LMSAdoptionAlgorithm

Theestimationofweightsforthethreephaseloadcurrentas:

Wpa
(k)=Wpa

(k-1)+η{i
La

(k)-Wpa
(k-1)Upa

(k)}upa
(k), (3.41)

W
pb

(k)=W
pb

(k-1)+η{i
Lb

(k)-W
pb

(k-1)U
pb

(k)}u
pb

(k), (3.42)

Wpc(k)=Wpc(k-1)+η{i
Lc

(k)-Wpc(k-1)Upc(k)}upc(k) (3.43)
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Whereηistheconvergencefactororthelearningratewhichcontrolsthe

accuracyofestimationandconvergencerate.Whenconvergencefactorηishigh

thenrateofconvergenceisfastandestimationaccuracyislowbutwhenthevalue

ofηlowthenestimationaccuracyishighandrateofconvergencelow.Thevalueof

ηisobservedexperimentallyisbetween0.01and1.Herethevalueofη isselected

as0.04togetbestresults.Thefundamentalactivecomponentsofreferencesupply

currents(i
*

sap,i
*

sbp
,i

*

scp)calculatedas:

i
*

sap=Wpupa, i
*

sbp
=Wpu

pb
, i

*

scp=Wpupc (3.44)

Withthecalculationofquadratureunitvectorsof(vpa,v
pb

,vpc)similarlythe

reactivecomponentsofreferencesupplycurrent(i
*

saq,i
*

sbq
,i

*

scq)canbecalculated.The

totalreferencesupplycurrentsareadditionofreactiveandactivepowercomponents

whichisgivenby:

i
*

sa
=i

*

saq+i
*

sap, i
*

sb
=i

*

sbq
+i

*

sbp
, i

*

sc
=i

*

scq+i
*

scp (3.45)

With sensed supplycurrentsthese estimated refsupplycurrentsare

comparedtogeneratethegatingsignalforIGBTsoftheVSCusedasaDSTATCOM.

3.4.3HYSTERESISCURRENTCONTROLLER

Itisknownasconventionalmethodofhysteresiscontrolortwolevel

hysteresiscurrentcontroltechnique.Itrequirestwolimitsupperbandlimitandlower

bandlimit.WiththehelpofthesecurrentcontrollerwegenerategatePWM pulses

whichfurthergiventoswitchesoftheVSC.Thismethodneedscomparisonbetween

thereferencecurrentsi
*

sabc
estimatedbycontrolalgorithm andactualsensedsource

currentsi
sabc

withinasmallhysteresisbanddefinedbyitslowerbandandupperband

limits.Wenormallyselectnarroworsmallhysteresisbandthatresultinfasttracking

ofcurrentsbutswitchingfrequencymaybecomehigh.Whenerrorbetweencurrents

crossestheupperlimittheswitchesturnsoff,andwhenitcrosseslowerlimit

switchesturnson.
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Figure9:SimulationModelofHysteresisCurrentController

Inthiscontroller,thevalueofthehysteresisband‘hb’andtheerrorsignal

between the reference currents and sensed currents added.When the value

(i
*

sabc
-i

sabc
)>hb lowerswitchisonandupperswitchisoffandwhen(i

*

sabc
-i

sabc
)<-hb

upperswitchisonandlowerswitchisoff.Thesimulatedmodelofhysteresisbased

PWM currentcontrollershowninFig.8.inmodelthereisactualsensedcurrent(i
sabc

)

comparedwithreferencecurrent(i
*

sabc
)whichproducederrorsignalthiserrorsignal

furthergoestotherelaywhichprovidesbandforcontrollingofcurrent

3.5CONCLUSION

ThischapterdiscussedaboutcompletemathematicalmodelingofVSC

based DSTATCOM,supplyandnonlinearload.Italso dealswiththedesignof

DSTATCOM for415V,50Hzsupplysystem.Thisdesignparameterisusedforstudy

theperformanceofDSTATCOM fordifferenttypesofpowerqualityissuesinpower

network.
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CHAPTER4
MATLABSIMULATIONANDPERFORMANCEANALYSISOF

DSTATCOM

4.0INTRODUCTION

InthischapteraMATLABmodelofDSTATCOM isdeveloped,simulated

anddynamicanalysisofDSTATCOM underdifferentloadcondition.Thedynamic

analysis of system gives the information about transient behavior of the

componentswhichgivestheideaaboutthesafetyandprotectionofcomponentin

differentcondition.

4.1MATLABMODELINGANDSIMULATION

Thethree-legVSCbasedDSTATCOM connectedtoathree-phasethree-

wireACsystem ismodeledandsimulatedusingMATLAB/SIMULINK.Thesystem

descriptionanddataisgivenintheappendix.Theblockdiagram ofthreephase

threewireDSTATCOM withlinearandnonlinearloadisshowninFig.10,Fig.11

showsMATLABbasedmodelofDSTATCOM withcompletesystem includingcontrol

schemes.

Thecontrolalgorithm fortheDSTATCOM isalsomodeledandsimulated
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inMATLAB.AMATLABmodelofDSTATCOM withSynchronousreferenceframe

(SRF)controlalgorithm isshowninFig.12,Fig.13showsmodelofADALINEbased

controlalgorithm forDSTATCOM.

Figure10:Blockdiagram ofDSTATCOM withlinear/nonlinearload
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Figure11:MATLABModelofDSTATCOM withlinear/nonlinearloads
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Figure12:MATLABModelofSRFControlAlgorithm

Figure13:MATLABModelofADALINEControlAlgorithm
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4.2RESULTSANDDISSCUSION

The performance of three leg-VSC based three phase three wire

DSTATCOM is analyzed forharmonic compensation,powerfactorcorrection,

reactive powercompensation and load balancing.The simulation results are

presentedunderdifferentloadingconditionsandanalyzed:

4.2.1 DynamicPerformanceofDSTATCOM forHarmonicCompensation

TheperformanceofDSTATCOM withSRFandADALINEbasedcontrolalgorithms

aredeterminedundernon-linearloadbalancedconditions.TheTHD analysisof

sourcecurrentwithandwithoutDSTATCOM withnon-linerloadandSRFcontrol

algorithm isdemonstratedinFig.15andFig.17

(I) SRFControlAlgorithm

Figure14:SourceCurrentwithoutDSTATCOM (SRF)
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Figure15:FFTanalysisofSourceCurrentWaveform withoutDSTATCOM (SRF)

Figure16:SourceCurrentwithDSTATCOM



51

Figure17:FFTanalysisofSourceCurrentWaveform withDSTATCOM (SRF)

Figure18:Referencecurrent(SRF)
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Figure19:PerformanceofSRFbasedDSTATCOM undernonlinearload

ItisobservedinFig.15thatinabsenceofDSTATCOM,thesourcecurrentTHDisvery

highi.e.28.80%.Fig.16showsthesourcecurrentwithSRFbasedDSTATCOM.In

Fig.19showstheperformanceofSRFbasedDSTATCOM att=0.25secDSTATCOM

isconnectedandsourcecurrentbecomesinusoidalandbalancedwithnon-linear

load.Thesourcecurrent THDisreducedfrom 28.80% to3.66% whichisupto

standardoftheIEEE.TheDClinkvoltageismaintainedat800VduetoPIcontroller

onDClink.
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(II) ADALINEControlAlgorithm

InFig.18andFig.20showsthewaveform ofsourcecurrentwithoutand

withADALINEbasedDSTATCOM.TheTHD analysisofsourcecurrentwithand

withoutDSTATCOM undernon-linerloadwithADALINEcontrolalgorithm isshownin

Fig.19andFig.21respectively.

Figure20:SourceCurrentwithoutDSTATCOM (Adaline)
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Figure21:FFTanalysisofSourceCurrentwithoutDSTATCOM (Adaline)

Figure22:SourceCurrentwithDSTATCOM (Adaline)
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Figure23:FFTanalysisofSourceCurrentwithDSTATCOM (Adaline)

Figure24:PerformanceofAdalinebasedDSTATCOM undernonlinearload
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InFig.24showstheperformanceofADALINEbasedDSTATCOM withnon-linearload.

From t=0tot=0.25secDSTATCOM isnotconnectedsourcecurrentisnon-sinusoidal

andtheTHDis28.79%.Whenatt=0.25secDSTATCOM isconnected,sourcecurrent

becomebalanced,sinusoidalundernon-linearload.SourcecurrentTHDisreduced

from 28.79%to2.76%whichisuptostandardofIEEE.

Figure25:LearningRateofAdaline

Parameter %THDwithSRFTheory %THDwithADALINETheory

Phase

a

Phase

b
Phasec Phasea Phaseb Phasec

PCC Voltage

(Vpcc)
2.58 2.56 2.60 1.36 1.39 1.38

Source Current

(Is)
3.66 3.65 3.64 2.76 2.76 2.76

Loadcurrent(IL) 29.09 29.08 29.08 29.18 29.17 29.16
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Figure26:ReferenceCurrent(Adaline)

Fig.25showsthelearningrateofAdaptivealgorithm whenatt=0.25secDSTATCOM

isconnectedandFig.26showsthereferencecurrentextractionaftert=0.25sec

usingAdalinecontrolalgorithm.

4.2.2 PerformanceofDSTATCOM forReactivePowerCompensation and UPF
operation

(i) SRFAlgorithm

ThereactivepowercompensationofDSTATCOM indemonstratedunder

linearloadof20KVAand0.8laggingpfasshowninFig.27andFig.28showsthe

reactiveandactivepowerdistributioninthesystem whenDSTATCOM isconnected.

Figure27:ReactivePowerDistributionintheSystem (SRF)
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From Fig.27itisseenthatallreactivepowerdemandedbyloadissuppliedbythe

DSTATCOM.

Figure28:ActivePowerDistributionintheSystem (SRF)

Fig.28showsthatalltheactivepowerissuppliedbythegridtotheload.

ThereactivepowerdemandedbyloadissuppliedbyDSTATCOM andactivepoweris

suppliedbythegrid.Thisreactivepowercompensationimprovesthepowerfactorof

gridorsourceside.
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Figure29:UnityPowerFactor(SRF)

Figure30:UPFoperationatgridside

Fig.30showsthewaveform ofthevoltagephase‘a’waveform ofvoltageandcurrent

ofphase‘a’ongridsideareinphasewitheachotheritmeanssourcesidepower

factorisunitywithlagginglinearload.
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Figure31:LaggingpfoperationatLoadside

Fig.31showsthewaveform ofthephase‘a’loadvoltageandcurrent.Theload

currentlaggingisbehindtheloadvoltage.
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Figure32:PerformanceofSRFbasedDSTATCOM withlinearload

(ii) ADALINEalgorithm

ThereactivepowercompensationusingAdalinebasedDSTATCOM with20

KVA,0.8pflaggingisshowninFig.33.Theactivepowersuppliedbythesourceto

theloadisshowninFig.34.

Figure33:ReactivePowerDistributionintheSystem (Adaline)
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Figure34:ActivePowerDistributionintheSystem (Adaline)

Fig.35showsthatgridorsourceisoperatingatunitypowerfactorbecauseallthe

reactivepowerdemandedbytheloadissuppliedbytheDSTATCOM.Fig.36shows

theoverallperformanceofthesystem withDSTATCOM.Thedclinkvoltageis

maintainedat800V.

Figure35:UnityPowerFactorOperation(Adaline)
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Figure36:PerformanceofAdalinebasedDSTATCOM withlinearload

BoththeSRFandAdalinebasedDSTATCOM showsthesatisfactoryperformance

withlinearloadforreactivepowercompensationandforpowerfactorcorrection.

4.2.2 PerformanceofDSTATCOM forLoadBalancing

(i) SRFalgorithm

TheperformanceofDSTATCOM forloadbalancingforlagginglinearload(20KVA,

0.8pf)underunbalancedconditionisshowninFig.37.
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Figure37:PerformanceofDSTATCOM underLoadUnbalancing(SRF)

From t=0tot=0.4secallthreephasesofloadisconnectedatt=0.4sec

loadischangedtotwophaseloadtocreateloadunbalancing,thesourcecurrent

herecanobservedsinusoidalandbalancedasseeninFig.37becausetheunbalance

currentisprovidedbytheDSTATCOM.

(ii) ADALINEalgorithm

TheperformanceofDSTATCOM forloadbalancingforlagginglinearload

(20KVA,0.8pf)underunbalancedconditionisshowninFig.38.
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Figure38:PerformanceofDSTATCOM underLoadUnbalancing(Adaline)

From t=0tot=0.4secallthreephasesofloadisconnectedatt=0.4sec

loadischangedtotwophaseloadtocreateloadunbalancing,thesourcecurrent

herecanobservedsinusoidalandbalancedasseeninFig.38becausetheunbalance

currentisprovidedbytheDSTATCOM.

4.3CONCLUSION

InthischapterthesimulationresultswithandwithoutDSTATCOM arediscussed

and the performance ofDSTATCOM forharmonic reduction,reactive power

compensation,powerfactorcompensation and load balancing with both the

algorithm iscomparedandshown.

CHAPTER5

CONCLUSIONSANDFUTURESCOPEOFWORK



66

5.0MAINCONCLUSIONS

InthisdissertationtheperformanceofDSTATCOM underdifferentloadingcondition

usingdifferentcontrolalgorithmsaredemonstratedthroughsimulationstudy.

Inchapter-1thecommonpowerqualityissuesinthedistributionsystem

andtomitigatethoseissuesdiscussed.Somecompensationtechniqueslikepassive

components,passivepowerfilterandactivepowerfilteraredescribed.

Inchapter-2thetechniquesanddevicesusedformitigatingdifferenttypes

ofpowerqualityproblemsindistributionsystem areshown.

Inchapter-3themathematicalmodelingandthedesignofDSTATCOM is

given.ThereferencecurrentextractionofVSCbasedDSTATCOM usingSRFcontrol

schemeandAdalinecontrolschemeisdescribed.Forextractionofreferencecurrent

SRFandADALINEcontrolalgorithm studiedandsimulatedunderMATLABsoftware

tostudytheperformanceofDSTATCOM connectedto3-phase415V,50Hzunder

differentloadingcondition.

ThesimulationresultswithandwithoutDSTATCOM arediscussedandthe

performanceofDSTATCOM forreductionofharmonic,compensationofreactive

power,powerfactorcompensationandloadbalancingwithboththealgorithm one

giveninchapter-4.TheTHDofsourcecurrentisreducedfrom 28.80%to3.77%using

SRF controlalgorithm and 28.80% to 2.77% using ADALINE controlalgorithm.

Performance ofboth the algorithm issatisfactorybutADALINE based control

algorithm showstheimproved performancebecauseitusesLMS algorithm to

calculateitsweights.Soitcanbesaidthatneuralnetworkbasedcontrolalgorithm is

betterthancomputationalbasedconventionalmethodlikeSRFbecauseitissimple

and fast.These algorithmsalso show the reactive powercompensation when

reactivepowerneededbytheloadissuppliedbyDSTATCOM anditalsoimprovethe

powerfactorofsourcesideandalsoshowsthesatisfactoryperformanceunderload

unbalancecondition.

5.1 FUTURESCOPEOFWORK

Inthiswork,itisshownthataDSTATCOM effectivelycompensatesload
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harmonics,reactivepowercompensationandloadunbalancingcondition.Thework

canbeextendedinfollowingareas:

1.Improvepowerqualityofdistributionsystem usingnovelcontrolalgorithms

suchas:

(a)Hopfieldneuralnetworkbasedcontrolalgorithm.

(b)UsingMCCF-SOGIbasedcontrollerincontrolalgorithm.

(c)Usingcross-correlationfunctionapproachbasedcontrolalgorithm.

2.ToimprovethevoltageprofileatPCCbyaddingACvoltagePIcontrollerin

controlalgorithm toworkinZVR(zerovoltageregulation)mode.

3. ExploringcomputationalbasedcontrolschemesforDSTATCOM suchas

advanced controller like fuzzy and adaptive fuzzy also employed to

DSTATCOM toincreasetheeffectivenessofdistributionnetwork.

APPENDIX
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SYSTEM RATINGSANDPARAMETERS

SerialNo. System name Parameter

1. Threephasevoltagesource
System voltage–415V

Frequency–50Hz

2. Lineparameter R=0.01Ω,L=0.1mH

3. Voltagesourceconverter

Threeleg,6IGBTswitches,

CapacitorCDC=2300µF

VDCref=800V

Interfacinginductor(Lr)=3mH

4. Loads

1.NonLinearLoad

R=20Ω,L=30mH

2.LinearLoad

20KVA,0.8laggingpf
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