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Abstract: This ipaper iproposes ia ihigh-frequency-link isoft 
iswitching ipulse-width idc–dc iconverter ifor iibattery ichargers. 
iZero-voltage iswitching iof ipower iswitches iis iachieved ifrom 
ilight iload ito ifull iload. iReverse irecovery ilosses ican ibe 
ireduced iin ithe isecondary iside ioutput idiodes iwithout iusing 
iany iadditional icircuit icomponents. iZero-current iswitching iof 
ioutput idiodes iis iachieved iby iusing ithe iseries-resonant 
icircuit iin ithe isecondary iside i.The icirculating icurrent iin ithe 
iprimary iside ifull-bridge icircuit ican ibe ichanged iby ithe 
ioperation imodes iof ithe ioutput idiode icurrent. iAs ia iresult, ia 
ihigh iefficiency ican ibe iachieved ifor iEV ion-board ibattery 
ichargers. iThe iperformance iof ithe iproposed iconverter iis 
ievaluated ithroughout iMatlab iSimulation iresults ifor ia i2.0- 
ikW iicircuit 

Keywords : iDC–DC iConverter, iHigh iFrequency iLink,  
iBattery iCharger 

I. INTRODUCTION 

Asl generally  recognised electric  vehicleslcan achieve higher 
energy lconversion  efficiency,  motor-regenerativelbraking  
capability,  fewer  local  exhaust  emissions,  and  lesslacoustic  
lnoise  land  vibration,  aslcompared  tolgas-engine  vehicles.  
The  batterylhaslanlimportant  role  in  the  ldevelopment  of  
electriclvehicles (EVs)landlplug-inlhybrid electric 
vehiclesl(PHEVs). 

 
Fig.1 lElectric lvehicle land lits lmain lmodules 

An  EV  shownlin  Fig..1  l[1]  lis  a  vehicle  propelledlby  
electricity,lunlike  the  conventional  lvehicleslon  road  
todaylwhichlarelmajor  consumerslof  fossil  fuels.  
Thislelectricity  can  lbe  leither  lproduced  
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outsidelthelvehicleland  stored  in  a  battery  or  produced  
onlboard  with  the  help  of  fuel  lcells 
l(FC’s).lTheldevelopmentloflEV’s startedlas early  as1834 
when the firstlbatterypowered  lEVl (tricycle)l wasbuilt lby 
Thomas Davenport  [2],which  appeared  tolbe  lappalling,  las  
lit  leven  lpreceded  the  invention  of  the  ICElbased  onl 
gasoline  or  diesel  fuel.lTheldevelopmentlof  EV’s  lwas  
discontinued  as  theylwerelnotlvery  convenient  and  
efficientl toluselas  they  were  lvery  lheavy  andltook  a 
llongltimelto  recharge  .Moreover,lfrom  the  end  oflthe  year  
1910,ltheylalso  lbecamelmorelexpensive  thanl ICE lvehicles 
.This  led  to  the  development lof lgasolinebased lvehicles 
However,ltherelarelconcernslover  the  depletionlof  fossil  
fuel  andlgreen  house  lgases  lcausing  long  term lglobal 
lcrisis  like  climatic  changes  andlgloballwarming.  These  
concernslare  lshifting  the  focus  back  to  development  
oflautomotive  vehicles  whichluse  alternative  lfuels  lfor  
loperations  .Theldevelopmentlof  suchlvehicleslhas  become  
imperativelnot  only  forlthelscientists  lbut  alsolfor  the  
governments  around  the  globe  as  can  be  substantiated  by  
the  lKyoto  lProtocol  lwhich  hasla  totallof  183lcountries  
ratifying  itl(As  on  January  2009).lThelBEVlhaslbeenlsince  
lfew  years  alvery  attractive  researchlarea  both  
bylcarlmanufacturersland  scientificlresearchers.  lThe  
system  architecturelof  HEV/EV  

 
Fig. 2  lTypical  lcharging  lprofile  lof  lLi-Ion  lcel 

 
B.  Charger  lClassifications 
SinceltheinceptionloflthefirstlEVs,there0havebeenlmanyldiff
erent charginglsystems lproposed. Due to many different 
configuration so fthechargers, itisrequiredl tol classify ltheml 
basedlonlsomelcommonldesignlandlapplicationlfeatures.Tab
le1.1l[6]llistslfivedifferent lmethodslof classifying chargers 
lBattery  lcharger  lclassification 
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CLASSIFICATION 

TYPE 
OPTIONAL 

TOPOLOGY DEDICTED,INTIGRATED 

LOCATION ON BOARD,OFF BOARD 

CONNECTION 

TYPE 
CONDUCTIVE,INDUCTIVE,MECHANICAL 

ELECTRICAL 

WAVEFORMS 
AC,DC 

POWER LEVEL LEVEL1,LEVEL2,LEVEL3 

The  lchargers  lcan  lbe  lclassified  lbased  lon  lthe  lcircuit  
ltopologies  l[7].  lA  ldedicated  lcircuit  lsolely  loperates  lto  
lcharge  lthe  lbattery.  lIn  lcomparison,  lthe  ltraction  
linverter  ldrive  lcan  lserve  las  lthe  lcharger  lat  lthe  lsame  
ltime  lwhen  lthe  lvehicle  lis  lnot  lworking  land  lplugged  
linto  lthe  lgrid  lfor  lcharging.  lThis  loption  lis  lcommonly  
lknown  las  lintegral/integrated  lchargers  l.A  lsecond  
lclassification  lis  lthe  llocation  lof  lthe  lcharger.  lCarrying  
lthe  lcharger  lon-board  lgreatly  lincreases  lthe  lcharging  
lavailability  lof  lthe  lvehicle.  lOff-board  lchargers  lcan  
lmake  luse  lof  lhigher  lamperage  lcircuits  land  lcan  
lcharge  la  lvehicle  lin  la  lconsiderably  lshorter  lamount  
lof  ltime. 
A.Typical  lBattery  lCharging  lProfile 
Albatterylislaldevicel whichconvertsl chemicallenergyl 
directly  into  electricity  It  is  an  lelectrochemicallgalvanic  
celllorla combination of such cells which is capable lof 
lstoring chemicalenergy.lBatterieslaremoreldesirable for 
ltheluselinvehicles,landlparticularltractionlbatterieslarelmost  
commonlyusedbyEVmanufacturers.Tractionlbatteriesinclude
lLeadAcidltype, NickellandlCadmium,lLithiumlion/polymer, 
So diuml andl Nickel 

 
Fig.3 lBlock  ldiagram  lof  loff-board  lcharger 

For  loff-board  lcharger  lshown  lin  lFig.3l[7],  lthe  lcharger  
lis  lan  lexternal  lunit,  lrather  lthan  la  lcomponent  lof  lthe  
lEV.  lFurthermore  lan  loff-board  lcharger  lproduces  la  
lhigh  lDC  lvoltage  l.The  internal  battery  management  
systeml(BMS)  must  be  able  to  charge  the  battery  using  
chargelvoltage.  the  major  drawback  of  this  topology  is  
that  the  charger  is  not  integrated  in  the  EV.hence  it  is  
impossible  to  charge  the  battery  of  an  EV  with  out  an  
appoprivate  charger  which  provides  the  needed  high  DC  
voltage  on  site. 

 
Fig.4 lBlock  ldiagram  lof  lon-board  lcharger 

For  on  board  charger  shown  in  Fig 4 (7)  The  charger  is  a  
component  of  the  EV.The  EV  can  be  charged  almost  
every  where  using  a  single  phase  or  three  phase  
supply.The  major  drawback  of  this  topology  is  that  this  
simple  on  board  charger  requires  an  additions  DC/AC  
inverter.One  inverter  enable  the  vahicle  to  grid  (V2G)  
capability  and  the  second  drives  the  AC  propulsion  
machine.Third  is  the  connection  method  [8]  conductive  
charging  contains  metal  to  metal  contact  inductive  
charging  contacts  ac  grid  to  vehicle  indirectly  via  a  take  
a  part  high  frequancy  transformer  and  mechanical  
charging  the  depleted  battery  pack  with  a  Full  one  in  
battery  swap  stations  Fourth  the  electrical  waveform  aty  
the  connection  port  of  the  vehicle  to  the  grid  can  be  
either  a  dc  connection  or  an  ac  connection  currently  the  
PHEVs  and  EVs  in  the  market  employ  an  ac  connection  
type. However  in  the  future  the  availability  and  
commonality  of  the  dc  sources  may  change  the  connection  
type  fifth  the  charger  can  deliver  power  in  unidirection  
way  by  just  charging  the  battery  more  advanced  designs  
introduce  bidirectional  power  transfer  again  alloff  the  
chargers  in  the  market  employ  unidirectional  chargers.Last  
three  charging  levels  have  been  defined  forEVs  and  
PHEVs.  These  are  detailed  in  Table  3.2  Level  1  and  
level2  charging  are  assumed  to  be  te  normal  charging  
levels  which  will  take  place  where  the  vehicle  will  sit  for  
a  substantial  amount  of  time  such  as  the  home  or  office.  
Howeverthe  drawback  of  charging  a  vehicle  with  these  
normal  charging  levels  is  that  is  can  take  4  to  20  hours  
depending  on  available  power  battery  size  and  SOC  of  
the  battery  and  this  is  not  a  viable  option  when  long  
travel  distances  are  considered  The  solution  to  this  
lengthy  charging  time  issue  is  the  level  3  fast  
charging.level  3charging  makes  battery  powered  vehicle  
more  competitive  adainst  conventional  ICE  vehicle  by  
charging  the  battery  in  less  than  30  minutes.  typically  
level  3  charging  is  accomplished  via  an  off  board  charger  
by  means  of  converting  three  phase  480v  AC  to  a  
regulated  DC.  Although  there  have  not  been  any  adopted  
standards  for  level  3charging  in  the  US  or  internally  other  
than  japan  .a  japanese  protocal  known  as  CHADEMO  is  
gaining  international  recognition  CHAdeMO  supplies  the  
vehicle  lwith  la  lregulated  lDC  lvoltage  lrequiring  lan  
lexternal  lcharging  lstation  l,and  linterfaces  ldirectly  lwith  
lthe  lvehicle  lbattery  land  lbattery  lmanagement  lsystem  
l(BMS). 
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Alternatively,  lseveral  lEuropean  lautomakers  lare  
lfocusing  lon  lsupplying  lvehicles  ldirectly  lwith  l3-phase  
land  lprocessing  lit  lvia  lan  lon-board  lbattery  lcharger  
l[17]. 

II.  PRTOPOSED CONVERTER 

 
Fig.5. iCircuit idiagram iof ithe iproposed idc–dc iconverter. 
Fig5 ishows ithe icircuit idiagram iof ithe iproposed 
iconverter. iThe iprimary iside icircuit iconsists iof ipower 
iswitches i(S1, iS2, iS3, iand iS4), iclamping icapacitor i(Cc), 
iand itransformer i(T). iPower iswitches iare iconsidered 
iideal iswitches iexcept ibody idiodes iDS1–DS4 iand ioutput 
icapacitors iCS1–CS4. iThe itransformer iT ihas ithe 
imagnetizing iinductor iLm iand ileakage iinductor iLlk iwith 
ithe iturns iratio iof i1:N iwhere iN i= iNs i/Np i. iThe 
isecondary iside icircuit iconsists iof ithe irectifier icircuit 
i(Do1, iDo2, iLlk, iCo1, iand iCo2) iand ioutput ifilter i(Lf i, 
iCf i). iA iseries iresonance ibetween iLlk, iCo1 i, iand iCo2 
imakes ithe ioutput idiodes ito ibe iturned iON iand iOFF iat 
izero icurrent. iVd iis ithe iinput ivoltage iof ithe iproposed 
iconverter, iwhich iis igenerated iby ithe ifront-end iPFC 
iconverter. iVb iis ithe ibattery ivoltage. iBecause ithe ioutput 
ifilter ihas ismall ivalues, ithe ivoltage iVt iacross ithe 
isecondary iside icircuit iis iconsidered ito ibe iVb ifor ione 
iswitching iperiod iTs i(=1/fs i).Fig. i4 ishows ithe iswitching 
iwaveforms iof ithe iproposed iconverter ifor iTs i. iS1 i(S2) 
iand iS4 i(S3) iare iturned iON iand iOFF, isimultaneously. 
iS1 i(S3) iand iS2 i(S4) ioperate icomplementarily iwith ia 
ishort idead itime. iThe iconverter ihas isix iswitching 
imodes. i 

 
Fig.6. iSwitching iwaveforms iof ithe iproposed 

iconverter ifor iTs i. i(a)Wave iforms iof ithe iprimary 
iside icircuit. i(b) iWaveforms iof ithe isecondary iside 

icircuit i.during iTs. i 

The iduty iratio iD iis ibased ion ithe ion-time iof iS1 iand iS4. 
iThen, ithe iduty iratio iof iS2 iand iS3 iis i1–D. iBefore it i= 
it0, iS2 iandS3 ihave ibeen iturned iOFF. iThe ivoltages iVS1 
iand iVS4 ihave ibeen izero iwhen ithe iprimary icurrent iip 
iflows ithrough ibody idiodes iDS1 iand iDS4. i 
Mode i1 i[t0 i, it1 i]: iAt it i= it0, iS1 iand iS4 iare iturned 
iON iat izero ivoltage. iSince ithe ivoltage iacross iLm iis iVd, 
ithe imagnetizing iinductor icurrent iiLm iincreases ilinearly 
ias ifollows: 
At ithe isecondary iside, iNVd iis iapplied ito ithe isecondary 
iwinding iof iT. iWhen ithe ioutput idiode iDo1 iis iturned 
iON, ia iseries iresonance ibetween iLlk, iCo1 i, iand iCo2 
ioccurs. iThe ioutput idiode icurrent iiDo1 iis iexpressed ias 
ifollows: i 

 
where iVCo1 iis ithe ivoltage iacross iCo1 i. iωr iis ithe 
iangular iresonant ifrequency ias ifollows: i 

 
Here, iCr iis ithe icapacitor ias iCr i= iCo1 i= iCo2. iThen, 
ithe iprimary icurrent iip iis iexpressed ias ifollows: i 

 
Mode i2 i[t1 i, it2 i]: iAt it i= it1 i, ithe ihalf-resonant iperiod 
iof iiDo1is ifinished. iiDo1 iis izero ibefore iDo1 iis iturned 
iOFF. iDo1 ican ibe iturned iOFF iat izero icurrent iwithout 
iany ivoltage iovershoots iand ioscillations. i 
Mode i3 i[t2 i, it3 i]: iAt it i= it2, iS1 iand iS4 iare iturned 
iOFF. iThe iprimary icurrent iip icharges iCS1 iand iCS4 iand 
idischarges iCS2 iand iCS3. iVS1 iincreases ifrom izero ito 
iVd iwhile iVS4 iincreases ifrom izero ito iVd i+ iVc i. iVS3 
idecreases ifrom iVd i+ iVc ito izero iwhile iVS2 idecreases 
ifrom iVd ito izero. iSince ithe iswitch ioutput icapacitor 
iCS(=CS1 i= iCS2 i= iCS3 i= iCS4 i) iis ivery ismall, ithe 
itime iinterval iduring ithis imode iis iconsidered inegligible 
icompared ito iTs. i 
Mode i4 i[t3 i, it4 i]: iAt it i= it3, iS2 iand iS3 iare iturned 
iON iat izero ivoltage. iSince ithe ivoltage iacross iLm iis 
i−(Vd i− iVc), ithe imagnetizing iinductor icurrent iiLm 
idecreases ilinearly ias ifollows: i 
 

 
At ithe isecondary iside, iN(Vd i− iVc i) iis ireversely iapplied 
iacross ithe isecondary iwinding iof iT. iWhen ithe ioutput 
idiode iDo2 iis iturned iON, ia iseries iresonance ibetween 
iLlk, iCo1, iand iCo2 ioccurs i.The ioutput idiode icurrent 
iiDo2 iis iexpressed ias ifollows: i 
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where iVCo2 iis ithe ivoltage iacross iCo2 i. iThe iprimary 
icurrent iip iis iexpressed ias ifollows: iaccording ito 
idifferent iinput ivoltage iconditions iand iCS4 i. iVS1 
idecreases ifrom iVd ito izero iwhile iVS4 idecreases ifrom 
iVd i+ iVc ito izero. iVS3 iincreases ifrom izero ito iVd i+ 
iVc iwhile iVS2 iincreases ifrom izero ito iVd i. iThe inext 
iswitching icycle ibegins iwhen iS1 iand iS4 iare iturned iON 
iat izero ivoltage iagain. i 

III. CONVERTER FEATURES 

A. iZVS iCondition i 
By ithe ivoltage–second ibalance irelation ion iLm iduring 

iTs, ithe ivoltage iVc iis iexpressed ias ifollows: i 

i  
For ithe ivoltage–second ibalance irelation ion ithe 
isecondary iwinding iof iT iduring iTs i, ithe ifollowing 
irelation ibetween iVd iand iVb iis iobtained ias ifollows: i 

i  
The iEV ion-board ibattery icharger icommonly ihas ia iPFC 
iconverter iand ia ihigh-frequency-link idc–dc iconverter. 
iThe iPFC iconverter itypically igenerates ia ihigh idc-link 
ivoltage iaround i380–400 iV ifor ithe iinput ivoltage iof ithe 
idc–dc iconverter i[20]. iIn icase iof ithe iPSM iFB idc–dc 
iconverters, ithe ivoltage istresses iof iall ipower iswitches 
iare iclamped ito ithe iinput ivoltage. iThus, ihigh-voltage 
iswitching idevices isuch ias i600-V iswitches ishould ibe 
iused ifor ithe iprimary iside ipower iswitches. iIn icase iof 
ithe iproposed iconverter, iS1 iand iS2 iare iclamped ito iVd 
iwhile iS3 iand iS4 iare iclamped ito ithe isum iof iVd iand 
iVc i. iThe iproposed iconverter ican ireduce ithe ivoltage 
istress iof ipower iswitches. iFig. i5 ishows ithe irelation 
ibetween ithe iduty iratio iD iand ivoltage istresses iof iS3 
iand iS4according ito idifferent iinput ivoltage iconditions. 
iSwitch ivoltage istresses iof iS3 iand iS4 ican ibe ilower ithan 
iVd iwhen iD iis ibelow0.5. iIt iis ibeneficial iin itwo-stage 
iapplications ilike iEV ion-board ibattery ichargers ibecause 
ithe iuse iof ipopular ihigh-performance500–600 iV ipower 
iswitches iis iclearly iensured. iFrom i(8) iand i(9), ithe 
ivoltage iacross ithe iclamping icapacitor ican ibe iexpressed 
ias i 

i  
Fig. i6 ishows ithe igraph ifor ithe irelation ibetween ithe 
iduty iratio iand ithe iclamping icapacitor ivoltage. iIt ican ibe 
ipositive ior inegative iby ithe iduty iratio. iThe iEV ibattery 
ipack ivoltage itypically iranges ifrom250 ito i450 iV ifor ithe 
ioutput ivoltage iof ithe ibattery icharger i[16].Thus, ithe 
imaximum iclamping. 
capacitor ivoltage ican ibe idecided iby ithe iallowable 
ibattery ivoltage irange iand iits icorresponding iduty iratio. 
iPower iswitches iare iturned iON iat izero ivoltage iat 

iModes i1 iand4. iFrom iMode i1, ithe ifollowing irelation iis 
iobtained: i 

 
Supposed ithat ithe iproposed iconverter iis ilossless iwith ia 
iunity iefficiency, ithe iaverage ivalue iof ithe imagnetizing 
iinductor icurrent iiLm ican ibe irepresented ias ifollows: 

i  
where iib iis ithe ibattery icurrent. iFrom i(10) iand i(11), i 

i  
ZVS iof iS2 iand iS3 iis inaturally iachieved iby ithe ienergy 
istored iin iLm. iMeanwhile, iZVS iof iS1 iand iS4 ican ibe 
iachieved iwhen ithe ienergy istored iin iLm iis ilarger ithan 
ithe ienergy istored iin iCS1 ithrough iCS4 i. iTo iachieve 
iZVS iof iS1 i 

 
 
B. iZCS iCondition i 
All ioutput idiodes iare inaturally iturned iON iat izero 
icurrent iat iModes i1 iand i4. iThe idiode icurrents iiDo1 iand 
iiDo2 ishould ibe izer0before iDo1 iand iDo2 iare iturned 
iOFF. iThe ihalf-resonant iperiod iof ithe iseries iresonance 
iduring iModes i1 iand i4 ishould ibe ifinished ibefore ieach 
ioutput idiode iis iturned iOFF. iThe ifollowing icondition 
ishould ibe isatisfied ifor iZCS iof ioutput idiodes ias 
ifollows: i 

 i 

where iDmax iis ithe imaximum iduty iratio. iωc iis ithe 
icritical iangular iresonant ifrequency ias iωc i= i2πfc i. ifc iis 
ithe icritical iresonant ifrequency iof ithe iseries-resonant 
icircuit. IFor izero-current iturn-off iof ioutput idiodes, ithe 
iresonant ifrequency ifr ishould ibe ihigher ithan ithe icritical 
iresonant ifrequency ifc i. iThen, ithe iresonant icapacitor iCr 
ishould ibe idetermined ias ifollows: i 

i 
 

i  
C. lCharger lSystem 
The lcharging ltime land llifetime lof lthe lbattery lhave la 
lstrong ldependency lon lthe lcharacteristics lof lthe lbattery 
lcharger l[18]-[20]. L 
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Several lmanufacturers lare lworking lworldwide lon lthe 
ldevelopment lof lvarious ltypes lof lbattery lmodules lfor 
lelectric land lhybrid lvehicles. lHowever, lthe lperformance 
lof lbattery lmodules ldepends lnot lonly lon lthe ldesign lof 
lmodules, lbut lalso lon lhow lthe lmodules lare lused land 
lcharged. lIn lthis lsense, lbattery lchargers lplay la lcritical 
lrole lin lthe levolution lof lthis ltechnology. 

 
Fig.7 Battery lcharger lsystem 

 
The lconventional lbattery lcharger lsystem lis lshown lin 
lFig. l3.6 l[44]. lBecause lbatteries lhave la lfinite lenergy 
lcapacity, lPHEVs land lBEVs lmust lbe lrecharged lon la 
lperiodic lbasis l,typically lby lconnecting lto lthe lpower 
lgrid. lThe lcharging lsystem lfor lthese lvehicles lconsists lof 
lan lAC/DC lrectifier lto lgenerate la lDC lvoltage lfrom lthe 
lAC lline, lfollowed lby la lDC/DC lconverter lto lgenerate 
lthe lDC lvoltage lrequired lby lthe lbattery lpack. 
lAdditionally, ladvanced lcharging lsystems lmight lalso 
lcommunicate lwith lthe lpower lgrid lusing lpower lline. 

IV. CONTROL STRATAGY 

A. lPulse-Width  lModulation  
 l Pulse width modulation (PWM) techniques for two level 
inverters have beeen studied extensively during the past 
decades many different PWM methods have been developed 
to achive the following aims. modulation range,reduced 
switching loss. losser totall hormonics distortion in the 
specturnof switching waveform easy implementation.less 
memory space and computation time on implementation in 
digital process for the proposed work . The two most widly 
used PWM scheam for multi-level inverters are the carrier 
PWM technique and space vector based PWM techniques  
Pulse lwidth lmodulation lis la lmethod lof lcontrolling lthe 
loutput lvoltage lof lan linverter. lIn lthis lmethod la lcontrol 
lsignal lis lcompared lwithla lrepetitive lsignal, ltypical la 
ltriangular lsignal. lTo lmake lthe lconverter lwork lin lan 
linverter lmode lthe lcontrol lsignal lshould lhave la 
lsinusoidal lshape. lThis lcontrol lsignal lcan lvary la lbit land 
lthis lwill lbe ldiscussed lin l[13]. lAt la lconstant lswitching 
lfrequency lthe ltime lperiod lof lthe ltriangular lsignal lis 
lalso lconstant lsince lthis lsignal lgives lthe lswitching 
lfrequency. lThis lis lgiven lin lequation l(2.1). 

(3.1) 
The lfrequency lof lthe lcontrol lsignal lgives lthe lfrequency 
lof lthe ldesired lfundamental loutput lvoltage. lFor la 
ltwo-level lconverter lthere lare ltwo lswitches lin lone 
lbridge lleg land lthe lupper lswitch lwill lbe lon lwhen lthe 
lcontrol lsignal  lis  lgreater  lthan  lthe  ltriangular  lsignal.  lIf  

luni  lpolar  lswitching  lis  lchosen  lthe  llower  lswitch  lwill  
lbe  loff  lwhen  lthe  lupper  lis  lon,  lwhich  lmeans  lthat  lit  
lwill  lbe  loff  lwhen  lthe  lcontrol  lsignal  lis  lgreater  lthan  
lthe  ltriangular  lsignal.  lSwitch  lnumber  l2  lwill  lbe  lon  
lwhen  lthe  lcontrol  lsignal  lis  llower  lthan  lthe  ltriangular  
land  lhence  lthe  lupper  lswitch  lwill  lbe  loff.  lThis  lis  
lshown  lin  lthe  lfigure  lbelow.  

 
Fig 8: lPWM lwith lbipolar lswitching lpattern As lit lwill lbe 
lseen lin lthe lnext lsubchapters lthe lcontrol lis la lbit lmore 
lcomplicated lwhen la lthree llevel lconverter lis lbeing lused. 
lMore labout ltwo-level lconverter lcontrol lis lto lbe lfound l. 
lThere lare la lfew lparameters lthat lneed lto lbe ldefined 
lwhen lPWM lis ldiscussed.  

 
Fig.9. iCircuit idiagram iof ithe iover  all isystem. i 

V. SIMULATION RESULTS 

A2.0-kW iprototype icircuit iof ithe iproposed iconverter ihas 

ibeen idesigned iwith ia iPFC iconverter. iFig. i9 ishows ithe icircuit 

idiagram iof ithe ioverall isystem. iThe ibridgeless iboost irectifier 

i[23], i[24] ihas ibeen iused ifor ithe iPFC iconverter. iIt igenerates 

ithe idc-link ivoltage iVd iaround i380–400Vfrom i60Hz/230 

iVrms igrid ivoltage. I 
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The iproposed idc–dc iconverter icharges ithe ibattery ipack iwith 

iin ithe ioutput ivoltage irange ifrom i250 ito i450 iV. iThe ikey 

icircuit iparameters iof ithe iproposed idc–dc iconverter iare ias 

ifollows 
 iSwitch ioutput icapacitor iCS i: i500 ipF; i 

 iClamping icapacitor iCc: i1 iμF; i 

 iTransformer iturns iratio iN: i0.5 i 

 iMagnetizing iinductor iLm: i100 iμH; i 

 iLeakage iinductor iLlk: i3.5 iμH; i 

 iResonant icapacitor iCr: i1 iμF; i 

 ioutput ifilter iinductor iLf i: i30 iμH; i 

 ioutput ifilter icapacitor iCf i: i20 iμF. i 
Fig. i7 ishows ithe iphotograph iof ithe idesigned iprototype 
isystem. iThe ihardware icircuit iof ithe iprototype isystem iis 
idivided iinto itwo iparts: ithe imicrocontroller-based icontrol 
icircuit iand ipower icircuit. iS1 i= iS2 i= iS3 i= iS4 i= 
iFCH76N60NF iand iDo1 i= iDo2 i= iHFA50PA60C iare 
iused ifor iswitching idevices. iPower iswitches ioperate iat ia 
iconstant iswitching ifrequency iof50 ikHz iwith ia idead 
itime iof i330 ins. iThe itransformer iT iis idesigned iby iusing 
ithe iferrite icore iEE i7066. iThe itransformer ihas ithe 
iprimary iwinding iturns iof iNp i= i20 iand isecondary 
iwinding iturns iof iNs i= i10. iLlk i= i3.5 iμH iand iCr i= i1 
iμF iare iused ifor ifr i= i60 ikHz iso ithat ithe ioutput idiode 
icurrent ishould ibe iin iDCM i.Fig. i8 ishows ithe iMatlab 
iSimulation iwaveforms iof ithe iproposed idc–dc iconverter 
ifor i2.0 ikW. iwhen ithe ioutput idiode icurrent iis iin ithe 
iDCM. iFig. i7(a)ishows ithe igating isignals ivgs1 iand ivgs2 
i, iprimary icurrent iip i, iand iswitch ivoltages iVS1 iand 
iVS2 iwhen ithe ibattery ivoltage iis iregulated ias iVb i= i350 
iV. iThe iduty iratio iD iis i0.45. iBefore ithe igating isignals 
iare iapplied ito iS1 iand iS2 i, iswitch ivoltages iVS1 iand 
iVS2 iare izero, irespectively. iZVS iof iS1 iand iS2 iis 
iachieved. iSwitch ivoltages iVS1 iand iVS2 iare iclamped ito 
iinput ivoltage iof i380 iV. iIt iis iobserved ithat ithe iresonant 
ifrequency ifr iis i60 ikHz ifor iLlk i= i3.5 iμH iand iCr i= i1 
iμF. iBecause ithe ioutput idiode icurrent iis iin ithe iDCM, 
ithe icirculating icurrent iin ithe iprimary iside iexists.. iFig. 
i10 ishows ithe iMatlab iSimulation iwaveforms iof ithe 
iproposed idc–dc iconverter ifor i2.0 ikW iwhen ithe ioutput 
idiode icurrent iis iin ithe iCCM. iIt ishows ithe igating 
isignals ivgs1 iand ivgs2, iprimary icurrent iip i, iand iswitch 
ivoltages iVS1 iand iVS2 iwhen ithe ibattery ivoltage iis 
iregulated ias iVb i= i350 iV. iFor ithe iCCM ioperation iof 
ithe ioutput idiode icurrent, ithe iresonant icapacitor iCr i= 
i2.2 iμF iis iused iwith iLlk i= i3.5 iμH. iThe iresonant 
ifrequency ifr iis iclose ito i40 ikHz. iBecause ithe ioutput 
idiode icurrent iis iin ithe iCCM i, ino icirculating icurrent 
ioccurs, iminimizing iconduction ilosses iin ithe iprimary 
iside. iFig 11 ishows ithe iMatlab iSimulation iwaveforms iof 
ithe iproposed idc–dc iconverter iat ilight-load icondition. 
iFig. i10(a) ishows ivgs1, ivgs2, iip, iVS1 i, iand iVS2 ifor i50 
iW. iFig. i10(b) ishows ivgs3, ivgs4, iVc, iVS3 i, iand iVS4 
ifor i50 iW. iBefore ithe igating isignals iare iapplied ito 
ipower iswitches, iswitch ivoltages iare izero. iZVS iof 
ipower iswitches iis iachieved ifrom ilight-load ito ifull-load 
iconditions i.Fig. i14 ishows ithe iMatlab iSimulation 
iwaveforms iwhen ithe ibattery icharging icontroller iis 

iapplied ito ithe iproposed iconverter i.The iproposed 
iconverter ihas ibeen itested ito icharge iLi-ion ibatteries. i 

 
Fig.10. iSimulation iwaveforms iof ithe iproposed idc–dc 
iconverter ifor iTransformer iPrimary iVoltage. i 
 

 
Fig.11. iSimulation idiagram iof iproposed imodel 

Fig. i14(a) ishows ithe ibattery ivoltage iVb iand ibattery 
icurrent iib iwhen ithe iproposed iconverter ioperates iat ia 
icons itant icurrent imode. iWhen ithe ibattery ipower 
ichanges ifrom i1.6 ito i1.3 ikW i,the ibattery icurrent iis 
iconstantly iregulated ias iib i= i4 iA ias ithe ibattery ivoltage 
iVb ichanges ifrom i400 ito i325 iV. iFig. i14(b) ishows ithe 
ibattery ivoltage iVb iand ibattery icurrent iib iwhen ithe 
iproposed iconverter ioperates iat ia iconstant ivoltage imode. 
iWhen ithe ibattery ipower ichanges ifrom i0.8 ito i1.6 ikW, 
ithe ibattery ivoltage iis iconstantly iregulated ias iVb i= i400 
iV ias ithe ibattery icurrent iib ichanges ifrom2 ito i4 iA 

 
Fig. i12. iSimulation iwaveforms iof ithe iproposed idc–dc 

iconverter ifor iPower iFactor(P.F). i 
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Fig.13 iSimulation iwaveforms iof ithe iexisting idc–dc 

iconverter voltage ripple content 

 
Fig.14 iSimulation iwaveforms iof ithe iproposed idc–dc 

iconverter voltage ripple content 
in this proposed converter will reduce voltage ripple in 2V 
and improve the voltage level in standard voltage 

 
Fig. i15. iSimulation iwaveforms iof ithe iproposed idc–dc 

iconverter ifor iOutput iVoltage i(Vout). i 
 

 
Fig. i17. iSimulation iwaveforms iof ithe iproposed idc–dc 

iconverter ifor iOutput iCurrent i(Iout). i 

 
Fig. i19. iSimulation iwaveforms iof ithe iproposed idc–dc 

iconverter ifor iOutput iPower (Pout). i 

 

Fig. i16. iSimulation iwaveforms iof ithe iexisting idc–dc 
iconverter ifor iOutput iVoltage i(Vout). i 

 
Fig. i18. iSimulation iwaveforms iof ithe iexisting idc–dc 

iconverter ifor iOutput iCurrent i(Iout). i 
 

 
Fig. i20. iSimulation iwaveforms iof ithe iexisting idc–dc 

iconverter ifor iOutput iPower (Pout). I 
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VI. CONCLUSION 

This ipaper ihas iproposed ia ihigh-efficiency isoft-switching 
iPWM idc–dc iconverter ifor ihigh-frequency-link iibattery 
ichargers. iZVS iof ipower iswitches iis iachieved iby iusing 
ia icomplementary iPWM. iWide irange isoft-switching 
ioperation iis iachieved iwithout iusing iany iadditional 
iswitching icircuits. iFurthermore, iZCS iof ioutput idiodes iis 
iachieved iby ieffectively iusing ia iseries iresonance 
ibetween ithe itransformer ileakage iinductor iand isecondary 
iside irectifier icircuit icomponents. iReverse-recovery ilosses 
iof ioutput idiodes iare ieliminated iwithout iusing iany 
iadditional icircuit icomponents. iIt ihas ibeen iinvestigated 
ithat ithe icirculating icurrent iin ithe iprimary iside ican ibe 
ichanged iby ithe ioperation imodes iof ithe ioutput idiode 
icurrent. iThe iconverter icontrol istrategy ihas ibeen 
isuggested, iincluding iits idigital iimplementation i.The 
iperformance iof ithe iproposed iconverter ihas ibeen 
iverified ithroughout iMatlab isimulation iresults ifor ia 
i2.0-kW iprototype icircuit. iMatlab isimulation iresults 
iconfirm ithat ithe iproposed iconverter iimproves ithe ipower 
iefficiency icompared ito ithe iprevious iconverters. iThe 
iproposed iconverter iachieves ia ipeak iefficiency iof i98.3% 
iat i15 ikW iand ia ihigh-efficiency iof i98.0% iat i19 ikW. i. 
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