
Vol.9No.4,Dec.2018 JournalofMeasurementScienceandInstrumentation 397

Aneutral-pointpotentialbalancecontrolstrategyfor
three-levelinverterbasedonVSVPWM①
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Abstract:Thetopologyofdiodeneutral-point-clamped(NPC)three-levelinverterispronetoneutral-pointpotentialoffset.
Whenthesumofthree-phasecurrentiszero,thevirtualspacevectorpulsewidthmodulation(VSVPWM)schemedoesnot
causetheneutral-pointvoltageoffset,butitlackstheabilitytobalancethedeviation.Forthisreason,aneutral-pointpotential
controlstrategycombiningvirtualspacevectormodulationandloopwidthcontrolisproposed.Theneutral-pointpotentialis
balancedbyintroducingthedistributionfactorfortheregionswithredundantvectors.Forotherregions,thepotentialis
controlledbyselectingasuitableswitchingsequence.Meanwhile,theeffectonthevirtualvectormodulationisreducedwithin
theloopwidthbysettinganappropriateloopwidth,therebyimprovingthebalanceeffect.Thesimulationresultsshowthatthe
proposedmethodhasastrongabilitytocontroltheoffsetandhasexcellentpotentialbalanceperformanceundertheconditions
ofbalancedload,unbalancedloadandasymmetriccapacitanceparameters.
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0 Introduction
 Comparedtothetwo-levelinverter,theswitching
stressofthethree-levelneutral-point-clamped(NPC)
inverteris reduced by half,and the harmonic
distortionoftheoutputwaveformisevensmaller[1].
Atpresent,ithasbeenwidelyusedinthefieldof
flexible AC transmission, reactive power
compensationandabsorption,andsoon[2-3].Butthe
three-levelNPCinverterhastheproblemofneutral-
pointpotentialimbalance,which willincreasethe
harmoniccontentoftheoutputvoltage,reducethe
lifetimeoftheswitchdevice,andevencausethe
breakdownofDClinkcapacitors[4].Therefore,itis
significant to study the neutral-point potential
balanceproblemofthree-levelinverters.
 The method of controlling the neutral-point
potentialbalancecanbedividedintohardwarecontrol
andsoftwarecontrol.Theformerrequiresadditional
costs,sosoftwaremethodsarewidelyused.Ref.[5]
was based on space vector pulse modulation
(SVPWM),andtheneutral-pointpotential was
balancedbychangingtheactiontimeofredundant

smallvectors.However,whenthemodulationindex
washigh,thecontroleffectwasnotsatisfactory.In
Refs.[6-7],thevirtonalspacevectorpulsewidth
modulation(VSVPWM)theoreticallybalancedthe
neutral-pointpotentialcompletely,butitdidnot
effectivelybalancetheoffsetcausedbyunbalanced
loadparametersandelementparameters.Gui,etal.
proposedtheconceptofvariablevirtualvectorpulse
widthmodulation(VVSVPWM)[8].Accordingtothe
valueoftheneutral-pointpotential,changingthe
lengthofvirtualmiddlevectorcouldbetterachieve
theneutral-pointpotentialbalance.Jiang,etal.
proposed some hybrid modulation schemes,and
different modulation methods were switched to
controlthepotentialunderdifferentsituations,but
the complexity of the algorithm was also
increased[9-11].
 Based ontheaboveanalysis,a neutral-point
potentialbalance method based on VSVPWM is
proposed.The neutral-pointpotentialbalanceis
achievedbyadjustingtheactiontimeofpositiveand
negativesmallvectors.Inregion5,theneutral-point
potentialiscontrolledbyselectinganappropriate
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switching sequence,which greatlyimprovesthe
abilitytocontrolthebalanceofpotentialinthissmall
region.Finally,asimulationmodelisbuiltbasedon
Matlab/Simulinktoverifytheperformanceofthe
proposedalgorithmunderdifferentconditions.

1 Principleofpotentialimbalancefor
three-levelinverter

 ThetopologyofNPCthree-levelinverterisshown
inFig.1.TakephaseAasanexample.Eachphase
hasthreelevelstates:whenQ1andQ2areon,the
stateismarked “p”;whenQ2andQ3areon,the
stateismarked“o”;whenQ3andQ4areon,thestate
ismarked“n”.Theothertwophasesalsoobeythis
rule.

Fig.1 TopologyofNPCthree-levelinverter

 AsshowninFig.1,therelationshipbetweenthe
voltageandcurrentofDClinkcapacitoris

UC1 = 1
C1∫

t

0
iC1dτ+UC10, (1)

UC2 = 1
C2∫

t

0
iC2dτ+UC20, (2)

whereiC1,iC2andioarethecurrentsofcapacitance
C1,C2andneutral-point,respectively;UC10andUC20

arethecapacitorvoltagesattheinitialtime,andthe
asymmetry of capacitance parameters and load
parametersmaycauseUC10≠UC20.
 FromFig.1,itcanbeknownthatiC1-iC2=i0.
AssumingthatC1=C2=CandUC10=UC20,wecan
get

UC1-UC2 = 1C∫
t

0
iodτ. (3)

 AsknownfromEq.(3),ifthechargeofinflow
andoutflowisnotzeroduringaswitchingperiod,it
willcausetheneutral-pointpotentialimbalance.In
addition,ifUC1isnotequaltoUC2,theneutral-point
potentialcanbebalancedbyadjustingthecharge

flowingoutoftheneutral-point.
 Thethree-levelinverterhas27switchingstates,
correspondingto27basicspacevoltagevectors,and
thespacevoltagevectorsdiagramisshowninFig.2.

Fig.2 Spacevoltagevectorsdiagram ofthree-levelNPC
inverter

 The different vectors correspond to different
neutral-pointcurrentsthatwillhavedifferenteffects
ontheneutral-pointpotential.The neutral-point
currentiocanbeexpressedas[12]

i0 = ∑
j=a,b,c

Sj(2-Sj)ij, (4)

whereSjistheswitchingfunctionandisdefinedas

Sj =

2, Uj =p;

1, Uj =o;

0, Uj =n;












 j=a,b,c. (5)

 Theneutral-pointcurrentsfordifferentvoltage
vectorscanbeobtainedaccordingtoEq.(4).Table1
showstheneutral-pointcurrentsforthevoltage
vectorsinsectorⅠ.

Table1 Neutral-pointcurrentfordifferentvoltagevectors

P-type
small
vectors

io

N-type
small
vectors

io

Middle
vectors
andlarge
vectors

io

poo -ia onn ia pon ib

ppo ic oon -ic pnn/ppn 0

2 TraditionalVSVPWM
 TheVSVPWMintroducesavirtualmiddlevector
onthe basisofthetraditionalSVPWM,which
dividesasectorinto5smallregions.Takingthefirst
sectorasan example,thevirtualspace vectors
diagramisshowninFig.3.
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Fig.3 VirtualspacevectorsdiagraminsectorⅠ

 ThevirtualmiddlevectorinsectorⅠisdefinedas

VM = 13
(Vonn +Vpon +Vppo). (6)

 AsknownfromTable1,thevectorsV0,VL1and
VL2donotaffecttheneutral-pointpotential.Since
theswitchingperiodTSisveryshort,thethree-phase
currentcanbeconsideredaconstantvalueduringa
switchingcycle[6].Whenthethree-phasecurrent
satisfiesia+ib+ic=0,theactiontimeofVMis
equallydistributedtoitsthreecomponentvectors,
whichcanensurethatthechargeflowingoutofthe
neutral-pointwithinoneswitchingcycleiszero,thus
it will not affect the neutral-point potential.
Similarly,VS1andVS2alsodonotcausepotential
shiftsbydividingtheactiontimeequally.
 TheVSVPWMisproposedundertheconditions
thatthethree-phasecurrentsatisfiesia+ib+ic=0,
butthethree-phasecurrentintheactualoperation
willnotalwaysmeettheconditions.Meanwhile,itis
difficulttobalancetheoffsetcausedbyunbalanced
loadparametersandelementparameters.
 ForVSVPWM,theswitchingsequencesofvoltage
vectorsinsectorⅠareshowninTable2.

Table2 SwitchingsequencesofvectorsinsectorⅠ

Region Switchingsequence

1 ppo→poo→ooo→oon→onn→oon→ooo→poo→ppo
2 ppo→poo→pon→oon→onn→oon→pon→poo→ppo
3 ppo→poo→pon→pnn→onn→pnn→pon→poo→ppo
4 ppo→ppn→pon→oon→onn→oon→pon→ppn→ppo
5 ppo→ppn→pon→pnn→onn→pnn→pon→ppn→ppo

3 Neutral-pointpotentialbalancecontrol
strategy

3.1 Potentialcontrolbasedontimedistribution
factor

 From Table2,itcan beseenthatthereare
redundantsmallvectorsinregions1-4,andthe
neutral-point potential can be controlled by
introducingthedistributionfactor.Assumingthat
thevoltagesofthetwocapacitorsareUC1andUC2

respectivelyattheendofthelastswitchingcycle,the
voltagedifferencebetweenthetwocapacitorscanbe
definedas

ΔU =UC1-UC2. (7)

 Thechargethatneedstobecompensatedforthe
currentswitchingcyclecanbeexpressedas

Q0 =-C×ΔU
2 . (8)

 Takingtheregion1asanexample,therearetwo
pairs of redundant small vectors. Two time
distributionfactors,k1 and k2,areintroduced,
correspondingto the first and second pairs of
redundantvectors,respectively.Iftheactiontimeof
thevectorsVS2,VS1andV0arerepresentedbyT1,T2

andT3,respectively,theswitchingsequenceandthe
actiontimeareshowninTable3.

Table3 Switchingsequenceandactiontimeinregion1

Switchingsequence ppo → poo → ooo → oon → onn → oon → ooo → poo → ppo

Actiontime
(1+k1)T1
4  

(1+k2)T2
4  T3

2 
(1-k1)T1
4  

(1-k2)T2
2  

(1-k1)T1
4  T3

2 
(1+k2)T2
4  

(1+k1)T1
4

 Combinedwith Table3andTable1,itcanbe
calculatedthatthechargeflowingoutoftheneutral-
pointduringaswitchingcycleis

ΔQ=ick1T1-iak2T2. (9)

 Inordertoachievethebalanceofneutral-point
potential,itisnecessarytosatisfyΔQ=Q0.Letthe
absolutevaluesofthetwofactorsbeequal,ifthe
directionofneutral-pointcurrentisthesamewhen

thetwoP-typesmallvectorswork,k2isequaltok1.
Thevalueofthedistributionfactork1is

k1 = Q0

icT1-iaT2
. (10)

 Otherwise,k2=-k1,thevalueofk1is

k1 = Q0

icT1+iaT2
. (11)
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 Itshouldbenotedthatthetimedistributionfactors
k1andk2needtosatisfy-1≤(k1,k2)≤1.Ifk1≥1,
k1=1;ifk1≤-1,k1=-1.Thisindicatesthatwhen
thepotentialdifferenceisrelativelylarge,accurate
compensation cannot be achieved within one
switchingcycle,andtheneutral-pointpotentialcan
be balanced after several switching cycles.
ConsideringthatthetraditionalVSVPWMdoesnot
causepotentialoffsetinsomecases,aloopwidth,h,
is introduced. And the neutral-point potential
differenceΔUsatisfies

ΔU =
0, |ΔU|≤h,

ΔU, |ΔU|>h. (12)

 ItcanbeseenfromEq.(12)thatwhen|ΔU|≤h
andthecurrentsatisfiesia+ib+ic=0,thecalculated
valueofdistributionfactoris0,whichhasnoeffect
ontheneutral-pointpotential.Thatistosay,only
theVSVPWMschemeworks.Similarly,thereare
redundantsmallvectorsfortheregions2,3and4,
andthesamemethodcanbeusedtobalancethe
neutral-pointpotential.

3.2 Switchingsequenceselectioncontrol

 AsknownfromTable2,whenthereferencevector
isinregion5forthetraditionalVSVPWM,thereis
noapairofredundantsmallvectorintheswitching
sequence.Therefore,theneutral-pointpotentialthat
hasbeenshiftedcannotbebalancedbyintroducing
thedistributionfactor.Thepaperproposesthatthe
neutral-pointpotentialinregion5canbecontrolled
byselectingtheappropriatesequence.
 Itisknownfrom Eq.(6)thatthetraditional
virtualmiddlevectorcontainstwosmallvectors,and
allofthem haveredundantvectors.Therefore,
withoutchangingtheamplitudeofthevirtualmiddle
vector,itcan beexpressedastwootherforms
besidestheoriginalsequence.Theeffectsofthe
threevirtualmiddlevectorsontheoutputvoltageare
thesame,buttheycorrespondtodifferentneutral-
pointcurrents.Therefore,theneutralpointpotential
can be controlled by selecting the appropriate
switchingsequence.Takingthefirstsectorasan
example,thevirtualmiddlevectorcanbeexpressed
asthefollowingtwoforms,namely

VM1 = 13
(Vpoo +Vpon +Vppo),

VM2 = 13
(Vonn +Vpon +Voon). (13)

 The switching sequence needsto satisfy the
conditionthatonlytwoswitchingdevicescanact
betweentwoswitchingstates.Atthesametime,in
order to reduce the harmonic distortion,the
switchingsequenceshouldbesymmetrical.Onthe
premiseofsatisfyingtheaboverequirements,two
otherswitchingsequencesareavailable,asshownin
Table4.

Table4 Switchingsequencesinregion5

Switching
sequence1

poo→ppo→ppn→pon→pnn→pon→ppn→ppo→poo

Switching
sequence2

oon→onn→pnn→pon→ppn→pon→pnn→onn→oon

 Whentheswitchingsequence1andtheswitching
sequence2areappliedrespectively,iftheoperation
timeofthevirtualmiddlevectorisT1,thecharge
flowingoutoftheneutral-pointinoneswitching
periodisΔQ1andΔQ2,respectively,namely

ΔQ1 = (-ia +ic+ib)T1

3
,

ΔQ2 = (-ic+ia +ib)T1

3. (14)

 Whenthethree-phasecurrentmeetsia+ib+ic=0,
simplifyingEq.(14),wecanobtain

ΔQ1 =-23iaT1,

ΔQ2 =-23icT1. (15)

 Theappropriateswitchingsequencecanbeselected
tobalancetheneutral-pointpotentialaccordingtothe
valueofthecurrentsia,icandpotentialdifference
ΔU.ButifΔUfloatsupanddownnearto0,itmay
causefrequentswitchingofthesequencesandviolent
fluctuationoftheneutral-pointpotentialwaveform,
whichisnotconducivetothebalancecontrolof
neutral-pointvoltage.Consideringtheloopwidthh,
incombinationwithEq.(15),thesequenceselection
rulesfortheregion5inthefirstsectorareas
follows:
 1)WhenΔU>handia>0,switchingsequence1is
selected.
 2)WhenΔU<-handic<0,switchingsequence2
isselected.
 3)Inothercases,theoriginalswitchingsequence
isselected.
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4 Simulationresultsandanalysis

 Inordertoverifytheperformanceoftheproposed

method,asimulationmodelofthree-levelinverteris
builtwith Matlab/Simulinksoftware,asshownin
Fig.4.Andsomeoftheparametershavebeenlabeled
inthediagram.

Fig.4 Maincircuitofsimulationmodel

 Fig.5givesthecircuitmodelfortheselectionof
switchingsequence.Thesimulationiscarriedout
under the three conditions: balanced load,
unbalanced load and asymmetric capacitance
parameters. The simulation parameters are as
follows:theDClinkvoltageUdc=600V,DClink
capacitorsC1=C2=1000μF,filterinductanceL=
1.26mH,filtercapacitorC =40 μF,switching
frequencyis5kHz,fundamentalfrequencyis50Hz,
modulationindexis0.9,andloopwidthh=1.The
loadsaredifferentunderthethreeconditions.

Fig.5 Circuitdiagramofselectingswitchsequence

4.1 Three-phasebalancedload

 WheneachphaseloadmeetstheconditionsthatR
=9ΩandL=30mH,thesimulationwaveformsof
VSVPWM under three-phase balanced load
conditionsareshowninFig.6.
 ItcanbeseenfromFig.6(a)thatthelinevoltage
waveformisgoodunderbalancedloadconditions.
Duetotheinfluenceofsamplingtimeofthesolver,
theneutral-pointpotential maybeoffset,butit
cannot be effectively controlled by traditional
VSVPWM,asshowninFig.6(b).
 Afterintroducingthe distributionfactor,the
simulation waveform isimproved obviously,as
showninFig.6(c).Sincethebalancecontrolisonly
inregions3and4,thereisalargefluctuationatthe
initialstageofthebalance,andaccordinglyalonger
balancetimeisneeded(about0.1s).
 Bycomparing Figs.6(c)and (d),itcanbe
observedthattheabilitytocontroltheneutral-point
potentialis obviouslyimproved aftertakingthe
sequencecontrol.Thebalanceisachievedwithinonly
0.05s,andtheinitialfluctuationsarealsosmaller.
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Fig.6 Simulationwaveformsofbalancedload

4.2 Three-phaseunbalancedload

 ChangingtheloadofphaseAtoR=12Ω,L=
10mH, the other two phase loads remain
unchanged.Thesimulation waveformsofneutral-
pointpotentialareshowninFig.7.FromFig.7(a),
itcan be seen thatthe neutral-point potential

deviationis moreobviousunderunbalancedload
conditionthanunderthebalancedload,whilethe
VSVPWM scheme is difficult to balance the
deviation.Afterthedistributionfactorandsequence
controlareapplied,theneutralpointpotentialis
quicklybalanced,asshowninFig.7(b).Atthesame
time,thefluctuationissmallerthanbefore.

Fig.7 Simulationwaveformsofunbalancedload

4.3 Asymmetriccapacitanceparameters

 WhentheloadofeachphaseisR=9Ω,l=

30mH,thecapacitorC2ischangedto1150μF,and
theneutral-pointcontrolisappliedat0.05s,the
simulation waveform ofthe capacitor voltageis
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showninFig.8.Itcanbeseenthatthecapacitor
voltagedifferenceisabout40Vintheinitialperiod
duetotheasymmetryofthecapacitanceparameters.
Afterthecontrolstrategyisusedat0.05s,the
neutral-pointpotentialgraduallytendstobalance.
ComparingFig.8(a)withFig.8(b),itcanbeseen
thatwhenonlythedistributionfactorisadopted,it

takes0.03stoachievethebalance.Afterapplying
thesequencecontroltoregion5,only0.01sis
neededtoachievethebalance.Comparedwiththe
virtual space vector modulation,the proposed
methodcangreatlyimprovetheabilitytocontrolthe
neutral-point potential and achieve the balance
controlmorequickly.

Fig.8 Simulationwaveformsofasymmetriccapacitanceparameters

5 Conclusion
 SincethetraditionalVSVPWMcannoteffectively
balancethepotentialoffsetcausedbyasymmetric
parameters,anew neutral-pointpotentialcontrol
strategy based on VSVPWM under three-phase
balancedloadconditionareproposed.Byintroducing
thedistributionfactorsandselectingtheappropriate
switchingsequence,theneutral-pointpotentialcan
becontrolledineverysmallregion.Thesimulationis
performedundertheconditionsofbalancedload,
unbalanced load and asymmetric capacitance
parameters,respectively.Theresultsshowthatthe
neutral-pointpotentialcanberapidlybalancedunder
the above conditions,and it still has a good
performancewhenthemodulationindexishigh.
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基于虚拟空间矢量脉宽调制的三电平逆变器
中点电位平衡控制策略

程东亮,王小鹏,朱天亮,麻文刚

(兰州交通大学 电子与信息工程学院,甘肃 兰州730070)

摘 要: 二极管中点钳位型三电平逆变器的拓扑结构容易出现中点电位偏移问题。当三相电流之和为零

时,采取虚拟空间矢量调制(Virtualspacevectorpulsewidthmodulation,VSVPWM)的方法不会造成中点电

压偏移,但其缺乏对偏移进行平衡的能力,为此,提出了一种虚拟空间矢量调制与环宽控制相结合的中点电

位控制策略。该方法通过引入调节因子对存在冗余矢量的小扇区进行中点电位平衡;对于缺乏冗余小矢量

的小扇区,则选择合适的开关序列进行电位的控制;同时,设置合适的环宽,在环宽内减小对虚拟矢量调制

的影响,进而提高平衡效果。仿真结果表明该方法具有很强的控制电位偏移的能力,在对称负载、非对称负

载以及非对称电容参数的条件下都有很好的表现。

关键词: 三电平逆变器;虚拟空间矢量脉宽调制;中点电位平衡;开关序列
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