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 

Abstract: iThis ipaper iproposes ia ihierarchical iFuzzy 
iInterface iSystem i(FIS) iPredicated icontrol iarchitecture 
idesigned ifor ian iarbitrary ihigh ivoltage imulti iterminal idc 
i(MTDC) inetwork. iModular imultilevel iconverter i(MMC)is ia 
iwell-proved icircuit itopology iin ivoltage-source 
iconverter-based ihigh ivoltage idirect icurrent i(VSC-HVdc) 
itransmission isystems. iAs iis iknown, ithe iconventional 
ihalf-bridge isubmodule i(HBSM)-based iMMC-HVdc iis inot 
isuitable ifor ioverhead iline itransmission iapplications. iIn 
iaddition, ihigh ienergy istorage irequirements, ii.e., ilarge 
icapacitance iis iinevitable. iThe iconventional idesign iof ithe 
ifull-bridge isubmodule i(FBSM)-based iMMC iusually idoes inot 
iutilize ithe inegative ivoltage istate iof iFBSM iin inormal 
ioperation. iConsidering ithe isame idc ivoltage ias iwith ithe 
iHBSM icase iand iutilizing ithe inegative ivoltage istate iof ithe 
iFBSM, ithis ipaper ipresents ithe idesign imethod iof ithe ipower 
itransmission icapability iof ia isingle iFBSM. iMeanwhile, ian 
ioptimized ienergy istorage icapacitance idesign imethod iof ithe 
iFBSM iis iproposed. iWith ithis imethod, ithe icapacitance iof 
iFBSM ican ibe ireduced isignificantly. iThe icorrectness iand 
ieffectiveness iof ithe iproposed imethod iis iverified iby ithe 
isimulation iof ia±160kVVSC-HVdc iMMC iand ithe icomparison 
iresults iof ithe idc ishort ifault iblocking iand iride ithrough 
icapability iare ialso iprovided. 

Keywords— iFuzzy icontroller, iHVdc isystem, imodular 

imultilevel iconverter i(MMC), idroop icontrol isystems, ipower 

iquality. 

I. INTRODUCTION 

In ihigh ivoltage idirect icurrent i(HVdc) itransmission 

iapplications, ivoltage-source iconverter i(VSC) iis isuperior ito 

iconventional iline icommutated iconverter iin iterms iof iconstant 

idc ivoltage ipolarity, iindependent icontrol iof iactive iand 

ireactive ipower, ino iproblem iof icommutation ifailure iand iso 

ion i[1], i[2]. iModular imultilevel iconverter i(MMC) iwhich iwas 
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ifirst ipresented iby iMarquardt iin i2003 i[3] iis ia ipromising 

iconverter itopology. iCompared ito ithe iconventional itwo-level 

ior ithree-level iconverters, iMMC iis ian iattractive icircuit 

itopology iin ihigh ivoltage iand ihigh ipower iapplications, idue ito 

iits ilow iharmonics, iscalability, ihigh ireliability, iand ihigh 

iefficiency i[4]–[7]. iHence, iMMC iis iwidely iadopted iin imany 

iVSC-HVdc itransmission iprojects i[8]. When idc ishort-circuit 

ifault ioccurs, ithe ivoltage iof idc ipositive iand inegative ivoltage 

ibecomes ialmost izero. iLow iimpedance ileads ihigh iac icurrents 

ito iflow ithrough ithe ifreewheeling idiodes ifrom ithe iac iside ito 

ithe idc iside ieven iwhen iall ipower idevices iare iturned ioff i[9]. 

iThe iarm icurrents iincrease irapidly icausing iserious idamage ito 

ithe iMMC. iHence, ihow ito ideal iwith ithe idc ishort-circuit ifaults 

iis ione iof ithe imain iconcerns iin iHVdc itransmission isystems, 

iespecially iin ithe ioverhead iline iapplications. iGenerally, ithere 

iare itwo imethods iabout ihandling ithe idc ishort-circuit ifaults iin 

iorder ito iensure isafety ioperation iof ithe iMMC. iThe ifirst ione 

iis ithe iac ior idc icircuit ibreaks i(CBs) iemployed iso ias ito 

idisconnect ithe iMMC ifrom ithe ifault ipoint ior iac-side igrid. 

iThe iresponse iof ithe iconventional iac iCBs iis inot ifast ienough 

ifor ifault iisolation i[10]. iThe ipower idevices ibear iexcessive 

icurrent istress iduring ithe iresponding itime. iSeveral isolid-state 

idc iCBs ihave ibeen iproposed iin i[11]–[13] iwhich ican icut ioff 

ifault icurrent iin ia ivery ishort iperiod iof itime. iHowever, ithe idc 

iCBs iare iextremely iexpensive iand ithe ion-state ioperational 

ilosses iare isignificantly ihigh iowing ito ithe ipower idevices iin 

ithe icurrent ipath i[14]. iHence, ithe idc iCB iis istill ivery ifar ifrom 

ithe iwide irange iof iapplications. 

II. DESIGN iOF iPROPOSED iSYSTEM 

A. System Configuration 

iThe iproposed isystem imodelled ion ithe iMatlab i/ iSimulink 

iplatform ito iimprove ithe iperformance iof ithe ifuzzy iinference 

iMMC ibased iHVdc isystem ias ishown iin iFig.1. i iCompared 

ilwith ilthe iltraditional illogic ilsystems, ilfuzzy illogicis ilvery 

ilclose ilto ilhuman ilthinking iland ilnatural illanguage. iFuzzy 

ilcontrol which ilis ilbased ilon ilthis ilfuzzy illogic, ilprovides ilan 

ileffective ilmeans ilof extracting ilthe ilinexact ilnature ilof ilthe 

ilreal ilsystem. ilFL ilcontroller ilisbased ilon ila ilset ilof 

illinguistic ilcontrol ilrules iland ilis ilrelated ilby ilthe ildual 

iconcepts ilof ilfuzzy ilimplication iland ilthe ilcompositional 

ilinference ilrule. The ilabove ilmentioned ilcontroller ilprovides 

ila ilsequence ilof iloperations iltobe ilperformed ilto ilconvert il 
 the illinguistic ilcontrol ilstrategy ilbased ilon ilexpert 

iknowledge ilinto ilan ilautomatic 

ilcontrol ilstrategy. I 
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The ilresults ilobtained ilbythe ilFLC ilare ilmore ilaccurate ilthan 

ilthose ilobtained ilby ilthe ilconventional icontrollers. iThese 

ilfuzzy illogic ilbased ilcontrollers ilare ilwell ilsuited ilfor 

iapplications ilinvolving ilcomplex ilanalyses ilor ilwhen ilthe 

ilavailable ilsourceof ilinformation ilinvolves iluncertainty ilor 

iin ilexactness.  Fuzzy illogic ilis ilappropriatelin ilmany 
ilareas ilof ilpower ilsystems ilwhere ilthe available 
ilinformation ilinvolves iluncertainty. iWith ilfuzzy illogic 
ilboth ilthe input iland iloutput ildata ilare iltranslated ilto 
ilsymbolic ilform ilfrom ilnumeric ilform iland ilthe ilcontrol 
ilknowledge ilis ilspecified ilas ilfuzzy ilrules. iFuzzy illogic 
iltheory ilis ilused ilfor ilreal-time ilcontrol ioperations iand 
iloperations   planning.In ilthe ildesign ilof ila ilfuzzy illogic 
ilcontroller, ilmathematical ilmodel ilof ilthe system ilis ilnot 
ilneeded.tt ito ilgenerate ila ildesired ilcontrol ilobjective, iit 
irequires ia iqualitative ilknowledge ilon ilthe ilbehavior ilof 
ilthe ilsystem. iAnd ilitis ilvery ileasy ilto iladd ilexpert il/ 
ilheuristic ilknowledge ilabout ilthe ilsystem behavior ilinto 
ilthe ilcontroller ilstructure. iThe ilchangelin ilparameters ilor 
iloperating ilconditions ilwill ilnot ilaffect ilthe ilperformance 
ilof ilthe ilfuzzy illogic ilcontroller. iThe ilapplications ilof 
ilFL ilbased ilcontrollersbin ilthe ilpower systems ilhave 
ilbeen ilactive ilresearch ilarea ilfor ilthe illast iltwo ildecades 
ito ilmodulate ilthe iDC ilpower, ilFuzzy illogic ilbased 
ilcontrollers ilcan ilbe ilapplied ilto ilHVDC ilsystems. iThis 
ilcan ilbe ilachieved iin ilresponse ilto ilacontrol ilsignal 
ilderived ilfrom ilthe ilAC ilsystem. iThe ileffectiveness ilof 
ilthe icontrol ilcan ilbe ilenhanced ilby ilincreased iloverload 
ilrating ilof ilthe ilconverter swhich ilpermit ilshort il– ilterm 
iloverloads. iThus, ilthe ilrapid ilcontrollability ilof power ilin 
ila ilDC illink ilcan ilbe ilused ilto iladvantage ilin 
ilimproving ilthe transient ilstability ilof ilthe ilAC ilsystem 
ilin ilwhich ilthe ilDC illink ilis ilembedded. iThe ilpower 
ilflow ilcan ileven ilbe ilreversed ilin ila ilshort iltime il(less 
ilthan0.25sec) 

 
Fig. i1. ilBlock ilDiagram ilof ilFuzzy ilLogic ilController 

B. Control ilPrinciples iof  iHVdc isystem 

The ilHVDC ilsystem ilis ilbasically ilconstant-current 

ilcontrolled ilfor ilthe ifollowing iltwo ilimportant ilreasons: 
• iTo illimit ilover ilcurrent iland ilminimize ildamage ildue ilto 

ilfaults. 
• iTo ilprevent ilthe ilsystem ilfrom ilrunning ildown ildue ilto 

ilfluctuations ilofthe ilac ilvoltages. 
 It ilis ilbecause ilof ilthe ilhigh-speed ilconstant ilcurrent ilcontrol 

ilcharacteristic that ilthe ilHVDC ilsystem iloperation ilis ivery 

ilstable. iThe ilfollowing ilare ithe ilsignificant ilaspects ilof ilthe 

ilbasic ilcontrol ilsystem ilshown iin ilFig il1.1 ithe ildetails ilof 

ilwhich ilare ilexplained ilas ilunder:  

 
Fig il1.1: ilBasic ilcontrol ilscheme ilfor ilHVDC ilsystem 

a) iThe ilrectifier ilis ilprovided ilwith ila ilcurrent ilcontrol 
iland ian ilα-limit icontrol. iThe ilminimum ilα ilreference ilis 
ilset ilat ilabout il50 ilso ilthat isufficient ilpositive ilvoltage 
ilacross ilthe ilvalve iexists ilat ilthe iltime ilof ifiring, ilto 
ilensure ilsuccessful ilcommutation. iIn ilthe ilcurrent 
ilcontrol imode, ila ilclosed illoop ilregulator i(which ilis ila 
ilproportional ilplus integral ilregulator ilalso iltermed ilas 
ilType-0 ilcontroller) ilcontrols ilthe firing ilangle iland 
ilhence ilthe idc ilvoltage ilto ilmaintain ilthe ildirect current 
ilequal ilto ilthe ilcurrent ilorder.lTap ilchanger ilcontrol ilof 
ilthe iconverter iltransformer ilbrings ilα ilwithin ilthe ilrange 
ilof il100 ilto il200. iA itime ildelay ilis ilused ilto ilprevent 
ilunnecessary iltap ilmovements iduring ilexcursions ilof 
ilα.b) ilThe ilinverter ilis ilprovided ilwith ila ilconstant 
ilextinction ilangle i(CEA) icontrol iland ilcurrent ilcontrol. 
iIn ilthe ilCEA ilcontrol ilmode, ilγ ilis iregulated ilto ila 
ilvalue ilof ilabout il150. iThis ilvalue ilrepresents ila 
iltradeoff ibetween ilacceptable ilVAR ilconsumption iland 
ila illow ilrisk ilof icommutation ilfailure. iTap ilchanger 
ilcontrol ilis ilused ilto ilbring ilthe value ilof ilγ ilclose ilto 
ilthe ildesired ilrange ilof il150 ilto il200. 
c) iUnder ilnormal ilconditions, ilthe ilrectifier ilis ilon ilcurrent 

ilcontrol imode iland ilthe ilinverter ilis ilon ilCEA ilcontrol 

ilmode. iIf ilthere ilis ilare iduction iin ilthe ilac ilvoltage ilat 

ilrectifier ilend, ilthe ilrectifier ilfiring iangle ildecreases iluntil ilit 

ilhits ilthe ilαmin illimit. iAt ilthis ilpoint, ilthe irectifier ilswitches 

ilto ilαmin ilcontrol iland ilthe ilinverter ilwill ilassume icurrent 

ilcontrol. iThese ilare ilillustrated iin ilFig il1.2. 

 Fig il1.2: ilActual ilconverter ilcontrol ilsteady ilstate 

ilcharacteristics 
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d) To lensure lsatisfactory operation land lequipment lsafety, 
lseveral limits lare lrecognized lin lestablishing lthe lcurrent 
lorder las lshownin lFig l1.3 i.e., lmaximum lcurrent llimit, 
lminimum lcurrent llimit and lvoltage-dependent 
lcurrent-order llimit l(VDCOL) land lare briefed las lfollows: 
i) Maximum lcurrent llimit: 
The lmaximum lcurrent llimit lis lusually llimited lto l1.2 lto 
l1.3times lnormal lfull-load lcurrent, lto lavoid lthermal 
ldamageto lvalves. 
ii) Minimum lcurrent llimit: 
At llow lvalues lof lcurrent, lthe lripple in lthe lcurrent 
lmaycause lit lto lbe ldiscontinuous lor lintermittent. This lis 
objectionable lbecause lof lthe lhigh lvoltages 
l(Ldi/dt)induced lin lthe ltransformer lwindings land lthe lDC 
lreactorby lthe lhigh lrate lof lchange lof lcurrent lat lthe 
linstants lof interruption. 
At llow lvalues lof ldirect lcurrent, lthe loverlap lis 
lsmall.Operation lis lobjectionable leven lwith lcontinuous 
lcurrent lif the loverlap lis ltoo lsmall. With la lvery lsmall 
loverlap, lthe ltwo jumps lin ldirect lcurrent lat lthe lbeginning 
land lend lof commutation lmerge lto lform lone ljump ltwice 
las llarge resulting lin lan lincreased lstress lon lthe lvalves. It 
lmay lalso cause lflashover lof lprotective lgaps lplaced 
lacross lthe terminals lof leach lbridge. 
iii) lVoltage-dependent lcurrent-order llimit l(VDCOL) 
Under llow lvoltage lconditions, lit lmay lnot lbe ldesirable 
lor possible lto lmaintain lrated ldirect lcurrent lor lpower lfor 
lthe following lreasons When lvoltage lat lone lconverter 
ldrops lby lmore lthan labout 30%, lthe lreactive lpower 
ldemand lof lthe lremote lconverter increases, land lthis lmay 
lhave lan ladverse leffect lon lthe lac system. A lhigher lα lor 
lγ lat lthe lremote lconverter lnecessary to lcontrol lthe 
lcurrent lcauses lthe lincrease lin lreactive power. The 
lreduced lac lsystem lvoltage llevels lalso significantly 
ldecrease lthe lreactive lpower lsupplied lby lthe filters land 
lcapacitors, lwhich loften lsupply lmuch lof lthe reactive 
lpower labsorbed lby lthe lconverters. At lreduced voltages, 
lthere lare lalso lrisks lof lcommutation lfailure land voltage 
linstability. These lproblems lassociated lwith loperation 
lunder llow voltage conditions lmay lbe lprevented lby lusing 
la l“voltage dependent current-order llimit”. This llimit 
lreduces lthe maximum lallowable ldirect lcurrent lwhen lthe 
lvoltage ldrops below la lpredetermined lvalue. The lVDCOL 
lcharacteristics may lbe la lfunction lof lthe lac lcommutating 
lvoltage lor lthe ldcvoltage. 

 Fig l1.3: lSteady-state lV-I lcharacteristic lwith 
lVDCOL, lminimum current llimit land lfiring langle 

llimits 
 

Higher-level lcontrols lmay lbe lused, lin laddition lto lthe 
labove lbasic controls, lto limprove lAC/DC lsystem 
linteraction land lenhance lAC system lperformance. All 
lschemes lused lto ldate lhave lused lthe labove modes lof 
loperation lfor lthe lrectifier land lthe linverter. However, 
lthere are lsome lsituations lthat lmay lwarrant lserious 
linvestigation lof lacontrol lscheme lin lwhich lthe linverter lis 
loperated lcontinuously lincurrent lcontrol lmode land lthe 
lrectifier lin lα-minimum lcontrol lmode. 

III. OPERATION PRINCIPLE OF F-MMC 

The lsimplified lschematic lof lthe lF-MMC lis lshown lin 
lFig. L2. The lF-MMC lconsists lof lthree lphases, leach 
lformed lby lthe lupper larm land lthe llower larm. Each larm 
lis lcomposed lof la lnumber lof 

 
Fig. l2.Simplified lschematic diagram lof lF-MMC. 

 
Fig. l3. Arm lreference lvoltage land ldc lvoltage lof 

lF-MMC. 
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Series-connected lFBSMs land lan linductor. As lknown, lthe 
larm lreference lvoltage lof lH-MMC lis lcomposed lof ldc 
land lfundamental lfrequency lcomponents. The lcomponents 
lof lF-MMC’s larm lreference lvoltage lare lsimilar lto 
lH-MMC lwhile lthe lamplitude lof lthe lac-side lvoltage lof 
lF-MMC lis lgreater lthan lH-MMC lwith lutilizing lnegative 
lvoltage lstate lof lFBSMs lif lthey lhave lthe lsame ldc 
lvoltage. Taking lthe lupper larm lof lthe lF-MMC lshown lin 
lFig. l3 las lan lexample, lthe lF-MMC lwith lthe lrelation 
lcurve lbetween lthe larm lreference lvoltage land lthe ldc 
lvoltage lpresented lin lFig. l4(a) lis lnamed las lF1-MMC. 
Correspondingly, ldefining lF1-MMC with fuzzy inference 
system lis lthe lone lwith lthe lcurve ldepicted lin lFig. l4(b). 
lIt lneeds lto lbe ladded lthat lF1-MMC lhas lno lsignificant 
ldifference lwith lH-MMC lin lterms lof lSM lvoltage 
lbalancing lfor lits larm lreference lvoltages lwhich lare 
lalways lgreater lthan lzero. Positive larm lcurrent lcharges 
lFBSM lcapacitor lif linserted lwhile lit lis ldischarged lwith 
lnegative larm lcurrent laccording lto lthe lcurrent ldirection 
ldefinition lin lFig. l3. Therefore, lFBSMs lwith lthe llowest 
lvoltages lare lselected lto lbe linserted lwhen larm lcurrent lis 
lpositive land lthe lhighest lones lare lchosen lto lbe ltriggered 
lwith lnegative larm lcurrent.However, lthere lare lsome 
ldifferences lfor lFBSM lvoltage lbalancing lof lF1-MMC 
fuzzy. lIt lis lthe lsame las lF1-MMC lwhen lthe larm 
lreference lvoltage lof lF1-MMC fuzzy lis lpositive. For 
lnegative lparts, lit lis lopposite. That lis lto lsay lthe lFBSM 
lcapacitor lis ldischarged lwith lpositive larm lcurrent land lit 
lis lcharging lby lnegative larm lcurrent lif linserted. Thus, 
lFBSMs lwith lthe lhighest lvoltages lshould lbe linserted lin 
lcase lof lpositive larm lcurrent lwhile lthe llowest lones lare 
lselected lwhen larm lcurrent lis lnegative. lIn lHVdc 
lsystems, ldc lvoltage lis lan limportant lindicator lwhich 
lrelates lto lline llosses. Assuming lthat lthe lF1-MMC land 
lthe lF1- lMMC fuzzy lhave lthe lsame ldc lvoltage lwhich lis 
lmarked las lUdc. The lmodulation lindex land ltheir lFBSM 
lreference lvoltages lare lboth lm land lUc l. lAccording lto 
lFig. 4(b), lthe lfollowing lexpression lcan lbe lachieved: 

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 

 
where lUo2 lis lthe lamplitude lof lac-side lphase lvoltage lfor 
lF1- lMMC with fuzzy inference system land lN2 lis lthe 
lnumber lof lFBSMs lper larm. Additionally, lN0 lis lthe lratio 
lof lthe lnegative lmaximum lvalue lof lthe larm lreference 
lvoltage lshown lin lFig. l4(b) lto lUc l. lIt lis ldefined lthat 
lthe lvariable lα lis lequal lto lN0/N2 l. lSolving l(1) land l(2), 
lthe ldc-side lvoltage land lthe lamplitude lof lac-side lphase 
lvoltage lare 

l  
The lac-side lthree-phase lpower land lthe ldc-side lpower 
lsatisfy lthe lfollowing lequation laccording lto lpower 
lconservation 
neglecting lthe lconverter llosses. lThat lis lgiven lby 

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 

l  
where lϕ lis lthe lpower lfactor langel lfor lF2-MMC. lIdc2 
land lIo2 lare lthe lamplitude lof lthe ldc-side lcurrent land 
lthe lac-side lcurrent lof lF2-MMC, lrespectively. 
lSubstituting l(3) land l(4) linto l(5), lthe ldc-side lcurrent 
land lthe lamplitude lof lac-side lcurrent lshould lmeet lthe 
lfollowing lcriteria: 

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 

 
where lk lis ldefined las lfollows: 

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 

 
Formulas l(1)–(7) ldemonstrate lthat lthe lvoltage land 
lcurrent lof lthe ldc land lac lside lof lF2-MMC lalso ldepend 
lon lthe lvariable lα lif lboth lF1-MMC land lF2-MMC lhave 
lthe lsame lmodulation lindex. 

IV. ARM INDUCTOR DESINE 

The lanalyses labout lRMS lof larm lcurrents lin lSection lIII 
ldo lnot lcontain lthe lcirculating lcurrents. lHence, lthe 
lfollowing lconstraint lcondition lshould lmeet lby lselecting 
lappropriate larm linductor land lFBSM lcapacitance lin 
lorder lto lguarantee lthe lsame lcurrent 

 Fig. il5. ilSchematic ildiagram ilof ilthe ilsimulated ilF-MMC 

ilfor ilHVdc ilsystems. 
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stress ilof ilF1-MMC iland ilF2-MMC: 

 

V. SIMULATION RESULTS AND ANALYSIS 

In ilorder ilto ilverify ilthe ilvalidity ilof ilthe ilanalyses ilin 

ilSections ilIII il, ilthe ilfull-scale ilsimulations ilof ilF1-MMC 

iland ilF1-MMC ifuzzy ilhave ilbeen ilimplemented. ilA 

ilsimplified ilschematic ildiagram ilof ilthe ilsimulated ilsystem 

ilis ilshown ilin ilFig. iL6. ilEmploying ilthe ilThevenin 

ilequivalent ilcircuit ilmethod ilfor ilreducing ilsimulation iltime 

ilwithout ilaffecting ilaccuracy il[33], ilthe ilmain ilcircuit 

ilparameters ilof ilthe ilF1-MMC iland ilthe ilF1-MMC ifuzzy 

ilare ilpresented ilin ilTable ilI ilin ilwhich ilthe ilmodulation 

ilindex iland ilthe ilvariable ilα ilare il0.9 iland il0.155, 

ilrespectively. ilSo, ilthe ilnumber ilof ilFBSMs ilper ilarm ilof 

ilF1-MMC ifuzzy ilis il34% ilmore ilthan ilthat ilof ilF1-MMC 

ilaccording ilto il(9). ilMeanwhile, ilthe ilpower iltransferred ilby 

ilF1-MMC ifuzzy ilis il32% ilhigher ilthan ilthe ilF1-MMC 

ilwhich ilis ilcalculated ilfrom il(13). ilThe ilnumber ilof ilFBSMs 

ilper ilarm iland ilrated ilpower ilof ilthe ilF1-MMC ifuzzy ilare 

il268 iland i544 ilMVA ilpresented ilin ilTable ilI. ilThe ilFBSM 

ilvoltage ilfundamental ilfrequency ilfluctuations ilof ilF1-MMC 

ifuzzy ilare ilalmost ileliminated ilunder ilunity ilpower ilfactor 

ilcondition ilaccording ilto il(29). ilThe ilFBSM ilvoltage 

ilsecond-order ilharmonic ilfluctuations ilintroduced ilabove  

 Fig. il6. ilAmplitude ilof ilthe ilfundamental ilfrequency iland 

ilsecond-order ilharmonic ilof ilthe ilF1-MMC ilFBSM 

ilvoltage ilfluctuations ilby ilFFT. 
 have ilalmost ilno ilchange ilseen ilfrom il(32) iland il(38) 

iMoreover, ilthe ilFBSM ilvoltage ilfundamental ilfrequency 

ilfluctuations ilare ilabout iltwo iltimes ilof ilsecond-order 

ilharmonic ilfluctuations. ilThis ilis ilshown ilin ilFig. iL6 ilwhich 

ilis ilachieved ilby ilfast ilFourier iltransform il(FFT) ilof ilthe 

ilupper ilarm ilFBSM ilaverage ilvoltage ilof ilphase ilA. 

ilConsidering ila ilsmall ilamount ilof ilfundamental ilfrequency 

ilfluctuations ilresulted ilby ilcirculating ilcurrents, ilthe ilFBSM 

ilcapacitance ilof ilthe ilF1-MMC ifuzzy ilcan ilbe ilsmaller ilthan 

ilhalf ilof ilthe ilFBSM ilcapacitance ilof ilthe ilF1-MMC. 

ilHowever, ilthe ilreactive ilpower ilwhich ilis ilnot ilconcerned 

ilcan ilresult ilin ilfundamental ilfrequency ilfluctuations. ilSo, 

ilthe ilFBSM ilcapacitance ilof ilF1-MMC ifuzzy ilis ila illittle 

ilmore ilthan ilhalf ilof ilthe ilFBSM ilcapacitance ilof ilthe ilF1- 

ilMMC ilin ilorder ilto ilachieve ilthe ilsame ilfluctuations. 

ilTherefore, ilthe ilFBSM ilcapacitance ilof ilthe ilF1-MMC ilis 

il12 ilmF ilwhile ilthe ilF1-MMC ifuzzy ilFBSM ilcapacitance ilis 

il6.5 ilmF. ilAdditionally, ilthe ilarm ilinductor ilof ilthe 

ilF1-MMC ifuzzy ilcan ilbe ilcalculated ilas il66 ilmH.  
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iFig.7Simulation iresults iof ithe iF1-MMC iin inormal 

ioperation. 

Fig.8 iSimulation iresults iof ithe iF1-MMC iin inormal 

ioperation iby iusing ifuzzy iinference isystem. 
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Fig. i9. iSimulation iresults iof ithe iF1-MMC iwith ia iblock 

istrategy iunder idc iShort-circuit ifault iconditions. 

 
i

 

i

 
Fig. i10. iSimulation iresults iof ithe iF1-MMC iwith ia iblock 

istrategy iunder idc iShort-circuit ifault iconditions iwith 

ifuzzy iinference isystem. 
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Fig. i11. iSimulation iresults iof ithe iF1-MMC iwith ia iride 

ithrough istrategy iunder idc ishort-circuit ifault iconditions. 

 
i

 
Fig. i12. iSimulation iresults iof ithe iF1-MMC iwith ia iride 

ithrough istrategy iunder idc ishort-circuit ifault iconditions 

iwith ifuzzy iinference isystem. 

VI. CONCLUSION 

This paper presents the analyses about theF-MMC utilizing 
the negative voltage state of FBSM. The analyses 
demonstrate that the power transmission capability of a single 
FBSM of the F-MMC with using negative voltage state is very 
close to that of the F-MMC without using the negative voltage 
state if the modulation index is high. The optimization of 
parameter for the power transmission capability of a single 
FBSM is also proposed under the same dc voltage and RMS 
of arm currents conditions. In the meantime, the fundamental 
frequency fluctuations of the FBSM voltage are inhibited 
obviously if the F-MMC is operated under pure active power 
conditions. The optimization of parameter presented in this 
paper indicates that the FBSM capacitance can be reduced to 
nearly half of the original. The design method is also 
provided. The F-MMC designed in this paper can provide a 
space-saving and cost-effective converter for HVdc 
transmission systems. Simulation results verify the proposed 
parameter design method. Its dc short-circuit fault blocking 
and ride through capability are also validated. 
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