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  ABSTRACT 
 

Thispaperisasimulation studyofmodulationstrategiesinthree-

phaseflyingcapacitorinvertersinMATLABsimulink.Theflyin

gcapacitormultilevelconverterisarecentlydevelopedconverte

rtopologyassuringaflexiblecontrolandmodulardesign.Howe

ver,theflyingcapacitormultilevelconverterrequiresabalanced

DCvoltagedistribution. This 

canberealizedbyusingaspecialcontrolleadingtonaturalbalanc

ingorbymeasuringthevoltagesandselectingtheappropriateswi

tchingstate..Underinvestigationthosestrategiesthatsolvetheca

pacitorvoltagebalancingproblem,Carrierbasedphase-

shiftPWMmethodwithAPOD,IPD,PODarepresentedandcorr

espondingvoltageharmonicdistortionvaluesareanalyzed3lev

elfivelevelFlyingcapacitormultilevelinverters.Ageneralmath

ematicalmodelforanN-

levelinverterisusedforcircuitoperationanalysisandAreviewp

owersystemapplicationsofflyingcapacitormultilevelinverters

arepresented. 

Keywords:FlyingCapacitormultilevelconverters(FCMLC),

MATLABsimulinkmodel,Phase-shiftPWMmethod. 
 

1. INTRODUCTION 

Increasingdemandforindustrialpowerconvertersandsome of 

interestingadvantagesofmultilevelinverterssuchaslowdistort

ioninoutputvoltagewithrelativelowswitchingfrequency,lowh

armonicandelectromagneticinterference(EMI),attractedresea

rcherattentions.Uptonow,severaltopologiesofmultilevelinver

terarepresented.ThemainapplicabletopologiesareDiodeClam

pedInverter(DCI),FlyingCapacitorInverter(FCI)andCascade

dMultilevelInverter(CMI).Inordertoachievethishigherpower

rating,thevoltageandcurrentcapabilitiesofthedevicesusedinth

econverterneedtobeincreased.Currentinsulatedgatebipolartra

nsistor(IGBT)technologyex-

tendsupto6.5kV900Aperswitchingdevice. 

 

 

MeynardandFochintroducedaflying-capacitor-

basedinverterin1992.Theflyingcapacitorinverterhavemanyattr

activepropertiesformediumvoltageapplications,includinginpart

iculartheadvantageoftransformerlessoperation,andtheabilityto

naturallymaintainthecellcapacitorvoltagesattheirtargetoperatin

glevels[1].Thispropertyiscallednaturalbalancing,andallowsinp

rincipletheconstructionofsuchinverterswithalargenumberofvol

tage levels.Thethree cellimplementation ofthis 

circuitisshowninFigure1,usesaseriesconnectionof“cells”compr

isingaflyingcapacitoranditsassociatedcomplimentaryswitchpai

r,andproducesaswitched. 

Theproposedmodelforstudyofthecarrier-

basedPWMmethodinthree-

phaseflyingcapacitorinvertersisbasedoninverterswitchingfunct

ionratherthanactualcircuitconfiguration.Thismodelwillbeusedf

orharmonicanalysisoftheoutputvoltageoftheinverterfordifferen

tPWMstrategies.Theanalyzed 

PWMstrategiesarethosewhichallowthevoltagebalancingofflyin

gcapacitors.SectionIIgivesbasicofFlyingcapacitorfor3leveland

fivelevelwithmathematicalmodel,SectionIIIgivesmodulationst

rategiesandsimulationmodel SectionIV simulationandanalysis 

andlastlySectionVpresentedvariouspowersystem 

applicationsandSectionVIconclusionsaredrawn. 
 

2. FLYINGCAPACITORMULTILEVELI

NVERTER 

ThepowerswitchesareOperationofFlyingcapacitorMultilevelin

vertersoperatedascomplementarypairs(SL1andSL1',etc.),andi

ntermediaryvoltagelevelsarerealizedbyroutingtheloadcurrentt

hroughpathsthatincludetheclamping-orcell-capacitorsflying-

capacitormultilevelinverterusedforsynthesizingapproximatedsi

nusoidalloadvoltagesusingstaircaseanglecommutationcontrol.

Thebasicoperationisdescribedandamathematicalmodelisusedto

investigateallswitchingpermutations. 
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A) BasicCircuitOperation 
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Figure.1.SchematicofFCMLI.(Cellsconnectedinseries) 

Theflying-

capacitorinvertercanbeconstructedtogiveanunlimitednumber

ofvoltagelevels,butforpracticaldesignstheyarenormallylimit

edtosevenlevelsThenumberofpossiblevoltagelevelsisrelatedt

othenumberofpowerswitchingdevicesconnectedinseriesinea

chinverterleg.Thecircuittopology‟sinverterlegisintheformof

aseriesofconnectedcellsnestedinwardlytowardtheloadfromth

edc-

link.Eachcell,shownhighlightedinFigure1,hasacapacitorandt

wopowerswitcheseachcomprisingatransistorwithananti-

paralleldiodeandoperated ina complementary 

manner.InanN-

cellinverter,eachlimbhas2NswitchesandappliesN+1distinctd

cvoltagelevelsfromzerotoVdcacrosstheload.Thesingle-

phaseinverterfull-

bridgecanalsoapplynegativevoltagelevelsacrosstheloadands

oanN-

cellinverterhas2N+1distinctvoltagelevels.Inabalancedinvert

er,thefloatingcell-

capacitoraveragevoltagesarekeptatmultiplesoftheVdc/N.Thec

apacitorassociatedwiththecomplementaryswitchpairnearestt

heloadterminalwillhavethelowestvoltage(Vdc/N),whilethehi

ghestvoltage((N-

1)Vdc/N)capacitorisassociatedwithswitchesconnectedtoVdc. 

Thevoltagecontributionofeachhalf-

limbwilldependonthenumberofswitchesinconductioninitsupperpor

tion.Thereforewithswitchesinconduction,the 

mthvoltagelevelisappliedattheloadterminalwithrespecttozero.Thef

ullloadvoltageisthedifferencebetweentheleftandrighthalf-

limbvoltagelevels.Thisvoltagecanbeexpressedas 

 

 
 

whereSLnandSRn(n=1,2,…N)representtheleftandrighthal

f-

limbcellswitchstates,respectively,andlogic„1‟representst

heupperswitchinconductionandthelowerswitchinitsbloc

kingstate. 
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Figure2:Cell-CapacitorCurrentPaths 

B) CapacitorVoltageBalancing 

Oneofthemainreasonsforusingthemultilevelflying-

capacitorinverteristooperateatvoltageshigherthantheindi

vidualpowerswitchblockingcapability.Safeoperationent

ailskeepingthecell-

capacitorvoltagedifferenceswithinrestrictedvoltageband

sandsothecapacitorvoltagesarebalanced.Theflying-

capacitorinvertercanoperatewithinherentcapacitorvoltag

ebalancing,solongasthecontrolutilizesallthemodesofcha

rginganddischargingatanintermediaryvoltagelevel 

.Figure2showsallthepossiblecurrentpathsforonecell-

capacitor. 

Thepaths0and  

3,andthepaths1and2formcomplementarypairswheretheir

correctusagecanensurecapacitorvoltagebalancingandpo

werlosssharing.Inthesteadystate,paths1and2usedoverco

nsecutivecycleswillbalancethecapacitorvoltageanddevic
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elosses,aslongastheoperatingperiodcoincideswitht

hesameangularpositioninthecycle.Thiswillleadton

onetchangeinthechargeonthecapacitor,sincethecur

rentintegralsforeachpathwouldbeequalandofoppos

itepolarity.Inthecaseofpaths0and3,theircompleme

ntaryusagemustentailangularperiodswherethecurr

entisofequalandoppositepolarity,thusensuringthel

ossesineachpowerdevicearethesame. 
 

C) CircuitMathematicalModel 
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Thefundamentaloperationandcharacteristicsoftheflying-

capacitorinverter canoffera greatdeal of flexibilityin 

termsofoperatingmodescomparedtoconventionaltwo-

levelbridges.Complexityincreasesdramaticallyasthenumber

oflevelsincreases,andthismakesitdifficulttoanalyzethecircuit'

soperation.Therefore,asimplemathematicalmodelisdevelope

dwhichcanassistcircuitanalysisunderdifferentswitchstates.T

hemathematical 

Sisthemodeswitchstatevectorwhere1indicatesthehigh-

sideswitchconductingand0thelow-

sideswitchconductingforeachcellcomplementarypair. 

Equation(4)representstheloadcharacteristicandsobemodified

torepresentothertypesofload. 
 

Sn Sn-1 S3 S2 S1 

equationsfortheinverter are constructed byexpressingthe V cn  Vcn-1 V c3 
V c1 

V c2 

rateofchangeofcellcapacitorvoltage,theoutputload     V0 

voltageandcurrentforallvalidswitchingstates.Theequationsar

einageneralizedformapplicabletoanyN-

cellinverterandthepowerswitchstatesareincludedseparately.T

husthematrixformofthemodelforageneralizedinverterhalf-

limb(chopper)withanR-

Lload,showninFigure3,isasgivenbelow: 

Cn Cn-1 C3 C2 C1 

io 

 
 

 
R 

 
 

L 

 
 

 
 

 
 

where, 
 

  
 

 
 

 

 

and,Vistheindividualcellcapacitorvoltagevectorand 
 
 

 
Fig.3Inverterlegofflyingcapacitormultilevelinverter. 

Theabovematrixrelationshipsgoverningtheflying-

capacitorinvertercanbeincorporatedwithina 

simplefixedtime-

steppingproceduretocalculatetheloadvoltagevoandcurrentiow

ithaparticular switchstate operated 

overaspecifictimeperiod.Bycombiningdifferentswitchstates

operatedoverdifferenttime-

periodsanyswitchingsequencepatterncanbesimulatedefficien

tly.Thisfeatureisveryusefulforanalyzingtheinverter‟soperati

onwhensynthesizinga  sinusoidusingafixedcontrol  

switchingsequence.Forexampleinathree-cell,single-

phaseinvertertheAandCmatricesareasfollows: 
 

 
 

 
 

whereCcisthebasic 

cellcapacitance.Bysolvingequations(1),(2)and(3)byiteration
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,thecompleteoutputloadwaveformscanbefoundforagivens

witchingmodeasdefinedbyS. 

Thecapacitorvoltagescanbecontrolledintwoways.Eitherthe

capacitorvoltagesandcurrentdirectionaremeasuredandanap

propriate switchstateischosen to 
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correctthecapacitorvoltageoranaturalbalancingschemeisuse

d.Naturalbalancingscheme(whichmaintainsthesteadystatesta

bilityofthecapacitorvoltagesbyusingequal 

dutycyclesforeverypairofcomplementaryswitches.Thiscanb

edonebyusingaspecialpulsewidthmodulation(PWM)scheme.

)isdiscussedinsectionIII. 

independentcapacitorsclampingthedevicevoltagetoonecapac

itor 

 
 

 

Vdc/2 
 

S1  

1 

i.Measuringcapacitorvoltageandcurrentandchoosing 

  

 

 

C3   

S2 
1  

switchstate: 
 
 

Vdc 
C1 

Thismethodrequiresmeasuringallthevoltagesofthecapacitorb

ussesandthedirectionofthephasecurrent.Whenthe signofthe 

errorofthe capacitor voltages and 

thedirectionofthecurrentisknown,anappropriateswitchstatefo

rthedesiredoutputvoltagecanbeassigned.Thiswaytheoutputv

oltagecanbechosenateveryinstant, 

 
 
 

C2 
 
 
 

 
 
 
 

-Vdc/2 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

(a ) 

 
 

S'11   

 
 
 
 

S'21 

 
 
 
 
 

 

 
 
 

 

(b ) 

whilealwaysbeingsuretheerrorsofthecapacitor 

voltagesarecorrected. 
Fig.4Phase Legof (a)Threelevel FCMLI(b) FiveLevelFCMLI 

TABLEISWITCHINGTABLE 
voltagelevel.TheinverterinFig.3(a)providesathree- 

leveloutputacrossaandn,i.eVan=Vdc/2,0,-

Vdc/2.ForvoltagelevelVdc/2switchesS1andS2needtobeturne

don;for–Vdc/2switchesS‟1andS‟2andforthe0level, 
eitherpair (S1,S

1
 ) or (S2,S

1) needstobe turnedon. 
1 

Clamping capacitor C1ischargedwhenS1andS1are 
1 

turnedon,andis dischargedwhen S2andS2 areturnedon. 

ThechargeofC1canbebalancedbyproperselectionofthe0-

levelswitchcombination.Fig.5showsMATLABsimulinkmod

elfor3levelFCMLI. 

InFig.4(b)showsAphase-

legofa5levelflyingcapacitormultilevelconverter.Inthiscircuit

,independentcapacitorsclampthedevicevoltagetoonecapacito

rvoltagelevel.Thisconvertertopologyhasmoreflexibilitythan

othermultilevelconvertertopologieslikethediode- 

clampedconverter.SwitchesS1,S2,S3andS4arecomplementary
withthecorrespondingswitchesS1,S1, 1 2 S1 1 

 

 
Table1isatablewiththeswitchingstatesforapositivecurrent,Th

ere isno choicewhenthe 

desiredoutputvoltageVanis+/−Vdc/2,sothisisnotinthetable.F

oreverypossibilityofdeviation 

ofthecapacitorvoltages(+or−),aswitchstatecanbedetermined.

Here1000meansS1isonandS2-

S4areoff.Asimilartableisavailableforanegativecurrent. 

3. SIMULATIONMODELAND

MODULATIONTECHNIQUES 

A) Flyingcapacitormultilevelinverteroperation: 

Fig.3(a)illustratesthefundamentalbuildingblockofaphase-leg3-

levelcapacitor-clampedinverter.Thecircuithasbeen  calledtheflying  

capacitor  inverterwith 
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unbalance Switchstate(positivecurrent) 
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S1 

3  and S4. Thevoltagesof thecapacitor 
banksareassumedtobe at thenominallevelat steady 

state.In 
Fig.4b,eachcapacitorsymbolassignsforthesamevol

tagevalue.Sothefirstcapacitorbank(C1)hasavoltage

ofVdc/4,thesecond(2timesC2)hasavoltageofVdc/2,t

hethird(3timesC3)hasavoltageof3Vdc/4andthefourt

histheDC-

busandhasavoltageVdc.Thevoltageofthefive-

levelphase-
leg„a‟outputwithrespecttotheneutralpointn,Van,canbesynthe

sizedbythefollowingswitchcombinations.Here,thementioned

switchesareon,thecomplementaryareoff. 

1. Van=Vdc/2:turn on allupper switches,S1,S2,S3andS4. 

2. Van=Vdc/4:oneoftheupperswitchesisturnedoffanditsc

omplementaryisturnedon.Whenforexample2isturnedon,Van  

= Vdc/4 becauseof the following 
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calculation:Vdc/2(ofupperC4‟s)−3Vdc/4(ofC3‟s)+Vdc/2(ofC2‟

s).Thiswayseriesconnectionofcapacitorsismadetocreatethed

esiredoutput. 
 

3. Van=0V:nowtwoupperswitches areturnedoff 

andtheircomplementaryswitchesareturnedon.Asimilarcalcul

ationasabovecanbemade. 
 

4. Van=−Vdc/4:inthiscase,thereisonlyoneoftheupperswit

cheson. 
 

5. Van =−Vdc/2:turnonalllowerswitches,S1,S1, 

carriers,the switchstate ofthecorrespondingswitchpair 

isdefined.Whenthereferencesignalisabovethecarrier,theuppe

rswitchisonand whenbelow,thelowerswitchison. 

Controllingmechanismsformultilevelvoltagesourceinverterc

anbeclassifiedintoPWMandsteppedtechniques.PWMscheme

sconsistofcloseloopandopenloopmodulations.SinusoidalPW

M,SVMandsigma-

deltamodulationarethreemaincontrolschemesofopenloopmo

dulation.Figure.7.showstheclassificationofmodulationstrate

giesforMLIs. 
In thispaper weconsider carrierbased pulsewidth 

1 2 
S1 1 

3andS4. 

Thevoltageoverthecapacitorschangesascurrentflowsthrought

hecapacitors.Bychoosinganappropriateswitchstateforadesire

doutputvoltageaccordingtothecurrentdirection,it 

ispossibletocontrolthevoltageoverthecapacitors. 

 

Fig.5.MATLABSimulinkmodelfor3LevelFCMLI 
 

 

Fig.6.MATLABSimulinkModelfor5LevelFCMLI 

B) PWMMethodsforvoltagebalancingforflyingcapacitor: 

Naturalbalancingofaflying 

capacitormultilevelconverterisatechniquewhichmaintainsthe

steadystatestabilityofthecapacitorvoltagesbyusingequalduty

cyclesforeverypairofcomplementaryswitches. 

Thiscanbedonebyusingaspecialpulsewidthmodulation(PW

M)scheme.Inthisscheme,everypairofswitcheshasacarriersig

nalwhichhasa90degreesphasechange,asocalledphaseshiftcarri

erPWM(PSCPWM).Whenareferencesignal,normallythedesir

edoutputvoltage,iscomparedwiththe 



 

 

International Journal of Research 
eISSN: 2348-6848  & pISSN:  2348-795X Vol-5 Special Issue-13 

International Conference on Innovation and Research in 
Engineering, Science & Technology 

Held on 23
rd 

& 24
th
 February 2018,  Organized by Tulsiramji Gaikwad 

Patil College of Engineering & Technology, Nagpur,  
441108, Maharastra, India. 

 

 

Papers presented in ICIREST-2018Conference can be accessed from 
https://edupediapublications.org/journals/index.php/IJR/issue/archive  P a g e  | 517 
     

modulation(CBPWM).CBPWMhasitselfthreebranchesnam

ely:In-

PhaseDisposition(IPD),AlternativePhaseOppositeDisposit

ion(APOD)andPhaseOppositeDisposition(POD).Although

,SVMdirectlycontrolsline-to-

linevoltagesoftheinverter,allofCBPWMsubtechniquescont

roleachphaselegofinverterseparately. 

 

Figure.7.ClassificationofmodulationstrategiesforMLIs 

Inthiscaseforthenlevelflyingcapacitorthen-

1carriersignalsarephaseshiftedbyTP/(n-

1).Fig.8presentsthecarriersignals,modulatorsignalandconn

ectionfunctionsforfivelevelcapacitorflyinginverterforonele

g.Inthiscasetherearefourcarriersignals: 
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Fig.8.DifferentModulationsub-

techniquesandrelativeinverteroutputvoltagewaveform:(a)AP

OD,(b)IPD,(c)POD 

SpacevectorPWMwaveformshavesome advantages 

suchaseaseofdigitalcontrolandswitchingwaveformoptimizati

on.FromFig.9,SVMidentifieseachswitchingstateasapointinc

omplex(α,β)space.Areferencephasorrotatinginthe(α,β)plane

atthefundamentalfrequencyissampledwithineachswitchingp

eriod,andthethreenearestvectorsareselected.Dutycycleofeac

hvectorcanbecalculatedbythetimeaverageprinciple: 

 
whereT1,T2andT3aredutycyclesofU1,U2andU3,respectivel

yandTsistheswitchingperiod.Inmultilevelinverters,morethan

oneswitchingstateisavailableformediumvectors.Forinstance,

thespacevectorofAinFig.4hasfourdifferentswitchingstateswh

ichare[-E,-2E,-2E],[0,-E,-E],[E, 0,0],and[2E,E,E]. 
beta 

 

4. SIMULATIONRESULTS 

TheCBPWM(IPD,APOD,POD),methodspresentedabovea

reanalyzedwithrespecttotheirharmoniccontentandtotalhar

monicdistortionfactor(THD)for3leveland5levelFCMLI.Ba

sefrequency=ωB=2 =2

Carrierfrequency=fcr=1000hz. 
 

TableIIIFCMLC(5L)ComponentSpecifications 

Numberofmains

witches 
36 

DeviceON

resistance 
0.01Ώ 

DeviceOFF

resistance 
1.0E6Ώ 

Forwardvoltage

drop 
0v 

Forwardbreakover
Voltage 

0.2KV 

Reversewithstand

Voltage 
0.2KV 

Snubberresistance 500Ώ 
 

Outputwaveformofthreelevelinverterandharmonicspectrums

howninFig10to13. 
 

 
 

Fig.10.Outputvoltagewave formfor3-LevelFCMLI 

 
 

 

 

III 

II
beta  

 

 
I 

a   alpha 

 

Fig.11Carriersignals(IPD)andtriggeringpulsesof 3-

LevelMLI 

V VI 

c V 

Fig.9SpaceVectorPulsewidthModulationScheme. 
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Fig.15Carriersignals(IPD)5-LevelMLI 

 

 

 

 

 

 

 

 

Fig.12Phasevoltageandfouriercomponentsforthreelevelf

lyingcapacitorinverterwithphaseshiftedcarriersignals.(A

POD) 

7 

 

 

 

Fig.16Phasevoltageandfouriercomponentsforthreelevelf

lyingcapacitorinverterwithphaseshiftedcarriersignals.(P

ID). 

TABLEII%THDOF THREELEVELWITHIPDANDAOPD 

 

 

 

 

 

 

 

Fig.13Phasevoltageandfouriercomponentsforthreelevelf

lyingcapacitorinverterwithphaseshiftedcarriersignals.(P

ID) 

Outputwaveform  offivelevel 

inverterandharmonicspectrumshowninFig14to16. 

 

 

 

 
 

 

 

 

Fig.14.Outputvoltagewave formfor5-LevelFCMLI 

TableIIgivesthe%THDvaluesofthreelevelFCMLI 

withIPDandAOPDmodulation.Insummary,theIPDmodulatio

nproducesbetterharmonicprofilethantheAPODmodulation.a

ndTableIIIsummarizethe%THDvaluesforthreeLevelFCMLI

andfiveLevelFCMLIwithIPDmodulation.Fig17showsgraphf

or%THDvaluesofthreelevelandfivelevelFCMLIswithrespect

ivecarrierfrequencies. 

TABLEIII%THDOF 

THREELEVELANDFIVELEVELFCML

IWITHIPD 

ThreeL

evelFC

MLI 

IPDModulation 
%THDofoutput

Voltage 

AOPDModulation 
%THDofoutput

Voltage 

Ph 
-

A 

Ph-

B 

Ph-

C 

Ph 
-

A 

Ph-

B 

Ph 
-C 

ma=1, 35 36. 34. 39 41. 40 
fm=50 .6 94 23 .3 66 .1 

Hzfcr % % % 4 % 2 

=1000 % % 

hz 

ma 35 38. 37. 41 43. 40 
=0.8 .9 43 35 .2 01 .5 

fm=50 % % % 1 % 9 

Hzfcr % % 

=1000 

hz 
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IPD 
Modulati

on 

ThreeLevelFCMLI FiveLevelFCMLI 

ma=0.8 
Fm =50 
Hz
Fcr 

Ph 
-A 

Ph- 
B 

Ph- 
C 

Ph- 
A 

Ph- 
B 

Ph- 
C 

35. 38.4 37.3 23.1 26.2 25.4 
9 3 5 2 5 2 
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=1000 hz       
 

 

Fig17%THDvaluesofthreeleveland 

fivelevelFCMLIswithrespectivecarrierfrequen

cies 

aback-to-

backarrangement(e.g.,inUPFC)isnotpossiblebecauseashort-

circuitwillbeintroducedwhentwoback-to-back convertersare 

notswitchingsynchronously 

.Inthisinverter,theswitchingmodulationneedstobeoptimizedf

orhighperformanceapplicationsduetoalimitedcombinationof

switchingpatterns.Moreover,forreactivepowerexchange,thep

owerpulsationattwicetheoutputfrequencyoccurringwiththed

c-linkofeachH-bridgeinverternecessitatesover-

sizingofthelinkcapacitors. 

TheFCMLIattemptstoaddresssomeofthelimitationsimpose

dbytheabove-

mentionedinverters.Withtheincreaseinthenumber 

ofoutputvoltage levels, thenumberofdc-link 
TheTHDarecalculatedforthefirst200harmonics.The 
modulation index is 1andswitchingfrequency is 

1000Hz.Three-

phasereferencesignalsareobtainedbyaddingtheoffsetvoltage

Vofftotheoriginalphasevoltagestoobtainanequivalentreferen

cevoltage.Theoffsetvoltageisdefinedas: 

 

 

 

 

 
Generator 

Transformer  

XL2 

 

 

Ps,Qs 

 

I 

 

 

 

 

 

 

5LEVEL

FCMLI 

Pr,Qr 

 

TheTHDvaluesobtainedbysimulationusingthepresentedmod

eloftheinverterforthreeandfivelevelflyingcapacitorinverterfo

rphaseshiftedPWMmethod(PSPWM), 

FromFig.12,13and16wecanseethattheharmoniccarrierbands

appearatfrequenciesfhgivenby: 

 

where„k‟isaninteger(k=1,2,3...),

isthefrequencyofcarriersignalandnisthenumberofinverterlev

els. 

5. APPLICATIONSOFFCMULTILEVELIN

VERTERSIN 

POWERSYSTEMS 

ThemainApplicationsofFCMLIareFACTS(staticsynchronou

scompensator(STATCOM),staticsynchronousseriescompen

sator,unifiedpowerflowcontroller(UPFC))andPowerLinecon

ditionerorActivePowerFilters(APF). 

Atpresent,therearethreebenchmarkmultilevelinvertertopolog

ies:i)diode-clampedmultilevelinverter(DCMLI), 

ii)cascadeH-bridgeinverter,andiii)flyingcapacitormulti-

levelinverter(FCMLI).DCMLIsuffersfrom 

thelimitationsofdc-

linkvoltageunbalance,indirectclampingoftheinnerdevicesan

dmultipleblockingvoltagesoftheclampingdiodes.H-

bridgecascadeinverterhaslimitationssuchas,therequiremento

flargenumberofinverterstodecreasetheharmonicsandcom

plexdc-

voltageregulationloop.Itneedsseparatedcsourcesforrealpo

werconversionandthushassomewhatlimitedapplications.

Connectingseparatedcsourcesbetweentwoconvertersin 
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Fig.18(a)STATCOMcompensatedsinglemachineinfinitebussyst

em. 
 

 
 

Fig.18.(b)SSSCcompensatedsinglemachineinfinitebussystem 

capacitorsincascadeandinDCMLIincreaseandhencetheircontrol

becomemorecomplexespeciallyintransientconditions.However,

thedc-

capacitorcontrolloopinFCMLIisassimpleasintheconventionaltw

o-levelinverterand isindependentofthenumber 

ofoutputvoltagelevels. 

Transformer 
V 

XL2 I 
Pr,Qr 

+Vo 

Generator Ps,Qs 
Infinitebus 

5LEVEL 

FCMLI 
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series

device 
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Vr 
 
 
 
 
 

 
receiving end 

hasto be employed 

tomeetsystemharmonicrequirements.Inthefirstcase,sincether

eactorsareinserieswiththeload,intolerablevoltagedropwillbec

ausedbythereactors.Veryhighswitchingfrequencycannotbea

chievedduetotheswitchingspeedlimitofhigh-voltagehigh-

powerdevices.Toresolvetheproblemsstatedabove,aflying-

capacitormultilevelVSC is employed.Phase-

shiftsinusoidalPWM(SPWM)switchingconceptisadoptedan

dappliedtocontroltheswitchesofthisconverter.Theabilityofba

lancing 
Fig.18(c)SysternconfigurationofaUPFCbasedon 

FCMLI 

 

 

 
 

System 

 

Bus1 

 

Bus2 

 

PowerLineConditioner 

 
Ls Rs 

NonLinear Load 
Bus3   

ThetypicalstructureofFCMLImakesitpossibletosplitthevoltag

econstraintsandtodistributethemonseveralswitchesofsmaller

ratingsinseries.Thisalsomakesitpossibletoobtainasignificanti

mprovementoftheoutput 

Lin LhRh   

 

 

 

 

MultilevelVolt

agesource 

 
 
 
 
 
 

P+jQ 

waveformandtoincreasetheapparentfrequencyofthis 
wave,allowingasignificantreductionofthefilteringrequireme

nts.Theuseofcapacitorsforthevoltageclampinginsteadofdiod

esasinDCMLI,permitsseveralswitchcombinationsforapartic

ularvoltagelevelgeneration,whichmaybeusedforpreferentialc

harginganddischargingofcapacitors. 

Thecontrolstrategyusesinherentfeature 

ofFCMLIandissufficienttohavebalanceddcvoltagesoftheflyi

ngcapacitorsifthevoltageofthemaindcbuscapacitorisbalance

d.Therefore,acomplexdccapacitorvoltagecontrolloopisnotre

quiredinanFCMLI-

basedFACTScontrollersandindependentcontroloftheoutputv

oltageandflyingcapacitorvoltagescanbeachieved.Eventhoug

htheFCMLIoffersvariousfeatures,extensiveresearcheshaven

otbeenreportedonitspotentialFACTSapplications.Fig.18sho

wssinglediagramsforFCMLIbased(a)STATCOM(b)SSSC(c

)UPFC. 

Itisprobablyduetosomeofitslimitationssuchasrequirementsof

largenumberofcapacitorsandtheirefficientcontrol.Someresea

rchessuchashavereportedcontrolschemesforbalancingtheflyi

ngcapacitorvoltages,whichusePIcontrollersforeachflyingcap

acitorvoltagebalancing 

 

Itisprobablyduetosomeofitslimitationssuchasrequirementsof

largenumberofcapacitorsandtheirefficientcontrol.Someresea

rchessuchashavereportedcontrolschemesforbalancingtheflyi

ngcapacitorvoltages,whichusePIcontrollersforeachflyingcap

acitorvoltagebalancing. 

Inindustrialordistributionsystemapplicationswherevoltagera

ngesfrom4.16to13.8kV,eitherlargereactorsoraveryhighswitc

hingfrequencyofthetwo-levelVSC 

2
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1 
converter 

 
 

C 
 

 
 

 

Fig.19singlelinediagramforFCMLIbasedpowerline

conditioner. 

unbalancedloadispossibleinadditiontothereactivecompe

nsationandharmonicsuppressioncapabilities.Duetothes

witchingscheme,theresultantoutputvoltageofthismultile

velVSChasaveryhighequivalentswitchingfrequency,eve

niftheswitchingfrequencyoftheindividualswitchesis 

notvery high.As 

aconsequence,thevaluesofthereactorsarelow.ThusReact

ivePowerCompensation,HarmonicSuppression,Balanci

ngUnbalancedLoadpossiblebyusingFCMLI.TheSchem

aticforpowerlineconditionerbyusingFCMLIShowninFi

g19. 
 

6. CONCLUSION 

Inthispaper,flyingcapacitormultilevelinverterFCMLIsw

ithIPDandAPODmodulationschemesarestudiedindetail.

Thetheoreticalanalysis,design,andSimulinkimplementat

ionofflying-capacitor 

multilevelconvertersof3rdand5thlevelarepresented.Thesi

mulationresultsalongwithFFTanalysisforlinevoltagepre

sentedandcomparedamongvariouslevelsofFCconverters

andmodulationschemesfordifferentmodulationindexma,

carrierfrequencyfcandfrequencymodulationindexmf.Ap

plicationsofFCMLIinpowersystemsaresummarized. 
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