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Abstract:Toimprovetheharmonicsuppressionabilityofmulti-pulserectifier,a12-pulserectifierbasedonzigzag
autotransformerbyDCsideactivecompensationstrategyisproposed.Bycontrollingthesmallcapacitycurrentinverterto
generatecompensatingcurrentsandinjectingthecurrentsdirectlyintotheDCsideofthesystem,thegrid-sidecurrentsofthe
rectifiercanbeapproximatedtosinewave.Usingzigzagautotransformerasphase-shiftingtransformercanblockthezero
sequencecurrentcomponentsandreducetheequivalentcapacityoftherectifyingsystem.Thestudyonharmonicdistortionrate
ofgrid-sidecurrentswiththevariationoftheloadshowsthattheharmoniccontentofthecompensatedrectifierdecreases
significantlyundervariousloadconditions.Theharmoniccontentofthegrid-sidecurrentsoftheproposedactiveinjection
rectifierisonly1.17%,andtheequivalentcapacityoftherectifieriscalculated.Theresultsshowthattherectifiercannotonly
suppresstheharmoniccurrents,butalsohavealowerequivalentcapacity.
Keywords:multi-pulserectifier;activecompensation;zigzagautotransformer;equivalentcapacity

0 Introduction
 Inrecentyears,multi-pulserectifiertechnology
hasbeen widely usedin high-powerrectifier[1].
Among many multi-pulserectifiers,the12-pulse
rectifieristhemostwidelyused,whichcaneliminate
the5thand7thharmonics.Thetotalharmonic
distortion(THD)valueofthegrid-sidecurrentis
about15%[2],butitcannot meettheharmonic
requirements when the high-power rectifier is
connectedtothepowergrid.
 Increasingthenumberofpulses[3]orinstalling
activeorpassivecircuitsontheDCorACsidesofthe
rectifyingsystemcanreducetheharmoniccontentof
thegrid-sidecurrents[4].However,simplyincreasing
thenumberofpulseswillincreasethedifficultyof
windingdesignanddebasetheaccuracyofequipment
manufacturing,whichleadstothedeteriorationof
systemsymmetry.Thepassiveharmonicsuppression
methodontheDCsidecanonlysuppressthelower
harmonicsofthegrid-sidecurrents,buthelplessto

thehigherharmonicssuppressionandwilldoublethe
amplitudeofthehigherharmonics[5].
 AnactiveauxiliarycircuitisinstalledontheDC
sideofthe12-pulserectifier,whichcaneffectively
eliminate(12k0±1)thharmonicsask0isanypositive
integerandmakethedistortedgrid-sidecurrentinto
standardsinewaveapproximately[6-8].InRef.[9],an
activeharmonicsuppressionmethodisadoptedonthe
DCsidetoreducethenumberofswitchingdevices
andmakethestructuremorecompact.Whenthe
matchingconditionofthesystemissatisfied,the
harmonicscanbesuppressedeffectively.Acurrent
formingmethodfor12-pulserectifierisproposedin
Ref.[10],inwhichtherectifierhasainter-phase
reactor(IPR)ontheACsideandtwosingle-phase
boostswitchconvertersinparallelontheDCside.By
addingboostharmonicsuppressioncircuitsontheDC
sideofthemulti-pulserectifier,the �THDi,which
representsthecurrentsofTHDrate,onthegrid-side
canbereducedto1.44%andthepowerfactorofthe
circuitcanbeimproved[11].Acompensationstrategy
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basedonisolatedtransformermulti-pulserectifieris
proposedinRefs.[12]and[13].Comparedwiththe
deploymentofmultipleactivepowerfiltersonAC
sideinRef.[13],thecontrolstrategyofthree-phase
inverterusedinRef.[12]isrelativelysimple.A
high-powerrectifierbased onstarphase-shifting
autotransformerisproposedinRef.[14],whichuses
anactiveIPRtoeliminatetheharmonicofthegrid-
sidecurrent,andrequiresthreeIPRswithsecondary
windingsandacurrent-controlledinverter.
 Zigzagtransformercan notonly beusedas
groundingtransformerinhighvoltagesystem[15],but
alsobeusedasphase-shiftingtransformerinmulti-
pulserectifyingsystemwiththeadvantagesofsimple
structureandsmallequivalentcapacity[16].Duetothe
uniquecharacteristicofthezigzag phase-shifting
transformer,itcan blockzero-sequencecurrents
insidethetransformer,sothezerosequenceblocking
transformer(ZSBT)canbeomittedintherectifier
based on zigzag autotransformer[17],thus the
equivalentcapacityofthesystemisreducedfurther.
 Inourwork,azigzag12-pulserectifierusingactive
injectionmethodontheDCsideisstudied.The
equivalentcapacityoftherectifiercanbereducedby
usingzigzag autotransformerasa phase-shifting
transformer.Theinjectedcurrentisrealizedbya
single-phaseinverterwhoseequivalentcapacityis
only2.2% oftheratedoutputpower,whichcan
effectivelyreducethe �THDiofthegrid-sideandthe
equivalentcapacityofthesystem withoutchanging
thesystempartsoforiginal12-pulserectifier.

1 Structureofmulti-pulserectifier
 Fig.1showstheschematicdiagramofthezigzag
12-pulserectifierwithcurrentinjectionatDCSide.
Theproposedrectifierconsistsofthethree-phase
voltage sources, a zigzag phase-shifting
autotransformer,twogroupsofdiodebridgerectifier
(DBR)ⅠandDBRⅡ,theIPRsandasingle-phase
inverter.

Fig.1 Maincircuitofzigzag12-pulserectifierwithcurrent
injectionatDCSide

 TheIPRscanabsorbtheinstantaneousvoltage
differencebetweenthetwogroupsofDBRs,sothat
thetwogroupsofDBRscanworkindependently.In
addition,inFig.1,Za,ZbandZcrepresentthesource
impedances;ia,ib,andicrepresentthegrid-side
currents,thecurrentsia1,ib1,ic1andia2,ib2,ic2are
thethree-phaseinputcurrentsoftheDBRⅠand
DBRⅡ,respectively.Therectifierusesthecurrent
hysteresis-bandtocontroltheinvertertooutputa
specificcurrentwaveform,sothattheinputcurrent
onthegridsideisclosetothesinewave.InFig.1,
ix1andix2arethespecificcurrentsgeneratedbythe
single-phaseinverterintheactiveauxiliarycircuit.

2 Windingdesignofzigzagautotransformer
 Inordertomakethewavenumberoftheoutput
currentwaveformbe12,thewindingsofthezigzag
phase-shiftingtransformerneedtobedesigned.Fig.2
showsthevoltagephasor-diagram ofthe12-pulse
zigzagautotransformer.̇Va,̇Vb,̇Vcareinputphase
voltagesofthetransformer,̇Va1,̇Vb1,̇Vc1andV̇a2,
V̇b2,̇Vc2areoutputphasevoltagesofthetransformer.
The2αisthephase-shiftingangleofoutputvoltages
ofthetransformer.

Fig.2 Voltagephasor-diagram

 Theinputphasevoltagesoftherectifieraregivenas

V̇a=Vs∠0°,
V̇b=Vs∠-120°,
V̇c=Vs∠120°, (1)

whereVsistheroot-mean-square(RMS)valueof
phasevoltages.
 Therefore,theinputlinevoltagesare

V̇ab= 3Vs∠30°,

V̇bc= 3Vs∠-90°,

V̇ca= 3Vs∠150°.

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (2)

 Thephase-shiftingtransformerofthe12-pulse
rectifiershallprovidetwosetsofvoltageswitha
phasedifferenceof30°[3],soαis15°andherecome
theformulas
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V̇a1=V∠15°,
Vb1=V∠-105°,
Vc1=V∠135°, (3)

V̇a2=V∠-15°,
V̇b2=V∠-135°,
V̇c2=V∠105°, (4)

whereVistheRMSvalueofoutputphasevoltagesof
thephase-shiftingtransformer.
 ThetransformationratioK1 andK2 ofphase-
shiftingautotransformeraresetinFig.3.ByFig.2,
wecanget

Vs=Vcosα, (5)

V̇a1=K1(̇Vab-V̇ca)-K2̇Vbc, (6)

V̇a2=K1(̇Vab-V̇ca)+K2̇Vbc. (7)

 AccordingtoEqs.(1)-(7),wecanobtainthat
K1=0.3333andK2=0.1547.

Fig.3 Zigzagautotransformerwindingconfiguration

3 Theoryofactiveinjection
 Fig.3showsthewindingconfigurationofzigzag
autotransformer.InFig.3,currentsi1,i2andi3
representthecurrentsinthewindingsofthephase-
shiftingtransformer.ByapplyingKirchhoff'sCurrent
Law,currentsia,ibandiccanbeexpressedas

ia=ia1+ia2+i1,
ib=ib1+ib2+i2,
ic=ic1+ic2+i3,
i1+i2+i3=0.

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁
􀪁

(8)

 Thebalancerelationshipofmagnetomotiveforce
(MMF)ofzigzagautotransformeris

K1i2-K1i3+K2ia1-K2ia2=0,
K1i1-K1i3+K2ib1-K2ib1=0,
K1i1-K1i2+K2ic1-K2ic2=0. (9)

 ByEqs.(8)and(9),therelationshipbetweenthe
grid-sidecurrentsia,ib,icandtheoutputcurrents
ia1,ib1,ic1,ia2,ib2,ic2ofautotransformercanbe
calculatedas

ia=ia1+ia2+K2(ic2-ic1+ib1-ib2
3K1

,

ib=ib1+ib2+K2(ia2-ia1+ic1-ic2
3K1

,

ic=ic1+ic2+K2(ib2-ib1+ia1-ia2
3K1

.

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁
􀪁
􀪁􀪁

(10)

 Therelationshipbetweentheinputandoutput
sidesoftheDBRscanbeexpressedbyintroducingthe
switchfunction.Therefore,thegrid-sidecurrents
canbepresentedbythemappingfunctionandthe
outputcurrentsoftheDBRs.

Sa1(t)=0.5{sign[ua1(t)-uc1(t)]-sign[ub1(t)-ua1(t)]},
Sb1(t)=0.5{sign[ub1(t)-ua1(t)]-sign[uc1(t)-ub1(t)]},
Sc1(t)=0.5{sign[uc1(t)-ub1(t)]-sign[ua1(t)-uc1(t)]},
Sa2(t)=0.5{sign[ua2(t)-uc2(t)]-sign[ub2(t)-ua2(t)]},
Sb2(t)=0.5{sign[ub2(t)-ua2(t)]-sign[uc2(t)-ub2(t)]},
Sc2(t)=0.5{sign[uc2(t)-ub2(t)]-sign[ua2(t)-uc2(t)]},

􀮠

􀮢

􀮡
􀪁
􀪁
􀪁
􀪁
􀪁􀪁

(11)

whereSa1(t),Sb1(t),Sc1(t),Sa2(t),Sb2(t),Sc2(t)
arethemappingfunctionsofphasea1,phasea2,
phaseb1,phaseb2,phasec1,phasec2.
 TheinputcurrentsoftheDBRscanbeexpressedas

ia1

ib1

ic1

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁 =

Sa1

Sb1

Sc1

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁 id1

, (12)

ia2

ib2

ic2

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁 =

Sa2

Sb2

Sc2

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁 id2.

(13)

 Meanwhile,byapplyingKirchhoff'sCurrentLawin
Fig.1,outputcurrentsofDBRscanbeexpressedas

id1
id2
􀭠
􀭡

􀪁􀪁 􀭤
􀭥

􀪁􀪁 =

Id
2-ix1

Id
2-ix2

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁 .

(14)

 CombiningEqs.(12),(13)and(14),wecanget

ia1
ib1
ic1
ia2
ib2
ic2

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁􀪁

=

Sa1 Id
2-ix1  

Sb1 Id
2-ix1  

Sc1 Id
2-ix1  

Sa2 Id
2-ix2  

Sb2 Id
2-ix2  

Sc2 Id
2-ix2  

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁
􀪁

. (15)
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 BysubstitutingEq.(15)intoEq.(10),thegrid-
sidecurrentsexpressedbyDCloadcurrentIdand
injectedcompensatingcurrentsix1,ix2canbewritten
as

ia=(A+B)Id2-Aix1-Bix2,

ib=(C+D)Id2-Cix1-Dix2,

ic=(E+F)Id2-Eix1-Fix2,

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁􀪁
􀪁
􀪁
􀪁􀪁

(16)

where

A=Sa1+ K2

3K1
(Sb1-Sc1),

B=Sa2+ K2

3K1
(Sc2-Sb2),

C=Sb1+ K2

3K1
(Sc1-Sa1),

D=Sb2+ K2

3K1
(Sa2-Sc2),

E=Sc1+ K2

3K1
(Sa1-Sb1),

F=Sc2+ K2

3K1
(Sb2-Sa2).

 Inordertoensurethefullcompensationofthe
rectifyingsystem,thethree-phasegrid-sidecurrents
aresetas

ia=23πIdsin(ωt),

ib=23πIdsinωt-2π3  ,
ic=23πIdsinωt+2π3  .

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁􀪁

􀪁
􀪁
􀪁􀪁

(17)

 From Eqs.(16)and (17),thecompensating
currentsix1,ix2canbeexpressedas

ix1=
23
πId Dsinωt-Bsinωt-2π3    

BC-AD +12Id
,

(18)

ix2=
23
πId Asinωt-2π3  -Csin(ωt)  

BC-AD +12Id.

(19)

 Theexpressionofcompensatingcurrentix1is
complexandnoteasytoimplementinpractice.
Therefore,calculatingEqs.(18)byMatlab,wecan

approximatelyobtainthewaveformoftheratioof
compensatingcurrentix1toDCsideloadcurrentId,
asshowninFig.4.Thewaveformofcompensating
currentix2isthesameasthatofix1,butthephase
differenceis30°.Undertheconditionofpower
frequency,thewaveform showninFig.4canbe
injectedintotheDCsideoftherectifyingsystemto
makethecurrentsonthegridsideclosertothesine
wave.

Fig.4 Theoreticalcompensatingwaveformofix1/Id

4 Construction of active auxiliary
circuit

 Thesingle-phaseinverterandtheIPRsinFig.5
constituteanactiveauxiliarycircuit.Combiningthiskind
ofauxiliarycircuitwithzigzagphase-shifting12-pulse
rectifiercan notonlyreducethe manufacturing
difficultyandwindingconfigurationofphase-shifting
transformer,butalsoreducetheharmoniccontentof
rectifyingsystemobservably.

Fig.5Activeauxiliarycircuit

 InFig.5,theoutputendsoftherectifierare
connectedtotwodottedterminalsoftheIPRs.
Similarly,asforcompensatingcurrentix1andix2,the
single-phaseinvertergeneratesthemandfeedthem
intotheIPRs.InFig.5,Lxrepresentsthefilter
inductanceoftheinverter,VDCrepresentstheDC
inputvoltageoftheinverter,andIdrepresentsthe
loadcurrentoftherectifyingsystem.Togeneratethe
injectioncurrentwaveformasshowninFig.4,wecan
replacethiswaveformbyastandardtriangularwave
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asshowninFig.6withafrequencyof300Hz,that
is,aperiodT0of1/300sandanamplitudeof0.45Id.
 Theexpressionsofinjectedcompensationcurrents
inFig.6aregivenby

ix1(t)=

-1.8T0 -0.9  Id, -T0
2±kT0,-T0

4±kT0  ,
1.8
T0Idt

, -T0
4±kT0,T04±kT0  ,

-1.8T0t+0.9  Id, T0
4±kT0,T02±kT0  ,

􀮠

􀮢

􀮡

􀪁
􀪁􀪁

􀪁
􀪁􀪁

(k=0,1,2,…), (20)

ix2(t)=

-1.8T0 -0.9  Id, ±kT0,T04±kT0  ,
1.8
T0Idt

, T0
4±kT0,3T04 ±kT0  ,

-1.8T0t+0.9  Id, 3T0
4 ±kT0,T0±kT0  .

􀮠

􀮢

􀮡

􀪁
􀪁􀪁

􀪁
􀪁􀪁

(k=0,1,2,…). (21)

Fig.6 Injectedtriangularwaveforms

 TheFourierseriesexpansionsofEqs.(20)and
(21)are

ix1=8AIdπ2 ∑
∞

n=1,3,5…

(-1)
n-1
2

n2 sin(nωt),

ix2=-8AIdπ2 ∑
∞

n=1,3,5…

(-1)
n-1
2

n2 sin(nωt),

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁
􀪁

(22)

whereT0is1/300,Aistheamplitudeofthe6times
thepowerfrequencytriangularwave,whichis0.45
here.
 Thetotalharmonicdistortionrateofthecurrents,
whichrepresentedby�THDi,canbeexpressedas

δTHDi =Ih
I1×100%=

∑
�

n≥2
I2n

I1 ×100%, (23)

whereI1representstheRMSvalueoffundamental
current;Ih representsthe RMS value oftotal
harmoniccurrents.
 With regard to the �THDiofzigzag 12-pulse
transformerrectifierwithcurrentinjectionatDC
side,calculatingEqs.(16),(22)and(23)byMatlab
programcangetthattheaverage�THDiofgrid-sidein
proposedrectifieris1.24%theoretically,whichis
lessthan the 9.10%[17] of conventionalzigzag

12-pulserectifier.Sotheoreticallyspeaking,the
activeinjectionstrategycansignificantlyreducethe�

THDionthegridsideoftherectifyingsystem.
 Thecurrenthysteresis-bandcontrolmethodis
adoptedtogeneratethetriangularwaveform.This
controlmethodiseasytorealizeanditisclosed-loop
controlwithstrongstability.Fig.7showsthecontrol
schematicdiagramoftheinverter.

Fig.7 Controlblockdiagramoftheinverter

 The triangular wave generator produces a
triangularwavewith6timespowerfrequencyand
amplitudeof±0.45.Bycomparingthereference
currentofmultiplierwiththeinjectioncurrent,the
differencesignalis connected to the hysteresis
controller.Afterthehysteresiscontrollergenerates
thedrivingsignaltodrivethesingle-phaseinverter,
therequired 6 times powerfrequencyinjection
currentswhichcanchangewiththeloadcurrentcan
beobtained.

5 Validationandanalysis
 InMATLAB/Simulink,thesimulationmodelof
theproposedlowharmonic12-pulsezigzagrectifying
systemisestablished.Fig.8(a)andFig.8(b)show
the simulation model of zigzag 12-pulse
autotransformer and the auxiliary circuit,
respectively.

(a)Zigzagtransformer

(b)Activeauxiliarycircuit
Fig.8 Simulationmodel

 Undertheconditionofthesamepowersupplyand
sameload,the proposed zigzag autotransformer
rectifieriscompared withtheconventionalzigzag
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autotransformerrectifier.Thesimulationparameters
arelistedinTable1.

Table1 Parametersforsimulation

Parameter Description Value

VLL(V) RMSvalueofinputlinevoltage 380
K1∶K2 Turnratiosofthewindings 0.3333∶0.1547
Rload(Ω) DCloadresistor 30
Lload(mH) DCfilterinductor 5
Lx(mH) Inverterfilterinductor 1.5
VDC(V) DCsourceofinverter 100
fc(kHz) Switchingfrequencyofinverter 12
f(Hz) ACsupplyfrequency 50
B(A) Currenthysteresisbandwidth ±0.01

 Whentheactiveauxiliarycircuitisnotworking,
themainsimulationresultsoftherectifierareshown
inFig.9.

(a)Grid-sidecurrentsia,ibandic

(b)Waveformsofcurrentsia1andia2

(c)Windingcurrenti1

(d)Spectralanalysisofthegrid-sidecurrentia

Fig.9 Mainsimulationresultsoftherectifierwhenactive
auxiliarycircuitisnotworking

 Fig.9(a)showsthecurrentwaveformonthegrid
sideofthesystemwithoutcompensatingcurrents.It
canbeseenthatthewaveformhasbeenobviously
distorted.Fig.9(b)showsthewaveformscurrentia1
andia2.Itcanbeverifiedfromthefigurethatthe
phasedifferenceofthetwo waveformsis30°to
achievetheeffectofphase-shifting,indicatingthat
thewindingsdesignofthezigzagautotransformeris
correct.Fig.9(c)showsthecurrenti1inthewinding
ofzigzagautotransformer.Thewaveformsofthe
windingcurrentsi2andi3areconsistentwithi1but
thephasedifferenceis120°.Inthecaseoffullload,
Fig.9(d)isthespectralanalysisdiagramofthethree-
phasegrid-sidecurrentia,whose �THDiis12.54%.
Obviously,conventionalzigzag 12-pulse rectifier
cannotmeetthestandardsofIEEE-519[18]andIEC
61000-3[19]thatthe�THDishallbelowerthan5%.
 Whentheactiveauxiliarycircuitisworking,the
waveformofthecurrentix1inFig.10,whichis
generatedbytheauxiliarycircuitinFig.8(b),is
directlyinjectedintotheDCsideoftheproposed
rectifier.Thefrequencyofthecurrentix2isthesame
asthatofthecurrentix1,bothofwhicharetriangular
wavesof300Hzwithaphasedifferenceof30°.

Fig.10 Waveformofcurrentix1injectedintoDCside

 Theinjectionsofthesetwotrianglewavesmakethe
waveformsoftheoutputcurrentid1andid2ofthetwo
DBRstriangular,asshowninFig.11(a).Although
thewaveformsoftheoutputcurrentsoftheDBRs
change after the currentinjection,the output
currents'averagevaluesoftheDCsidearethesame.
 Accordingly,waveformsofinputcurrentsia1,ia2
and windingcurrenti1 ofthe DBRshavebeen
improved,asshowninFig.11(b)andFig.11(c).As
canbeseenfrom Fig.3,grid-sidecurrentiais
synthesizedbycurrentsia1,ia2andwindingcurrent
i1,soitswaveformshouldbeclosetothestandard
sinewave,asshowninFig.11(d).
 Accordingtothespectralanalysisofthegrid-side
currentia in Fig.11(e),its �THDiis 1.17%.
Obviously, when the single-phase inverter is
working,thegrid-side�THDiofthe12-pulserectifying
systemisverysmallandcan meettheharmonic
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requirementsofIEEE-519andIEC61000-3.

(a)Outputcurrentsid1,id2ofDBRs

(b)Waveformsofcurrentsia1andia2

(c)Windingcurrenti1

(d)Grid-sidecurrentia

(e)Spectralanalysisofthegrid-sidecurrentia
Fig.11 Mainsimulationresultsoftherectifierwhenactive
auxiliarycircuitisworking

 Undertheconditionoffullload,Table2showsthe
harmonicparametersofthegrid-sidecurrentsofthe
rectifyingsystemaftertheinjectionofcompensating
currents. When no compensating currents are
injected,theaveragegrid-side�THDiis12.537%which
islessthanthetheoreticalvalueduetotheinfluence
ofleakageinductanceoftransformerwindings,but
the�THDicannotmeettherequirements[18-19].

Table2 Harmonicparameterscomparisonofgrid-sidecurrentswithorwithoutcompensatingcurrents

Compensating
currents

Grid-side
currents

�THDi(%)
RMSoffundamental
current(A)

Averageof�THDi(%)
Harmoniccomponents(%)

11th 13th

Without

ia 12.536 14.194

ib 12.537 14.195

ic 12.538 14.194

12.537

8.720 6.990

8.720 6.990

8.720 6.990

With

ia 1.168 14.583

ib 1.156 14.582

ic 1.163 14.583

1.162

0.890 0.540

0.900 0.540

0.890 0.540

 Aftertheinjectionofcompensatingcurrents,the
average �THDiofthree-phasegrid-sidecurrentsis
1.162%.Obviously,conclusioncanbedrawnfrom
Table2and Fig.11(e)thatthezigzag12-pulse
rectifierwithactiveinjectionatDCsidecannotonly
reducetheaveragegrid-side�THDi,butalsodebasethe
contentofthe11thandthe13thharmonics.
 Afterthecompensationcircuitisworkingandthe
selectedloadvaluesarebetween10%and100%of
theratedload,simulationiscarriedouttostudythe
influenceofvariousloadonthegrid-sidecurrents.
Fig.12showsthechangetrend.Itcanbeclearlyseen

thattheharmoniccontentofthegrid-sidecurrents
changeslittlewiththeloadbeforeandaftercurrent
injection.Althoughthegrid-side�THDiincreaseswhen
therectifyingsystemisunderlightload,asawhole,
theharmoniccontentoftherectifyingsystemafter
compensationcanstillmeetthestandards[18-19].
 AccordingtoRef.[5],theequivalentcapacityof
thetransformercanbecalculatedas

Seq=0.5×∑VRMS×IRMS, (24)

whereSeqrepresentstheequivalentcapacityofthe
transformer;VRMS representsthe RMS valueof

353     LIUJiongde,etal./Alowharmonic12-pulserectifierbasedonzigzagautotransformerbycurrent...



voltageat both ends of each winding ofthe
transformer;IRMSrepresentstheRMSvalueofthe
currentflowing through each winding of the
transformer.

Fig.12 Trendchartofgrid-sidecurrentsharmoniccontent
changingwithload

 TheRMSvalueofcurrentsfedtothewindingsof
autotransformer,IPRsandsingle-phaseinvertercan
beobtainedbythesimulationmodel.Theequivalent
capacityofthezigzagautotransformer,IPRsand
inverterbycomputationis23.35%,2.11% and
2.21% ofthe output power oftheload side
respectively,sothetotalequivalentcapacityofthe
magneticelementsinthewholesystemis27.66%.
 Todemonstratethecorrectnessandapplicabilityof
constructinganactiveauxiliarycircuitthrougha
smallcapacityinverter,the �THDiandequivalent
capacityoftwotopologies,topology-Aandtopology-
B,arecomparedinTable3undertheconditionof
ratedload,in which topology-A isthezigzag
12-pulserectifierwithboostconverter[20],topology-B
istheproposedrectifier.ByTable3,thegrid-side�

THDioftopology-Bis1.17%,whichislessthan2.
64% ofthat oftopology-A.In terms ofthe
equivalentcapacityofthistworectifiers,duetothe
differentharmonicsuppressionmethodsontheDC
side,thewindingcurrentsoftheautotransformer,
IPRsandauxiliarycircuitalsovary.Table3shows
thattheequivalentcapacityoftopology-Ais3.54%
higherthanthatoftopology-B,indicatingthat
topology-Bgetshigherpowerdensity.Therefore,
thetopology-Bhasbetterperformanceintheaspect
oftheeffectoftherectifyingsystemonthegrid-side
currentsandtheequivalentcapacityofwholesystem.

Table3 Comparisonofparametersfordifferenttopologies

�THDi(%)SAuto(%) SIPR(%) SCIC(%) Seq(%)

A 2.64 25.54 3.40 2.27 31.21

B 1.17 23.35 2.11 2.21 27.67

6 Conclusions
 Azigzag12-pulserectifierbyactiveinjectionatDC
sidehasbeenproposed.Thecalculationmethodof
thewindingconfigurationparametersofzigzagphase-
shiftingautotransformerisgiven.Whenthegrid-side
currentsaresinusoidal,thecurrentwaveform of
activeinjectioncompensationisanalyzed.Atlast,
the rectifying system modelis built and the
theoreticalanalysisisconfirmedbysimulation.The
conclusionscanbedrawasfollows:
 1)Whentheoutputcurrentsoftheauxiliary
circuitaretriangularandtheirfrequencyis6times
gridfrequency,thegrid-side �THDiisabout1.17%.
Hencethecurrentharmonicsarenotablysuppressed.
 2) Whentheloadischanged,thecurrent
hysteresis-bandcontrolmethodusedbythemulti-
pulserectifiercanadjusttheoutputcompensating
currents,whichcanrestraintheincreaseofthe
harmonicscontentofthegrid-sidecurrent.
 3)Afterusingzigzagautotransformerasphase-
shiftingtransformerandusingsmallcapacityinverter
to generate compensating currents,the system
equivalentcapacityisonlyabout27% oftheload
power,whichcanreducethevolumeandimprovethe
powerdensityofrectifyingsystem.
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一种基于直流侧有源注入的12脉波
之字形自耦变压整流器

刘炯德1,陈小强1,2,王英1,陈涛1
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2.兰州交通大学 光电技术与智能控制教育部重点实验室,甘肃 兰州730070)

摘 要: 为提高多脉波整流器的谐波抑制能力,提出了一种基于直流侧有源补偿策略的之字形自耦变压整

流器。通过控制小容量电流逆变器产生补偿电流,并将补偿电流直接注入到系统的直流侧使整流器输入电

流近似为正弦波。使用之字形自耦变压器作为移相变压器以阻断零序电流成分,降低整流系统的等效容量。
研究网侧电流谐波畸变率随负载的变化规律表明,在各种负载条件下,补偿后的整流系统谐波含量显著降

低。所提出的有源注入整流系统的网侧电流谐波含量仅为1.17%,且具有较低的等效容量。
关键词: 多脉波整流器;有源补偿;之字形自耦变压器;等效容量
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