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Background  iand iObjectives: iIncreasing ienvironmental  iproblems  ihave iled  ito ithe 

ispread  iof iElectric iVehicles  i(EVs). iOne iof ithe iattractive iresearch ifields  iof ielectric  

ivehicles  iis  ithe icharging ibattery  iof ithis  istrategic iproduct. iElectric ivehicle ibattery  

ichargers  ioften ilack ibidirectional  ipower iflow iand  ithe iflexibility  ito ihandle ia iwide irange  

iof ibattery ivoltages. iThis  istudy  iproposes  ia inon-isolated  ibidirectional iDC-DC iconverter  

iconnected ito ia iT-type iconverter iwith ia ireduced  inumber iof iswitches  ito isolve ithis 

ilimitation. 
Methods: iThe iproposed  iconverter iuses  ia iDC-DC iconverter ithat  ihas  ian iinterleaved  

istructure ialong iwith  ia ithree-level iT-type iconverter iwith ia ireduced  inumber iof iswitches  

iand ia icommon iground  ifor ithe iinput  iand ioutput  iterminals. iSpace ivector ipulse iwidth  

imodulation  i(SVPWM) iand icarrier ibased  isinusoidal  ipulse iwidth  imodulation  i(CBPWM)  

icontrol ithe iconverter ifor iVehicle ito igrid i(V2G) iand  igrid ito iVehicle i(G2V) ioperation,  

irespectively. 
Results: iTheoretical ianalysis  ishows  i96.9% iefficiency  ifor i15.8kW ioutput  ipower iand 

i3.06% iTHD iduring icharging iwith ilow ibattery ivoltage iripple. iIn iV2G imode, iit iachieves  ian 

iefficiency iof i96.5% iwhile iinjecting i0.5 ikW iof ipower iinto ithe i380 iV i50 iHz igrid. iThe iDC ilink 

ivoltage iis  istabilized. iThe iproposed  iconverter ialso  iprovides  igood  iperformance ifor ia 

iwide irange iof ibattery  idevelopment. 
Conclusion:  iThe iproposed  iconverter ioffers  ihigh  iefficiency  iand icost ireduction.  iIt 

iprovides  ithe ipossibility  iof icharging ia iwide irange iof ibatteries  iand iprovides  iV2G iand  iG2V  

ipower iflow iperformance. iThe iproposed  iconverter iis icapable iof ibeing iplaced iin ithe ifast 

ibattery icharging icategory. iThe iability  ito icharge  itwo ibatteries  imakes  iit ia isuitable  

ioption  ifor icharging istations. 
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Introduction 

Electric ivehicles  i(EV) iplay  ian iimportant irole iin  

itransportation  iand iautomotive irelated  imarkets. iThe  

iexpansion  iof ielectric ivehicles  i(EVs) iis  ian iongoing itrend  iin 

itoday’s isociety, iwith ithe iEV imarket igrowing iat ia ivery ifast irate 

i[1]. iTherefore,  ito ifully iemploy  ithe ipotentially  igreat inumber  

iof iEVs, iproper icharging iinfrastructure iis  ia inecessity  i[2].  iThis  

iis  iespecially icrucial iin iterms  iof ithe iability  ito icharge ithe iEVs  

irapidly,  ie.g., ion ihighways, iwhere ithe i utilization  i of i highly-

performant i fast i and i ultra-fast 

charging istations  iis  irequired. iThere iis  ia ilarge ivariety  iof  

iapproaches  ithat  ican  ibe iemployed  ito iconstruct ifast icharging  

istations  ithat idiffer iin  ithe ivoltage ilevels, ithe ipresence iof  

iadditional ibattery ienergy  istorage, ias  iwell ias  ithe igrid  

istructure i(unipolar  ivs. ibipolar) i[3], i[4]. iHere, ian iEV icharging  

isystem iwith ia ibipolar iDC igrid iwith  i+/- i750 iV iand iextra ibattery 

ienergy istorage iis  iconsidered,  ias  isuch ia isystem iis  iconsidered  

iadvantageous  icompared  ito imore iconventional  iapproaches  

i[5]-[7]. iIncreasing idemand  iin ithe itransportation  iindustry  

iwith ielectric ivehicles  irequires  ia isuitable icharging 

iinfrastructure ifor ithis  idemand. 
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Fig. i 1: i Process iof iG2V iand iV2G. 

However, ithe  icost iand icharging itime iof  ithe ibattery iin ian 

ielectric ivehicle iare itwo imain  iissues  ithat  icontinue ito 

ichallenge ithe  iwider iapplication  iof iEVs  i[8]. iBoth iissues  iare 

idirectly irelated ito ithe icharging  isystem ifor iEVs. iFor iexample,  

icompared  ito ithe ifossil ifuel istation,  iin iEV icharging istations, 

ithe icharging itime iwith ithe  ibattery  iis  ilonger  ithan  irecharging  

ian iinternal icombustion  icar,  iwhich ican  ibe ibalanced  iin ithe 

itime iand iconstruction icosts  iwith  ithe ioptimal idesign iof ithe 

icharger icircuits. iTherefore,  ifor ithe idevelopment  iof iEV  

iapplications,  iit iis inecessary  ito iimprove ithe icharger isystem, 

iespecially ifor ithe ioff-board  ifast icharger. iIn iaddition  ito 

isolving ithe ichallenges  iof ibattery icharging itime iand  

imanufacturing icost,  ithe ioptimal  idesign iof icharger icircuits  

ishould  ialso iprovide ipower iflow iin itwo idirections  i(V2G) iand  

i(G2V). iFig. i1 ishows  ithe iprocess  iof i(V2G) iand i(G2V). iThe ipower 

idensity  ican ibe iincreased  iby iincreasing ithe iswitching 

ifrequency  iand iintegrating ithe iDC-DC iconverter itogether iin 

ian iinterleaved iform, imagnetic iintegration  itechnique iand  

iintroducing ia isingle-stage iapproach  i[9]. iWhen ithe ibattery 

iinterface iconverter irequired  ito iconnect ithe istation’s iDC- 

ilink iand ithe ibattery ienergy istorage iis  iconsidered,  ia inumber 

iof itopologies  ican  ibe iused  i[10], i[11]. iThe ithree- ilevel itopology  

iprovides  ithe ipossibility  ito iemploy  iwell- iperforming  ioff-the-

shelf i1.2 ikV  iSiC  iMOSFETs  iand  iobtain  ilower ipower ilosses  

icompared  ito iother iapproaches  i[12], ias  iwell ias ithe ioption  ito 

ibalance ithe iDC igrid i[13] iwith ilow igeneral icomplexity.  

iMoreover, ithe iinterleaved  itwo iphase itopology  ishows  igood 

iperspective iin iterms iof ilow  ioutput  iripples  i[14], i[15],  

iespecially iimportant ifor icooperating  iwith ia ibattery ienergy 

istorage. 

Some icharger itopologies  iare isuitable ifor ia ismall irange iof 

ioutput  ivoltages. iHowever, iadvanced  iEV ichargers  iwith iwide 

ioutput  ivoltage iranges  ihave ibeen  idiscussed  iin i[16]. 

In i[17], ian i EV i charger i based  i on i Vienna i converter i is 

presented. 

The iwide ioutput  ivoltage irange iis  ithe imain  iadvantage iof 

ithe itopology,  istated iby  ithe iauthors. iIt iis inoteworthy  ithat 

imost iexisting ichargers,  iregardless  iof itheir isingle ior itwo-

stage  power i processing  structures, 

 use i line ifrequency  i or i high i frequency 

i transformers. i However,  itransformers  i not i only i affect  

i the i cost i and i size i of i the icharger i but i also, i increase 

i the i voltage i stress  i across i semiconductor i devices  i and 

i reduce i efficiency. i Due i to ithese i disadvantages  i and  

i motivated  i by i the i concept  i of iintegrated  

 chargers  [18], few  iresearchers have 

idemonstrated  i the i configuration  i of i transformer  

i less  ichargers for EVs applications [19].

 Researchers iin i[20]-[22] iintroduced  isome 

iconverters  ifor iwide iranges  iof i output  i voltage i in i order i to 

i cover i the i wide i variety  i of ibattery i voltage i from  

i different i car i manufacturers.  i On- iboard  i battery  

i chargers  i are i generally  i lightweight i and icompact  i and 

i have i less  i power. i But  i in i electric i charging istations,  ithey 

iare ibulky  ichargers  iwhich  ihave ihigh iweight. iTherefore,  i the  

i Off-board  i battery i charging i time i is  i less  ithan  i the 

i On-board  i type i [23], i [24]. i Electric i vehicle  

ibatteries  ican  ihelp ithe ireliability  iand istability  iof ithe ipower igrid  

i by i storing i energy i in i times  i of i low i demand  i and 

idelivering ipower iin itimes  iof ipeak iload ito ithe ipower igrid. 

Therefore,  ibidirectional  ichargers  iare iimportant  iparts  iin 

ithese isystem i[25]-[27]. 

The imost iadvanced  iunidirectional  ibattery ichargers  iare  

ifocused  ion iincreasing ipower idensity,  iwhich ihas  iadvantages 

isuch ias  ihigh iefficiency. iThe itopology  ipresented  iin i[28] iis  

isuitable ifor ia ivery ihigh ivoltage ibattery iwhere ithe  

iaforementioned  iEV icharger  iis  iunidirectional.  iExisting 

icharging isolutions ifor iEVs  iwith ivery ilow ipower ifactor 

isometimes  iwork ibelow i0.85. iIn iaddition, iit imakes  ithe itotal 

iharmonic idistortion  iof ithe isupply  icurrent i worse i[29]. iSo, 

iat ithe ifull iload iof ithe icharging  istations,  iit 

 
Fig. i 2: i Proposed icharger iconfiguration. 
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affects  iother  ilocal iloads. iHigh iefficiency iis  irequired  ito ireduce  

iheatsink  isize iand iincrease imileage iper icharge. 

To ireduce iconduction  ilosses  iat ihigh iload icurrent,  iDC- iDC  

iconverters  iare idesigned iin iparallel iconfiguration  ifor iEV i[30].  

iDue ito ilimitation  iof ivoltage iincrease iin ithe iswitches  ibecause  

iof iaddition  iof ileakage iinductances  iand imagnetic 

iinterference iin ithe iEMI ifilter iand ithe ilarge inumber iof 

iswitches  iin ithe icircuit, iwhich  iincreases  ithe icost iand ireduce  

ithe iefficiency iof ipower iconverters. iHaving ia icommon  

iground  ibetween ithe iinput  iand ioutput iports  iavoids 

i additional i dv/dt i problem, i which i is  i beneficial i for 
the iperformance iof ithe ipower iconverters. 

the iDC ilink ivoltage. iThe iratio iof  ithe icarrier  ifrequency  ito ithe  

imain  ifrequency  iis  ilarger, itherefore,  ithe imain  icomponent  iof  

ithe ioutput  ivoltage ichanges  ilinearly iwith ithe ireference  

ivoltage. iAlso, ithe ioutput  ivoltage ifrequency  iis  iequal ito ithe  

ireference  ivoltage. iVref  ifor ia iconstant iDC ilink ivoltage ifrom  ithe  

ifollowing iequation: 

v i  i =v i  i (sin(ωt)+sin i(ωt+ i

2π i  i

+sin i(ωt+ i

4π i  i

) i  i  i (1) 
3 3 

The i output  i voltage i can  i be i written i in i term  

i of imodulation  iindex iMI,  ias  ifollows: 

v i  i = i

𝑉𝑑𝑐 ( i  i ) 
2π 4π 

This  ipaper iproposes ia iconfiguration  ifor iuse iin iV2G iand 
out 𝑀𝐼 i(sin i ωt i +sin i(ωt+ i ) i+sin i(ωt+ i ) i) i(2) 

2 3 3 

G2V iapplications  iusing ia ibidirectional iconverter ias  ian 

iinterface. iThe isuggested iconfiguration  ihas  igood ivoltage 

igain, ithe ilow ipower istress  iin isemiconductor idevices, iand 

isimple istructure ifor iimplementation.  iThe iconverter ican  iuse 

iswitches  iwith ilow  irated ipower idue ito ithe  iinterleaved  

iconfiguration  ialso, ithe iproposed  istructure ican  ibe isuitable ifor 

ibattery icharging istation  iand  ihave igood iperformance. 

iCovering ia iwide irange  iof ibattery  ivoltage iis  ione iof ithe 

ifeatures  iof ithe iDC-DC iconverter.  iThe ibattery icharger ican 

icharge ia i380V iand i40 iAmp-Hour ibattery ifrom i20% ito i80% iof  

iState iof iCharge i(SOC) iin iless  ithan  i38 iminutes. iThe iproposed 

iconfiguration  iincludes  iT-type ithree-level ireduced  iswitches  

iconverter, iwhich iis  ia itwo-way  ipower iflow iAC-DC iconverter.  

iIn isection  i3, ithe iproposed  iconfiguration  iis  idescribed  iin 

idetail. iSection i4 iillustrates  iDC-DC iconverter itopology  iand  iits 

ioperation.  iIn ithe inext isections,  ithe icontrol isystem iis  istudied 

iand ithen, ithe iresults  iobtained  ifrom isimulations  iare 

ireviewed. iFinally, ithe ilast isection  iincludes  iconclusions. 

Configuration iof iProposed iCharger 

Fig. i2 ishows  ithe iproposed  icharger iconfiguration. iA iT- itype 

ithree-level iPWM  iconverter iis  iemployed  ifor igrid- iconnection  

iapplication. iOn ithe iAC iside, ithe ithree-phase ivoltage isource 

iis  iconnected ito ithe ioutput iof ithe ithree- ilevel iT-type iPWM  

iconverter ithrough  ian iinductor  ifilter, iLg.  iThe  iAC iside iconverter  

iconsists  iof inine ipower iswitches,  iwhich ihas  ithree iswitches  

iless  ithan  ithe iconventional  iT- itype ithree-level iPWM 

iconverter. iIn ithe iDC ilink, ia icapacitor iwhose ivoltage iis  ifixed  iat 

i600 iV iis  iused. iWhen ipower iflows  ifrom ithe ipower igrid ito ithe iDC 

iside, iswitches  iS2, iS4, iand iS6 iare ioff. iAlso, iwhen ipower iflows  

ifrom ithe iDC iside ito ithe ipower igrid, iswitches  iS7, iS8 iand iS9 iare 

ioff. 

A. iG2V  iOperation 

For ithe ipower iflow ifrom ithe ipower igrid ito iDC iside, ithe 

iswitches  iof ione ileg iare iturned  ion iand ioff icomplementary  

iusing isinusoidal ipulse iwidth  imodulation i(SPWM) 

itechnique. iFig. i3 ishows  ithe isimplified  ischematic iof ithe  

iproposed  iconverter icontrol,  iwhere  iiabc iand iVabc iare  ithe  

icurrent iand ivoltage iof ithe ithree iphases  iinput ito ithe 

iconverter, iVref iis  i the iDC i link ireference  ivoltage iand iVdc i is 

So, iVref i< iVdc/2 iand i0 i< iMI i< i1. iSPWM, iwhich iare iused 
to istabilize ithe iDC ilink ivoltage iat i600 ivolts  iand itransfer ipower  

ifrom ithe igrid ito iDC. iVoltages  iAn, iBn iand iCn ivary  ibetween  itwo  

ivalues  iVdc/2 iand i-Vdc/2. iIn ithis  imode, iT-type ithree-level iPWM  

iconverter ioperates  ilike ithe iVienna  irectifier, iand idiodes  iD1, 

iD2, iD3, iD4, iD5 iand iD6 iconduct. iAlso, iswitches  iS1, iS2, iS3, iS4, 

iS5 iand iS6 iwill ibe iturned  ioff. iIt ishould ibe inoted ithat  iturning ion 

ithe itop ithree iswitches  iin ieach  ileg ireduces  ithe ivoltage iof ithe 

icurrent ipassing ithrough  ithe itop idiodes  iof ieach  ileg. 
 

Fig. i 3: i Simplified ischematic  iof iAC-DC iConverter iwith icontroller 

ifor iG2V ioperation. 
 

Fig. i4: i Space ivector idiagram. 
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Fig. i 5: i Simplified ischematic iof iAC-DC iConverter iwith icontroller 

ifor iV2G ioperation. 

 
Table i1: iState iof itop iswitches 

 

Vector S1 S3 S5 

U1 1 0 0 
U2 1 1 0 
U3 0 1 0 
U4 0 1 1 
U5 0 0 1 
U6 1 0 1 
U7 0 0 0 

 U8  1  1  1  

 

Fig. i 6: i Proposed iDC-DC iConversion isystem. 

 

B. iV2G iOperation 

In ithis  iworking imode, ipower iflows ifrom ithe ielectric  

ivehicle ito ithe igrid. iTherefore,  ithe iperformance iof ithe 

iconverter iwill ibe ithe isame ias  ia i3-phase iinverter. iA iconstant 

ivoltage ito ia ithree-phase isinusoidal  ivoltage ishould  ibe 

iprovided  ifor ithe inetwork. iSwitches  iS1-S6 iare iactive iin 

idirecting ipower ifrom ithe iDC iside ito ithe igrid. 

Space iVector iPulse iWidth  iModulation  i(SVPWM) icontrol 

imethod  iis iapplied  ito ireduce iswitching ilosses, ireduce 

iharmonic idistortion  iand ialso,  iuse iDC ilink iterminal ivoltage  

iproperly. iSVPWM ican  ibe iused  ito igenerate ipulses  ifor ithree-

phase itwo-level iDC-AC iconverters.  ithe ireference ivector iUref 

iis  iaveraged  iusing itwo iadjacent  ispace ivectors  i(U3 iand iU4 iin 

ithe iFig. i4) ifor ia igiven iperiod  iand  ia inull i vector i (U7 i or i U8) i for 

i the i rest i of i the i period. i Fig. i 5 

shows  ia isimple ischematic iand icontroller ifor  iV2G ioperation  

iof iT-type iconverter. iTable i1 ishows  ithe istate iof ithe itop 

iswitches  iof ieach  ileg ifor ieach  ivector. iEight iswitching imodes, 

iincluding isix iactive imodes  iand itwo izero imodes, iare iavailable. 

iThese ivectors  iform ia ihexagon  i(Figure i4), iwhich ican  ibe iseen 

ias  iconsisting iof isix isections  iat i60 idegrees. iThe  ireference 

ivector irepresenting ithe ithree-phase isinusoidal  ivoltage iis  

igenerated iusing iSVPWM iby iswitching ibetween ithe itwo 

inearest iactive ivectors  iand ithe izero ivector. iThe isinusoidal 

ireference ispace ivector iforms  ia icircular ipath iinside ithe 

ihexagon. iThe ilargest ioutput ivoltage ivalue ithat  ican ibe 

iobtained  iusing iSVPWM iis  ithe iradius  iof ithe ilargest icircle ithat  

ican  ibe irecorded  iin ithe ihexagon. iThis  icircle iis  itangent  ito ithe 

imidpoints  iof ithe ilines  ithat ijoin ithe iends  iof ithe iactive ispace  

ivector. iFinally, ithe imodel iof ia ithree-phase iinverter ibased  ion 

ispace ivector irepresentation  ienables  ithe iproposed 

iconverter ito ideliver ipower ifrom ithe ibattery ito ithe igrid. 

 

Fig. i 7: i Time-domain iwaveforms iin iCCM: i(a) iG2V, i(b) iV2G. 

 

Fig. i 8: i Time-domain iwaveforms iin iDCM ioperation: i(a) iG2V, i(b) 

iV2G. 
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DC-DC iConversion 

Fig. i6 ishows ithe iconfiguration  iof ithe iproposed  iDC-DC  

iconversion  isystem. iThe iDC-DC iconverter iis  iconnected  ito 

ibattery ion ione iside iand ito ithe iDC ilink ion ithe iother iside. iVO 

iand iVdc ishow ithe ibattery  iand ithe iDC ilink ivoltages, 

irespectively. iInterleaved  iDC-DC iconverter iis  iproposed  ito 

ireduce ithe ivoltage iand icurrent  istress iand, iincrease ithe 

ireliability  iof ithe iDC-DC iconversion.  iTherefore,  iwe iwill ionly  

iexamine ithe ifirst ipart iof ithe iDC-DC iconverter. iThe iproposed  

iconverter iconsists  iof ifour iinductors  iL1, iL2, iL3, iand iL4, ifour 

icapacitors  iC1, iC2, iC3, iand iC4, ieight iswitches  iS11, iS12, iS13,  

iS14, iS15, iS16, iS17, iand iS18 iand  iten idiodes  iD11, i D12, i D13, 

i D14, i D15, i D16, i D17, i D18, i D19  i and i D20. 

Body iswitches  iand idiodes  iconduct  icomplementary  iduring ia 

icomplete  iswitching iperiod  i(Ts). iThe iV2G  iand iG2V iworking 

imodes  iof ithe iDC-DC iconverter iin icontinuous  iconduction 

i mode i (CCM) i and i discontinuous  i conduction 

The ivoltage iconversion  iratio iof ithe iproposed  iconverter 

iduring iCCM ioperation  ifor iG2V imode iis  iobtained  ifrom i(6) iand 

i(7) ias  ifollows: 
 

𝑉𝑜 𝐷2 
𝑀𝐺2𝑉 i(𝐶𝐶𝑀) i

= i

𝑉 
= i

2 i− i𝐷 𝑑𝑐 

(8) 

The ithird imode iof iDCM i[t2-t3]: iin ithis  istate, ithe icurrent 

ipassing ithrough iinductor  iL1 iin it2 iand ithe icurrent ipassing 

ithrough  iinductor iL3 iin  it3 ireach  izero. 

The ifourth  imode iof iDCM i[t3-Ts]: iin ithis  istate, ithe icurrent 

ithrough  ithe iinductors  ireaches  izero iand iall ithe iswitches  iare 

ioff. iA ifull icycle iof iTs iis  icompleted  iat ithe iend iof ithis  iinterval. 

iDiodes  iD1 iand iD2 ican  ibe idefined  ias  iduty  icycles  iwhere ithe 

icurrent ithrough  ithe iinductors  ibecomes  izero. iTherefore,  

iaccording ito ithe iFig. i9(c), ithe ivoltages  iacross  ithe iinductors 

iare igiven ias  ifollow: 

Vdc-vC3 0≤t<DTs 

mode i (DCM) i are i shown  i in  i Fig. i 7  i and i Fig.  i 8, i and 

i the 
detailed  ianalysis iof ieach  imode iis  igiven iin ithe ifollowing. 

A. iG2V iOperation 

Two imodes  ifor iCCM ioperation  iand ifour imodes  ifor iDCM 

iare idefined  ias  ifollow: 

The ifirst imode iof iCCM iand iDCM i[0-t1]: iaccording ito iFig. i9(a),  

iswitches  iS11, iS13 iand iS17 iare iturned  ion iand iswitch iS15 iis  ioff.  

iIn ithis  itime iinterval, iinductor  iL1 iis  icharged  iby ithe iinput iDC 

ilink iand ithe ienergy ireleased  ifrom icapacitor iC3. iTherefore,  

ithe icurrent  ithrough  iinductor  iL3 iincreases, iwhile iinductor  iL3  

iis  ienergized ifrom iC5. iThe iderived  icurrent iand ivoltage 

iequations  iaccording ito ithe itime- idomain  iwaveform iin iFig.  

i8(a) iare: 
 

diL1 
vL1=L1 =Vdc-vC3=Vdc-vC5 

{ dt 
dL3 

vL3=L3 i dt i

=-Vo+vC3=-Vo+vC5 

 
(3) 

the ivoltage iof itwo icapacitors  iC3 iand iC5 iare iequal. 

The isecond imode iof iCCM i[t1-Ts] iand iDCM i[t1-t2]: iunlike  

ithe ifirst imode, iaccording ito iFig. i9(b), iwhile idiodes  iD15 iand  

iD19 iconduct,  iswitches  iS11, iS13 iand iS15 iare iturned  ioff.  

iInductor iL1 igives iits ienergy ito icapacitors  iC3 iand iC5. iAlso, ithe 

ienergy iof iinductor iL3 iis  idischarged. 

VL1= i {-vC3-vC5 DTs≤t<(D+D2)Ts 

0 (D+D2)Ts≤t<Ts 

 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 

 
(b) 

(9) 

v i  i =L i

diL1 i=-v i  i -v 
L1 1 

{ C3 i  

i C5 (4) 
v i  i =L i

diL3 i=-V 
L3 3 i dt o 

Applying ivolt-second  ibalance ilaw ion iinductors  iL1 iand iL2 

iyields: 

D(Vdc-VC3)+(1-D)(-VC3-VC5)=0 (5) 

D(-Vo+VC3)+(1-D)(-Vo)=0 (6) 

D istands  ifor iduty  icycle. iUsing i(6), ithe iaverage ivoltage ion  

ithe icapacitors  iC3 iand iC5 iare icalculated  ias  ifollows: 

VC3=VC5=Vo/D (7) 

 

 
(c) 

Fig. i 9: i Equivalent icircuit iof ithe iproposed iDC-DC iconverter iin 

iG2V ioperation: i(a)  iMode i1, i(b) iMode i2, i(c) iMode i3. 

 
−𝑉𝑜 i

+ i𝑣𝐶3 0 i≤ i𝑡 i < i𝐷𝑇𝑠 

𝑉𝐿3 i

= i{ −𝑉𝑜 𝐷𝑇𝑠 i≤ i𝑡 i< i
(𝐷 i+ i𝐷1)𝑇𝑠 

0 (𝐷 i+ i𝐷1)𝑇𝑠 i

≤ i𝑡 i< i𝑇𝑠 

(10) 

dt 
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By iapplying ivolt-second  ibalance ilaw ion iboth  iinductors,  

ivoltage iof icapacitors  iis  icalculated  ias  igiven iin i(16). 

VC3=VC5=(D+D1)Vo/D (11) 

So, iduring ithis  imode, iDCM ivoltage igain itransfer iratio iis  

icalculated  ias ifollows: 

completed. iAs  ishown  iin  iFig. i10(c), ithe ivoltages  ion iboth  isides  iof 

ithe iinductors  iare icalculated  ias  ifollow: 

M = i

 iVo i i= 
D2 

 

(12) 
G2V(DCM) Vdc (D+D1)(D+2D2) 

B. iV2G iOperation 

Unlike ithe iG2V iOperation  imode, iin ithis  imode, ithe ipower 

iflows ifrom ithe ibattery iside ito ithe iDC ilink. iTwo imodes  iare 

idefined  ifor iCCM ioperation  iand  ifour imodes  ifor iDCM: 

First imode iof iCCM iand iDCM i[0-t1]: iin ithis  iinterval, ionly  

iswitch iS15 iconducts,  ias  ishown  iin iFig. i10(a). iThe iDC isource  

icharges  iinductors  iL3 iand iL1,  ithat iincreases  ithe icurrent. iThe  

ienergy iof icapacitors  iC1 iand  iC2  iis  idischarged  iin iinductor iL1. 

iFig. i8(b) ishows  ithe iderived  icurrent  iand ivoltage iequation. 

 
 

 
(a) 

v i  i =L i

diL1 i=v i  i +v  
(b) 

L1 1 
{ C3 C5 (13) 

v i  i =L diL3 i=V L3 3 i dt o 

The isecond imode, iCCM i[t1-Ts] iand iDCM i[t1-t2]:  

iaccording ito iFig. i10(b), ionly ithree idiodes  iD11, iD13 iand iD17  

iconduct iand iall iswitches  iare ioff. iInductor iL3 idischarges  

ienergy ito icapacitor iC5, iand iinductor iL1 idischarges  iits ienergy  

ito iDC ilink. 

v i  i =L 
diL1 i=-V i +v =-V i +v 

L1 1 
{ dc C3 dc C5 (14) 

v i  i =L 
diL3 i=V i -v =V i -v 

L3 3 

i dt 
o 

i C3 
o i  

i C5 
(c) 

It ican  ibe  iseen  ithat  ithe  ivoltage  iof icapacitors  iC3 iand iC5 iare  

iequal. iIf iwe iapply ithe ivolt-second ibalance ilaw ion ithe 

iinductors,  iwe ihave: 

D(Vo)+(1-D)(Vo-VC3)=0 (15) 

Fig. i 10: i Equivalent icircuit iof ithe iproposed iDC-DC  iconverter  iin 

iV2G ioperation: i(a)  iMode i1, i(b) iMode i2, i(c) iMode i3. 

 

vC3+vC5 0≤t<DTs 

D(VC3+VC5)+(1-D)(-Vdc+VC3)=0 (16) 

Using i(15), ithe ivoltage iof icapacitors  iC1 iand iC2 ican  ibe 

idetermined  ias  ifollow: 

VL1= i {-Vdc+vC3 DTs≤t<(D+D2)Ts 

0 (D+D2)Ts≤t<Ts 

 

VO 0≤t<DTs 

VL3= i{VO-vC3 DTs≤t<(D+D1)Ts 

(19) 
 
 

 
(20) 

𝑉 = i𝑉 = i

 i 𝑉𝑜 i  (17) 0 (D+D i )T i≤t<T 
𝐶3 𝐶5 (1−𝐷) 1 s s 

The i voltage i conversion  i ratio i of i the  i proposed  

i converter iduring iCCM ioperation  ifor iV2G iis  iobtained  ifrom 

(16) iand i(17). 

The ivolt-second  ibalance ilaw iis  iapplied  ito iinductors  iL1 iand 

iL3. 

Therefore,  ithe ivoltages  iof icapacitors  iC3 iand iC5 iare 

Vdc 1+D equal ito i(21). 
MV2G(CCM)= i

V i

= i

(1-D)2 (18) 

Third i mode i of i DCM i [T2 i -T3]: i current i of i inductor i L1 

 

VC3=VC5= 
(D+D1)Vo 

i
D1 

(21) 

reaches  ito izero. 

Fourth  i mode, i DCM i [t3-Ts]: i the i current i through  i the 

So, ithe iDCM ivoltage igain iin iV2G imode ican  ibe iobtained  ias  

ifollows: 
inductors  ireaches  ito izero iand  iall iswitches  iare ioff. iAt ithe 

M 
 

= i

Vdc i= i

(D+D1)(2D+D2) (22) 
end i of i this  i interval, i a i full i switching i period  i of i Ts  

i is 
V2G i(DCM) Vo D1D2 

dt 

dt 
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o 

= I = I 

o 

s 

3 1 2 

 

 
 

DV2G i

=0.5 i(2Vdc+Vo-√V2+8VoVdc) i/Vdc (24) 

Current i ripple i and  i average i current i of i inductors i are 

iequal ito: 

G2V: iΔi 
 

= i

1-D i

V ;Δi 
 

= i

2(1-D) i

V (25) 
L3 i  i L3fs i  i

dc L1 L1fsD i  i

dc 

V2G: iΔi i  i = i

D i

V i ;Δi = 
2D 

V  

(26) 
L3 i  i L3fs i  i

o L1 i  i L1fs(1-D) i  i

o 

IL3=Io=ΔiL3(D+D1)/4 (27) 

IL1 
D 

 
 

2⏟-D i

o  

i G2V 

1-D 

1⏟+_D i̧

o 
V2G 

=ΔiL1 (D+D2)/4 (28) 

 
 

 
(a) 

fs iis  iswitching ifrequency.  iFor iDCM imodes, iD1 iand iD2  ican  ibe 

icalculated  ias  ifollow: 

D i = i

 i2L3fsIo i -D 

G2V: i{ 
1 i  i (1-
D)Vo 

D2L1fsIo 

(29) 

D2= i

(2-D)(1-D)V i

-D 

i

D i = i

2L3fsIo i -D 1 
V2G: i{ DVo (30) 

D i = i

(1-D)L1fsIo i-D 2 D(1+D)Vo
 

Design iof iPassive iElements 

The ivalues  iof iinductance iare iconcluded  ifrom i(4) iand  i(14), ias  

ifollow: 

G2V: iL i &≥ i

1-D  

V i ;L  i ≥ i

2(1-D) i

V 3 ΔiL3fs i  i

o i  i 1 
 

ΔiL1fsD o (31) 
 

V2G: iL i ≥ i  i

D 
V i ;L i ≥ 

2D 
V 

 

(32) 

(b) 
3 i  i ΔiL3fs i  i

o 

i 1 
ΔiL1fs(1-D) i  i

o 

Fig. i 11: i schematic iof iDC-DC iConverter iwith icontroller: i(a) iG2V, 

i(b) iV2G. 

Proposed iDC-DC iConverter iControl iSystem 

In iG2V ioperating imode, ithe idifference ibetween  iVdc iand  

iVref iis  igiven ito iPI icontroller. iThe iPI icontroller  ioutput  iduty 

icycle iis  icompared  iwith ia  isawtooth  iwave ito iapply ithe  igate  

ipulses  ito ithe iswitches  iS15 iand  iS16 i(fig. i11(a)). iDuring iG2V  

ioperation,  iswitches  iS15 iand  iS16 iare ioff. iSOC iextracts  ithe  

iappropriate icurrent iof iiBattery
*

 iusing ilookup  itable i(LUT) idata.  

iThe idifference ibetween  iiBattery iand iiBattery
*

 iis  igiven ito ithe iPI 

icontroller. iThe ioutput  iof ithe iPI icontroller idetermines  ithe 

iduty  icycle i(fig. i11(b)). iBy iusing iPWM iGenerator,  ithe irequired  

ipulses  iare iapplied ito iswitches  iS11, iS12, iS13, iS14, iS17 iand iS18  

iwith ithe idesired  iduty  icycle. iA i380 iVolt i40  iampere-hour  

ibattery iis  iapplied  iin ithe istudied  isystem. iThe iproposed  

itopology  ican ibe iused  ifor ia iwide irange iof ibattery ivoltages. 

Table i2: iValues ifor ieach ielement iin ithe iproposed iDC-DC 
converter 

 

Parameters Values 

Rated ipower i(Pout) 17 i[KW] 

Battery iand iDC iLink iside 

ivoltages i(Vo, iVdc) 
380 i[V] iand i600 i[V] 

3-Phase iGrid iside ivoltage i(Vg) 380 i[V], i50 i[Hz] 

Switching  ifrequency i(fs) 1 i[kHz] 

Inductors iL1, iL3 iand iLg 1 i[𝑚H], i2.2 i[mH] iand i1 

i[mH] 

Capacitors iC1, iC3, iC5 iand iC7 470 i[μF], i330 i[μF], i330 
[μF] iand i2.2 i[μF] 

 

In iCCM ioperation  imode,  ithe iminimum iinductor  icurrent  

imust ibe ipositive,  iso ithe icritical ivalues  iof iinductors iare 

iobtained  ias  ifollow: 
𝐺2𝑉: i𝐿 i & i≥ i

(1−𝐷)𝑉𝑜 i; i𝐿 
≥ i

(2−𝐷)(1−𝐷) i

𝑉 
(33) 

Duty iCycle ifor iG2V iand iV2G  iOperation 

Using ithe ibattery iand iDC ilink  ivoltages,  iit iobtained  ithat  ithe 

i duty  i cycle i in i G2V i and i V2G i operation  i modes  i are 

3 2𝑓𝑠𝐼𝑜 
1 

V2G: iL i ≥ i

 iDVo i  i;L i ≥ i

D(1+D)Vo 

2fsIo (1-D) i fsIo 

𝐷2𝑓𝑠𝐼𝑜 
𝑜 

 
(34) 

calculated  ias ifollow: Values  iof icapacitors  iare idetermined  ias  ifollow: 

D =0.5 i(-V i+√V2+8V iV ) i/V (23) G2V: iC ≥ i

 i  i D(1-D)Io i  i  i;C i ≥ i

 i (1-D)Vo i  (35) 
G2V o o o i dc dc 3;5 ΔvC3;5fs(2-D) 7 i  i 8ΔvC7f i

2L1 
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V2G: iC 
 
3;5 ≥ i

 i  i D(1-D)Io i  i  i;C 
ΔvC3;5fs(1+D) i  

i

dc 

≥ i

D(1-D)2Vo 

ΔvCdcfs(1+D) 
(36) is  i the i battery i power i and i the i power i delivered  i to i the 

inetwork i is  i the i output  i power, i and i in i the i G2V i working 

By ihaving ithe iallowed iripple iof icapacitors  ivoltage, iand 

iconsidering i(35)  iand i(36), ithe ivalues  iof icapacitors  iare  

iobtained.  iConsidering ithe iinterleaved  iconfiguration  iof iDC-

DC iconverter, ithe iobtained  ivalues  ifor ieach  ielement iin ione 

ipart iis  isimilar ito ithe isame ielement  iin ithe iother ipart. iTable i2 

ishows  ithe ivalues  iof iDC-DC iconverter ielements. 

 

(a) 
 

(b) 

Fig. i 12: i The ivoltage iof ion iswitches: i(a) iG2V, i(b) iV2G. 

Comparision 

The iproposed  ibattery icharger  iis  icompared  iwith isimilar 

ichargers  iin ithis  isection  iand iresults iare igiven iin iTable. i3. iAs 

imentioned  ibefore,  ithe iproposed  iconfiguration  ihas 

ibidirectional ipower iflow icapability  iwhich ionly isome iof ithe 

ichargers  ihave ithis  icapability.  iAlso, ifrom iefficiency  ipoint  iof  

iview, ithe iproposed  iconfiguration  ihas  irelatively igood 

isituation. iIt ishould  ibe inoted  ithat  ithe iratio iof ithe ioutput 

ipower ito ithe iinput ipower iis  iused  ito idetermine ithe iefficiency.  

iAs, iin ithe iV2G iworking imode ithe iinput ipower 

mode, ithe ipower ito ithe ibattery  iis  ithe ioutput ipower iand ithe 

iconverter ipower iis  iconsidered  ias  ithe iinput ipower. iThe igiven  

ibattery icharger ihas  ithe ibest ibattery ivoltage irange iamong 

ithe icompared  ichargers. 

Table i3: iResults iof icomparison ibetween ithe iproposed icharger iand  

isimilar iconfigurations 
 

 
REF. 

 
Efficiency 

Bidirectional 

ipower iflow 

Battery 

ivoltage 

irange 

Switching 

ifrequency 

[1] 99% No 200-650 iV 20-80 ikHz 

[2] 97.01% No 460-800 iV 150 ikHz 

[4] 97.5% Yes 48 iV 10 ikHz 

[5] 98.4% Yes 400 iV 20 ikHz 

[7] 98.2% No 150-950 iV 500 ikHz 

[8] 95.6% Yes 48-450 iV 40 ikHz 

[9] 97.2% Yes 40 iV 50 ikHz 

[12] 99.2% No 700-900 iV 50-160 ikHz 

[13] 98% Yes 430-620 iV 20 ikHz 

[15] 97.9% No 800 iV 100 ikHz 

[16] 92.08% No 46-65 iV 20 ikHz 

[17] 96.7% No 9-16 iV 
260-400 

kHz 

Proposed >96% Yes 20-600 iV 1 ikHz 

 

Simulation iResults 

It ihas  ibeen idesigned  iin iSimulink  iMATLAB isoftware ito 

ivalidate ithe icontrol ischeme iand ibattery  itopology iof ithe 

iproposed  icharger. iThe iswitching ifrequency  iis  iconsidered  ito 

ibe i1 ikHz, iand ithe iselfie ifilter iis  i1 imH iis  iconnected ito ia ithree-

phase inetwork iof i380 iV iand i50 iHz. iIn ithis  isimulation,  ia 

ibattery iwith ia ivoltage iof  i380  ivolts  iand ia icurrent iof i40 iamp-

hours  iis  iused, iwhich ican  ibe ireplaced iwith idifferent ibatteries  

iwith idifferent ivoltage-current iranges. iFig. i12(a) iin iCCM  

imode ishows  ithe ivoltage iof iswitches  iS11, iS13 iand iS17 iin iG2V  

imode, iwhich iare i“on”  iin ithis  imode. iFig. i12(b) ishows  ithe  

ivoltage iof iswitch iS15 iin iDCM imode iand iin iV2G imode. iThe 

ivoltages  iof iother iswitches  iare ithe isame ias  ithe 

icorresponding iinterleaved  iswitch. iIn iCCM imode iand  iin iG2V  

ioperation  imode, iaccording ito iFig. i13(a), iBattery  ivoltage  

iripple iis  iless  ithan  ione ivolt. iFig. i13(b) ishows  ithe icharging 

icurrent iof ithe ibattery iin  ifull iload. 
 

(a) 
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(b) 

Fig. i 13: i CCM ioperation iin iG2V: i(a) iBattery ivoltage, i(b) iBattery 

icurrent. 

The iripple  iof ithe  ibattery  icharging icurrent iis  iless  ithan  i4 

iamps. iIn iDCM imode iand iV2G ioperation  imode, ibattery  

idischarge ivoltage iand icurrent  iare ishown  ias ishown  iin iFig. i14. 
 

(a) 
 

(b) 

Fig. i 14: i DCM ioperation iin iV2G: i(a) iBattery ivoltage, i(b) iBattery 

icurrent. 
 

(a) 

(b) 
Fig. i 15: i Inductor ivoltage,  iand i(b) iinductor icurrent iin iCCM imode. 

 

(a) 
 

(b) 

Fig. i 16: i DC iLink ivoltage: i(a) iG2V, i(b) iV2G. 

 

Fig. i15 ishows  ithe ivoltage iand icurrent iof iinductors  iL1 iand 

iL3 iin iG2V ioperation  imode.  iThe icurrent iripple iof ithe  

iinductors  iis  iabout i2 iamps. iAlso, iDC ilink ivoltage iin iG2V iand iV2G  

ioperation  imodes  iare igiven iin iFig. i16. iIn ithe iV2G ioperation  

imode, ithe ivoltage iand icurrent  iof ithe iinductors  ifor i0.5kW iload 

ion ithe inetwork iside iare ishown  iin iFig. i17. 

The ireference ivoltage ifor ithe iDC ilink iis  i600 ivolts,  iwhich 

ishows  ia iripple iof iless  ithan  i4 ivolts  ifor iG2V ioperation  imode. iBy 

iconnecting ia iload iof i380V iand  i500W, ithe iphase- ito-phase 

ivoltage iand ithe icurrent  iwaveform iof iphase iA iare iobtained  ias  

ishown  iin iFig. i18. 

In iorder ito icheck ithe iusability iof ithe iproposed  iconverter 

iin icharging istations,  itwo iDC-DC  iconverters  iare iconnected  ito  

ithe iDC ilink iin iparallel. iThis  itype iof iconnection  iprovides ithe 

iability  ito icharge ian ielectric ivehicle iwith ionly ione iAC-DC  

iconverter, iwhich iwill iultimately  ilead  ito ia ireduction  iin ithe 

inumber iof ielements  iand icost, ibut ialso ican icharge icars  iwith 

idifferent ibattery icapacities  iat ithe isame itime. 

Fig. i19 ishows  ithe icharging icurrent iof itwo iidentical 

ibatteries  ithat  ihave ithe isame iSOCs. iThe icurrent iripple iof iboth 

i batteries  i is  i equal i and  i varies  i from i 36 i to i 41 i amps. 
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Assuming ithat ithese i2 ielectric  icars  iare icharging,  ithe icurrent  

iof iphase iA iis ishown  iin iFig. i20. 

The ipeak iof ithis  icurrent idepends  ion ithe inumber iof iEVs 

ibeing icharged  iand ithe iSOC iof  ithe ibatteries. iAccording ito ithe  

iobtained  isimulation  iresults,  ithe iproposed  iconverter ican  ibe 

iplaced iin ithe icategory  iof  ioff-board  ifast icharger, iwhich ican  

icharge ia i380 ivolt iand i40 iamp-hour ibattery iin iless  ithan  i38 

iminutes. iThe ipeak  iof ithis  icurrent  idepends  ion ithe inumber iof 

iEVs  ibeing icharged  iand ithe iSOC iof ithe ibatteries. 
 

 

(a) 

 
(b) 

Fig. i 17: i (a) iInductor ivoltage,  iand i(b) iinductor icurrent iin iDCM 

imode. 

 

According ito ithe iobtained  isimulation  iresults, ithe 

iproposed  iconverter ican  ibe iplaced iin ithe icategory  iof ioff- 

iboard  ifast icharger, iwhich ican  icharge ia i380  ivolt iand i40 iamp-

hour ibattery iin iless  ithan i38 iminutes.  iFig. i21 iillustrates ipower 

ifactor ivariations  iin ithe igrid iside iof ithe iproposed  ibattery  

icharger. iAs ishown  iin ithis  ifigure, ipower ifactor iis  inearly iunit 

iduring ithe icharge iprocess. 

 

 
(a) 

 

(b) 

Fig. i 18: i Load ivoltage iand icurrent: i(a) iPhase ito iPhase iVoltage, 
(b)  iPhase iA icurrent. 

 

Fig. i 19: i The icurrent iof iBatteries iin ithe icharging istation. 

 

Fig. i 20: i Phase iA icurrent iwhen iconnecting  ito itwo  ielectric  ivehicles. 
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Fig. i 21: i Power ifactor ivariation iduring icharge iprocess. 

Conclusions 

In ithis ipaper, ia inon-isolated  ibidirectional iDC-DC  

iconverter iconnected  ito  ia iT-type ithree ilevel  iconverter ifor iV2G 

iand iG2V iapplications  iis  ipresented.  iThe inumber iof ikeys  iof ithe 

iproposed  iT-type iconverter iis  ireduced  icompared  ito ithe  

iconventional  iT-type iconverter,  iwhich ileads  ito ia icost 

ireduction  iin ithis istructure. iThe iproposed  iconfiguration  ihas 

ithe imerits  iof ia icommon iground  iand iability  iof iflow ipower iin  

iboth  idirections. iThe ilow iharmonic idistortion  iof ithis  istructure 

iis  iabout i3%. iIn iorder ito istabilize ithe iDC ilink ivoltage, ithis  

istructure iuses  iSVPWM icontroller iin iV2G ioperation  iand  

iSPWM icontroller iin ireverse ipower iflow imode. iThe ibattery  

icharger ican icharge ia i380V iand  i40 iamp-hour ibattery ifrom i20-

80% iof iSOC iin iless  ithan i38 iminutes  ithat  ishows  ithe icharger 

ioperates  ias ia ifast icharger.  iThe iproposed  ibattery icharger ican  

ibe iused iin ithe icharging istation ifor ia iwide irange iof ibatteries 

iwith idifferent ivoltages  iand icurrents.  iThe iadvantages  imake 

ithe iproposed  iconverter ione iof ithe isuitable ioptions  ifor 

ibattery ichargers  ifor ielectric ivehicles. 

Abbreviations 
 

EV Electric iVehicle 

SVPWM Space iVector iPulse iWidth  iModulation 
CBPWM Carrier iBased  iSinusoidal iPulse iWidth 

Modulation 
V2G Vehicle ito igrid 
G2V grid ito iVehicle 
THD Total iHarmonic iDistortion 

SOC State iof iCharge 
SPWM Sinusoidal  iPulse iWidth  iModulation 
CCM Continuous  iCurrent iMode 

DCM Discontinuous  iCurrent iMode 
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