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Abstract 
 

The iaim iof ithis iresearch iis ito iinvestigate iand iillustrate ithe iimpact iof iunbalanced isupply 

ivoltages ion ithe ioperation iand iperformance iof ia ithree-phase iinduction imotor. iThree-phase 

isupply ivoltages, iunlike isingle-phase isupply ivoltages, ican ibecome iunbalanced iin ia ivariety iof 

iways, iwhereas ia ibalanced isituation imaintains iconsistent ivoltage imagnitude iand iangles iin iall 

ithree iphases, ialbeit ia itruly ibalanced icondition iis iimpossible ito iachieve iin ipractice. iImbalance 

isituations imight iarise ion iseveral iranges iand iit ican ibe iharmful ito ithe imotor. iA i3 iphase 

iinduction imachine iis idesigned ito iwork iunder ibalanced iconditions, ibut iunder iunbalanced 

isituations, iit ican iexperience ia ivariety iof icomplex ichanges iin iits imechanical iand ielectrical 

ivariables. iThis istudy ianalyzes idistinct isymmetrical iand iasymmetrical isettings iin iterms iof 

imechanical iand ielectrical iresponses ito ibetter iunderstand ithe imagnitude iof isuch ichanges. 

iRotor iand istator icurrents, ielectromechanical itorque, iand irotor ispeed iare iamong ithe ireactions. 

iTo iinvestigate ithese iresponses iand imotor ibehavior iunder ivarious iunbalanced iconditions, ia 

isimulation imodel iof ia ithree-phase iinduction imachine iis iemployed, ialong iwith ivarious 

isoftware-generated isubsystems. iThe imotor's ifinal ithroughput iis icalculated iusing itorque-speed 

icharacteristics iand iderating ifactor icurves ifor ivarious iunbalanced ivoltage icircumstances. iA 

icommon iview iis ithat ia icomplete ibreakdown iof ia iphase iis ifar imore iharmful ito imotor ifunction 

ithan ia ipercentage iincrease ior idecrease iin ivoltage ilevel ior iphase. iFurthermore, ia ichange iin ithe 

iphase iangle iof ithe ivoltage ihas iindeed ibeen iobserved ito icause imore ichanges iin ithe iresponses 

ithan ia ichange iin ithe ivoltage imagnitude. iThe iquantifiable icorrelation ibetween ivoltage 

iimbalance iand ithe iresultant imechanical iand ielectrical ioutputs iwill iaid iin ithe idesign iof iproper 

ivoltage iimbalance iprevention. iThis iresearch iwould ialso iaid iin ithe idevelopment iof iderating 

ifactors ifor imotors irunning iin ivarious iimbalanced icircumstances. 
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Chapter 1  i: iIntroduction 

 

Because iof itheir idurability, iefficiency, ireliability, iand ilow ioperating icosts, ithree-phase 

iinduction imotors i(3P-IM) iare iwidely iutilized iin iindustrial iapplications. iWhile isingle-phase 

iinduction imotors iare imore ipopular iin idomestic iand ilight iindustrial iapplications, ithree-phase 

iinduction imotors iare iused iin ilight ito iheavy iindustrial iuses. iConveyors, ipumps, iventilation, 

icompressors, iand imany iother idrive iapplications iin ithe imanufacturing iand iprocessing 

iindustries iare ipowered iby i3P-IMs. 

Because ithe ifrequency iof ithe ielectrical ipower isource idetermines ithe iinduction imotor's ispeed, 

iit ihas ibeen isuccessfully iused iin iapplications iwhere ia iconstant ispeed iis irequired. iThey iare 

imore ipopular ithan itheir irival iDC imotor idrives, iwhich iare ioften iemployed iin ivariable ispeed 

iapplications, idue ito itheir ilower icost iand ibetter ipower ioutput. iInduction imotor ispeeds imay 

inow ibe iadjusted iby ichanging ithe iAC icurrent ifrequency ithanks ito icontrolling ielectronics i[1]. 

iVariable ispeed idrives ihave ibecome imore iefficient iand icost-effective ias ia iresult iof ithis 

iadvancement, iand iinduction imotors ihave ilargely isupplanted iDC imotors iin imost iindustrial 

iapplications. i3P-IMs iconsume ialmost i75% iof iall iindustrial ielectricity i[2]. i3P-IMs iare iused iin 

iabout i80% iof icommercial iapplications i[3]. iGreater ieconomy iand iperformance ican iresult iin 

isignificant isavings iin iindustrial iapplications, iconsidering ithe imassive iquantity iof ipower 

iutilized iby ithese imotors. iThe iquality iand ireliability iof ithe ielectric ipower isystem ithat 

ienergizes ithe imotor idetermine ithe imotor's iperformance iand ithroughput. iBecause ielectrical 

ipower inetworks iare imade iup iof ia icomplex inetwork iof igeneration, itransmission, idistribution, 

iand iuse, ifaults iand iimbalances ican ioccur iat iany imoment iand iin ivarying idegrees iof isize iand 

iduration, iaffecting ithe ioverall iquality iof ithe ielectrical ipower idelivered. iThe imajority iof 

icurrent ielectric imachines iinclude ibuilt-in isafeguards ito iprevent idamage ifrom ipoor ipower 

iquality. iLong-term iexposure ito ia ipoor ielectric ipower isource, ion ithe iother ihand, imay iresult iin 

isubtle ilosses ior iharm ito ithe imachine's iperformance iand ilifespan. iIn iindustries, ieven ia itiny 

ipercentage ireduction iin iefficiency ican iresult iin ia iconsiderable itotal iloss iof imechanical ioutput 

iand iproduction iloss. iAs ia iresult, ithe iinfluence iof ielectrical iinput iimbalance iof ipower ion iAC 

imachines iis ian iimportant iresearch itopic. iSuch iresearch ievaluates iboth ithe iloss iof iperformance 

iand ithe idesign iof ipreventative imeasures ito icompensate ifor ior iprevent isuch ilosses. 

Despite iits imultiple ibenefits iand iapplications, i3P-IMs ihave ia inumber iof ilimitations, ione iof 

iwhich iis itheir ivulnerability ito iunbalanced ivoltage icircumstances. iUnbalanced ivoltage imight 

imanifest iitself ias ieither ia imagnitude idiscrepancy ior ias iphase iasymmetries. iUnder iunbalanced 
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isituations, ithe imotor iis isubjected ito ia isimultaneous isupply iof iover iand iunder ivoltages iacross 

imany ilines. i[4]. iOn ivarious iscales, ithese ievents idiminish ithe iperformance iof ithe i3P-IM. iAn 

iunbalanced isupply isituation ican ibe iintroduced iby ia ifailure iin ia itransmission iline ior ian iunequal 

idistribution iof isingle-phase iloads. iAn iabrupt ichange iin iloads, isuch ias ithe ishutdown iof ia iplant, 

iunbalanced iline ior iphase iimpedances iin ithe ipower isystem, ior ian iopen idelta itransformer 

iconnection, ican ialso icause ithe isupply ivoltage ito ibecome iunbalanced. iAccording ito ian iANSI 

iassessment, iapproximately i32% iof ithe iwhole ielectrical isystem iin ithe iUnited iStates ihas 

iimbalanced ilevels iranging ifrom i1% ito i3% i[3]. iVoltage iimbalances ishould inot iexceed i2%, 

iaccording ito iIEC iguidelines i[3, i5]. iHowever, idue ito ithe icomplexity iof ithe iloads iand itheir 

idistribution isystems, iit iis iimpossible ito ihave ia ipower isystem ithat iis icompletely idevoid iof iany 

itype iof iimbalance. iDepending ion itheir iseverity iand icharacteristics, ithese iunbalanced 

icircumstances ihave ivarying ieffects ion ithe isystem i[6]. iTo iassess itheir ieffect ion imechanical 

ithroughput iand ieconomy, ithe iperformance iof ia i3P-IM imust ibe ithoroughly iexamined iunder 

ivarious iunbalanced iscenarios. 

 

I. Objectives 

 

Computer-based isimulations iwere iused iin ithis istudy ito ilook iat ithe iimpact iof ifour idifferent 

isituations ion ithe i3P-IM icharacteristics iand iperformance. iThese ifour isituations, iwhich icause 

iimbalanced ivoltage, iare iwidely iclassified ias ifollows: 

➢ Phase iloss iin ia ithree-phase isupply; i 

➢ Unbalanced imagnitudes iin ithe ithree-phase isupply ivoltage; i 

➢ Unbalanced iphase iangles iin ithe ithree-phase isupply ivoltage; 

➢  iIn ithe ithree-phase isupply ivoltage, iboth iunbalanced imagnitudes iand iphase iangles 

iexist. 

 

It iis iexpected ithat ithis iwork imay ispark iadditional iresearch iutilizing icomparable isoftware 

isimulations. iSoftware isimulation icould ibe iused ito isimulate ireal-world icircumstances iat ilittle 

ior ilow icost, ieliminating ithe ineed ifor isubstantial iand icostly iunderlying ihardware iand isetup. iAn 

iexperimental iinvestigation imay inecessitate ithe imanipulation iof ia ilarge inumber iof ifactors iand 

ivariables, iwhich imay ibe iimpossible iin ia ireal-world ihardware isetup. iMoreover, iin ienergy 

isystems, irendering ievents isuch ias ifaults ior iunbalanced iconditions ican ibe idangerous iand 

iharmful ito ithe iunit iunder itest iif isuitable iprotection imeasures iare inot iincluded. iSimulations 
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ihave ibeen iused iin ia ivariety iof iresearch irelating ito ipower isystems iand imachinery i[7]. iThe 

iimpact iof iloading ian iinduction imotor iduring ian iimbalanced ivoltage ievent iwas idemonstrated 

iby iJayatunga iet ial. iin ia isimulation i[8]. iA isimulation ican igive iyou ia igood iidea iof iwhat imight 

ihappen iin ireal ilife, iand iit imight ieven ihelp iyou iwith iinduction imotor idesign. 

 

 

II. Literature iReview 

 

Raj et al. investigated the supply voltage distortion's effect on the performance of a 5 HP 3P-

IM [9]. The analysis shows that an imbalanced but undistorted voltage exists waveforms have 

a worse effect on 3P-IMs than balanced but distorted (non-sinusoidal) waveforms. The 

distortion of non-sinusoidal supply voltages results in the formation of damaging harmonics, 

which degrade motor performance by adding pulsing torque and noise [9]. Unbalanced 

voltages cause a loss of efficiency due to counteracting torque, which cancels out mechanical 

throughput or torque, according to Williams [10]. Several investigations have found that 

induction motors overheat and fail prematurely owing to unbalanced currents [5], [11]. 

According to a report from the US Department of Energy, a 10o C increase in temperature 

beyond typical operating temperature can cut the lifespan of a 3P-IM in half [12]. 

Unbalanced voltages have been shown to have the following impacts on 3P-IMs in a number 

of contemporaneous experiments [9], [13], and [14]. To begin, the entire output torque, which 

really is effectively the motor's throughput, decreases [13]. Moreover, it reduces efficiency 

[10], as well as power factor [15]. Third, vibration and noise [6, 16], as well as rotor rising 

temperatures, can cause wear and aging, affecting steady-state operating parameters. Lastly, 

a decrease in efficiency might cause significant financial loss [17]. 

The research examines several mechanical and electrical characteristics of a 3P-IM under 

these imbalanced voltage conditions in order to better understand the associated consequences 

of each operating situation. The impacts must be described by contrasting the parameters of 

3P-IMs that are exposed to both symmetrical and asymmetrical conditions. To enable such 

analysis, the performance of a 3P-IM is also modeled under usual circumstances. 
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III. Requirements ifor ithis iResearch 

 

This istudy's iexperimentation iis iseparated iinto itwo icomponents. iThe ielectrical iproperties iof 

ithe i3P-IM iunder itest, isuch ias ireactance iand iresistance ivalues, iare imeasured iin ithe ifirst istage. 

iIn ithe ilab, ithree itests iare iperformed ion ian iactual i3P-IM, iincluding iblocked-rotor, ino-load, iand 

iDC itesting. iThese itests iare icarried iout ito idetermine iall iof ithe ielectrical iparameters ineeded ifor 

ithe isimulation iin ithe ifollowing isection iof ithe iresearch. iThe istator iresistance iis idetermined iby 

ithe iDC itest, iwhereas ithe istator ireactance, ibut ialso ithe irotor iresistance iand ireactance, iare 

idetermined iby ithe iblocked-rotor itest. iThe imagnetizing ireactance iis idetermined iby ithe ino-load 

itest. iThe itests iare icarried iout iin iorder, iwith ithe iresults ifrom ione itest ibeing iapplied ito ithe inext. 

All iof ithe itest iscenarios ifor iunbalanced ivoltages iare idisplayed iand isimulated iin isoftware iin ithe 

isecond iphase iof ithe istudy. iThe iparameter ivalues icollected iin ithe ifirst ipart iare iutilized ito ibuild 

ia i3P-IM isoftware imodel. iThe i3P-IM imodel iis iused ito isimulate iand icompare ivarious ivariables 

iand iresults iwhen isubjected ito ivarious iunbalanced ivoltage iscenarios. iCertain ifeatures iare 

irequired iof ithe isimulation iapplication, isuch ias ithe iability ito iproduce idisplays iand iplot ivarious 

ispecified ivariables isuch ias ioutput icurrent, ispeed, iand itorque. iThese ivariables iand icharts iare 

iused ito idemonstrate iand icompare ithe ieffects iof ibalanced iand iunbalanced ivoltage iscenarios ion 

ithe i3P-IM. iThe iinduction imotor's irating ispecifications iare inecessary ito iestablish ithe iphysical 

iparameters iand iare iemployed iin ivarious icomputational iphases ithroughout ithe isimulation. 

iThese irequirements, ias iindicated iin iTable i1, iare iprovided iby ithe ivendor iand iremain iconstant 

ifor ithe iduration iof ithe iexperiment. iThe imodel iis ibased ion ia iToshiba i0.37kW ithree-phase 

imotor iand iemploys ia isquirrel-caged irotor i3P-IM iin ia iwye iconfiguration. 

The ivariables iare itranslated ito ia isimpler ireference iframe ito ienable ithe ianalysis iof ithree-phase 

ivalues iin ithe isimulation. iOtherwise, idue ito ithe ipresence iof itime-varying iinductances, ithe 

iequations ifor idetermining ithe iperformance iof ia i3P-IM iare itime-consuming ito iderive iand 

iapply. iTo ieliminate itime-dependent iinductance iin ithe iperformance iequations, ian ialternative 

itechnique iknown ias ithe iPark's itransformation iis iused. iThe iPark's itransformation iconverts ithe 

iusual iabc ireference iframe ito ia idq0 ireference iframe, iremoving itime-dependent iinductances 

ifrom ithe iperformance icalculations. iIn ithis istudy, ithe idq0 ireference iframe iis iused isince iit 

isimplifies ithe ianalysis. 
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Table i1 i: icharacteristics iof ithe iexperimental iInduction imachine 

Parameters Values 

Power 0.37kW 

Frequency 50Hz 

Rotor iSpeed i 1410 irpm 

Number iof ipoles 4 

Phase 3 

Connection itype Wye i(Y) 

Rated iVoltage 415 iV 

Rated iCurrent 1.1 A 
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Chapter 2 : iOverview 
 

The isquirrel icage imotor iis ithe imost ipopular i3P-IM idesign iand iis imore iextensively iused ithan 

iwrapped irotor imotors. iThis iis idue ito ithe ifact ithat ithe iwound irotor itype inecessitates imore 

imaintenance iand iwear idue ito iits iassociated ibrushes iand islide irings. iInduction imotors ican iuse 

iboth iwye iand idelta-linked istator iwindings. 

 

I. Stator 

 

Because ithe istator iis ithe imotor's iexternal icomponent, ithe iwindings iin iit imay ibe iseen ifrom ithe 

ioutside. iThe istator iwindings iof ia i3P-IM iare iconstructed idifferently ithan iin ia isingle-phase ior 

ianother ipolyphase imotor. iThe istator ipart iis imade iup iof ia ilaminated iiron icore iwith islots ifor ithe 

iwinding icoils ito ibe iwoven iinto. iBecause ithey iare idesigned iand ifunction i120° iout iof iphase, ithe 

ithree istator iwindings ioverlap. iThe istator iwindings ihave ilow iresistance iand iare iinsulated 

ibetween ithem iwith ivarnish ior ian ioxide-type icoating i[18]. 

 

II. Rotor i 

 

A isquirrel-cage irotor ihas ia ifixed ishaft ithat ihouses ia ilaminated iiron icore, ibearings, iand irotor 

iconductors. iParallel islots iare icarved iinto ithe icylindrical ilaminated icore ito iaccommodate ithe 

irotor iconductors. iWhere ithe irotor ibars iare ifitted iinto ithe ilaminated iiron icore, ithick ibars iare 

iemployed ias irotor iconductors irather ithan iwires. iThese irotor ibars' iends iare ishort-circuited iwith 

ithe iassistance iof itwo isolid irings. iThis idesign iaids iin ipreventing iexternal iresistance ifrom 

ideveloping iin iseries iwith ithe irotor. iCopper istrips isoldered ito icopper irings iare icommonly iused 

iin ithe iconstruction iof ithese. iThe imaterials imost itypically iutilized ito iproduce ithe irotors iof 

ismall iand imedium-sized imotors iare ialuminum iand ispecific imetal ialloys. iTo iprovide ielectrical 

icontinuity, ithe iend irings iare ieither iwelded ior iattached ito ithe irotor. 

The imotor's iperformance iis ialso iaffected iby ithe ielectrical iparameters iand irotor ibar 

icharacteristics. iThe ireactance iwill igrow iwith ideeper ibars iin ithe irotor istructure. iThis icreates ia 

ismaller ipull-out itorque iand ia iweaker ibeginning icurrent. iThe irotor iconducting ibars iare 

ioriented iasymmetrically iin irelation ito ithe imotor ishaft. iThese ilocations iproduce ia ismooth, 

iconsistent iacceleration iupon imotor istartup. 
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III. Three-phase iinduction imotor ioperation 

 

Each iof ithe ithree i120° isplit-phase istator iwindings igets ialternating icurrent. iThis icurrent 

iflowing ithrough ithe istator iwindings igenerates ia imagnetic ifield ithat irotates iat ithe isynchronous 

ispeed, iNs. iThe ivalue iof iNs iis idetermined iby ithe imotor's idesign. iNs iis icalculated iby ithe inumber 

iof ipoles iP iin ithe imotor ifor ia icertain ifrequency ifse iof ithe isupplied ielectric 

Synchronous ispeed iis idefined ias: 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i𝑁𝑠 =
120∗𝑓𝑠𝑒

𝑃
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(1) 

Where: i 

Ns iis iin irevolution iper iminute i(rev/min) 

fse iin iHertz i(Hz) 

P iis ithe ipole inumber iof ithe imotor 

 

The irotating imagnetic iflux i(RMF) icreated iby ithe irotation ithroughout ithe iair igap iis ireduced iby 

ithe ishort-circuited irotor ibars. iThe iinduced ivoltage ipushes ia icurrent ithrough ithe irotor ibars, 

icreating ia imagnetic ifield. iThe imagnetic ifield icreated iin ithe irotor iinteracts iwith ithe imagnetic 

ifield iin ithe istator ito iproduce itorque, iwhich icauses ithe irotor ito irevolve. iThe imagnetic ifield's 

itorque ichanges iaccording ito ithe irotor icurrent iand iflux idensity. iIn iessence, ithe imagnetic ifields 

iof ithe istator iand irotor irevolve iat ithe isame isynchronous ispeed. iThe imagnetic ifield iof ithe irotor 

iconstantly irotates iat ithe isame ispeed. iHowever, ithe irotor ispeed iis isomewhat islower ithan ithe 

isynchronous ispeed i[21]. 

The islip i(S) iis ithe idifference ibetween ithe irotor iand isynchronous ispeeds i(Ns i& iNr). iWhen ia 

imechanical iload iis iapplied ito ithe ishaft, ithe irotor islows idown, iresulting iin iincreased islip, 

iwhich idirectly iinfluences ithe irotor's itorque. iEq. i2 idescribes islip ispeed i(Nslip). 

 

𝑁𝑠𝑙𝑖𝑝 = iNs i− 𝑖 iNr 

𝜔𝑠𝑙𝑖𝑝 =  𝑖𝜔𝑠 −  𝑖𝜔𝑟 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2) 

Where: 

Ns i iis ithe isynchronous ispeed i(in irev/min) 

Nr i iand i𝜔𝑟 imechanical ispeed iof ithe imachine 

𝜔𝑠 iis ithe iangular ivelocity i(rad/sec) 

 

The iratio ibetween ithe islip ispeed iand ithe isynchronous ispeed iis icalled ithe islip iof ithe iinduction 

imachine. i 
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𝑆 =
𝑁𝑠 𝑖− 𝑖 𝑖𝑁𝑟

𝑁𝑠
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(3) 

It iis iobvious ithat iwhen ithe islip iapproaches izero, ithe imotor iworks icloser ito isynchronous 

ispeed, iand ias ithe islip ireaches ione, ithe irotor istops. iThe irotor ifrequency imay ibe icalculated 

iusing ithe idefinitions iof islip iand ifrequency iof ithe ipower isource. 

𝑓𝑟𝑒 = 𝑆𝑓𝑠𝑒 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(4) 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i=
𝑃

120
(𝑁𝑠 − 𝑁𝑟) i i i i i i i i i i i i i i i i i i i i(5) 

An iinduction imotor's iperformance imay ibe iassessed iusing iits iequivalent icircuit idiagram. iIt iis 

iemployed iin ithis istudy ito idetermine ithe iequations irelating ito ithe iinduction imotor's ipower iand 

itorque. iThe iper-phase iequivalent icircuit iof ia i3P-IM iis ishown iin iFigure i1. 

 

 

Figure i1 i: iCircuit idiagram iinduction imotor i(equivalent isingle iphase) 

 

I1: istator icurrent; 

Vφ: iVoltage iper iphase; 

XM: iMagnetizing iinductance; i 

Eind: iInduced iVoltage i(rotor iside); 

R1: iStator iresistance i(per iphase); 

R2: iRotor iresistance i(per iphase); 

X1 iand iX2: iRespectively iStator iand iRotor ileakage ireactance iper iphase. i 

 

The iper-phase iinput icurrent imay ibe icomputed iusing iFigure i1. 

I1=
Vφ

𝑍𝑒𝑞
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(6) 

Zeq iis ithe iper iphase iimpedance iof ithe ithree-phase iinduction imachine. i 

The iphase ivoltage, iline icurrent, iand ipower ifactor iare iused ito icalculate ithe iinput ipower iPin iof ia 

ithree-phase iinduction imotor. 
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 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iPin= 3𝑉𝜑I1𝑐𝑜𝑠𝜃  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(7) 

The imechanical ioutput ipower i(Pout) iis idetermined iby ithe iload itorque iTL iand ithe irotational 

ivelocity iωm. 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(8) 

 

Induced iTorque i i i i i i i i i i i i i i iTind=
𝑃𝑐𝑜𝑛𝑣

𝜔𝑚
=

𝑃𝐴𝐺

𝜔𝑠
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(9) 

Where, iPconv iis ithe iconverted ipower iand iPAG iis ithe iair igap ipower. i 

PAG ican ibe iexpressed ias: i 

 i i i i i iPAG i= iPin i– iPscl i- iPcore 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iPAG i i=3I2
2∗  𝑖

𝑅2

𝑆
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(10) 

Again iwhere iwe ihave: iPscl, iPcore iare irespectively istator icopper iand icore iloss. 

The iassociated iequations iin iFigure i2 i[18] idepict ithe iconversion iof iinput ielectrical ienergy ito 

ioutput imechanical ipower ias iwell ias iinternal ilosses. 

 

 

 

Figure i2 i: iPower iflow idiagram i3IM 

 

The ivoltage iequations ifor ia i3P-IM ican ionly ibe icalculated iby iutilizing ithe iinput icurrent iand 

iinternal iimpedances. iHowever, ithese ivoltages iare ialso ia ifunction iof ithe imagnetic iflux 

iconnections iwith irespect ito itime, iwhich icomplicates ithe icalculations ieven ifurther. iThe iinput 

 i 

Electrical i 
Input i 

Power ito i 
the iStator 

Stator i 
Copper iand i 

Core i 
Losses 

Air - Gap i 
Power i 

Rotor i 
Copper i 
Losses 

Electrical i 
to i 

Mechanical i 
Power i 

Conversion 

Rotational i 
Losses 

Mechanical i 
Output i 
Power 

Pout=TL iωm 



10 

 

ivoltages iacross ieach iof ithe ithree iphases iof ithe istator iterminals imay ibe irepresented iby ithe 

ifollowing iequations i[22]: 

Vas= 𝑟2𝑖𝑎𝑠 +  i

𝑑𝜆𝑎𝑠

𝑑𝑡
 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iVbs= 𝑟2𝑖𝑏𝑠 +  𝑖

𝑑𝜆𝑏𝑠

𝑑𝑡
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(11) 

Vcs= 𝑟2𝑖𝑐𝑠 +  𝑖

𝑑𝜆𝑐𝑠

𝑑𝑡
 

The ithree-phase irotor ivoltages iare imagnetically idriven iby ithe istator iflux ilinkage iand imay ibe 

idescribed iby iEq. i12 i[22]: 

Var= 𝑟2𝑖𝑎𝑟 +  i

𝑑𝜆𝑎𝑟

𝑑𝑡
 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iVbr= 𝑟2𝑖𝑏𝑟 +  𝑖

𝑑𝜆𝑏𝑟

𝑑𝑡
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(12) 

Vcr= 𝑟2𝑖𝑐𝑟 +  𝑖

𝑑𝜆𝑐𝑟

𝑑𝑡
 

The ivariables ir, iV, iI, iand iin iEq. i11-12 irepresent iresistance, ivoltage, icurrent, iand iflux ilinkage 

ivalues. iSubscripts ia, ib, iand ic irepresent ithe ithree-phase ivalues, iwhereas isubscripts is iand ir 

irepresent ithe istator iand irotor, irespectively. iThe imutual iinductances iand iline icurrents iof ithe 

istator iand irotor ican ibe iused ito icalculate idifferent iflux ilinkages iin ithe ifollowing iequations. 

iThese iflow iconnections iare ipresented iin iEq.13, iusing ithe iformulas isupplied iby iKrause i[22]: 

 

λas i= iLasasias i+ iLasbsibs i+ iLascsics i+ iLasariar i+ iLasbribr i+ iLascricr 

λbs i= iLbsbsias i+ iLbsbsibs i+ iLbscsics i+ iLbsbribr i+ iLbsbribr i+ iLbscricr 

λcs i= iLcscsics i+ iLcsbsibs i+ iLcscsics i+ iLcscricr i+ iLcsbribr i+ iLcscricr i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(13) 

λar i= iLarasias i+ iLarbsibs i+ iLarcsics i+ iLarariar i+ iLarbribr i+ iLarcricr 

λbr i= iLbrasias i+ iLbrbsibs i+ iLbrcsics i+ iLbrariar i+ iLbrbribr i+ iLbrcricr 

λcr i= iLcrasias i+ iLcrbsibs i+ iLcrcsics i+ iLcrariar i+ iLcrbribr i+ iLcrcricr 

 

In ithe ipreceding iequations, iindicates ithe iinductance, iwhile ithe iother ivariables iand isubscripts 

irelate ito ithe ipreviously iindicated ivalues. iFor iexample, iindicates ithe iinductance ibetween ithe 

irotor ion iphase ib iand ithe istator ion iphase ia. iThe istator iself-inductance iat ieach iphase ia, ib, ior ic iis 

iequal iwhere i iLasas i= iLasbs i= iLascs i= iLis i+ iLms i* iLis i iis ithe ileakage iinductance iof ithe istator, iand 

ithe imagnetizing iinductance iis icomputed iusing ithe iequation: 

Lms i= i(
𝑁𝑠

2
)2

 i* i

𝜇0𝑟𝑙𝑁𝑠2𝜋

4𝑔
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(14) 
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where ir iand il iare ithe irotor icylinder's iradius iand ilength, irespectively, iand ig iis ithe ilength iof ithe 

iair igap. iEquations i(15-17) i imay ibe iused ito iexpress ithe imotor's iwinding iinductances iin imatrix 

iform: 

 

 

Ls i i= i i i

𝐿𝑙𝑠 + 𝐿𝑚𝑠
−1

2
𝐿𝑚𝑠

−1

2
𝐿𝑚𝑠

−1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑚𝑠

−1

2
𝐿𝑚𝑠

−1

2
𝐿𝑚𝑠

−1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑚𝑠

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(15) 

 

Lr i i= i i i

𝐿𝑙𝑟 + 𝐿𝑚𝑟
−1

2
𝐿𝑚𝑟

−1

2
𝐿𝑚𝑟

−1

2
𝐿𝑚𝑟 𝐿𝑙𝑟 + 𝐿𝑚𝑟

−1

2
𝐿𝑚𝑟

−1

2
𝐿𝑚𝑟

−1

2
𝐿𝑚𝑟 𝐿𝑙𝑟 + 𝐿𝑚𝑟

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(16) 

 

 i i i i i i i i i iLsr i i

𝑐𝑜𝑠𝜃𝑟 cos (𝜃𝑟 +  𝑖

2𝜋

3
) cos (𝜃𝑟 −  𝑖

2𝜋

3
)

=  i i i i i i i i icos (𝜃𝑟 −  𝑖

2𝜋

3
) 𝑐𝑜𝑠𝜃𝑟 cos (𝜃𝑟 +  𝑖

2𝜋

3
)

cos (𝜃𝑟 +  𝑖

2𝜋

3
) cos (𝜃𝑟 −  𝑖

2𝜋

3
) 𝑐𝑜𝑠𝜃𝑟

 i i i i i i i i i i i i i i i i i(17) 

 

 

The iterms iLr, iLs, iand iLsr irefer ito ithe irotor iinductance, istator iinductance, iand imutual 

iinductance, irespectively. iand irelate ito ithe ileakage iinductances iof ithe irotor iand istator. iand 

irelate ito ithe imagnetizing iinductance iof ithe irotor iand istator. iθr iis ithe iangle iformed iby ithe istator 

iand irotor iat ia igiven imoment. 

The iflux ientering ithe iair igap iarea iis idivided iinto itwo iparts: ithe imutual iinductance iinside ithe 

istator iand ithe irotor, iwhich iis idependent ion ithe irotor iposition iand iangle iof irotation. iAs ia iresult, 

ivoltage iequations ifor iinduction imotors iare iaffected iby ithe irelative iangular iposition iof ithe 

irotor iand istator. iBecause iof iits irelative iangular ilocation, ithe iinduction imotor's imodeling iand 

iequations iare irather icomplicated. i 

 

a. Reference iframe itheory 

 

As idemonstrated iin iEquations i(11-12), ithe iphase ivoltage iequations iobtained iin ithe ipreceding 

isection iincorporate itime-dependent idifferential iequations. iReference iframes ireduce itime-

varying icomponents, imaking ithree-phase imachine ianalysis ieasier. 
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Robert iPark iintroduced ithe ireference iframe itheory iin ithe i1920s, iwhich itranslates istator 

ivariables ito ia ireference iframe ifixed iin ithe irotor. iThis ivariable itransformation, ialso iknown ias 

iPark's itransformation, iremoves itime-dependent ivariables iand idepicts ithe ivoltage ivalues ias 

ishown iin iEquation i(18): 

 

ed i= i

2

3
 i{𝑒𝑎 cos 𝜃 + 𝑒𝑏 cos(𝜃 − 120) +𝑒𝑐 cos(𝜃 + 120)} 

eq i= i

2

3
{𝑒𝑎 sin 𝜃 + 𝑒𝑏 sin(𝜃 − 120) + 𝑒𝑐 sin(𝜃 + 120)} i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(18) 

e0 i= 𝑖
2
3

{𝑒𝑎+𝑒𝑏+𝑒𝑐} 

 

The ivoltage iis irepresented iby ie, iwhile ithe iphases iare irepresented iby ithe isubscripts ia, ib, iand ic. 

iThe ireference iframe's isubscripts iare idesignated iby id, iq, iand i0, iand ithe inew ireference iframe iis 

iknown ias ithe idq0 ireference iframe. iIn iEquation i(19), ithese ithree ivoltage irepresentations iin ithe 

idq0 ireference iframe imay ibe ireduced iinto ia imatrix iformat. 

 

[𝐹0𝑑𝑞] =  𝑖[𝑃𝜃][𝐹𝐴𝐵𝐶] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(19) 

 

[𝑃𝜃] =  𝑖

2

3
 i [

1

2

1

2

1

2
cos 𝜃 cos(𝜃 − 𝜆) cos(𝜃 + 𝜆)

sin 𝜃 sin(𝜃 − 𝜆) sin(𝜃 + 𝜆)

] 

 

Pθ irepresents ithe itransformation imatrix ifrom ithe iabc iframe ito ithe idq0 ireference iframe. iThe 

izero isequence i(e0) iis iused ito icreate ian iinvertible isquare imatrix ifor iinverse itransformations, 

isuch ias ifrom ithe idq0 iframe ito ithe iabc iframe, iwhile ialso iaccounting ifor iimbalanced ivoltages 

i[23]. 

In icontrast ito iPark's itransformation, iStanley iproposed ia inew ireference iframe ifocused ion ithe 

istator irather ithan ithe irotor. iTo iavoid itime-varying ifluxes iin ithe ivoltage iequations, ithe irotor 

ivariables iare ichanged iwith ireference ito ia ifixed iframe ibased ion ithe istator. iStanley iprovided isix 

iadditional ivariables ito ishift ithe iabc ireference iframe ito ihis iproposed ireference iframe: ivα,vβ, iv0, 

iVα, iVβ, iand iV0, iwhich iare ispecified iin iEquation i(20): 
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𝑣0 =
1

3
(𝑣1 + 𝑣2 + 𝑣3) 

𝑣𝛼 =
2

3
[𝑣1 cos 𝜃 + 𝑣2 cos (𝜃 +

2𝜋

3
) + 𝑣3 cos (𝜃 −

2𝜋

3
)] 

𝑣𝛽 =
2

3
[𝑣1 sin 𝜃 + 𝑣2 sin (𝜃 +

2𝜋

3
) + 𝑣3 sin (𝜃 −

2𝜋

3
)] 

𝑉0 =
1

3
(𝑣𝑎 + 𝑣𝑏 + 𝑣𝑐) 

𝑉𝛼 =
2

3
[𝑣𝑎 −

1

2
(𝑣𝑏 − 𝑣𝑐)] 

𝑉𝛽 =
√3

2
(𝑣𝑏 − 𝑣𝑐) 

 

Kron i[25] iproposed ia isynchronous irotating ireference iframe ifor irebuilding istator iand irotor 

ivariables ito ibe icoordinated iwith ithe ispinning imagnetic ifield. iKrause i[26] iintroduced ithe 

iarbitrary ireference iframe ias ia imore icomplete ireference iframe ifor icombining idiverse 

itransformations iinto ia isingle iuniversal itransformation i[26], i[22]. iBy itranslating ithe istator iand 

irotor ivariables ito ia istationary ior irotating ireference iframe, ithe iarbitrary ireference iframe 

ieliminates iall itime-varying ivariables. 

 

 

b. Arbitrary ireference iframe 

 

Given ithe itransformation imatrix iKs, iEquation i(21) iexpresses ithe itransformation iof ivariables 

ifrom ithe iconventional iabc iframe ito ithe iarbitrary ireference iframe idq0. 

 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(21) 

where ifqd0s idenotes ithe ialtered ivariables iin ithe iarbitrary ireference iframe iand idenotes ithe 

ivariables iin ithe iabc ireference iframe iEquation i(22) idefines ithe itransformation imatrix iKs: 

 

𝐾𝒔 =
2

3

[
 
 
 
 cos 𝜃 cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

sin 𝜃 sin (𝜃 −
2𝜋

3
) sin (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(22) 

 

fqd0s i= iKsfabcs 

(20) 
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 i i iThe iInverse iis: i i i i 

𝐾𝒔
−𝟏 = [

cos 𝜃 sin 𝜃 1

cos (𝜃 −
2𝜋

3
) sin (𝜃 −

2𝜋

3
) 1

cos (𝜃 +
2𝜋

3
) sin (𝜃 +

2𝜋

3
) 1

] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(23) 

 i i i i i i i i i i i i i i i i i i i i i iWhere, i𝜃 = ∫𝜔𝑑𝑡; iit iis ithe iangular ivelocity 

 

This itransformation imay ibe iused ion iany ivariable, iincluding ivoltage, icurrent, iflux iconnections, 

iand ielectric icharge. iThe iangular ivelocity idefines ian iarbitrary irotation iof ithe ireference iframe, 

iwhich itransforms iall iother ivariables. iThere iare ithree itypical itransformations ibased ion ithe 

irotation iof ithe ireference iframe. iClark's itransformation ioccurs iwhen ithe ireference iframe iis 

istationary, ii.e. ithe iangular ivelocity iis izero. iPark's itransformation iis ia itransformation iwith 

iregard ito ia irevolving irotor iin iwhich ithe iangular ivelocity iis ispecified iby ithat iof ithe irotor. iThe 

itransformation iis iknown ito iinvolve ithe isynchronous ireference iframe iif ithe iangular ivelocity iof 

ithe ireference iframe iis iset ito ithe isynchronous ispeed i. 

 

c. Types iof ireference iframes 

 

Stationary ireference iframe: iA istationary ireference iframe iis ione iin iwhich ithe iaxes, id, iand iq 

iare ifixed iat ia ifixed iposition. iClark's itransformation iin ithe istationary ireference iframe iemploys 

ithe inotations: i𝑓𝛼 , 𝑖𝑓𝛽and i𝑓0  𝑖for ithe ichanged ivariables. 

Three iphase ivariables i(a, ib, ic) iare iprojected ionto iorthogonal iaxes ids iand iqs ifixed ion ithe istator 

iin ithe istationary ireference iframe, ias iillustrated iin iFigure i3. iFor ithe isake iof isimplicity, ione iof 

ithe istationary ivariables iis iassumed ito ibe icollinear iwith ithe ix-axis. 

 

Figure i3 i: iVector idiagram ifor ithe istationary ireference iframe 

 

 

 

 

 

 i 
q s  i 

d s  i 
a   ( x - axis)   

b  i 

c   
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Because ithe iangular ivelocity iis izero, ithe itransformation istatement ibecomes: 

 

[

𝑓𝛼
𝑓𝛽
𝑓0

] =
2

3

[
 
 
 
 1

−1

2

−1

2

0
√3

3

−√3

3
1

2

1

2

1

2 ]
 
 
 
 

[

𝑓𝑎
𝑓𝑏
𝑓𝑐

] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(24) 

 

 

The ivariables iin ithe istationary ireference iframe iare idenoted iby ithe isubscripts iα, iβ iand i0. 

The ivariable ithat iis ibalanced iin ithe iabc ireference iframe iis ithe izero isequence icomponent, if0=0. 

iAs iseen iin iFigure i3, ithis iturns ithree iinput ivariables iinto itwo iorthogonal ivariable 

irepresentations. 

 

Rotor iReference iFrame: iThe ireference iframe iis iconsidered ito ibe ifixed iin ithe irotor iif iit irotates 

iat ithe isame ispeed ias ithe irotor i𝜔 = 𝜔𝑟. iThis ireference iframe, ilike ia ithree-phase irotor, iwill 

ihave ian ia-phase iaxis. iBecause ithe ireference iframe iis ibased ion ithe irotor, ithe id-axis iof ithe 

iframe iwill ibe icollinear iwith ithe ia-phase iaxis iof ithe irotor, ias iseen iin iFigure i4. 

 

 

Figure i4 i: iRepresentation iof ithe irotor ireference iframe 

 

Variables iin ithe istationary ireference iframe iqs-ds iare itransformed ito ithe irotor ireference iframe 

iqr-dr iusing ia irotation itransformation imatrix igiven iby ithe iangle ibetween itwo iframes: 

 

 

[
𝑣𝑞

𝑟

𝑣𝑑
𝑟] = [

cos(𝜃𝑒 + 𝜃𝑟) −sin(𝜃𝑒 + 𝜃𝑟)

sin(𝜃𝑒 + 𝜃𝑟) cos(𝜃𝑒 + 𝜃𝑟)
] [

𝑣𝑞
𝑠

𝑣𝑑
𝑠] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(25) 

 i 

𝑉 𝛽  i 

𝑉 𝛼  i 
 i a  

 

b  i 

c  
 

V q  i 

V 
d 

 i 
 

 i 

𝜔 
 i 
e 

 i 
 i 

𝜔 
 i 
r 

 i dr 
 i 
𝜃 
𝑟 

 i 
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Synchronous irotating ireference iframe: iIn iFigure i5, ithe istationary ivariables iare irepresented 

iin irelation ito ia ireference iframe ithat irotates iat ia isynchronous ispeed i(ω=𝜔𝑠). 

 

Figure i5 i: iRepresentation iof ithe iSynchronous irotating ireference iframe 

 

Equation i26 igives ithe itransformation ifrom ithe istationary ireference iframe iqs, ids ito ithe 

isynchronously irotating ireference iframe i(qk, idk) isubject ito ia irotation iangle. 

[
𝑣𝑞

𝑘

𝑣𝑑
𝑘
] = [

cos 𝜃 −sin 𝜃
sin 𝜃 cos 𝜃

] [
𝑣𝑞

𝑠

𝑣𝑑
𝑠] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(26) 

 

Arbitrary ireference iframe iequations: iUsing ithe ivoltage iand ilinkage iflow iequations, ithe 

iequivalent icircuit imodel iof ithe iinduction imotor, ias ishown ibefore, iis iutilized ito igenerate ithe 

iappropriate iequations iin ithe iarbitrary ireference iframe. 

 

 i 

𝑉 𝛽  i 
 i 

𝑉 𝛼  i 
 i a  

 

b  i 

c  
 

V q  i 
 i 

V 
d 

 i 
 i 

 
 i 

 i 

𝜔 
 i 

 i 
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Figure i6 i: iEquivalent icircuit iof ian iIM iin ithe iarbitrary ireference iframe idq0 

 

 

The idifferential iequations ifor ithe istator iand irotor iflux ilinkages iare isolved iusing iFigure i6 iby 

ireferring ito ia ireference iframe iat ian iarbitrary iangular ivelocity, ias ishown iin iEquations i(27-28), 

iwhere ir iis ithe ielectrical iangular ivelocity iand iis ithe ireference iframe iangular ivelocity: 

Currents imay ialternatively ibe idescribed ias ia ifunction iof iflux ilinkage iusing ithe iflux ilinkage 

iequations iby ireplacing iEquation i(28) iwith iEquation i(27): 

 

𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝜔𝜆𝑑𝑠 

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 +
𝑑𝜆𝑑𝑠

𝑑𝑡
− 𝜔𝜆𝑞𝑠 

𝑣𝑞𝑟
′ = 𝑟𝑟

′𝑖𝑞𝑟
′ +

𝑑𝜆𝑞𝑟
′

𝑑𝑡
+ (𝜔 − 𝜔𝑟)𝜆𝑑𝑟

′  

𝑣𝑑𝑟
′ = 𝑟𝑟

′𝑖𝑑𝑟
′ +

𝑑𝜆𝑑𝑟
′

𝑑𝑡
+ (𝜔 − 𝜔𝑟)𝜆𝑞𝑟

′  

 

 

d-sequence 

q-sequence 

Zero-sequence 

(27) 
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𝜆𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟
′  

𝜆𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟
′  

𝜆𝑞𝑟
′ = 𝐿𝑟

′ 𝑖𝑞𝑟
′ + 𝐿𝑚𝑖𝑞𝑠 

𝜆𝑑𝑟
′ = 𝐿𝑟

′ 𝑖𝑑𝑟
′ + 𝐿𝑚𝑖𝑑𝑠 

 

𝑖𝑞𝑠 =
𝐿𝑟𝜆𝑞𝑠 − 𝐿𝑚𝜆𝑞𝑟

′

𝐿𝑟𝐿𝑠 − 𝐿𝑚
2

 

𝑖𝑑𝑠 =
𝐿𝑟𝜆𝑑𝑠 − 𝐿𝑚𝜆𝑞𝑟

′

𝐿𝑟𝐿𝑠 − 𝐿𝑚
2

 

𝑖𝑞𝑟
′ =

𝐿𝑠𝜆𝑞𝑟
′ − 𝐿𝑚𝜆𝑞𝑠

𝐿𝑟𝐿𝑠 − 𝐿𝑚
2

 

𝑖𝑑𝑟
′ =

𝐿𝑟𝜆𝑞𝑟
′ − 𝐿𝑚𝜆𝑑𝑟

𝐿𝑟𝐿𝑠 − 𝐿𝑚
2

 

 

Table i2 i: iAngular iposition iand idifference isummary iof ithe ireference iframe 

Reference iframe 𝜽𝒓 𝜷 

Rotor θ 0 

Stationary 0 −𝜃𝑟 

Synchronous 𝜃𝑒 𝜃𝑒-𝜃𝑟 

 

 

There iare iseveral imethods ito iexpress ielectromagnetic itorque iand irotor ispeed. iThe iequations 

iprovided iin iEquations i(30-31) i[27] iare ithe imost iusually iused: 

𝑇𝑒 =
3

2

𝑃

2
(𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠) i i i i i i i i i i i i i i(30) 

 

𝜔𝑟 = ∫
𝑃

2𝐽
(𝑇𝑒 − 𝑇𝐿) i i i i i i i i i i i i i i i i i i i i i i i i i i(31) 

 

According ito ithe ipreceding iequations, iis iequal ito ithe inumber iof ipoles iand irepresents ithe 

imoment iof iinertia ivalue. 

 

 

(29) 

(28) 
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The imoment iof iinertia iJ iand ithe iflywheel ieffect iGD2
 iare iused ito iexplain ithe imoment iof iinertia. 

iThe ifly iwheel ieffect iis ifrequent iin iindustrial iapplications iwith iunit iKgf.m iand iis ifour itimes 

ibigger ithan ivalue iJ. iThe iflywheel ieffect iof ithe imotor iis iacquired ifrom ithe iToshiba icatalog ifor 

ithe i3P-IM, iwhich iis i0.01, iwhere ithe iframe inumber iis iD71M. iThe ilink ibetween iJ iand iGD2
 iis 

iprovided iby 

𝐽 =
𝐺𝐷2

4
= 0.0025𝑘𝑔.𝑚2

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(32) 

 

IV. Torque ispeed icharacteristics 

 

Torque-speed icharacteristics iare icritical ielements iin ithe ioperation iand iperformance iof ian 

iinduction imotor. iThree izones ibetween istationary iand isynchronous ispeed ican ibe iused ito 

iexplain ithe itorque-speed icharacteristics iof ia i3P-IM. iThis irange iis irepresented ifractionally iby 

ithe islip i(s), iwhich iis ithe islip ispeed ito isynchronous ispeed iratio. iWithin ithis icomplete ispeed 

irange, ithe ieffective itorque imay ibe idivided iinto ithree islip iregions: ilow islip, imoderate islip, iand 

ihigh islip. iAs ishown iin iFigure i7, ieach izone icorresponds ito ia idistinct ioperating istate iof ithe 

imotor iin iterms iof itorque. 

 

 

Figure i7 i: iTorque-Speed icharacteristics iof ia i3IM 

 

The ipull-out itorque iof ian iinduction imotor ican ibe itwo ito ithree itimes ithe imachine's inominal ifull 

iload itorque. iIn icontrast, ithe iinitial itorque imay ibe imerely i150 ipercent iof ithe ientire iload itorque 

i[20]. 
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a. Low-slip iregion 

 

In ithe ilow islip iarea, ithe islip iof ithe imotor iincreases ilinearly iproportional ito ithe itorque. 

iHowever, iwhen ithe islip iincreases, ithe imotor ispeed idecreases. iDue ito ia inegligible irotor 

ireactance, ithe ipower ifactor iremains ialmost iconstant iin ithe ilow islip izone, iwhere ithe icurrent 

igrows iin idirect iproportion ito ithe islip. iThis iarea icontains ithe imotor's iregular isteady-state 

ifunctioning irange. iUnder inormal iconditions, ian iinduction imotor's ispeed idecreases ilinearly 

iwith iload. 

 

b. Moderate-slip iregion 

 

As ithe imechanical ispeed iof ithe imotor ilowers iwith iincreased iload, iit imoves ifrom ithe ilow islip 

izone ito ithe imoderate islip izone. iWhen icompared ito ithe ilow-slip izone, ithe ifrequency iis igreater 

iin ithe imoderate-slip iregion. iThe iamount iof ithe irotor's ireactance iand iresistance, ion ithe iother 

ihand, istays iconstant. iThe irotor icurrent idoes inot igrow ias iquickly ias iit idoes iin ithe ilow islip iarea. 

iOnce ithe irotor icurrent iincreases, ithe ipull-out itorque isituation i(maximum itorque) ioccurs iin 

ithis iarea ito ioffset ithe irotor ipower ifactor ifall. 

 

c. High-slip iregion 

 

With ia ifurther irise iin iload, ithe imotor ienters ithe ihigh islip iarea, iwhere iit iexperiences ia idrop iin 

ispeed iwith ia icommensurate iincrease iin iload. iThis ioccurs iwhen ithe imotor’s ipower ifactor 

idecreases imore ithan ithe irotor icurrent iincreases. iWhen ithe irotor idrive iis iforced ito ispin ifaster 

ithan ithe isynchronous ispeed i(Ns i> iNm), ithe islip iis inegative iand ithe itorque idirection iis 

ireversed, ichanging ithe imotor iinto ia igenerator iand iconverting imechanical ipower ito ielectrical 

ipower. 

 

V. Symmetrical iComponent i 

 

A ibalanced ipower isystem icombines ia ithree-phase isupply ivoltage iof iequal imagnitude iin ieach 

iphase, iwith ieach iphase iseparated iby ia iphase iangle iof i120° ifrom ithe iothers. iAn iimbalanced 

icondition idevelops iwhen ithere iis ia idisparity iin ithe iamplitude iand iphase iof ithe isupply ivoltage. 

iThe isymmetrical icomponent itechnique iwell iunderstands, ianalyzes, iand iexplains ithe iinfluence 

iof ian iimbalance ion ia i3P-IM ioperation. iThis iapproach iprovides ifor ithe iquick iand iaccurate 

iestimation iof icurrents iand ivoltages ithat icontribute ito iimbalanced isituations. 
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An iimbalanced i3P-IM imay ibe iexamined iusing ithree ivoltage isequences: ithe inegative 

isequence, ithe ipositive isequence, iand ithe izero isequence. iIn ithe ievent iof iunbalanced ivoltages, 

ithe i3P-IM iis ithought ito ibe icomparable ito itwo iidentical iinduction imotors iinstalled ion ithe isame 

ishaft, iwith ithe ipositive iand inegative isequences iacting ias itwo iindependent imotors iin iprinciple. 

iThe ipositive isequence ivoltage iproduces itorque iin ithe idirection iof iprimary irotation ias iif ithe 

imotor iwere iworking iunder ibalanced icircumstances. iIn iother iwords, ipositive isequence 

icomponents iare imerely ivoltage, icurrent, iand iimpedances ifrom ia ibalanced isystem. iThe 

inegative isequence, ion ithe iother ihand, igenerates itorque iin ithe iopposite idirection iof ithe iprimary 

irotation. iThe inegative isequence ivoltage ibecomes idominant iand isubstantial ias ithe idegree iof 

iimbalance iincreases ibecause iit iprovides ian iair igap iflux ithat icounteracts ithe iprimary irotation 

iof ithe imotor. iBecause iof ithe ilow inegative isequence iimpedance, ithe iresulting icurrent iis 

iconsiderable. iThis iresearch ionly iincludes i3P-IMs iwith iwye iconnections iand ino ineutral ipath. 

 

Regarding ithe ieffects ion ioperational icharacteristics, ithe inegative isequence icurrents iand 

ivoltages iare iessentially ithe iresults iof iunbalanced ivoltage iconditions, iwhereas iunder ibalanced 

iconditions ionly ithe ipositive isequence icomponents iare ipresent. iThe inegative isequence 

icomponents icounteract ithe ireal ithroughput iof ithe imotor iand icontribute ito ipower iloss iand 

igenerate iexcessive iheat. i iThe irotor ilosses iare iincreased idue ito ithe ibreakdown iof ivoltage iand 

icurrents iinto ipositive iand inegative isequences. iUnbalanced iconditions ialso icontribute ito 

ipositive isequence ivoltage idrops iwhich iresult iin ian iincrease iin ithe ipositive isequence icurrent 

iwithin ithe istator iand irotor, igenerating iexcessive iheat. i 

The itemperature irises ias ia iresult iof ithe iheat icreated iby ithe inegative isequence icomponents. 

iFigure i8 idepicts ihow ithe itemperature irises iexponentially ias ithe iproportion iof ivoltage 

iimbalance iincreases. iAs ia iresult, iprecautionary imeasures iare irequired ito iavoid ithe ipossibility 

iof ithe imotor ibeing idestroyed idue ito ithe igrowth iin itemperature. 
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Figure i8 i: iPercentage itemperature irise iversus ipercentage ivoltage iimbalance iin ian iinduction 

imotor 

 

Voltage iimbalance iinfluences imechanical ioutput itorque iby ialtering ithe iblocked-rotor ipull-up 

iand ibreakdown itorques, ias irepresented iin ithe itorque-speed icharacteristic icurve ishown iin iFig. 

i7. iEven iif ithe imotor isurvives iextreme isituations iof iimbalance, ithe ioutput itorque iprovides ilittle 

ipractical iadvantage. iWhen ithe imotor iruns iin iimbalanced iconditions, ithe ifull-load ispeed 

idecreases isomewhat. 

 

VI. The iEquivalent iCircuit iDiagram 

 

In iimbalanced iconditions, ithe iinduction imotor ifunctions ilike itwo iindependent imotors 

ioperating iin iparallel. iTwo iequivalent icircuits ibased ion ipositive iand inegative isequence 

icomponents imay ibe iused ito idescribe ithese iequivalent iinduction imotors. iThe ipositive 

isequence icomponents iare iderived ifrom ia ibalanced iinduction imotor irepresentation. iAs ia 

iresult, ithe iequivalent icircuit ifor ipositive isequence icomponents iis ithe isame ias ibefore iand iis 

idepicted iin iFigure i9. 

 

Figure i9 i: iUnbalanced ivoltage iequivalent icircuit ifor ithe ipositive isequence 
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The inegative isequence iequivalent icircuit iis inearly iidentical ito ithe ipositive isequence 

iequivalent icircuit, iwith ithe iexception iof ia ivariable islip ion ithe irotor iside, ias iillustrated iin iFig. 

i10. iThe ishift iin islip iis igenerated iby ithe inegative isequence's icounteracting itorque iworking 

iagainst ithe ipositive isequence's itorque. iThe inegative isequence islip iis idetermined iusing 

iEquation i3: 

S+=
𝑁𝑠−𝑁𝑟

𝑁𝑠
 

S-=
−𝑁𝑠−𝑁𝑟

−𝑁𝑠
=  𝑖

𝑁𝑠+𝑁𝑟

𝑁𝑠
=  𝑖

2𝑁𝑠−(𝑁𝑠−𝑁𝑟)

𝑁𝑠
= 2 − 𝑆+ 

 

Figure i10 i: iUnbalanced ivoltage iequivalent icircuit ifor ithe inegative isequence 

 

➢ Degrees iof iUnbalanced iStandards 

 

The idegree iof iimbalance iis ireferred ito iin imany iAustralian iStandards iproduced iby i'Standards 

iAustralia' iand ithe iNational iEquipment iManufacturer's iAssociation i(NEMA). iThese istandards 

iare icritical iin ideveloping ithe iappropriate isafeguards ifor ielectrical imachinery iand ipreventing 

idangerous iimbalanced isituations. 

These istandards iwere iused iin ithis istudy ito idetermine ithe iessential imeasurements ifor 

iimbalanced ivoltage iconditions. 

➢ Percentage iVoltage iImbalance i(PVI) 

When ithe ivoltage iimbalance iis i5% ihigher ithan ithe iaverage, ithe istudy iof inegative isequence 

icomponents ibecomes icritical. iSimilar ito iNEMA's ivoltage iunbalanced irate i(LVUR). iThe 

iLVUR i– iNEMA istandard iwas ichosen ibecause iit itakes ithe iphase iangle iinto iaccount iin ithe 

iaverage iline ivoltage iimbalance, iwhereas ithe iInstitute iof iElectrical iand iElectronics iEngineers 

i(IEEE) idoes inot. 

 

LVUR–NEMA=
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑖𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑓𝑟𝑜𝑚 𝑖𝑎𝑣𝑒𝑟𝑎𝑔𝑒  𝑖𝑙𝑖𝑛𝑒  𝑖𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑖𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒  𝑖

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑙𝑖𝑛𝑒 𝑖𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑖𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒  𝑖

∗ 100% i i i i i 

i(33) 

 

 i 

I 1 

 i 

I 0 

 i 

I ’ 2 

 i 

V 1 

 i 

jX 1 

 i 
jX ’ 2 

 i 

jX m 

 i R ’ 2 

 i 
/(2 - s) 

 i 

R 1 

 i 



24 

 

 

The icalculation iabove iprovides ian iapproximation iof ithe iproportion iof ithe inegative isequence 

ivoltage icomponent. iThe itrue inegative isequence ivoltage icomponent ican ibe iup ito i18% ihigher 

ithan ithe iapproximation iamount. iSymmetrical icomponents iare iexamined iin iorder ito ioffer ia 

imore iaccurate iassessment iof inegative isequence ivoltage icomponents ithat imay iresult iin 

iimbalanced icircumstances. 

 

➢ Voltage iUnbalance iFactor i(VUF) iand iDerating iCurve 

According ito iStandards iAustralia, iif ian iAC imotor iis iconnected ito ia ithree-phase ivoltage isupply 

iwith ia inegative isequence icomponent ithat ioutstrips i1% iof ithe ipositive isequence icomponent 

ivoltages ifor ian iextended iperiod iof itime, ithe iallowable imotor ipower iis ireduced iso ithat iit iis iless 

ithan ithe irated ipower ito iprotect ithe imotor ifrom ipotential idamage. iFigure i11 idepicts ia iderating 

icurve ifor imotors iof idesign iclass iN, iwhich ireproduces ithe iderating ifactor iversus ithe ivoltage 

iimbalance ifactor ifrom iNEMA. iIEC iDesign iN imotors iare isimilarly icomparable ito iNEMA 

iDesign iB imotors, iwhich iare ithe imost ipopular iindustrial imotors. 

 

VUF i=
𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑖𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑖𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑖𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖(𝑢𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑑)

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑖𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑖𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑖𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖

∗ 100% =
𝑈𝑛

𝑈𝑝
∗ 100 i i i i i i i i i i i i i i i i i(34) 

 

Where iUn iand iUp iare ithe iRMS ivalues iof ithe isupply ivoltage's inegative iand ipositive isequence 

icomponents, irespectively. iA iVUF iof imore ithan i5% iis inot irecommended ifor imotor ioperation, 

iwhich iequates ito iaround i75% iof ithe iderating ifactor iindicated iin iFigure i11. 

 

 

Figure i11 i: iDerating icurve iof ian iIM idesign iclass iN 
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Chapter 3 : iMethodology 

 

I. Motor iParameters i 

 

i. DC iTest 

 

The iDC itest iseeks ito idetermine istator iresistance iR1, iwhich iis ithen iused ito icalculate irotor 

iresistance iR2. iThe irotor iresistance iis icritical ibecause iit iresults iin idistinct imotor icharacteristics 

ifrom ithe itorque-speed icharacteristic icurve. iThe iinduction imotor iis ipowered iby ia idirect 

icurrent ivoltage. iBecause ithere iis ino iinduction iof iflux iinto ithe irotor idue ito izero ifrequency, 

ithere iis ino iinduced ivoltage, icurrent, ior ireactance. iAs iillustrated iin iFigure i12, ithe iDC ipower 

isource iis iconnected ito itwo iof ithe ithree iphases iof ithe i3P-IM. iIn ithis iconfiguration, ithe ivoltage 

iis iadjusted ito iset ithe iline icurrent ito ibe iclose ito ior iequal ito ithe irated icurrent iof ithe imotor iin 

iorder ito iestablish inormal ioperating itemperature iin ithe imotor. 

 

 

Figure i12: iCircuit iDiagram ifor ithe iDC iTest 

 

Because ithe icurrent ipasses ivia itwo iwindings iof ithe istator, ithe itotal iresistance iin ithe icurrent 

ipath iis i2R1. iR1 iis isimply icalculated ifrom ithe isupply ivoltage iand iresulting icurrent. 

Using ithe iconnection ischematic iin iFigure12, iexecute ithe iDC itest ion ian iinduction imotor ias iper 

ithe ilaboratory irecommendations. 

 

R1=  𝑖

𝑉𝑑𝑐

2𝐼𝑑𝑐
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(35) 

 

ii. Blocked-rotor iTest 
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The istator iresistance imeasured iin ithe iDC itest iis iutilized ito icalculate ithe istator iand irotor 

ireactance ivariables iX1 iand iX2 iin ithe iblocked-rotor itest. iThe irotor iis iblocked iin ithis itest ito 

iprovide ifull iload ion ithe ishaft. iIn ithis isituation, ia iplate iattachment iwas iused ito isecure ithe 

irotor. iFollowing ithe ilocking iof ithe irotor, ia ithree-phase ivoltage iwas iapplied ito ithe imotor, iand 

ithe iresulting ipower, ivoltage, iand icurrent ivalues iwere idetermined ifor ieach iphase, ias ishown iin 

iFigure13. iThe ivalues ifrom ithe ithree iphases iwere iaveraged. 

 

 

Figure i13 i: iCircuit iDiagram ifor ithe iBlocked iRotor iTest 

 

The iblocked-rotor itest inecessitates ithe iapplication iof ian ialternating icurrent ipower isource ito 

ithe istator, iafter iwhich ithe icurrent iflow iwas iadjusted ito iroughly ifull-load ivalue. iOnce ithe 

icurrent ihad iachieved iits irated ivalue, ithe ivoltmeter, iammeter, iand ipower imeter imeasurements 

iwere itaken. iThe istator iand irotor ireactance ivalues iwere icalculated iusing ithe iexperimental 

imeasurements. iAlthough ithe istator iand irotor ireactance ivalues iare iinterrelated, iempirical 

iresults iallow ithem ito ibe iseparated. 

The imechanical ispeed iis izero iwhen ithe irotor iis iblocked, iindicating ithat ithe islip iis iat iunity. iAs 

ia iresult, ithe irotor icurrent iexceeds ithe iexciting icurrent, iwhich imay ithen ibe iignored. iFigure i14 

idepicts ithe icorresponding iper-phase icircuit idiagram iunder iblocked irotor itest icircumstances. 

 

Figure i14 i: iEquivalent icircuit iunder iblock irotor itest i(per iphase) 
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Using iEquation i(36), ithe irotor iwinding iresistance imay ithen ibe iestimated ifrom ithe ipower 

imeter iand iammeter imeasurements. 

 i i i i i i i i i i i iPR i= i3*I2
LR i* i(R1 i+ iR2) i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(36) 

 i i i i i i i i iZR i=
𝑉𝐿𝑅

𝐼𝐿𝑅
=  𝑖√(𝑅1 + 𝑅2)2 +  𝑖 𝑖(𝑋1 + 𝑋2)2

 𝑖 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(37) 

 

Equation i(37) igives ithe iresult iX i= iX1 i+ iX2. iIndividual ivalues ifor iX1 iand iX2 ifor idifferent ikinds 

iof imotors ican ibe iderived iusing ithe iNEMA-specified iempirical iformula. iThe iIEC iTorque-

Speed idesign iparameters iare inearly icomparable ito ithose iin ithe iNEMA istandards. 

According ito ithe iNEMA istandard ifor iclass iB imotors, iX1 i= i0.4 iX iand iX2 i= i0.6 iX, iwhere iX i= 

iX1 i+ iX2. 

The irotor iand istator ireactance iequations ican ialternatively ibe irearranged ias ifollows: 

𝑋1=0.40 ∗
𝑄𝑅𝐿

𝐼2𝑅𝐿
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(38) 

𝑋2=0.60 ∗
𝑄𝑅𝐿

𝐼2𝑅𝐿
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(39) 

Given ithe ivalue iof iX1, ithe imagnetizing ireactance imay ibe iestimated ifrom ithe iblocked-rotor 

itest. 

 

iii. No-Load iTest 

 

The iprimary iobjective iof idoing ithe ino-load itest iis ito iestablish ithe imotor's imagnetization 

ireactance, iXM. iUnlike ithe iblocked-rotor itest, ithe irotor iis iassumed ito ispin ifreely iwithout iany 

iweight ior iattachment. iThe itest ialso ievaluates ithe ilosses icaused iby ithe imotor's irotation. iOnly 

icore ilosses iare iincluded iin ithis ianalysis isince ithey iaccount ifor ithe imajority iof ithe ilosses. 

iBecause ithe irotor icurrent i(I2) iis iso ilow iunder ino-load isituations, icopper ilosses iare ilikewise 

ideemed iinsignificant. i 

The imotor iis iactivated idifferently iduring ithe ino-load itest ithan iduring ithe iblocked-rotor itest. 

iThe iprimary igoal ihere iis ito iset ithe ivoltage iand ifrequency ito itheir irated ilevels irather ithan ithe 

icurrent. iAs iillustrated iin iFigure i15, ithe ivoltage, icurrent, ipower, iand ifrequency ifor ieach iphase 

iare imonitored. iThe imeasured ivalues iare iaveraged ithroughout ithe ithree istages, ias iin ithe 

iblocked-rotor itest. 
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Figure i15 i: iCircuit idiagram ifor ithe iNo-Load itest 

The ino-load itest iis iused ito imeasure ithe imotor's irotational ilosses iand ioffers iadditional idata ito 

icalculate ithe imagnetization ireactance. iThe ifollowing iprocedures iare ibased ion ithe icircuit 

idesign iillustrated iin iFigure i16: 

 

 

Figure i16 i: iCircuit idiagram iunder ino-load itest i(per iphase) 

 

✓ The icircuit iis ibuilt ias iillustrated iin iFigure i15, iwith ithe iammeters ifollowing ithe ipower 

imeters. iTurn ion ithe ivariable ipower isupply iand imeasure ithe ivoltage i(VNL), iinput 

ipower i(PNL), iand istator icurrent i(INL). iThe ivariable isupply iis ithen idisconnected. 

✓ The imagnetizing ireactance i(XM) iis icalculated iby isubtracting ithe istator ireactance i(X1) 

ifrom ithe iblocked irotor itest ifrom ithe ino-load ireactance i(XNL). iThe ipower itriangle imay 

ibe iused ito icalculate ireactive ipower i(QNL) ifrom ithe ino-load itest, ias ishown iin iEquation 

i(40): 

𝑄𝑁𝐿=√(𝑉𝑁𝐿 ∗  𝑖𝐼𝑁𝐿)2 𝑖 − 𝑃𝑁𝐿
2

 𝑖 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(40) 

Finally, iwe iwill iget: i 

𝑋𝑁𝐿= 𝑖
𝑄𝑁𝐿

𝐼
2
𝑁𝐿

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(41) 

𝑋𝑀=𝑋𝑁𝐿 −  𝑖𝑋1 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(42) 
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After iobtaining iall iof ithe iessential idata ifor ithe imotor imodel ifrom ithe ithree itests, ithis imodel 

iand ithe imodel iparameters imay ibe iused ito isimulate ithe iperformance iof ithe i3P-IM iunder 

ivarious iloads ior isupply ivoltage isituations. 

Table i3 i: iResults ifor iall ithe itests 

 DC itest Blocked irotor itest No-load itest 

Average iVoltage i(per iphase) 26.4 iV 55.2 iV i 241 iV 

Average iCurrent 1.09 iA 1.09 iA 0.7 iA 

Average iReal ipower 28.34 iW 34.8 iW 17.2 iW 

Reactive iPower 16 iVA 63.4 iVA 170.5 iVA 

Frequency i 0 iHz 49.99 iHz 50 iHz 

 

 

II. Simulation iof ithe ithree-phase iInduction iMotor 

 

a. Simulink iOverview 

 

Simulink was used to simulate a 3P-IM using a synchronous motor model. Simulink is a 

graphical extension built into MATLAB that provides appropriate libraries and analytical 

tools, including several models for simulating three-phase machines, electric motors, and 

other comparable electrical systems. It includes an Asynchronous Machine block that may be 

customized to represent the dynamics of a three-phase induction motor. It also enables the 

modeling of a three-phase transition to an arbitrary reference frame to represent transient 

behavior. Simulink has a variety of engineering toolboxes and features that have been used 

by a large number of researchers in electrical machines and power systems. Due to the 

formation of DC parameters in the rotor and stator d, q variables, past simulation experiences 

have revealed that the synchronous reference frame is the best for modeling induction motors. 

The transient and steady-state properties of a 3P-IM, as well as the torque-speed 

characteristics, are compared in various reference frames. The Simulink simulation model 

contains four inputs: mechanical torque and three input line-to-line voltages. Electromagnetic 

torque, rotor speed, rotor currents, and stator currents are the outputs. In Simulink, the 

induction model uses the arbitrary reference frame theory to analyze the performance of the 

3PIM during an electrical failure. Faults were induced in this simulated environment, and 

fluctuations in motor output related to a defective state were detected. 
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Depending on the mechanical torque value, an asynchronous machine can operate in either 

motor or generator mode. This number is a positive constant in a motor model. The full energy 

conversion system is represented by both electrical and mechanical models. Two lists of 

observations were made using two functionally separate blocks: electrical and mechanical. In 

these blocks, all equations were implemented. The electrical model is divided into numerous 

subsystems. It first transforms voltages from the a-b-c system to a d-q system, and then one 

of the components employs sine and cosine transformations from the d-q system to the a-b-c 

system. The other section transforms currents, while the third section converts fluxes to the 

d-q system. One of the subsystems computes all direct and quadrature axis currents, as well 

as mutual fluxes. 

 

b. Model iof ithe iInduction iMotor iin iSimulink i 

 

Simulink, iwhich iis ibased ion iMATLAB, ihas ia idynamic imodel ifor ian iinduction imotor ithat imay 

ibe icustomized. iThis imodel iis imade iup iof imultiple isub-models. iAs ipreviously imentioned, ithe 

ielectrical isub-model iconverts ithe ithree-phase ielectrical ivariables ito ithe itwo-axis idq ireference 

iframe. iThe itorque isub-model icalculates ithe iproduced ielectromagnetic itorque, iwhereas ithe 

imechanical isub-model icalculates ithe irotor ispeed. iA istator icurrent ioutput isub-model iis ialso 

ideveloped ito icalculate iline ivoltage idecreases. 

 

i. Electrical iSub-model 

 

The iElectrical isub-model iconverts ithree-phase ivoltages ior icurrents ito ia itwo-axis id-q 

irepresentation, ias ishown iin iEquation i(43): 

𝑉𝑑𝑠

𝑉𝑞𝑠
 i= i i

1
−1

2

−1

2

0
√3

2

−√3

2

 i* i i

𝑉𝑎𝑠

𝑉𝑏𝑠

𝑉𝑏𝑠

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(43) 

 

Where is idenotes ithe istator, iabc iindicates ithe ithree iphases, iand id iand iq idenote ithe id-q ireference 

iframe. iFigure i17 idepicts ithe ielectrical isub-model iblocks. 
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Figure i17 i: iElectrical iSub-model iusing iSimulink 
 

Here, iinputs iare idq icomponents iof istator iand irotor: iu[1]=ids; iu[2]=iqs; iu[3]=idr; iu[4]=iqr. 

iAngular ifrequency iu[5]=ω0. i 

The itransformation imatrix ifor ithe isynchronous ireference iframe imay ibe iconstructed iin 

iSimulink iusing ifour ifunction iblocks, ias iillustrated iin iFigure i18. iThe iinputs ito ithe ielectrical 

isub-model iare ithree-phase ivoltages iin ithe iabc ireference iframe ithat iare itranslated ito icurrent 

ivectors i[ids, iiqs, iidr, iiqr] ithat ireflect ithe istator iand irotor icurrents iin ithe id-q ireference iframe. 

 

 

Figure i18 i: iSystem iimplemented iwith iSimulink 
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ii. Torque isub-model 

 

Once ithe ielectrical ivariables iin ithe idq ireference iframe ihave ibeen idetermined iusing ithe 

ielectrical isub-model, ithe itransformed istator i(ids, iiqs) iand irotor i(idr, iiqr) icurrents iare iutilized ito 

icompute ithe iinduced ielectromagnetic itorque i(Te) iin ithe itorque isub-model iby irearranging 

iEquation i(30) i[36]: 

 

 i i i i i i i i i i i i i i i𝑇𝒆= i

𝑃𝐿𝑚

𝟑
 𝒊[𝑖𝑑𝑟𝑖𝑞𝑠 − 𝑖𝑞𝑟𝑖𝑑𝑠] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(45) i 

 

where iP irepresents ithe irated iinput ipower iand iLm irepresents ithe imagnetization iinductance. 

Mechanical isub-model iof ian iinduction imotor: iThe irotor iangular ispeed i(ω0) imay ibe icalculated 

ifrom ithe iinduced ielectromagnetic itorque i(Te) iby iignoring iviscous ifriction, ias ishown iin 

iEquation i(46) i[36]: 

 

 i i i i i i i i i i i i i i𝜔0= i∫
𝑇𝑒−𝑇𝐿

𝐽

𝑡

𝑇=0
𝑑𝑇 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(46) i i i i i i i i i i i i i i i i 

Where iJ iis ithe irotor's imoment iof iinertia iand iTL iis ithe iload itorque. 

 

iii. Stator iCurrent iSub-model 

 

|𝑖𝑠| =  𝑖

2

3
√𝑖𝑞𝑠

2 + 𝑖𝑑𝑠
2

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(47) 

The ielectromagnetic itorque iis icalculated iby itransforming ithe istator ifluxes iand icurrent 

icomponents iinto idq ireference iframe ivalues. iEquations i(45-47) i ishow ithe isolutions ito 

ithe iessential iequations. iThe iSimulink iblocks ifor ithe imathematical iprocedure 

iunderpinning ithe iTe icomputation iare ishown iin iFigure i19. 

 

 

Figure i19 i: iElectromagnetic itorque iusing iSimulink 
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𝑇𝑒 = 𝑝ℎ𝑖𝑑𝑠 ∗ 𝑖𝑞𝑠 − 𝑝ℎ𝑖𝑞𝑠 ∗ 𝑖𝑞𝑠 𝑖, iwhere idq icomponents iof ithe iflux iproduced iin ithe istator, 

isuch ias iand, iare iestimated ifrom istator iinductance iand istator-rotor imutual iinductance, ias 

iindicated iin iEquation i(48) i[36]: 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(48) 

 

iv. Power iSupply iSub-model 

 

This isub-model icomprises ia ithree-phase ivoltage igenerator iand icalculates iterminal ivoltage 

idepending ion iline ivoltage idrop. iThe iterminal ivoltages iafter icable idrops ihave ia imagnitude iof 

i|𝑉| ifollowing ia idrop iin ithe iproduced ivoltage iE ifrom icable iresistance iRc idue ito istator icurrent 

i|𝑖𝑠|. 

 

 

Figure i20 i: iOverall isetup ifor ithe iSub-system iof ithe iAsynchronous imodel 

 

 

 

 

𝑝 ℎ 𝑖𝑞𝑠 
 i 

= 𝐿 𝑠 × 
 i 
𝑖 𝑞𝑠 

 i 
+ 

 i 
𝐿 𝑚 × 𝑖 𝑞𝑟  i i i i 

𝑝 ℎ 𝑖𝑑𝑠 = 𝐿 𝑠 × 
 i 
𝑖 𝑑𝑠 + 𝐿 𝑚 × 𝑖 𝑑𝑟 

 i  i  i  i  i  i  i  i  i  i  i  i  i i  i 
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Chapter 4 : iExperimental iResults 

 

I. Parameters iestimation i 

 

The ielectrical iparameters ifor ithe i3P-IM iwere icomputed iusing iMATLAB ifrom ithe iDC itest, ithe 

iblocked-rotor itest, iand ithe ino-load itest: 

 

Table i4 i: iParameters iobtained iafter icompilation iwith iMatlab 

Stator 

iresistance 

Rotor 

resistor 

Stator i 

reactance 

Rotor i 

reactance 

Stator i 

inductance 

Rotor 

inductance 

Magnetizing 

i 

reactance 

Magnetizing 

inductance 

R1=12.05Ω R2=12.9Ω X1=16.7Ω X2=25.15Ω L1=0.05H L2=0.08H XM=325.7Ω LM=1.03H 

 

II. Simulation iresults 

 

For ia ifixed ifrictional itorque iand igiven ithe ioutput ishaft ipower i(Po) iand iangular ifrequency iof 

irotation i(𝜔m), ithe itorque i(TL) iunder iload iis idetermined iby irearranging iEquation i(8): 

𝑇𝐿 =  𝑖

𝑃0

𝜔𝑚
 

Ns iat izero islip, is i= i0, ithe iangular ispeed i(ωs) iis igiven iby: 

𝜔𝑠 𝑖
=

2𝜋𝑁𝑠

60
=

2𝜋 ∗ 1500

60
= 157.10 𝑖𝑟𝑎𝑑/𝑠 

Nr=1410 irpm; iNs=1500 irpm; i 

By iusing iEquation i(3), ithe islip i(S) iis: 

𝑆 =
𝑁𝑠 − 𝑁𝑟

𝑁𝑠
=

1500 − 1410

1500
= 0.06 

As ia iresult, ithe irotor's iangular ispeed iat irated i6 ipercent islip iis i157.1 i(1-s) i= i157.1 i0.94 i= i147.67 

irad/sec. iThe imotor ihas ia i370W ioutput ipower. iAs ia iresult, iPo i= i370 iW, iand ithe ioutput itorque 

iis: 

𝑇𝐿 =  𝑖

𝑃0

𝜔𝑚
 i= 𝑖

370
147.67

=2.505𝑁𝑚 

The ifollowing iunbalanced ivoltage icircumstances iwere iimplemented iin iSimulink: 

✓ Magnitude iDecrease i(Amplitude iVc i= i10% iDecrease) 

✓ Magnitude iIncrease i(Amplitude iVc i= i10% iIncrease) 

✓ Phase iDecrease i(Phase iVc i= i3% iDecrease). 

✓ Phase iIncrease i(Phase iVc i= i5% iIncrease) 
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✓ Magnitude iand iPhase iDecrease i(Amplitude iVc i= i10%, iPhase iVc i= i3% iDecrease) 

✓ Magnitude iand iphase iIncrease i(Amplitude iVc i= i10%, iPhase iVc i= i3% iIncrease) 

✓ Phase iloss i(Vc iphase ivoltage) iin ia ithree-phase isupply. 

These imodifications iwere ichosen ito igive ia iwide ivariety iof ipossible iunbalanced istates iand ito 

iproduce iderating ifactors ifor imotors ioperating iunder ithese ivaried iunbalanced iconditions. 

 

Table i5 i: iDifferent iconditions iof ithe ithree-phase isupply 

Parameters Phase iVa Phase iVb Phase iVc 

Balanced iCondition 240∠0° 240∠-120° 240∠-240° 

Magnitude iDecrease 240∠0° 240∠-120° 216∠-240° 

Magnitude iIncrease 240∠0° 240∠-120° 264∠-240° 

Phase iDecrease 240∠0° 240∠-120° 240∠-232.8° 

Phase iIncrease 240∠0° 240∠-120° 240∠-252° 

Magnitude iand iPhase iDecrease 240∠0° 240∠-120° 216∠-232.8° 

Magnitude iand iPhase iIncrease 240∠0° 240∠-120° 264∠-247.2° 

Phase iloss 240∠0° 240∠-120° Not iconnected 

 

Figure i21 ishows ithe iSimulink iimplementation iof ithe iexperimental isetup. iThe iasynchronous 

imachine imodule iis idisplayed iin ithe icenter, iand iit iis ialso iconfigured iwith ithe iessential 

iparameter ivalues ifor irated ispecs, iresistances, iimpedances, iand imoment iof iinertia. iThe ithree-

phase isupply iconnections iare ishown ion ithe ileft iside iof iFigure i21 iwith ivaried ivalues ito 

irepresent ibalanced iand iunbalanced ivoltage icircumstances. iOn ithe irightmost iside, imany 

iscopes iwere iattached, iand ithe ioutput iterminals iexhibited ivarious ithroughputs isuch ias ipeak 

imagnitude iof ieach ivoltage, irotor ispeed, istator/rotor icurrent, iand ielectromagnetic itorque. 
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Figure i21 i: iModel iof ithe iAsynchronous imachine iwith ithe iinput-out iusing iSimulink 

 

The iunbalanced ivoltage isituations iin iTable i5 iwere irepresented iin ithe iinduction imotor isub-

systems iin ithe iSimulink ienvironment. iThe iimpacts iof ivarious iexperimental icircumstances ion 

ieach iindividual imotor ioutput ivariable iwere idiscussed. 

 

a. Effect ion irotor icurrent 

 

Figure i22 idepicts ithe iimpact iof ivarious iimbalanced icircumstances ion irotor icurrent. iThese iare 

irotor icurrent itransient ireactions. iThe iplot idemonstrates ithat iafter ian iinitial imagnified 

ifluctuation iof ithe icurrent, iit itakes iroughly i0.15 iseconds ito isettle ito ithe irated irotor icurrent 

iunder ibalanced iconditions. iFigure i22 ialso ishows ithat ivoltage imagnitudes ithat iare itoo ilow ior 

itoo ihigh icontribute ihigh ifrequency icomponents iinto ithe isteady istate irotor icurrent. iA ihigh 

ifrequency ilow imagnitude icomponent imodulates ithe irotor icurrent. iAny ichange iin ithe iphase 

iangle iof ithe isupply ivoltage, iwhether ipositive ior inegative, imodulates ithe irotor icurrent iwith 
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ihigh ifrequency iand imagnitude icomponents. iAs ia iresult, ivariations iin iboth imagnitude iand 

iphase iangles iproduce ia irotor icurrent idominated iby ithe iinfluence iof iphase iangle ichanges. 

iThese iare irotor icurrent iharmonics iwith ihigh ifrequencies ithat icontribute ito irotor ilosses iand 

iheating. iWhen ia iphase iis ilost, iit icauses ia ihuge iunstable ihigh-frequency irotor icurrent, iwhich 

icauses ipulsing itorque ias iseen iin iFigure i26 iand iincreasing irotor ispeed ias ishown iin iFigure i25. 

iSurprisingly, iincreasing ithe imagnitude ior iphase iangle iresulted iin ia ifaster isteady istate irotor 

icurrent, iwhich iis ireached iin i0.1 iseconds. i 

 

Figure i22 i: iEffect iof idifferent ivoltages iimbalances ion irotor icurrent i(Ir) ivs. itime i(s) 

Legends: 

 1- ithe ibalanced icondition i 

 2 i-loss iof ia iphase 

 3- imagnitude iincrease 

 4- imagnitude idecrease 

 5- iphase iincrease 

 6- iphase idecrease 

 7- iincrease iin iboth imagnitude iand iphase 

 8 i-decrease iin iboth imagnitude iand iphase 

2 

3 

1 

4 

5 6 

8 7 
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b. Effect ion istator icurrent 

 

Stator icurrent, iunlike irotor icurrent, iis isomewhat ireduced iunder ibalanced isituations iat igreater 

ivoltage imagnitude iand iphase iangle iconditions, ias iseen iin iFigure i23. iA idrop iin ivoltage 

imagnitude, ion ithe iother ihand, imarginally iincreases ithe isteady-state istator icurrent. iAs ithe 

iphase iangle iis ireduced, ithe istator icurrent inearly idoubles iwhen icompared ito ithe ibalanced 

isituation. iA iphase iloss imagnifies ithe istator icurrent iseveral itimes, iimplying ithat ithere iis ia 

ireciprocal ilink ibetween ithe istator icurrent iand ithe iamplitude iand iphase iangle iof ithe isupply 

ivoltage. iThis iis idue ito ithe ifact ithat iat ilow ivoltage imagnitudes, ithe istator idraws igreater icurrent 

ito imaintain ithe iinput ipower iconstant. 

 

 

Figure i23 i: iEffect iof idifferent ivoltages iimbalances ion istator icurrent i(Ir) ivs. itime i(s) 

Legends: 

 1- ibalanced icondition i 

 2 i-loss iof ia iphase 

 3- imagnitude iincrease 

 4- imagnitude idecrease 

 5- iphase iincrease 

1 

2 

3 4 

5 6 

7 
8 
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 6- iphase idecrease 

 7- iincrease iin iboth imagnitude iand iphase 

 8 i-decrease iin iboth imagnitude iand iphase 

 

c. Effect ion irotor ispeed 

 

Figure i24 idepicts ithe iimpact iof ivarious iimbalanced icircumstances ion irotor ispeed. iThe irotor 

irotates iat ithe irated ispeed iof i1410.8883 irpm iunder ibalanced icircumstances, iand isteady-state 

iis ireached iin i0.17 iseconds. iAn iincrease iin ivoltage igradually iincreases irotor ispeed, iwhich 

iachieves ia isteady istate iin i0.15 iseconds. iA ireduction iin ithe imagnitude iof ithe ivoltage ior iany 

ichange iin ithe iphase iangle, ion ithe iother ihand, ileads iin ia iminor idecrease iin ithe irotor ispeed. 

iThe ilowest isteady-state irotor ispeed iis iobtained iby idecreasing iboth ithe ivoltage imagnitude iand 

ithe iphase iangle. iAs iseen iin iFig. i24, ilosing ia iphase iaccelerates ithe irotor ispeed. 

 

 

Figure i24 i: iEffect iof idifferent ivoltage iimbalances ion irotor ispeed i(N) ivs. itime i(s) 
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Table i6 i: iRotor ispeed iat idifferent iconditions 

Experimental iConditions i Speed i(RPM) i 
Balanced i 1410.88 
Magnitude iDecrease i 1402-1405.6 i 
Magnitude iIncrease i 1414.9-1416 i 
Phase iDecrease i 1407.8-1413 i 
Phase iIncrease i 1404.9-1413 i 
Magnitude iand iPhase idecrease i 1400-1406 i 

Magnitude iand iPhase iincrease i i 1412.5-1418.5 i 

Phase iLoss i Does inot ireach ia isteady-state i 

 

Figure i25 idepicts ia igraphic icomparing isteady-state iand itransient irotor ispeeds iunder ivarious 

itesting isettings. iAs idemonstrated iin iFigure i25, iwhen ithe imagnitude iand/or iphase iangle iof ithe 

ivoltage iare ilowered, ithe irotor ispeed ifalls ibelow ithat iof ibalanced icircumstances i(a). iFigure i25 

i(b) idemonstrates ithat iincreasing ithe ivoltage imagnitude iimproves ithe isteady-state ispeed, 

iwhereas iincreasing ithe ivoltage iphase iangle ireduces ithe ispeed. iWhen ithe imagnitude iand iphase 

iangle iof ithe ivoltage iare iboth iraised, ithe isteady-state ispeed iis iincreased imore ithan iin ibalanced 

iconditions. iThis ienhanced isteady-state ispeed, ihowever, iis islower ithan ithe ispeed irecorded 

iduring iovervoltage icircumstances. 

 

 

(a)  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(b) 

 

 

 

 



41 

 

 

(a)  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(d) 

 

Figure i25 i: iRotor iSpeed icharacteristics iand iSteady-state 

Legends: 

(a) idecreased iimbalances i 

(b) i iincreased iimbalances 

(c) idecreased iunbalances 

(d) iincreased iunbalanced iconditions 

 

 

d. Effect ion ielectromagnetic itorque 

 

Under ibalanced ivoltage isettings, ithe itorque iapproaches ia isteady-state ivalue iof i2.505 iNm iafter 

ian iinitial itransient ireaction, ias iseen iin iFigure i26. iHowever, iunder iall iunbalanced ivoltage 

isettings, ithe itorque idoes inot iremain iconstant iat ia isteady istate ibut irather ioscillates. iThe itorque 

ioscillates iat iroughly i2 iNm iat iover iand iunder ivoltage imagnitude. iWhen ithe iphase iangle 

ichanges i(rises ior idecreases), ithe iamplitude iof ithe ioscillation iincreases imultiple itimes. iWhen 

ithe iamplitude iand iphase iof ithe isupply ivoltage iare iboth iincreased, ithe ioscillation ibecomes 

imuch imore ipronounced. iHowever, ia idrop iin iboth imagnitude iand iphase iangle iresults iin ithe 

isame itorque itransient ias ia ichange iin iphase iangle. iNotably, ithe iloss iof ia iphase icauses iunstable 

ioscillations iin itorque, iwhich, iunlike iother iunbalanced ivoltage icircumstances, inever 

iapproaches ia isteady istate. 
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Figure i26 i: iEffect iof idifferent ivoltages iimbalances ion ielectromagnetic itorque i(T) ivs. itime i(s) 

 

Legends: i 

 1- ithe ibalanced icondition i 

 2 i-loss iof ia iphase 

 3- imagnitude iincrease 

 4- imagnitude idecrease 

 5- iphase iincrease 

 6- iphase idecrease 

 7- iincrease iin iboth imagnitude iand iphase 

 8 i-decrease iin iboth imagnitude iand iphase 
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2 
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Figures i22-23 ishow ithat ithe istator iand irotor istart iup icurrents iare imany itimes imore ithan ithe 

irated icurrent, ias ipredicted. iBecause ithere iis ialways ifriction iin ithe imotor's ibearings, ionce ithe 

irotor ireached iits irated ispeed, iit ioscillated iaround iit. iThis ifriction iprevents ithe imotor ifrom 

 i 

 i 

 i 

 i 

Balanced iCondition 

 

Loss iof ia iPhase 

 

Phase iIncrease 

 
Phase iDecrease 

 

Magnitude iIncrease 

 

Magnitude iDecrease 

 

 

Increase iMagnitude iand iPhase 

 

 

Decrease iMagnitude iand iPhase 

 

Figure i27 i: iEffect iof idifferent ivoltages iimbalances ion itorque-speed icharacteristics iof ithe 

iinduction imotor 
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ireaching isynchronous ispeed. iFigure i27 iillustrates ithat ithe irotor iaccelerates ito iits irated 

ivelocity iwithout iovershooting, ias ipredicted ifor ihigh-efficiency imotors. 

This isort iof imotor ioffers ia istrong istarting itorque, iaccording ito ithe iToshiba imotor icatalog. 

iFigure i27 i(balanced iconditions) idepicts ithe isignificant ielectromagnetic itorque igenerated iby 

ithe imotor iduring iits iinitial istart-up iand ias iit iaccelerates ito iits irated ispeed. iTo ibe iin ibalance 

iwith ithe iload itorque, ithe itorque isettles idown ito ivirtually ia iconstant imagnitude. iFigure i27 

ishows ithat ichanging ithe iphase iangle icauses igreater ioscillations iin ithe itorque-speed 

icharacteristics ithan ichanging ithe ivoltage imagnitude ialone. 

An iincrease iin ithe imagnitude iof ithe ivoltage iaccentuates ithe itorque ioscillations icompared ito ia 

ireduction iin imagnitude. iIn ithe ievent iof ia iphase ifailure, ithe iremaining iphases iwill iattempt ito 

icompensate ifor ithe iload, iresulting iin iunstable ioscillations ithat iget iincreasingly irapid iwith 

itime, ileading ithe imotor ito ioverload. 

 

e. Effect ion iderating ifactor 

 

Figure i28 idepicts ithe iderating icurves iunder ivarious iimbalanced isituations. iAs ipreviously 

istated, ian iunbalanced ivoltage iphase iangle ihas ia imore isevere ieffect ithan ian iimbalanced 

ivoltage imagnitude. iAs iillustrated iin iFig. i28, ia i15% ivoltage iimbalance ifactor iis irequired ito 

ireduce ithe iderating ifactor ito izero ifor ivoltage imagnitude i(a). iIn icontrast, ias iillustrated iin iFig. 

i28, ia i5% ivoltage iimbalance ifactor iresults iin ia i0% iderating ifactor ifor iphase iangle i(b). 

 

 

(a)  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(b) 

Figure i28 i: iDerating icurves 

(a) ifor iincreased iand idecreased ivoltage imagnitude icases 

(b) ifor iincreased iand idecreased ivoltage iphase iangles- idecreased iunder-voltage 

imagnitude iand iphase. i 
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Chapter 5 : iDiscussions 

 

The iobservations idepicted iin ithe iresult isections irequire imore iexplanation iin iorder ito 

idetermine ithe isources iof ithese ioutcomes. iUnderstanding ithe iorigin iand iimpact iof ia iparticular 

iobservation iwill ilead ito ia iviable isolution ior iprotection istrategy ifor iloss, idamage, ior iother 

inegative ioutcomes. iThe idiscussion iin ithe ifindings isection ifocused ion ithe iimpact iof ivarious 

iimbalanced icircumstances ion ieach ielectrical ior imechanical ivariable iof ithe imotor. iThese 

ifindings iare isummarized ihere ito ishow ithe igeneral icause iand ieffect iof ithe ivarious iunbalanced 

ivoltage iscenarios. 

Table i7 isummarizes iall iof ithe icharts iin iFigures i22-25 ito imake iit ieasier ito icompare ithe iimpact 

iof idifferent iunbalanced ivoltage icircumstances ion ithe imotor ivariables. 

 

Table i7 i: iMechanical iand iElectrical ivariables iunder ivarious iunbalanced ivoltage 

icircumstances. iThe irated ivalues iare iused ito icompare ihigh iand ilow iphrases 

 Stator iCurrent 

iMagnitude i 

(from iFigure 

i23) i 

Rotor iCurrent 

iRipples i 

(from iFigure 

i22) i 

Steady iState i 

Torque i(Nm) i 

(Settling itime) i 

(from iFigure 

i26) i 

Average iSpeed 

i(from iTable i6) i 

Balanced i Rated i i No iRipple i i  i(0.17 is) i Rated i 

Magnitude 

iIncrease i 

Low i Lowest i (0.15 is) i Highest i 

Magnitude 

iDecrease i 

High i Lowest i (0.2 is) i Below iRated i 

Phase iIncrease i Low i i High i (0.18 is) i Below iRated i 

Phase iDecrease i Highest i i High i i (0.18 is) i Below iRated i 

Magnitude iand 

iPhase iIncrease i i 

Lowest i i Highest i (0.15 is) i Close ito iRated i 

Magnitude iand 

iPhase iDecrease i 

Highest i High i i (0.2 is) i Low i 

Phase iLoss i Unstable i Unstable i Unstable i Lowest i 

 

Overvoltage i(Magnitude iIncrease) ihas iresulted iin ilow istator icurrent, ilowest iripple, iand 

imaximum iaverage ispeed. iLow icurrents icause ilesser icopper ilosses, iresulting iin ihigher 

iefficiency ithan iin iother iimbalanced iscenarios. iThis iappears ito ibe ithe ifinest iof iall ipotential 

iimbalanced icircumstances. iHowever, ispeeds iover ithe istated icapacity imay iput iexcessive 

imechanical istrains ion ithe iphysical iqualities iof ithe imotor. iThis iis iconsistent iwith iLee's 
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ifindings, iwho idiscovered ia ibetter iefficiency iin iovervoltage icircumstances ithan iin iother 

iunbalanced ivoltage iscenarios i[6]. iLee's iresearch ialso irevealed ithat iwhen ithe ivoltage iis ilow, 

ithe imotor iconsumes isubstantially imore ielectricity ithan iwhen iit iis ihigh. 

Voltage iphase iangle ivariations ihave ithe igreatest iimpact ion irotor icurrent iripples. iAll ivariations 

iproduce imuch igreater irotor icurrent iripples ithan ithose isubjected ito ivoltage imagnitude 

ivariation. iImbalances iin ivoltage iphase iangles ialso iaffect ithe imechanical iangle iof irotation, 

iresulting iin ihigh-frequency iripples iin ithe iopposing itorque icreated iby irotor icurrent. iIn igeneral, 

ia idecrease iin ivoltage imagnitude islows ithe itorque's isettling iperiod. iA idecrease iin ivoltage 

imagnitude iinduces ia irise iin istator icurrent ito imaintain iinput ipower, idelaying isteady-state 

itorque idevelopment. 

The icurrents igenerated iby ithe ipositive iand inegative isequences iproduce iopposing irotating 

imagnetic ifields, iresulting iin iripples iin ielectromagnetic itorque iand ivelocity ivariations. 

iMirabbasi iet ial. i[7] ialso idetected itorque ioscillations icaused iby iimbalanced ivoltages, ias iseen 

iin iour iinvestigation. iSuch ioscillations igenerate inoise, ivibration, iand imechanical istrains, 

iwhich icause imachine iwear iand iaging. iBecause iof ithe ivoltage iimbalance, ithe itorque-speed 

icharacteristics imodify ithe iso-called ivalues iof ipull-up iand ibreakdown itorque. iUnbalanced 

ivoltages, iin igeneral, igenerate inegative isequence icurrents ithat iserve ino ifunction iother ithan ito 

icontribute ito ipower iloss iand itemperature irise. iIn iimbalanced isituations, ia idecline iin ipower 

ifactor ireflects ia ishift iin iactual iand ireactive ipower iconsumption. iBecause iof ithe iimbalanced 

ivoltage, ithe inegative isequence icomponents icontribute ito iexcessive iheat, iwhich ielevates ithe 

imotor itemperature iand imay idamage ithe iinsulation. iA isubstantial iimbalance imay ipotentially 

iresult iin ithe imotor's idestruction. 

The iloss iof ia iphase iis ithe imost isevere iimbalanced istate. iIn icomparison ito iany iof ithe i15% 

idecline isituations, ithis iscenario icorresponds ito ia i100% ifall iin ivoltage imagnitude iand iangle. 

iAs ithe imotor iseeks ito isupply iits ifull irated ipower, ithe iloss iin ione iphase iplaces ian ienormous 

idemand ion ithe iother itwo. iUnder isuch iconditions, iall ivariables, ifrom istator iand irotor icurrents 

ito ispeed iand itorque ioutput, ibecome iunstable. iIf ino iprecautions iare itaken, ithe imotor imay ifail 

iin ia ishort iperiod iof itime. 
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Chapter 6 : iConclusion 

 

To understand the impacts of various unbalanced voltage circumstances, a detailed 

investigation of motor function was performed. The motor parameters were assessed for use 

in subsequent simulations that resulted in graphical displays of motor activity. Any three-

phase induction motor may be built and tested for optimal functioning using this approach, 

either before or after construction. The modeling of motor characteristics under various 

voltage situations, including displays of torque-speed characteristics, line currents, and rotor 

speeds, may be immensely valuable in anticipating probable problems or motor design errors. 

Prior to manufacture, the Simulink-based MATLAB toolbox provides an ideal platform for 

designing and testing motor operations under various input power, faults, and/or severe 

unfavorable circumstances. 

The behavior of a three-phase induction motor may be examined in similar ways by 

employing various protective methods aimed at mitigating the negative consequences of 

unbalanced voltages. Such research will aid in the development and optimization of protective 

measures or gadgets. Automatic or adaptive control systems, microcontroller-based switches, 

and sensor-based filters and compensators are examples of such protective methods. It is not 

always advisable to trip or shut down the equipment in the event of an imbalanced voltage 

occurrence. It is not always advisable to trip or shut down the equipment in the event of an 

imbalanced voltage occurrence. To maintain continuous or smooth operations in industrial 

applications, standby preventive mechanisms should function automatically to compensate 

for the detrimental consequences of negative sequence components. As a result, for a complex 

and robust motor design, real-time acquisition and analysis of torque-speed characteristics, 

currents, and torques are required. A sample motor unit test comparable to the one used in 

this study can be modified for larger-scale motor design and manufacturing. It would be 

beneficial to examine the operations and features of heavy industrial three-phase induction 

motors using comparable theories, especially when they are utilized for heavy-duty or 

important industrial activities. It is also critical to comprehend the impact of drive end load 

variations when combined with unbalanced voltage circumstances. This research 

concentrated on the influence of input power quality on motor performance, but output 

mechanical power needs may have distinct transitory consequences. In overload 

circumstances, sudden changes in load or under load investigation and modeling of these 

motor variables may also produce intriguing results. 
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