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ABSTRACT

This thesis investigates the influence of ma
ripple in permanent magnet (PM) synchronous
and finite el ement met hod (FEM)c.esThencil udes t
tol erances, rotor eccentricitiest,ypteodton elrualng
and interaction effects of PM tolerances or
for mulypieplt eAlelr atnheed sorbetsauiint s aredi mahsdanad )
and expemhmeptsostotypes.

First, ctaltsee waremtaryipe dfol irragilcees i n multiple F

cogging torque is identif/ig@hiaBypyrusinagyshe, Ta

PM tolerances, rotor eccentri ciCtoimpsa, etdo dtoh t
tolerance in themec ®ygiong ttomrntduyue resulted fro
PMs/ teeth i s mucshermoorues.compl ex and

Second, t he inter actpieon odfefreamtce sqgf o mwlibtuidp Ing
bul ges and rotor static and dynamic eccentr
weakening and strengthening effects are rev
mul ttiyppe t ol erances. By detagt mmgoutflhes@rrala
it i s possible to mitigate the worst scenar

t ol erances.

Third, the i nfluence of slot and pol @é&Mnumber
machi nes wittylp e mu lotl ieptlaoabpd ens , bul ge s and rotor

eccentricities.

Finally, astrrodbtaesgeyddesi ghe Taguchi method i s
ripple caused by the real di stribution of ac
the asymmetric circumferential positions of

mas producti on.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 PM Machines

After the magnevmaidc sebveamesdo®lycusnieaB2Dr f DER?2
antdhel eembgoeti c r ot ana soxnp | oxheiede hBEgerdnatd ay i n 1€
[ FAR21] [ FAR31], thalmdchwadegevweldtopMang eypesr
el eamactiweeper oposed and devel oped [rGMRAA]y o0\
whican be divided into different types acc
Generedlelcyt,ri cscahnmaehidnei ded intdelitushsad aad
according t wht hceoemrmustt ariwuscheuspead eHdUD THAL0 83 s
shown in Fig. 1.1

Electrical machines

v v

| Brushed machines| | Brushless machines|
v v v v v
Seltexcited direct Separatehdirect Induction Reluctance PM
current machines current machines machines machines machines

Fig. 1.1 Clasesitfri csg iCiHAOCB]i n e

Brushed machialksctr iecvwah etriyep eehhoeher ot or i1 s conn
power supply through|[ BAYDMud sag olrr uasnhde sb raurseh e
of carbon or graphite and are in constant ph
the direction of current flow in the rotor

direction credtéebat mageedctsfweth the stat«
the rotor to turdivBdedé®dteada amidhesx paratel y
machines,ommothlayr essed i n various applicati ons

tools, and some automotive systems.

Brushl ess machines, on the ot he[rWlhlatal]hsd ® ardqg

they use electronic controll ers t o ntaocnhtirnoel t

18



wi ndi ngs. Brushl ess machines typically have
el ectronically controlling the currenbtys i n t

wi ndinger actmagwietth ct He el dt geproduecea thyr qwe oa

Brushl ess machi nes of fer sever al advant age:
efficiency, | ower maintenance, and reduced e
used in applicationsndwsthr iasl erhaeachirner y,e ha rce

There are many kinds of brushl ess machi nes,
magnet (PM) machines [ MER55] [ PAR62] [ HONS8O]

Il n comparison to brushless machi nes, brushec
their reliance on physical brushes and c¢ommu
windings. Notably, the brushetshenad cmrhmu tnatcmrm s
operation, which results in friction and wea
[ TOS84]. Additionally, this physical i nterac
generate electromagneompl i oaernhgegrenheier @setih

[ PAT8hEref or emacbhsiunaseheesavored for their si mg
manufacturing through to operationgcotmento t
type of marcis mleeessparticul arly valued for thei
performance [ MAR55] [ PARG6 2]

Howee®een tthMomgkaraen e o mmamrb rtuyspmeh e sesmley-e h ® wg y
density PM materiz@),s wee.eg .u,s erma ¢ mélthiedtsBd0Is(yF 4t B @\
i ndustrial application of PM machines starte
[ GI| E10] . I'n thMawdO&s&Odeaddeomwede used i n mot
appliancelsn h1®Y6R01s3 | a hSIMClo9 8aOnsdr aNrdd- en@d retwle a b s

Il nvemnmteese e.cBea cvaed Bye heingehpgy duat e neaaretbln a B M

mac hhaaei gnipfeircfaonrtmance| BAG8 4V e[mMEBIURRD®A] .[ DOR11
With the decrease Iin mmauéncadurinagl-aeagethobri
based PM machines are widely wused in indust
benef it from their advantages of high torqu
control [ JAH86][ZHZHWIHAD &]1BR1A04]][ ZHU1

Generally, PaJ 3 cdhiivniedse dc ainnt o i nteri or -per man
mounted permanent magnet (SPM) machines depe
and ,imaonor and statcor @iMhregd dcolciane s ms aafdi tt h e n

19



considering the structur e, al | PM machines
mac hiNme satb g §r dl ess of of hPeM cnlaagshstaidenalgh e binc f i e
anidnt groraanle mo r ea rmabommnsoengtuleenyt @ yf oc ushd s . it rh etsh es

1.1.11PM and SPM

According to the |l ocation of P Ms, the PM m
mach, nes sho®@n linn bFoitgh. IIPM and SPM marcohtionre s ,
angt a[tQ@Ir22bér ef or e, Fig. 1.t30 mhemsiggP M haen dc dSrPvWe
ma c hiarces,r dihreggiPtvbreot or albhdi st abomon f or I PM
arrangéead irmtddmeanidocdiualpmpl i[aEhlcRIsOfj ®PtM or SPM
magnets are moumt e pe oivalti keheeksg aanteowi t c RMf | u X
(SFPMRAUS&&GIHI ux rPeWFRPHaOE ORI mac hjrreespecti vel y.

PM machins
I

v v

IPM machines SPM machines

Fig. 1.2 IPM and SPMor PM machines.

7 N\

7\
O
A

N7

(a) IPM in rotor (b) SPM in rotor

20



(c) IPM in stator (SFPM machine) (d) SPM in stator (RPM machine)
[DEO97] [BOLOZ2] [LI18]

Fig. 1.3 Conventionatopologesof IPM and SPM maching122b].

Fi g4s hlstwhvear il @8Msr r aingetdhAs roherdepth of the me
rotor becomes shall ower Splofk e oytpodr ysp ec,a na rode |
typeHUCEAN]en t houghl yheneabayéitlmuBldMMagteed magne:

structures are al so common

There are many advantagepVGAF®Olrhe nmda amhMre Wi
rotmarc hi nesl hiavea mcnddet oequdé | ux we,aktemesnmghaae ¢
excell ent ov eralwo e r c & paekodl értagrgaetsiocldh i nes ar
generally more complex to manufactumPe due

embedding process, | eadilnmg & dtdhhéef gchkes imm@a ntulf ea c
aruesually very narrowett @ nicmdiriestshsdesetstr reen grhang rd t |

rotor core.

Fi gbs hloows talrea ainRMtdhe . SEBMomagc RAURSWItiomh ai n

the PM in t[hHOASIt7at dard HUPddbtkhda 9 55]li nce embeB®WMsdar
withhe stator core, this kind of machine ha
ovedmowmad capability i1 s CHRLM@HIbLIOHBREZRA]VvY sat ur a
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(a) dpyoplee (b)t ylpe

I 7N
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(cWt ype (d} ybe

|
Eliﬂi:>ﬁjij
!

Fig. 1.4 Topologesof IPM in rotor[ZHUO7].

(a) IMHOA®ZHUOS] (b) In yoke [L

Fig. 1.5 Topologesof IPM in stator(SFPM machine)

Fi g. 1.6 sdaonwasinmg éiteheSkekMtds ey, sHal bacdhucaondes
Due to the iromMMs atlh é&&Modnesse¢lp@tt wegeh uct ance tor
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structure makes it easier to fix the PMs. Ho
as well armager hfel ux | eakage, the average tor gl
structure wil |l Tbhegurrddddcta| dvpeoli y® grye dnipd eed if g man
due to simpler,paotiocolpmisgducoi b®tM tnaeheée nes
reluctance torque, which to some extent weak
of torque pTeor iPWprvoovieu mteh.e PM PMsianabe mRMgher i
along the direction of t he ftlwrxe .paHohwe vwehri,c h

number of magnets and a complex magnetizatio

'\ \/ )

;
\_ /\ /\ )

(a) I nse (b) Surfa (cdHal bach

Fig. 1.6 Topologesof SPMin rotor [ZHUOQG].

Il n surmm@aMr yné€achi nes provideexigheedtopgeae damec
may be more compbDexthe mahefabbwmde. SPM mach
such as simplified manufacturing, but they n
and wide speed range operation. B od dmel sPtM ca n
and irnapgpslti, acraed ngf dé st i nct advantages and c
operati onalThree ccthiori ecree rbtes.ween | PM and SPM mac
requirementsi o, tiheolagdpedsagctay, speedcosxathge,

consideramdcdhohacbadibhgons

1.1.2Integral and Modular

Fi g7s hloavsot her <c¢cl assifidcdapgemdai md &M tmeoet hsrtnresc

ostator e., mortud arralPMamd8e howest hEi gontenti on
for integral andTmhmaedelganl Pt machiumnesi s t he
PM macWhee t fd at oir stcomepinhegr all y. However,
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modul ar structures since there are many ways

PM machine

v v

IntegralPM machines ModularPM machines

Fig. 1.7. Integral andnodularstructuregor PM machines.

‘,’ =y Q@ ‘,‘ =y %
5 S 5 S
) 9 ) 9

s & 2 s &

(a) Integral (b) Modular

Fig. 1.8. Conventional topolagsfor integral andnodularPM machines.

| nt esgrraulct ure I s thEMcoaogbwhes huther eodbdr an
typically made from As siogémemptiiecreedofi nmak iec
conventional topol ogies are the integral P M

To enhmamaud acturi ng, p eard ud rencahnndseq, & @apl do yceods ti n
mac hiTmesadvanhhagmedeohargeueummariaedf ¢ ZHUWLS ] ,

1) The modulatechniqueresults in a smaller core size and reduces the tonnage requirements
of the stamping equipment

2) Multiple modules can be wound simultaneously in parallel, which increases winding
efficiency when compared to the process used for intévaimachines. Therefore, the
manufacturing efficiency is higher.

3) The modular stator design facilitates winding automation, as it allows windings to be more
easily accommodated within the stator slots. Consequently, this increases-fiténgjot

factor, enhancing the performancengdichines.
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4) Transporting small segments simplifies logistics for lasge machines and
correspondingly reduces caosts
5) The faulttolerant capability ofPM machinesimprovesdue to the physical, electrical,

magnetic, and thermal isolation that can be achieved among the coils.

According to tmbaaufl os gt unoonduud éa rt PeMn dnlaeihthence s

rotor amodd ud taat ®PrM mac hi nes.

Fi g9s hlo.wst otplod ong @ urbdatwo t W d wtx sbSirnrcieert he cores
sides of the PBHBpa,maatgendmp Iciedlesdayceed er ot dr pr ov
magnet i c fiieenl hdadpsdterNenfget.ht o0 mo d ud paerc isatlr urcatuorre ,f

is required, e.g., using plastic injection o

Fi g Os hoWwst otplod ongad cewsl cadrfoir fsh u x sbhTahrer ipeurr pose of t
barrier I's to irrednuedsamatcledte mMagnmagoeti c fie
designedl di caaot ben.seen t hat due to the exis
strength of theThetefoies, etvleen fwiexakteiron of tF
considered when designing the overall struc
characteristics, thi-speedtdoopkHERMor suitable

o

Fig. 1.9. Topology ofmodularrotor without flux barriefJUN19]

|

(djJype [ CHE95] b “Wpe [ DON1G6

Fig. 1.10. Topologesof modularrotor with flux barrier.
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Fi glilsHows t het anmboufldautx spawhiredhmmon i n domest
i nduaspgplyi [adhHW&IB&]lcording to the number of teet
modul ar PM machi nes alwal talsosd & i-tetde X kt joaott the, e e

t ooft &ty oominl, t-ti gd teh chhpamat eantdesst At amd myaoklear
ma c h.iSnenx ea tndoe fd uxb ebtawereinermodul es, the perfor
mac hantense same as t he iidretad dryal PM machines

Fi gl2shoasot her mdkd uddaaw ifotfr h u x stbeaert rwieeern t he modu
i mprove the perfor makaore se xoad mptlhee, PtM emaccohg gniensg

ri pple could decreadfe. with the flux barrier

&) €3

(a)towmeée h [ CROO 2] (b)-ttowa h [ DAJ1
(c) ttdhaotele [ DAJ1 (d)otobot h [ CHEO
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(e) Mulooit ml ¢ BAK ) Separate teeth

0000000000
0000000000
0000000000
0000000000
0000000000

Wound segment A oo
Motion direction Being wound segment <
Vacant segment e —

(@ Chain[ZHM¥18B]

Fig. 1.11. Topologesof modularstatorwithout flux barriefZHU18].
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(a) tTomoot h [ ZHUO () Throewe h [LI 1

Fig2Oopol omo @ sd taaftiotrh f | § Z HWA B i er s

Bec audcief fodfp mlnitsc adii omer ent modul ar issgwesiaohes
asaseefmanuf acttruarnisnpgora r r ome r f o r Hhawe \wee r due t «
mo rneo deusl mor e manufacturing tolerances may b
processing, and asselnbdrye fodr et,h emaennuimarget bneai cnhgi

si gniffoirc apnetr f or manodaR BArmé g ki 3e ®

1.2 Manufacturing Tolerancesand CorrespondingInfluences

Due to variati onsmamufrmadgtewrciars @ pd roagtaingd,nnagls
manuf aatnur iopteo ladrn amamgces claaHUOiI2pbe] QUDb8Jde[dYAN2

Fi gl3s howsc otnhvee nmtai nounfaald¢ ol eiragmces i n PM machi nce
the tolEk)anrcetsorn(AiPiMnemamn&dcReM ,t hd)RKMnwis®dt h [ (
PMadi al (@ o RiMtricounmf er e i R Mra gmed idtziad g8phM n |,
shap9ngt or ¢lopn taowirgslh red oeryt 2)( diotot(hd bsl gt ,
open(dtgo otvhi dtiSp, o dtiki ¢t oot h Wi dtoho,t b@udnf er en't
shj(@taddi ti omalt weiem doprit hd)(alhdi biackdloo®r gap
tangenti al a dydoi kaen (8 hyad k ea i. WD theatpt @ rn e ¢ eceamt rbiec i t
caused by baesasreignbdghugr oqprgr atbbte ef fect.s lam et Hihe
thesobosopr ecaeredgdrchedc e d il egoarncal so as manuf

tol efaomcdshe convenience of analysis
Il partj cmdbrae manuf a otcwwhrengmt tdtlesacahnncieqgsue 1 s em
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i n PM m&ohi peampl egrseedotousbulngdshe mGEMFIFATr P
whil st addi fzbBbaP] adckcUrhlpsg asc & rraheemawa b Ing

assembdduwlge s

Notabl vy, sl ot opening width is an i mportant
has a significant I nfl uence -sdmpdldg gmaghit me q
cogging torgque is ideally clogs®.t1@5ze100 2Whe®
0.625, 0. 75, O.Bir65¢hanHowe wdr ,t h®eogdionrg tor gqu
the sl ot opening width is between these poir

on a specific machhitne petnrn lnagt wied,t ha mde etdlse t ol

analysis. For instance, the normal valwue of
19y
o ’ vy T

Fi Bl33Manuf adtol reirimngn cPeMs mac hi ne s

Fi gl4sHows the classifications of the manufac
. e. , rotor and st aRefremainnud,BtMad uloil teqraatokrse an
eccentriciti®efn amwmeé ot wona c wimawh iutre tntgh thodlegeasn c

addi taiionaglaps are two common stator manufact L

Tabl summat heesnfl uences of these manubdbbfctur.i

29



PM machi nes,

fordmp, (and
tol erances

tol erances

Manufacturing

i-BERMFuUudcoggitmge thackbel abtoedqumagr

| oss . mAAptapa@amns bienvegehi,gate the inf

on

on

coggi rCpntserqaueantaryd tohequefiliugpp

coggi wigh & oirqtureo calnade d oirm ucke tra iplp

Tolerancesin
PM Machines

Rotor
tolerances

—»! (1) rotor inner radius

|
—»| (2) PM remanence |
—»| (3) PM thickness |
|
|

- »[ (4) PMwidth
—>| (5) PM radial position

Stator
tolerances

» (6) PM circumferential position

—»| (7) PM magnetization directior]
—»| (8) PM shaping

| (9) rotor contours
—»| (10) airgap width
—»| (11) rotor eccentricity

—>{ (12) tooth bulge |
—>»| (13) slot opening |
—> (14) tooth tip width |
—> (15) tooth tip height |
—»{ (16) tooth width |

> (17) tooth circumferential shift |

» (18) additional air gajfpetween
tooth and bachron

> (19) additional air gap in tooth |

> (20) additional air gap in yoke |

> (21) yoke width |

Fi BldaCl assi fmamatf @aat wif ii niRgM tnoal cehri anrecse. s
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Cogging torque resulPMsadmetmo mhatdiMben afeanramd c @ n
and the airgap permeaphckeBBHUMDINn clst dmanit foe st

tendency of aewetabl topalsi gnoins even when th

results in a pulsating torque, which does n
since it can cause speed ripples and induce
i tesduction is wusuall yZzHUMAG] of BdAB2Pgn[ §dU09] |
the cogging torque calcul ation, there are |

[ COUB4 ] , Max wel | stress tensor [ MI &8 [ MA
[ HOW9 2] , ener gy el pheocdi f§iddvadhi@@Byhodse are comp:
[ ZHUO 8] , indicating the predicted cogging t
hi gher accuracy than that based on the energ
al so many met hlofilZHEHO0 @] pappaoydAd®Rdi ng torque
t echnargeuepr oposed, apsdegl seucnanpaprniospdfdd et @nd pol e r
combi natdrom, t-pp dpcal er at i o, sl ot ol phezcqH WUBL@N]wi dt h
anadamoidiepr opbereedducoggi ng nPd& gnae.Monesver, t h
nowmni form airgap distribution is used to red
[ EVAISO Inceenuf act ur ihnagwasetiod neirfainacaghdt MMHE elcar moni ¢
(e. g., PM tolerances) and airgap permeance h

be affectlkeWdysmgnufactauating tolerances.

Torque ripple is caused by the interactions
magnetic reluctance (i .e. cogging torque),
magnet flux distribution, anidt stangoul zmurvamni

rotor magnef 5EBPB &A HIEB falnCc4e] [ | SLO5] VRGEBLS]

technageesproposed for mi ni mi zi ng torque roi
manufacturing toledadhrdH®S,) $LZHWO AL 98 BEHADSAPL 1]
[ CHU133uxi I[iJArHY 691 qtZzHUO B8] of[BBIpR®I Ing] ZHUO9] |
rot or [sWAaNplidng [ WAN14bgt-agnfTE@®IDO] [ Bl A0O2], [ ZHUO
and rotor asymm@HoLad] f[ Xk AR Btyr wagddd] exampl
I's an effective rmepploed, tion alewdiicreg ttolreg usek e wi n ¢
rotor PMs, and [rZdHU®O ] md @i At0i23 a { WkbthOedtiiajelsS L 1 1
due to magnetic saturation. Thereflo€CKHUL AN i n
by optimizing both the current phase advanc

met hod to minimize torque ripple 1WANXI4]Jor sh
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rotor cVAMNtL@pr sanf[d both rot oQl PRMsAdalnd i ooat by
configurations of asymmanegge cP M| maclbhiames ease
[ZHOl17 whil st two configurati ontsy poef PaM ynmancehtirr
are inveXitAdghtbeodt h nexhi bi ti ng excSilnceentc orgegdiun
torigssean i mportant ©peafrfoefcooimanafquoeuri ppl epl et
ripple has alsbutdthp®®RPpEHYE §izZvHaU1IN31] 4 ][ SIHIELLS]]

[ LEE16] [[GIEILTG§Db] KI MI¥AN2[CHBRILBKNPL 2 HHE ZJ IX]U2 1]

[ RI Q2 1] [[Z4HAR3IL]]
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TABLELINFLUENCMAGEFACTURONBRANCES

Coggi Tor q!
Tol erance Reference BaeE<MFtorq (i opop UMF Loss
[ DOR09] [KAL14] [ GOK16] ~
PM t olser a C[PAU19] a
[ SL11] [ QI AWWIL[SGKIALCL]S ]
PM t ol [ KI M18] [ PAU19] [ YAN2O0] ~
OISeranc yanN20c] [REA21] [ZAR20 a
[ ZHA2 4]
PM tolserancf DOR0O9] [ GE17] [ KI M18] a
PM tolseranc[ DORO0O9]
PMsI| ot [ KI M18] a a a
Rot or conto GE17c] a
Rot or eccenf TAKO9] [ DORO 9] [ ZHU1 3] a
[ KI M98] [HWAO1] [ KswmMQi]
[ QI A14 ] [[XKKAWMmwY 151 1571 |
Rotor eccen[LI16b] [ KOGGLEY]I[ PANA®] a
[ TON2OkbdL 2 0] [[IKKIRURBI]Q2 1]
[ HEZ X]Il A22] [ X1 A2Z&IRn2 4]
[ DORO0O 9] [ ZHU1 3] [ KI M1 8] ~
Rotor eccen KOL20] [HE21] a
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[ TAKOO9] [ DORGXLIH !

I 07]
tor eccen MAH15] [ KAN1 7] [ GAL20]
2 1]

Ro a
[ HE [ RI Q21]

Rot or eccenf LIPTVAKO9]

Toot h bU|ge{¥Ti§%iﬁ7C] [ OU18] [ PAU

Tooth bul ge[] SCH15] a

Tooth tip w OUILIS8AN2O0]

Toodihr cumf e

[ OUL8AN20 ]

posi tion
Additional [ XU21]
o [ ZHU12] [ SHE15] [LI16b]
Addi ti onal L1 15] [ LEE16] [ XU21] [ F
Addi tional [ XU21] 2
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1.2.1PM Tolerances

Fi 151 Il lustrates the most J&FPFAMASARROY o] ¥ANMDQEk
[ LI U22], i . e. ., tol erances of remanence, t hi
position, and magnet i zat g, oohmadhrgRodin o @m dwhi ch
respectively. The ranges of PM tolerances de

and manuf act uTraibnlge tle c2h nsihgowmess .t he riaaonded st eorfa ttul

Numerous researchers have studied the <coggi
accounting for the wvariations of remanence,
position, and magnetization directi KéeM1IBLEEL1/
[ OU18] [PAU19] [ KIM20] [YAN2O0] [ YAN2ODb] [ I SL.

The influence of tolerances in one PM has be
[ KI M2 0] [ 1 SL21] . Il n [ WU15], the 1 nfddieallce ¢
position, and circumferenti al position at o

sl oppbl@e@ machine by FEM. To systematically c
relationships of the above sixvePdM Ekyweeggance
based analytical met hod in [OU18], whilst co
t ol rances in mass production need to be cal

e

i nvestigate the reducttiolnerodnaceg gby gudionrg uteh
[
c

| n LEE14] [KIM17] [1SL21], the influence of
circumferenti al position, and magneti zati on
by optimizingtdamhmedismaniromnnd However, the ab
PM tolerances on one PM pole, which is relat
b c)’ dd/N o
( )qhm#_ (©) _quip . () W, |

Fig. 1.15. PM tolerances(@)gBr. (hk.) (4.0 d Ba. o(Ue.) (dp )
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TABLE RANGES POMIOLERANCES

Tol erance

Ranges

N®.F[ YANRYAN2ODb]
NO.[1QlI A14] [ GE[LITQNJGIE 1[7HBQ !

oB: )
N4% [ PAUL19]
N5% [ SL11]
N®.BEEmOU1B YANRYAN2Ob]
m No. 1 mm [ QI A14]
NO. 2mm [ PAUL19]
NO. 05 [TON20] [TON20b]
aih N®5mmOUI18 [ YAIN2AON2 0 b ]
N5% [ Ql Al4]
L 218e[ghPUl 9]
R I§|0.035mm [ OUu1l8]
NO . O 5withi 5[]
N®.5deg [ YAN20O0]
o NOdB[gOUIL&AUL9
i N0 dBlgOUY ) ]
Ndeg [I1 SL11] [ QI Al14]
K % OU1 8]
qaf NO. 5[ d®I§IPIAJULBPN20] [ TON2O
N1 feyi1s]
The influence of PM tolerances in different
eval uati onc aode tdhheggMmomrgtt orque due [ HKI Mhé] t ol
[ GETIT K]l MOLBAULYAN2O0] [[YRENRPDHIIUZ22] . | n [cGEsle7 ] , t
cogging taot oguctl8eo fpmld2e 1 machi nes with the ren
di fferent PMs pbaeovrnl| aadlspwsibypndt bati ng the t
PMs have interactions. Further mor e, in ter m:

types

of

PM tol erances-cacecuIrc ogigmuigtl apod l@euelsy ,0

151 opble, sdrogpbll&® machines are evaluated I

by t hanwemdtanbi mantailyre e ( WUCA) met hodnet gg. ,

based

n

anal ytical mep haosdqg r [Faonaanlidye sk BEMr a nwshfearrem,
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t ol erances of remanence, wi dt h, and circumfe

the complete analysis processes are extremel

used in [ KIM1I6], where the iIinhltudeMse omf crogm
torque is reduced by optimizing seven di men
cal cul ati-shepadl& tnhaec hli2ne . l-naseddcogonng tther qv
t he tolerances, includi cknesag, atwiiadndh, ofr adi
circumferenti al positi on, and magneti zation
based on four typical tolerance | ocatitons it
case cogging tobyusuperitmpanseodttablenaelveol es an:
the tolerances and their variations are ran
four typical | ocations of each tolerance and

o
—

enatyl ywoe not enough -ddsereaddgitngdg hteomrguwd . wor

Ther etfltmere@ducti on of s amm@ll iyhgeo gesansbee rs cfeddtar i@ o
tolerances is meaningfulbhetaveMwdloll easmantchkhe ian
manufactur iShignceolceoagocregs.t orque i s a RMnd of
tol erances can contri butDeORDIIG ni[fGEclarnt I[yKItMdil 81
[ YAN2@bHonsequkeaetlopt ai ned ai @ stulihtgsu ea ara | pypd i€

consi BBIri ogerances

1.2.2Rotor Eccentricities

Fi gl16il l ustrates rotor eccentricities, i ncl
eccentricity (DE). In terms of SE, O)he amdt at
the minimum airgap I s static. I n terms of DE
() and the minimum airgap is rotating with t

As the machine with eithelli SEuoed DIEq itrmaeki eatc

of rotor eccentricity, which can be expresse
= X/Ig (1.
wheXies the rotor Ilgopfsf ¢ dte dni i ammane aamgap | engt

The eccentglirceiptrye semglse t(he angul ar position
airgap and the centreline of Toothl in the ¢

| ocation. gdequalkamPpAewhen the minimum airga,;
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Toot h1l. I n addition, the angle between PM1l a
i niti ab)tanghdi cate the relative | ocation of
gbequals OA and 108A. when PM1 and PM4 are ¢

Table 1.3 showsg otrhecrcemiesen dti werse .

Fi B6.Rot or eccentriciti es.

TABLE BANGES ROFORCCENTRI CI TI ES

Tol erance Ranges

06. 05 mm [ WU15]
06.1 mm [ PAUL1l9]
06.2mm [ KI M18]

o 06.35 mm [ SL11]

w 08.5 mm [ TON20] [ TON2O0b]
080. 25 [ TAKO09]
06.3 [LUU21]
0~0.BHULBE22]
aqiJ 0~36&g. 2][ HE?2
ab 0~3db6&dg. 2][ HE 2
Many studineseshagated the influence of roto
accounting for SE and DE [ HWAOIJ1]JRI[QRHEQ 2] [ Y
[ XI A22c] . I n [ HWAO1], t he -zlogpyil@eg-satnodp PL2s du
PM machines are investigated and coanpalrese I

the more gener al situati on, t ahrea | ayasgegdi Kn gM 0t5d r,
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e.,6s!| opdl8s ) o®dI8s ] o bObLB) oPbObLBSI| a8 PM machin
but the statement ARotor eccentricity, wheth
torque at alnbtiomsogdidetl op bl Bs,| opta/I18¢ PM machin
i s misleading. For instané¢andhar ho00085]oftbe
torque exilopdi8a PMem&chine with SE and DE, r
and DE on the gyeggmagitcalt yei avessigated in
with different sl ot/ p o-$ leopml@shl eorp bclodm b iokw2a t1i0o n

pol e, -sd rogp b1 28 , et c. I't indicates that the ma
pol e muanbce t he sl ot number, respectively, wh
and pole numbers the | arger the amplitude of

Even though t hevhe cdr dnvameetihgp h p értosteorrc ee cocfent r i
omoggi ngt hteorignutee,rshet weenef dteat eccentricitie
t ol erhaanmedte @ewv al uaTkeer ef or et hiterhtee rasncatl iyesn se foff e c

rotor eccentricities andeabhhegfmhnufacturing

1.2.3Tooth Bulges

During the manufacturing process, the tooth
assembling of separated stator segments [ GE1l
bul ge and outward 1l7ul e, gaseshowntihe Fiagge
relationship between the precision of the a

product dliarhbd resiloamts.shows the ranges of tooth

Fi 3l7.Toot h bul ges.
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TABLE BANGES TOBTBUL GES

Tol erance Ranges

NO. mth [ GE1 7]
Tooth bul NO. 035mm [ OU18]
NO. 0O5mm [ WULBYARPAU1L9]

Il n [ OU18], the influences of manufacturing |
eval uated and -<looAap@alr@ dma mmhit me HyY ener gy met h
tooth budmgéefobnatwciongggi ng t or que. I n addition,

1z bdbbaedsllapdPPs¥machi nes due to the configur
teeth are evalpuhaatseodr aanda[l ESM7s] | byshows t he st
of tooth bulges inyalbargeretbodpaqisn@ tsorgquéd iftcl
tooth bul ge. Furthermore, in [YAN2O0], the |8
tooth bulge with other manufacturing tolerat
anal ysead oip,l 8220ptd,/8edl8Bo-pb P&machi nes by energy

phasor , amaldy sFiEsM. The above papers show that
I mpact on cogging torque, especially after <c¢
teet h, toget her with other manufactuthng to
bul ges and the amplitude of cogging torque

machines with different slot and pole number

Similarly, the interaction effect beiteweten t o

evalduawki ch i s meaningful to investigate

1.2.4Additional Air Gaps

Si ntcheere are inevit abduwr ignags stehhplgt awkedeint inoondaul | eas
of toeccour moEM| mac.Besedes, addi tional air gaps

since there are a variety of modul ar structu

Fi § 8shoalsi nd of add,i tii.oem.a,l Ilaatrwegeanp @t HlWolt2h] a n
[ AZAL2PUU22Whiimleviig abl e manufacturing tol erat
| ami nation and t he 33HEld5nbbllwK IoM1 8t]h e[BatdaAczZhdi]sn, e
there are msofy adtdhen okhiahd air gaps depending
stator modludtelse [ XUR2 1dhows the ranges of addi
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Backiron Additional air gap

Fi 18 Additional air gap

TABLE BANGES ADBI T ONIAFGAP S

Tol erance Ranges

0~0.05 mm [LUU21]
0~0.1 mm [ KI M18]
0~0. 7 Lmnu2 3]
0~0. 2K Hdh 2

Addi ti onal

Many studies investigate the influence of ad
the gapsanigmemtdh ada dieaxlti on of the stator. l n t
i nmangeantrieglISHEB R B ]bJI[6KI M18] [ ZiHNRPHL5f he rel ati o
bet ween the number of additional air gaps a
anal y$siEM amdli cating the special | ocations of
resul t in the highelsaphcloegggasmdpb®2 qme dulnarl?2
machines. To compphKEMM8tfhee sicrefnlawrea mcse s itonf t wo

additional air gaps on EBMgisdgptbBegmedal ar ¢
machi nes, indicating eight additional air g
cogginglnmnofduazd] , tehced iitn folnle@m ceeiorgdg ams t or ©
i nvestigat edl &Yy sotpebriia@d R&pad,| | eya rsdin okp2b ihé d ul M r

machi nes by pma peecsoeatbh n mantad ¢yrs i S ( WUCA) t hat
analytical anal ysis and phaemtr mentaHoditso iPda
worcsase scenari o with the highest | owe st h a
randomly addcittrii bruMiterdaovegapshe additional ai
deterioration of the cogging torque but al so
a threshold value bln. tlhig ,[nlildlddi s ofb steag evteld [t hla

are decreased when the width of asddoqthb loén al i
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PM angl d@2blé modul arWhPevh ntalceh iandedsi.t i omadi al r

direction of the stator, whierrcen ,i tt hies ibneftlweeen
Il nvestigated in [-HUpBlLE[ ABALlar fBM ma@chi nes
the cogging torque is increas28 mmjh whif et
cogging torque is significantly |l arger when

ot her s, particularly affected bWHoweeekrocapi t
dat e, the randomly di(st rOi. bt endimn) a nod bardada d e ro n

raddiarlecti on has not been investigated, whic

I n addition, since cogging torguéei s ndmh uiempge
manufacturi ngadadilteiramalsgpreqgapsiapp! ¢ hies ablow
anal ysesl yamter ausiledaid i n steBegqaeet hepbepbse, aoaly a
have been examined for reducmanngu ftaocrtquure. nrg ptpoll
As expl ai se[0l4Ih1p6Z HU 1 2 ] [ YANReO bjeason is that

tol erances might i ntr otdhuec et oardgdui et iroinpap | eh,a rwroin
more complicated due to | ocall @i@gt darhaet itom qared
can be r eaddudcietd oinfgltchdeios ega psd perollye +arh dtt ek 41 2
pole PM machcaoaese wmotdhl ar Cst at or . However, t
combination of sl ot and pole numbers, as wel

effecredncthen of twoogqee moidpplae PMr makbedi Bes.
reduce the effect of manufacturing tolerance
i NSH[I]20ahRAUY f or mini mi zi n§HI|QO glihée® ¢ i Fp Igen.t

combinations of manufacturing tolerances, I

tip depth, and sl ot opening, on torque rippl
airgap | ength, and di metnad ko nasn d 9 INchpeb #sét taR kb r4 (
machi ne. MRALWIOY etrgotim Wi dt h, sl ot opening, a
to reduce the torque rippl e tdiuees tianl B é8e0l 2 r -
PM machine. As SdHeé]20aRsAULEOt etdhei nt ofr que ri ppl es
reduced aboberpdTagudcmi zattiklBaguEbwewmet hodli mnce :

tool , it relies on the designer s experience
to achieve t[hMATAES] r[eNMCRHOILI3$ [[LIEELLIMLF] [ KI M1¢
[ PAULI X] M120] [ BHMZ FIEINZDInsequent | vy, it nece s

strategi ¢ ©ifebgauscetdh oadnef or vari ous machine topo

t ol erances.
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1.2.50thers

I n addition to the manufacgsgame ngt hed emanaéeés

t ol erodneeesur t he PM machi ass PM sl ot , r,ot or ¢
and tootbmpesenhcen. However ,ambwiceud hieryf Idwe n
i Il ustnr 4t0eJd 8] [ YAN2O0], they are not investidg

1.3 Methodologiesfor Manufacturing Tolerance Analysis

Tabllésummar i zes t hteo Inearnaunfcaec taunr@ dnygsPiMmamési me@ed s
i ncl wwdhiengp hasowo rasnta ey ® immd h mantail yr&/UEA) Taguc hi

met hod, face loir a-lnd § edteysn @by s t design optimizat
and subdomiamnaadeit hioadn, the i nsemdamukednisn tphio
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TABLEGMETHODOL OGI MANBUGRCTUHRONBRANANALYSI S

Met hod Papers |l nstistuti on Pros Cons
Only for one kind of
Phasor [ GE17] ?E rZi)( If Qahou ) T Efficiently solve the manuacturing tolerance
Anal s [GR C : [
y [ o] Uni versity of worstcasescenario Work with FEM
Complex analysis proces:
Wo r-s t : Inaccurate when thevo-
Uncert [ XNO] Yongh>f<| Ya_ng 1 For multiple king of .
Combin [ XN B (BP_rCI_J_e.ngnll ng . lowest harmonic orders a
Analys [ XNOcG] TS |C jh :] (r; Ig ) nsti manufacturing tolerance not the worscase
( WUCA) 9y .
Work with FEM
Mohammadl|l &m
[S011] Ne x tAeugtro mé&t i v  q Accurate result since all
[ KAL 4] North Carolin . .
Universit.y interaction effecare
[ EA 4] KySeob Ki m considered Computational burders
KN 6b
{ KN 7]l ][M<O KATECH & Hany ¢ Statistical tool andm hugewhen number of
Taguch LK®OC] University needfor analytical manufacturing tolerances
Guang VLei . is larae
[ELO] (Prof. Jiangu analysis J
Un iovf Technol « i Comp|ete gu|de||rﬁ Work with FEM
Zhou Shi such as orthogonal
[ SR O] (Pr Xfiaodong S matricesandS/N ratio

Jiangsu Uni ve




Bo Ma . Accurate result since all Computational burden is
[ W18 ] EJ rF: jro\(sz .T eJcl hannogl u‘ interaction effecare huge when number of
Factor considered manufacturing tolerances
Design [ AW 9 ] Subhra Paul Statistical tool and not is large
Ne x tAeugromot i Vv« . . .
need analytical analysis Work with FEM
_ o Computational burden is
Guarante high reliability
Reliab ¢ oroducts whil huge when number of
: of products while
basedbdu:[ CHO14] KyHeob Kim P manufacturing tolerances
design [JAN15] Hany@dmigver sit maximizing .
opti miz : Is large
manufacturing tolerance .
Work with FEM
Hao Qi an
(Prof. Hong C
A4 Co :
e | Bel Unmgersit) Accurateresult
Aeronautics a : .
Pertur (K@8] Ungtae Kim Calculate numerical Complicated calculation
University of value without FEM
Jiajing Fu
[ B1 2] (Prof. Chahgsl
Zhejiang Univ
Yanxin Li
[ 15[ 6] (Pr2o.fQ@hu) Accurate result
Subdom SJn lvers. ';:y of Calculate numerical Complicateccalculation
i ajing u _
[ B1 2] (Prof. Chahgsl value without FEM

Zhejiang Univ
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1.3.1Phasor Analysis

Phasor analysis, which is proposed in -[| GE17]
case scmamuf actodri,ngestpelce rad A ge gNnl, a2 ih@ nke &
machiwhey e the cogging torqumniug adtodteirmghoe d
[ZHUDBHUDY9 The key point of pshtaastoar arneall aytsiivse i
orr otnoarg aneott i ve( MMR)cet o a phasor di agram cool
amplitude of the resultant prhamswfradther il ag gtea
[GEQJ[7 YANZ2O{f h ec ansoer sstcreanmau fi eoc toudr icregbet deeraeadeshr
the distribusti @amonfr @lhatsiovtMMEodr meance or

For exakhel tsheo®lb2l emalPdvhi ne as an exhanswlre aanmd yu
to derive tphasstodoalt@h dimdngtelhea nieclad c btanmngdc ak. The
mechani cal angle betmwleasmosras@j0a aneercth . et h sh ulc
evenly distributed around a circle,plhasot e
I's 300 elec.deg. since the electrical angl e
torque in the 10 palses smaalirmne. oThe owadrhstbul ¢

t he superhiampos dd maxi mum.

=~
~
~
S
N

0° 25

4 = —==3 10 5111 / ;
Y 2SS
6 8
7

-

w
//x%
(o]

H

H
=N
/ oo
\\
H\
g <

7
,
b 10 ’
~ 4 .-
N .
N o

/
/
|
ya
.
1
<

(a) Mechanical (b) Electrical

FiglL9Phaaonal y®ios hf dnu-$tge-p b bheéenmadvhi ne.

1.3.2WUCA Method

Even though the phasor a@anskysicmmaaanfapbédi a

tol ereahclegwdmtsualnmpyy oyed t onieypywpesticl atcencieh e
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relationship between differentTmamefface urbag
the phasor mendbdedpabhmatad oyssti s ( WUCA) [IYANROOPp

to evaludatygpemulotlieplasmmces, pa+xtaiseulsaehpnrti loe opc
type t odoemmbainnciensgy t he energy met hod, Fourier t
establishes an analytical mo d e | bet,wewhii cnra n
can gqualitativebyepseadf atblh awihat nnonmiseér s of cog
torque.

The main steps for i mplementing the WUCA me
foll owing key phases:

1) Calculatethe main order harmonic cogging torque considering th&ot and pole
numbers The main harmonic orders of thed=n ® arsG(2ph) andi KQ), respectively,
whereF ands are MMF excited by the PMs and relative permeability in the airgap, and
G(2ph) a k@) arécprrespondingrourier transformationl he additional harmonics in
G(2ph) a k@), céused by the manufacturitmierancesresult in the same additional
harmonics in cogging torque.

2) Calculate GQs), G(2Qs) , p)i,( 2 a m)dbaséd(oh the energy method aRdurier
transform

3) Derive the configurationsof manufacturing toleranceat causethe highestvalues of
G(Qs), G(2Qy , p)i,( 2a p),baséd(od phasor analysis.

4) Build the FEM models with theonfigurationsof manufacturing tolerancedtained in step
3. The range of manufacturingoleranceslepend on the expectatidhthe estimation of
the extreme worstase is expected, theanufacturing toleranaanges aredetermined by
the boundary values {3range). Otherwise, thiigher possibility of manufacturing
tolerancesZl rangg is adopted The highest cogging torque among these models can be

recognized atheworstcasescenario of manufacturing tolerances

Howe veevreen t hdia ghceosgigel ng t or que rcatasrad abgr v a
manuf atbluescmgcdbe systemdttCAbbbyhasabgmedshor
Fir stalnyal ytshies pr ocess owhitchh sctorimedtichmoedy i reetctoand |
Fourier tnt dapelsd 00m,aeecaddydsliyshe ampl i t walrederf t h
i ot the | argest, or if -tbwestombri dedt vaomgI| t b

or dieshe | argecsdase tsheemwaonrdChsednatedr hbye
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1.3.3Taguchi Method

Taguchi met hod is a statistical met hod, deve
of manufactured goods [ MOR11], and mor e r
bi otechnol ogy, mar kK &OHRIG] iasn d wiadeley ttilhsgemn g t «
performance of PM machines by reducing the i
contr ol factof EEERKHAD4g]s [ KISMILEAAU L[EH IM210 7A]]

[ KI M20c] [ SHI 20].

Genernaalnluyf,atobolbeiragce design involves tradeof
|l n htaguchi, melidgtomdi se(St)Bltsi ot he only index t
robustness Addi4]a. slytstmeamJuires the | evel of pe
factors on performance. The higher the S/ N
S/I'N is affected by sever al variabl es namel
responmdsenoiase factadk as shown in Fig.

Design Eonttrol Performance
Space actors Space

System

Input E Output
I = O e I

Transformation)

Fi p20.Taguchi[ m&lt hb]d

Numer ous strategies of the Tatgwmohisem¢Sh ol a
critical for i mpr cwviomwgrgp@rORtdhozets i gualrist ya.r eAsl i

mani pulating only the controbufttce®s sacilos s

manufacturing and usage conditions, par amet e
robustness without incurring additional cost
outlined as follows [TAG04] [1SL11]:

1) Establishthe strategy.

2) Identify input signal, output response and desired results.

3) Define signafactors(and noise factors), and subsequently identify their levels and ranges.
4) Definecontrol factorsand subsequently identify their levels and ranges.

5) Assignsignal factors, noise factors, andntrol factors tahe orthogonal array.

6) Perform &perimentsimulationand collect dat
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7) Perform data analysis.
8) Evaluate the robustness gain and predict performance relative to the goal.

9) Verify design and check for any unanticipated failure modes.

During aforemansiuonad!| er coendbs nat iioenh cosfen hteo c
form an orthogamalerarawhagdiysta | il adt or s and t hei
the number of col.Ummmerstdhfoogro ntahle aorurtaeyr iasr raaysy S
of testing whecroen veeaycsh uonfi gtuhee rig&ngfeatrémantgi ane d und
Since some ofsbebheaweerl aononseshi pr noi se fact
designer 0s &pxpred aorie antoey ,0 nitash ecahrorsaeyn hdeéecs | a ketda irre s
with minimum experi mawvtesonQQamsd q ioend tyl yt, h et heef
the Iindevigmwmafactor n( drhen wiud e ofmec tbairte jal s o

bet ween design factors (or noise factors)

However, t her e dardehes ofmey ua rha whbreect khso d . The sar
Taguchiikeesehddon t he i ntfercdroatriisoen). fodichtechresf oo et |
sampling number is bugéernttt beomteaavle e fmaanbto@r

noi se factors).
1.3.40thers

Factoriias$ desdghnn agriculture in Rothamsted
Lawes and J®islebpehr tH&mrnyf WP 9 KLIEO8]s ext endec
Ronald Fisher in the 1920s and widely used i
t hat varies as a function of of®r oexmmpebke,|
[ KI M@ hle airgap sfliuxvwedsadmsyisttyeelri ng the ratio
stator | ength and the rati ol ioFAN®atjJchrE Mibearcgkt h
and toingve deiognastt @deri ng t heéelowdlgeda gdu dne nsfi ointss
amount of calepllatcednhy idt wars met hods ,propos

e. Bl a cBuert niaens & gTla g uc hi, neettchod

Rel i abh s koibtuge $ iogpni mizatbased on t kenBadglwaehingme
performances ofrehefd EMObd@@NILBE¢s i n

Besi desrt urhreattgi ach MPB U T ]l Adrdgu b d omati hdd)1l 2]
[ LI 15]arfd ltlwgb anee¢ ¢h oaln tclad caurd alty toincalBot h can j

torque or torque ripple accurately, but the
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1.4 Scope and Contributions of Thesis

1.4.1Research Motivation

The motivation for investigating the 1 nfl uen
and torque ripple in PM machines stems from
Perf ormance FOptmam lziate osnare widely wused in v

electric vehicl e®,s ainrdd ursetnreivaalb | ma astinemeygry hisg s t
performance and efficiency are essential. C
phenomenaettleatihoeaper f or mance of nPMwimrcati nes,
anfdar shn€dsder st andi ng howaimétehsetsaec tfuadtnogr s oil se

optimizing the design and performance of PM

Quality Masswfarmdeari ng processes inherently i
the dimensions, mat eri al s, and assembly of
deviations from the intended design spmecific
torque ripple. l nvestigating the influence
machi nes meet guality standar dswarnldd pepdroatm

condi tions.

Cost ReMunot mbmri ng manufacturing tolerances ¢
i mprove manufacturing efficiency. By identif
cogging torque and torque ripple, manufact u
manufacturing processes to achieve tighter

whil e minimizing production costs.

Desi gn RV sritarcensisnies are often subjected to &
environment al factor s, and mechanical stres
manufacturing tolerances affect cogging torg
more robust and reliable machine designs t he

operating conditions without sacrificing per

Overtahiehy eomnitghdet ii nf |l uence of manufacturing t
torque ripple in PM machines is essenti al
reduci midmpsbging design robustness in vario
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1.4.2Research Scopand Contributions

This thesssthevembhhywahtcdblberagces on cogging
ri pple in PM machines, accounting for the PM
additional air gaps. Al FEM healsd urud taita msn &
ANSYES ectroni csR2Desktop 202

Fi gPs Howse stehaer crh as a amey eamedn,t fod |l Icchvaepd ebrys t he d

and contorfi RPatcihomdhapt er .

Introduction

Manufacturing Tolerancesin PM Machines ;(Chapter}\w
y A
Rotor Stator
tolerances tolerances
| |
\ 4 \ 4 \ 4 \ 4
PM Rotor Additional
o Tooth bulges .
tolerances eccentricitieg air gaps

nteractio Robust
effect design
/ \ //V V\ ) ) //7 7\\ / \
\Chaptergj w\Chapter@ (Chapter@w \Chapterg x\ChapterZA
- S
: /- o
Cogging torque ) [ Torque ripple |
N o
|

Conclusions

<Chapter@
Fig. 1.21. Research scope and arrangement of chapters.

Chaptéhichapter introduddeothhaahkbade@pogh datde

t hemportance andnwestisgathyoos§t hehei s.
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Chapt EoP®: t ol etrhaenceessete nari o wictohg gtihneg hiog hgeus
i denbiyfthd phpopecesd pit e difeeguwc hiaTsheedt toondt r i but

of this paper are-casefemlaliPdws offecapndketl®aOst
pole PM machine i-prodesnsi $iedtedgy)bd@Asedeon
proposed to significantly reduce the sampl:i
i den

proposed strategy i s mor eNp£Lu(iitdaeldl) e afnar t mac miu

ti f-d egdde woogedi ng torquee ¢0c)t@Gengeddepoised

of critical ,AM)tol erances (i .e.

Chapt €oPB: tol erances angdt hreotionrt eercaccetnitorni ce ftfi e
v |lofpblle® PM ammae hi neBystikigdMt add phalstori san

p
q
found that (a) SE and PM tolerances al ways h
g
n

tor

cog
t hi

ing torque; ( b) DE and PM tolerances ha"
t) hiRkcMk niessscl ose to the mini mum atmhmhgak, wl

t hicknRMsi s close to the minimum airgap.

Chaptkort dat hs baurbdy e r e c ,the intéractior gffdcts @ £ogging torque

of 12-slot/10pole PM machinea r e i n vby BBEMiamgdahasodanalydiso. Firstly, the

tooth bulge worstase scenario dhe machine is predicted pyphasor analysisSecondly, the
interaction effectd®etween SE/DE and tooth bulge are investigated. It is found that (a) SE and
tooth bulge have a weakening effect on cogging torque when the eccentric rotor is close to the
outward bulged tooth, whilst they have a strengthening effect when the eccentris cbbse

to the inward bulged tooth. (b) DE and tooth bulge always have a strengthening effect on

cogging torque regardless of the location of the eccentric rotor and bulged tooth.

ChaptEort ®ot hs baroder eccentmachbi bessslwdtt hand rp ool

number c o mbeiinteadtion @ffests on cogging torque numerousmachinesa r e

I nv e s tltiisgiestty éodnd thatm greatly influences the interaction of two tolerances on
cogging torque. The degree of intewathaoni n:
AMO machines. Secondl yp=NJdmahere is & weakerang ihteracteos h a v
of cogging torque when the static eccentric rotor is close to outward bulged teeth, whilst there

is a strengthening interaction of cogging torque when the static eccentric rotor is close to inward
bulged teeth, but viceersa for p=Nstm machines. However, in bothp2Nstm machines,

cogging torques due to dynamic eccentricity and tooth bulge always have a strengthening

interaction.
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Chapt Eora ddi t i o n,dheinflaenae ofgaadomly distributed additional air gaps

on cogging torque in 18lot/10pole modular PM machines by usitige Taguchi method,
particularly worstcase scenario with the highest cogging torque. The contributions of this
chapter are as follows. Firstlyhe Taguchi method has been used for systematically and
comprehensively investigating the influence of additional air gaps on cogging torque,
combined with the characteristics of the additional air gaps. Particularly, considering all
harmonics ircogging torque, the worstase scenario due to naniform additional air gaps is

first identified. Secondly, a broader range of additional air gaps is assessed compared to what
has been discussed in the previous paper [ZHU12] [AZA12]. This expandedassesters
insights into the trend of cogging torque with varying additional air gaps. For example, uniform
additional air gaps do not always deteriorate cogging torque but decrease cogging torque when
it is beyond a certain threshold value, which isadéht from the literature [ZHU12] [AZA12].

Finally, comparing the influences of uniform and aonform additional air gaps on cogging

torque, noruniform additional air gaps should be paid for controlling mass production.

Chaptkoradidi t i o n,aTaguehbasedgabystaddesign strategy to minimize torque

ripple of a 6slot/2pole modular higkspeed PM motor in mass production, accounting for
manufacturing t olge,r amiceaslnpdn meilt ofWdBiptl, ( @ongl e
theef fects and interactions of manuf aghasiri ng
the highest emfepgadsghtoildt enwegndavd ayseepoihening effect,

a n dJhap no effect, and subsequently, the woaste scenario of manufacturing tolerances

with the highest torque ripple is obtained. Afterwards, tooth circumferential positions are
optimized for minimizing torque ripple without jeopardizing average torquesidering the

tradeoff between the cases without manufacturingraoice and with the worstise scenario

of manufacturing tolerances.
Chap&erThe gener al conclusions are drawn. The
Overtahhehj or contri butions of &a&ibothewss are

1. The influenceof PM tolerances, rotor eccentricities, tooth bulges, and additional air gaps
for singletype tolerance®n cogging torque igvaluated Particularly, the worstase
scenario of singktype tolerance in multiple PMs (or teeth) with the highest cogging torque
is identified by the Taguchi methashdbr phasor analysis.

2. The interaction effect dPM tolerances (tooth bulges) and rotor eccentricfoesmultiple-

type tolerances on cogging torque is investigatedlicating the weakening and
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strengthening effects depending on the relative locations of the muitgeeolerances.

3. The influence of slot and pole number combinations on cogging torque is investigated in
the machine having multiplgypetolerances, e.g., tooth bulges and rotor eccentricities

4. Thepre-processingnd robust desigstrategesbased orthe Taguchi methoareproposed
for PM machine for efficiently identifying the worstcase scenario of cogging torque (or
torque ripple) and reducing the torque ripple due to manufacturing tolerances, e.g.,

additional air gaps.
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CHAPTER 2
IDENTIFYING WORST-CASE COGGING TORQUE
DUE TO PM TOLERANCES BASED ON TAGUCHI

METHOD

Taguchi method can be used with FEM to evaluate the wass# cogging torque due to PM
tolerances. However, the sampling number is huge due to interactions of various tolerances.

To solve this issue, this chapter proposes a uniquerpess strategy bad on Taguchi

method to significantly reduce the sampling number. By applying the proposed strategy to 12
slot/10pole machine, the sampling number is reduced significantly from 422%00381.

Compared with exitng methods, the proposed strategy is nsuigeble for machines having
smallNow/Cr( i . e. 0O10) and t he numb e Themehsuredréstlts c al F
of the prototypel2-slot/10pole machine agree well with the FEpdedicted results by the

proposed prgrocess strategy.

Thi s chsaupot et edst o | EEE Transacti ofKd Adh Tr ans|

D.Xi adg Q. ,DZlhiuabg, MKao,Qi 8. dLi , Zkhafih §abgauscehd pr e
process strategy -faose fcacsggienag |ltuaartg uneg dwoe stto F
| EEE .Tramsport,acEEPOEMI.fLIIOS/ TTE..2024. 345359

2.1 Introduction

Manufacturing tolerances in PM machines <can
significant infl uences on cogging torque [\
[ KI M20] , [ GE1 7] , [ YAN2O] , [ YAN2ODb] , [LI U22],
[ X1 B2,2 [HE22]. Among various manufacturing t
have been extensively investigated in |itera

Numer ous researchers have studied the coggli
accounting for the variations of remanence,
position, and magneti zati on directi ag, [ WUl
[ KI M20], [GE17], |[YAN20], [YAN20b], [LIU22],
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[ HE2 2] , [ XI A22b] .case [ G&G F 1 n-g lt dpeotl Gew epsodtif e 1102

machines with the remanence varipatsonsanal ¢k
also indicating the tolerances in different
tol eraomnei lasrceadme | depl e types of PM tolerance
case coggingslitopotBeselsoH@bdl 61,2-salnodp b1 & machi nes
eval uated 1in [ YAN2O] , [ Y AuNn2cOebc] b, anib [0 lkalantb2l 2yJre e b y
(WUCA) met hoRIM twihlegreanchees of remanence, widt
are taken into aMJCAuU meh debamweevmeel,y tadmaanipyl d c at e
processes becaus e -eonfe-ttghgee cc oambai I nyattii coanl onie tchoo d ,
phasor ,amaaldlyddddt r daguc his tmett ihotdi ¢ &Ig uti odeell ianned
wit hout caonnmapl | yi zciant ge @OH®2d s s § MOR11Wwhi dMATZI0OS$
applied t owoeregsakgat® ggdhueeg ttoo rRMBRE s leer amc eT|a.g U «

met hod, -¢t&aee woogg@§i ng torques due to the toc
remanence, t hickness, wi dt h, radi al positio
direction, are individualkrytiypecal fitederant!
di fferent P Ms, and swubsequeemtgliy,g tthhe qguet als
superi mposed these tolerances directly. Howe
randomly distribupeddactioss, PMeurf nt mpiss al e
and superi mposing obtained | ocations of each
the reabsevoce®gging torque. | f |l ocations fo
accordi mg dted i nlee ogd Taguchi method [ GOHO2], |
considerable sampling number, which cannot
computati on har dwar e configurations. For [
toleranceéesl 20 PMé)oplbd 1l MMmachine with six type
PMs, and subsequently, the sampl i?2fgasumbérd i
systematically explained in this chapter.

Ther etfhoirse ,c hda pt @ opipwmBCAas pretrategy based on
fast eval-wadeqgionwgguet due to PM tolerances, ¢
analysis and gAbtupoonghtebéanisems. ti vity anal

[ BRA20], [KOL20] and grouping techniqgue [ REA
di fferent wvariables on the output perfor manc
not been aexpl Asedi sbb be il lustrated in this
processing strategies with the Taguchi met h

57



Taguchi

types
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Il n
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prerocess

met hod i n t

machi nes
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PM tolerances

combinati ons

wi th
strategy

case

wi th

can

chapt eprr,octehses psrt appd seegdy pbraes e d
i de nctaisfey ctohgeg imnotrhsito p-gloe-pb iy @ emaechi
addition,ptbeepsoptosatdegpy efor
di fferent
comparedtWwietr h dds ngidhdesy d i
prot satrgep as tt o e gtelrdvfipppawmsal.y s e s

2.2 Machine Topology and PM Tolerances

2.2.1Machine Topology

Fi g. 2.1

shows

2,
[ £

‘4

t-dleopolb® | mgy hiorde,t hweh elr2e

magneti zedmauwnnt ed.r f Blte mai n

TS
) |

Y

NS

of a considerabl e

random distri bu
be

eliminated.

on the
sampling

n

n

sl ot and pol e
S

t he

parameters are |

Fig. 2.1 Topology of 1&lot/10pole machine with numbered PMs.
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TABLE . PARAMETEOES SLAJTIOLMACHI NE

Par ameter Val ue
Stack | engt h, 50
Stator yoke wid 3.5
Stator tooth wi 5

Stator outer/inne 6 B/4
Rotor outer/innet 32.8/ 13
Sl ot opening, 0.5
Mi ni mum airgap | 0. 8

PM remanence, 1. 32
PM thickness, 2.8
Pol e arc to pol ¢ 0.7

2.2.2PM Tolerances

Fig.il2.ustrates the most common PM tolerance

[ PAU19] , i . e., tolerances of remanence, t hi
position, and magneti zat gl ogmdi r Bk sondf, whi ¢ h

respectivel y.

!(b) qhmi (©) " /N, () iy, .

(d) aRs (f) o

Fig. 2.2PM tolerances(@)gqB:,. (hk.) (b0 d B3. p(lg) (db )

The ranges of PM tolerances depend on the
manufacturiAg gemmarn iga€dlioh t baebing ranges of

are empl oyed:

oBr a n chm age designated as 5%, i.e. 90.065 T and .14 mm [XIBRY s
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5% of pole pitch, i.e. #.05 [XIA2B]. They are determined by the material
properties and manufacturing techniques of PM production.

gRz is #.035mm [OU18] depending on the stamping precision of the rotor core.
Based on the positioning acchaadaregdur i n
1.5 and # deg, respectively [OU18], [PAU19], [XIAZ24}.

TABLE .RANGE POMIOLERANCES

B om b OR3 Cfim ol

NO. 06 NO. 14 NO. ot NO.035 NO. 5 N1 de

2.3Pre-process Strategy for Evaluating Worstcase Cogging

Torque

As aforementioned, the Taguchi met hod i s eff
one PM J[I1SL11], [ LEE14] , [ KI M17] . However,
scenarios in mass production, imud.t,anmwlutsil yl e
randomly in different PMs, which wil!/ be the
number requirement considering al/l potenti al
numbler of the full factori al Taguchi met hoc

cal cul ated by:

0 € 2 1
whed eés the | evel ssot heohembeceof WNod althel e

number of PMs .

However,the sampling number obtained basedam) is often unacceptable since it is huge.
For the investigated 1&ot/10pole machine, there are six PM toleranges €6) with three
levels ¢ =3) are considered, the required sampling nurdber is 3°( & 4 . 29),lwhich

Is far too large in reality for FEM calculation.

Therefore, to reduce the sampling number in
process strategy based on Tagsehtcoggiefgftoreq

PM tol erance interacti omrsac édsesgsyhtomsn aisn fFoilg .o\

The ranges of the investigated PM tolerances need to be determined, as introduced
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in Chapter 2.2
The sensitivity analysis is performed to select the critmlafances according to

the amplitudes of the FEM cogging torque due to tolerance in one PM.

According to the types of tolerances, the se
groups. The t ol er armccoembii mtad n aoontsi camrse andd nwa rf gt
and subsequecnatsley ,c otghgei nwgo rtsotr que i s i denti fi e
calculated by FEM after considering the inte

groups.

Sample number

Flowchart
for 12-slot/10-pole
Stepl Determine ranges of PM tolerances 0
l Sensitivity analysis
Step2 0 Compare cogging torques due to each tolerance in ong PM 13
0 Select critical tolerancasith higher amplitude of coggind
torque by Pareto Principle.

Grouping technique
0 Divide tolerances into different groups
v a) Within group
Step3 0 Analyze tolerance interactions
0 Identify worst combinations 368
b) Between groups
0 Analyze tolerance interactions
0 ldentify overall worstcase combinations
0 Calculate worstase cogging torque

Fig. 2.3Flowchart of proposed Taguechased prgrocess strategy for evaluating wecstse

cogging torque due to PM tolerance interactions.

2.3.1 Sensitivity Analysis

The cogging torque components caused by the
can be distinguished by nati ve har moni c co
components (AHCs), respectively [ GASh&] . Si
variation of tolerance and the amplitudes of
due to diff er esnlto-pfbrlile@g uneancchiiense i[nXI11AR222b], t he ¢
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monotonically with the variation of toleranc

of PM tolerances (see Fig. 2.2) are enough t

only in one PM.

The | argest cogging torque of each tolerance
tolerance in the mass production, and subsegq
t hough the interaction oft tcodnesriadnecree d.mong di

Table 2.3 shows the three |l evels of these si
| evel s over their ranges, i-by | udidrezpr) ,t lfaredna k

maxi mum pos3)t. viei .Lez.ed showsg etshe fs ePrivis ittoil wirts
t hesll@pbll® machi ne. Sincas3heoné &ahesé¢é hseg I
tol ermmabépepsnikFd 8 cases need to be calculated.
l deal -2)Levelt hese tolerances are the same anc

nkn 11 =13 casTehse isnanmpotianlg number of sensitiv

0 € pE P 2. 2)
whenequals three since it is enough to find

TABLE .PBMITOLERANCESIHENDEVEL S

No . Tol er a L e vile | L ev2el Lewv3el

1 qB, T T0.06 0 +0. 06

2 ghm, mn 1T0. 14 0 +0. 14

3 b 1T0.05 0 +0.05

4 Q@m, de T0.5 0 +0.5

5 qR;, mm 103D 0 +03®

6 gf,deg. T1 0 +1
Furthermore, to detmuerbttatertahat tbheatkhgeate
Fig. 2.5 shows the sensitivities of six PM t
o B /ghw/b/qRIpi/gfar e evenly distributed over thei
as that depicted in Fig. 2. 4, i . e., three |

sensitivities.

6 2



The Pareto Principle, also known as the 80/ 2
factor sparsity, states roughly 80% of <conse
used to iden{BOX864i { CHAR lijgta jce&y 2Fx] ef fective
manufacturing tolerances by identifying the
overall wvariation or defects. Based on the ¢
i n Fdagn.d, 2t bBeclartetof these si-gl eMbih@tbraaece:s
has been obtai 26.d,Asa < asnh doven siere nFi ¢ .4he, g, umul at
angh exceeds 80%, indicating thesohndBhr a@dt ol
@Wwhare considered as coligpaim@chioneerbased om

Principle.

Therefom@3 thesecagl,qgmolagkdawidd (be selected i
to eval uadasd heogvpirrsg t orcgu e,i cvaH iRt s, etrdmmndcee s n

g)wi | | be ignoredasMotcaolglgy ngt heorwarest due t o

three critical t Champieelsi ahehawvempaeeryd chose

il lustrattagetdaggwomng storque i s effective by
14

=
N
|

Cogging torque (mNm)
|_\
(0] o

(e}
1

q:Br q:hm M qd:{’s q:ﬁm Cn:f

PM tolerance

Fig. 2.4 Sensitivities of six PMItoaplbdreanc e

machi ne.
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14 1

12

Cogging torque (MNm)

qBI’ qj-'m qup qu q:]jm qﬁ

PM tolerance

Fig. 2.5 Sensitivities of six -BMotpdIL&r ance:

machi ne.

/g 6 T T T T T T

= 100
E S
c put
S -80 =
g g
= (]
c>5 - 60 3
3 >
=) -40 ©
S o]
> =
= 20 O
(@)]

(@]

O 0

®h, ) ®B PR ®, pd
PM tolerance

Fi gbPaz2.et o chart of -siegpbPM@thbhi peances ir

2.3.2. Grouping Technique

Al t hough only thned8,crirei cell etcdoleelr,andhes , subsce
for them with three 3[%eve Mslwtadccho ridd ngt itlol (f2a rl

FEM calculation. Thus, it is necessary to fu

ASs wel | known, each PM tolerance resul ts i n

har monic order Ns The ampti huhbeof (these cog

6 4



fluctuation | evel of tolerance, whil st the g
rotor [ GE17] , [ YAN2O] , [ YAN2ODb] , [LT U22]. T
Il nteraction of the configurati amnafe seaah tdyp
i nto three groups according to the type of
gBi~gBrare the tolerances of r e nsa noepnbcle@ fmaocnh iPrvE
where each one has thrl)e, |0 vle)l (sLanédlet+ 0-.17006 50 6T¢
3) .

I n this way, the interactions within a singl
each group. Subsequentl vy, the combinations 1
group are identified.

TABLE .GROUPHEDMIOL ERANCESITHENIDEVEL S

Gr o Tol erances L e vie | L e v2el L ewv3el
1 0B~gB1o T T0. 0 0 +0. 01
2 Pmi~qmr 9 mMm 1T0.1 0 +0.1
3 ohai~cha o T0.0 0 +0.0

1 Group 1- PM remanence tolerance

As shown igBn~JBubalree 2.h4e, remanence tolerances f

one has 3 | evel s. I f the full f a ectaosrei aclo gTgai gnu
torque of these 10@6okndases, whechkh Bsei B¢
necessary to reduce the sampling number acco
Since the amplitude of cogging torque due t
|l evel and the phase angle is fixedsdueoggi nh
torque due to remanence variatihensciemadi fof @
hi ghest effect of the one PM remanence toler
PM remanence tolerances with this one. Since
variations in diffecéntonPMoglyawnwg t logBgisse me a@at
selected for analysis as an example. The hig
t he i ntegBaand ornesmaonfence tol erances in other

number i s expressed as
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0 0 p ¢ (2. 3
Based@ ), (it can be found that there are 81 ¢
Fi g7( a2hows the interaction effects of t he ¢
oBi~gBio As expl ained, the interaction effects
duegBitwi t h other different tolerances. 't can
i's | ar gl swhaed Lceovmepared t @Biot haer adedgBédto npf wi
Lewv3, the | argest c ogBgigBsggBt @b, uEB1dRT €U s Wleer
3, wdBis bBatgBs, a@Bohr e a-fl. Level
Therefore, this worst combination of Group
showmii g b2 .Si nce the rotor i's circumferenti a
defined by the position of PM1l, there wil/l b
14 qB,, —&—Level-1 —'v—LefveI-Z '—Q—L'eveI-S

E I

Z A

E 121 : : i i : : : :

o : i § : : : : :

> i i : i i i i i

g9 b 44

o S W AR W W

> 81 i § i § i i i i

(@) H 1 ! 1 . H H :

0 : : - : : : : :

O : ; i g : : : :

CE R

q:BrZ qBrC% q:Br4 CﬂarS q:BrG

qBr7 qBrS qBrQ q:Brlo

(@l nteractions
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Level
N
1

qBrl qBrZ q:Br3 qBr4 qBrS qBrG qBﬂ qBrB q:Br9 CFBrlo

(bOne typical worst combinati on
Fi gilnz.eractions and worgBtgBap mbi nati on

1 Group 2- PM height tolerance

Simi Fagdysh.ows the interacti ongsuginfio tA daon ebe
seen, the cogging tor gwe si @t3 doeoyrepla rn end moc t o tch
ofme. | n addghiii ® ng t3wlhetvmneel coggi ng t ahwgahe, | S t h
e, 7,  aimda r e a-B8, L edhi,lgdsdt qhve, @imghr e a-fl . Level

Therefore, the cogging torque IiFs g8 e .Siamigleasrt
to the PM remanence tolerance in Group 1, th
tol erance.
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| —&— Level-1—9— Level- 2—4— Level 3

Fistenii

qhmz q:hm3 qhm4 q’.th Cmme qqu7 q:hms qhm9 c}:hmlo

'_\
I
1

=
N
1

Cogging torque (mMNm)
© O

@l nteractions

A

CFhml qd"mZ Crhm3 qmm4 qj’]mS q:hmG q:hm7 qth qhmg qj‘]m10

Level
N
1

(bOne typical worst combinati on

Fi g8l nz.eractions and worgbni~ghgi9 mbi nati on

1 Group 3- PM width tolerance

Fi g9 as?hhows interactions ofghtdileo tAd ecamcles Dd
coggi ng t oirm uneo sw eqidhaisr sgseartl Lceovmeplar ed taldiot her
Meanwhi tigiat wicle,hetthe coggi ng t apghgoleqhssiht he | al
angdhare adl, L edli$foqll;, apdechre aB.Level

Therefore, the cogging torque i s Ftilgé@ bl2ar ge s
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Similarly, there are also 10 worst combinat.
14- quJpl —A— Le\'/el-l—lv— Le?vel-z—'ﬂ— Level-3
E A L
Z L e
S T T
o A A A
= 5 i : : : : : i
s lo_z\Ai i %\/‘ [\A W
o e % % i
> 81 \ag \&¥ ¥ \ag Wv g \&% o
o : : : : : : : :
S : : : ; ! : : :
O : : : ; : : : :
64 i bbb
q1Jp2 qus CFUM q:Up5 CFUpG qup? qﬂpg CFﬂpg CIﬂplo
(d)nteractions
3_
©
5 21
-
1_
T T T T T T T T T T
ol g, s Yy s e o, gds gple g,
(bOne typical wor st combinati on
Fi g9l nz.eractions and worgshigap mbi nati on
To sum up Groups 1 to 3, the interactions of
whil st the worst combinations of each group
PM1 and other P Ms . As can be sheaevne, tthhee |taorl¢
strengthening interaction, whi | st the inter
identical to that in PM1~PM5. The reason is
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due to the tolerance at the rotat iGoanrael Ityhesy
sameGEL1 7] , [ YAN2O] ,, [ WKBIBsB bt] h, ec [@imiraldZt 2e]dit vi Sor ¢
numbM)r and polpe. nimbeef Q&= 5t e Pemaart ons of

10 wor st combinations, as shown in Table 2.5

1 Worstcase Cogging Torque Analysis

After determining the indihvEeegalouws:r st hegmic
evaluated coll ectivel-yade 9 aodemdariifo/, tvhlei cohv erree
worcsgase cogging torque, where the interactiyv

consi dered.

Since eacMNydGrrdoiufpf elo@mdmit nati ons of obt,aitnlkea wc
sample number for calculating across the th
met hod i s2wpi.tfTderenafteas!|l bdDLléasnas hfimre.a 12

o UO— @ 4
Fi gl0shows the interact-case ostendri cosveofal t he
collectively. As can be seen, all combinati o
when it interacts with the dif faerreenstulwor stth ec

five tot alcaoswe rsaclelnawarosst t hataseancygggHidg.t her

210bh) which have the same amplitude due to ge
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TABLE . COMBI NEROUPS AHNDILEVEL S

10 woomhi nati ons

Gr o Tol er a
1 2 (c 3 (c 4 (c 5 (o
B /Bre, +0. +0.(¢ 1T0.(¢ 1T0.(¢ +0.cC
B2/ B, +0 . T0.( 1T0.¢ +0.Q¢ +0.¢C
1 OB:r3/Bs, T 0. T0.( +0.(¢( +0.Q¢ +0.(
OBr4/qBro, T 0. +0.( +0.( +0.(¢ 10.C
oBrs/qBr1 o +0. +0.(¢ +0.(¢ 1T0.(¢ 10.C
e/ s, +0 . +0 . 10. 10. +0 .
o me/ 7, +0. 10. 10. +0. +0.
2 o ma/ s, 10. 10. +0 . +0 . +0 .
o ma/ o, 10. +0. +0. +0. 10.
s/ im0 +0 . +0 . +0 . 10. 10.
ofha/cdbe T0. T0. +0 . +0 . T0.
oo/ gih7 T0. +0. +0 . 10. T0.
3 oibs/ ke +0 . +0 . 10. 10. 10.
ofiba/ ciho +0. 10. 10. 10. +0 .
oihs/cdha o 1 0. T0. T0. T0. +0.
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60 — —
Groupl —&— Combination1(or6)——Combination2(or7)

—&4— Combination3(or8)—p—Combination4(or9)

§ —e— Combination5(or10)
£ 40- §
) : W
S :
o :
2 :
o i
£ 201 :
> :
> :
@] 1
o i
Group2 ; Group3
0 T T T T T T T T T T
1 2 3 4 5 1 2 3 4 5
Combination
(d)nteractions
| —&— \Worst1l—s— Worst2—€4— Worst3
—b— Worst4—O— Worst5
S o © ©
S
= 4 D> D >
©
=
o 3 4
c <q < <
o)
© 2 - v 7 v
1 - A A A
I I I
Groupl Group?2 Group3

(b) Overall worstcase scenarios
Fi glL0 2t eractions-carse cvwemalrli oworndt t hr e
Tabl e Ri.¢$luadadd one typical caeatst¢eeadr overwah
AWor stF3@&@1LQ0m) Depending on the properties of P

PM2, P M6, and PM7 are named AWeako PMs, whi |

are named AStrongodo PMs.
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TABLE . OWERAMORSTASEENARI @ MIBLERANCEISSLTIPOL E

MACHI NE
PM Br hm D
PM1/ PM6 T & T dm + db
PM2/ PM7 T @ T dm +
PM3/ PMS8 + & + dmn T do
PM4/ PM9 + @ + dmn T do
PM5/ PM10 + & + dmn T do

// ’- ‘‘‘‘‘ \ Yy

4 1

Fi glORernal-¢dasverstecenari o of| epbiieéel emahcaes (Db
dashed: PMs without tolerance).

Fig. sRowgd the FEM predicted coggi ng-ctacsreque
scenari8o(nwefFb)y, marked AWorst PMsoO), compa

due to worst combinations from Group 1 to 3,
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60
—A— No tolerance —— Group1l—€— Group?2

~ 10 —b— Group3 Worst PMs
= i
p
E
(5]
>
=g
L
(@)
c
k=)
(@]
o
O -40

-60 T T T

0.0 7.5 15.0 22.5 30.0
Rotor position (mech.deg.)
(aNavef or ms
60
I No tolerance| | Group1l ] Group?2

_ L Group3 Worst PMs
S
Z
E 40-
[}
>
=3
e
(@]
£ 20-
o
(@]
@)
@)

12 24 36 48 60
Harmonic order

(b) Spectra
Fi g2FERMIl1predi ct ed c ed oHpnodl 8t amagcuhei sn eo fwiltzhou't

wor st combinations of eawcads eGroaen arainadd oMi t hM

Overall ,.,cashee ovoggitng torque of the machine
PMs simultaneously and randomlpasecdheposat e

strategy.

Generally, the sampling number is calcul ated
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0 p & pE e 0 p & —_— (2. 5

For 1tZhleopbl @ machi ne, the total -bampHi mpgen
processing strategy i §9 481231 Wwbyi dthei & ufldr fsanca
met hod. The main Teasorwsalateltemhamnctelse amen i gn

whil st the interactions are efficiently obta

2.4 Further Discussions of Proposed Prgrocess Strategy

I n this secti-pnpcthese ptopbesgyd wrkl be furthe

of the sampling number is discussed between
and grouping technique, w h i-classte tchoeg ga cnagu rtaocry
i gnor i-anrgi tniocna l tolerances i s -ssltoupdbilleed naancdh i ene

Secondly, the appli-gpabcéss ystofatbegypropodisedu
with different slotipdieanumbewheoméooebsom
strategy is feasible. Fi nparlolcye s st hset rbaetneegfyi tasr

compared to the existing other methods.

2.4.1. Sampling Number Reduction

To indicate the effects of sensitivity anal y.
2.cflompares the sampl i n(@2.nsumbfears dneesdedadcormgi 2w
torque without/with sensitivity asbabpsil® and

machine, the sampling numbers and bHrarogp weaeh
are individuallijdmdd 6ftlddk,s pieca.i vely, both of
Thus, it is nddessamyittda viyryeragiiade si s and gr
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TABLE . SEMPLI NGMBEEXPRESS| ONWA LANDS1 23 Ooff 2PFIOLMACHI NE

. 151 o4
ExXpression
pol e
Wit howut s 4 o781
processir )
Wi th o , ‘ . _
sensitivi P& PpE € 2. 1741
' 0
Wlt'h y e 0 pE - 1.691
grouping 8
Wi tph-e
processir 5
(both se p €& p& & 0 p& —— 3.811
anal ysi 0

grouping

Fi g3sBows t-taseocsgging -dloojgule@& machihree 1Wi t F
wi t h i gnoorriitnigcanlont ol erances. As ecarms ebe ogege m,
torque are al mosstl otphodl 6s amaec hii met lwe t hd o and
critical t ol erances.-cThiiscanleans!| ¢thanbhcegniomift
al most does not af fect the accuracy of res-t
significant‘tg, 3£286m01. 61 10

60

—O— Without ighoring non-critical tolerances
—— With ignoring non-critical tolerances

40

Cogging torque (mNm)

-60 .

T T
0.0 7.5 15.0 22.5 30.0
Rotor position (mech.deg.)

(aNavef or ms
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60

I without ignoring non-critical tolerances
With ignoring non-critical tolerances

40 -

20

Cogging torque (mMNm)

0 = . Nl h

12 24 36 48 60
Harmonic order

(bSpectra

Fi g3FRMlpredica®ea woggitngl| opbdGé@emachi h2 with

i gnor icnrgi tniocna l PM tolerances.

2.4.2. Applicability Considering Slot and Pole Numbers

For the PM machines with different sl ot/ pol
number s ar e al so di fferent, as can be f oun

determined by the time consumption.tildn thtye t

FEM i s two minutes [LIU22], t fteasesneed samp
FEM si mulations. Thus, it is“caseseptable to
For instas@hewsTdlhlee sampl i-silgoimumbehmisné ®rwi thle
numbers, i.e. 4, 8, 10¢ 43 ,tRBO0, sampl 2”2g ©Obmb

than4dddds in .#dlowemacéhi wdédsrhe sampling- numbe
sl opbP@ machink) #3135+ 401022,481whsilclh0 i s not su
propessedtegy.

Overall , 't hoer opcreospso ssetdr apireegy i s sNpifGr@ibl e. fO©I 0
and smalle. O04). 1t is worth noting that th
mach{Béek15], [BIL19], [SUN20], [YAN21], [ YAN
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TABLEZ . CABMPARI SOSAMPAH | NG NUMBIERHORESABYCMETHOD
WI THOWT TPRREPROCESSSTRAGTEGY

131 ¢ 11 ¢ 151 c 131 151 ¢ 1351

4-p ol 8pol 1@ol 14ol 2ol 22o0l
Cr 4 4 2 2 4 2
Np #Ct 1 2 5 7 5 11

Wi t howptr ogreesssi ng strategy

Nsanfps &3 2. 877 8. 09: 4. 29¢ 1. 29¢ 1.89" 9. 64¢

With only sensitivity an:

Nsanfps &3 5.39 2.8710 2. 174 1.19¢ 4. 29¢ 3. 179!

With only grouping techni

Nsarfps =13 1.69 4.49 1.64 1.29 1.64 1. 89

Wit h-ppoeessing strategy (both sensi

Nsanfps =3 9.51 2.129 3.87 7.11 6.5797 1. 99

Nsan(pse14 1.29 2.87 9.649 2.99 1.3 1.519

2.4.3. Evaluation of Preprocessed Taguchi method with Other Existing
Methods

Even though there are onlcyasa fceowy gmentgh a dosr qtuce
tolerance i phbabeat gsuse, GEL1&] , WUGANDODhOhOd
[LI U22], and conventional Taguchi met hod

optimization methods can-chheseanmctoiggi mat edor tga e
variables are the PM tolerances angduet,hee.gxp

Il ntelligent algorithms (I A) [DAU13], [ MA18]
[ KLEO8]. Therefore, these methods are compar
proposperdocperses strategy, as shown in Table 2.
Overall, compared to the exipstoicergsmasthad=e,gy:
i nto account mul tiple tolerances, wit hout c
sampling number, it is NudCt(ahlee fOdr0)manhdi H ew
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criticalt (ol erarmO##es which includes the most

the aforementi oned part.

TABLE .PRAos AGCONS BF sTIMEGHODS

Met hod Pros Cons
Phaanonal ysi s [ Efficient 1 Only one type tolerance
WUCA YAN20] , | _

1 Multiple tolerances ' Complex analysis
[ L1 U22]

Multiple tolerances .
| A [ DAU13] , [ 9 Large sampling numbet

No complex analysis

Multiple tolerances

DOE [ MEN23], 1 Large sampling numbet

= =4 = =4

No complex analysis

ConvenTa gouncan i § Multiple tolerances

[ KI M16], [ PAUY Nocomplex analysis

1 Large sampling numbel

T smallNp/Cr( 1 . e .

1 Multiple tolerances
Pr opos e dbalsaegdu and low number of

1 No complex analysis " .
process strat critical tolerances

f Acceptable sampling numbe (i .e. 04)

2.5 Experimental Validation

| n sektits on, tshefl@plr o ok  pma cflea mreisc &t edt |-y, t he
predicted electromagnetic performances of t
measured-paredi EE®JE Mhsa seer o accdckmpar ed. La-stl vy,
predicted cogging Byrgeesssirmg ctohmpacedsi st
experabmedtpEBdi cted resultshet peetibdu modbdalse C
FEM moadreel sveri fi ed.

2.5.1. Prototypes
Fig4d4sBows the fabricated prototypes,-linclud
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without t oi2er amicteh, qBRhBeb DM wi t-hasversdcenari o ¢
tolerances as shown in Table 2.6). The di men

as the val wmehsi lisnt TPaAMbIteo l2e.rlances are reference

vari agBisoinncoef it i s easier to be distinguishec
prototypes are controlling the properties of
I n terms of PM manufacturing, t merrd hi paacmlly

magneti sat i olnsaRiodho,t hweh iRosttort here are two sha
AStrongo PMs withsabiuoms a3nmn Itmoe t |
terms of fixing the position of PMs on the 1
to fix PM po

nWeako and

sitions.

(a&S) at or (bRotlo ( RotDd ( dRot-D
Fi gdPrRotlot y-pkespblie@lthachi ne.

Through the assemftllymppeodt sotflgPbepbh@dPMomachir
can be ,ohbt.ei.nedwit hout +tBy| earmad cvec,a $vei wshe sohme | R
PM tol erances.

2.5.2. FEMpredicted Electromagnetic Performances

Fi gbsRotwsrFeEeM modé he poot estlyoppebsll @0 fPM 2ilnhehi nes
parameters MPBENMDHOdha nRkelbrtedet, y PPa €t, o taynpde -B)r ot ot y
adopt tsha VabRreot2dtly.fPa €t otaynpde -Pc ot me ypend t o
scenarios withaOt val glacafr M hwlifvi b hcweesrestscenar i
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of PM t dvlaelruaensc eign, Tradd pe 2t. iGwenl y-.E MB ensoiddeel s ,i nec o

three phases of windings, with 154 series tu

Thend oad dmndederctr opmaghet snffPnm od g t, y pPer @t o taynpde
Prota@8aypecal col abwsl as

(a&P)rotdt ywhout tolerance

(Pr ot €ty wh o ne +gBA (c)Pr ot 8t y who rcsats e s

Fi g5FRM1modelodg oftoyrp eps .

1 No-load condition analyses

Fi gbsRows dtoheequal potdent ual derssi ttyhelsasttrhbaei
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The differermed weeno-Pryamas yj3eot 8t ype there a
PM1/ PM2/ PM6/ PMB,inhkPrdtl atxyplensi ty distributi
i n Pr 8t atryepd ower t hh,n pératti ¢ ml @rloy otttghgetahe t i p
ar e strong PM1/ PM2/ BM6H & MT | ux dPemodiottgygp e i st
PM3/ PM4/ PM5/ PMi7rh PRMOBtPdItt @p ent ghoene Piridamt ype

B
[tesla]

20
I 18

t ol erance

(b)Pr ot €t y eV +gB;, (c)Pr ot 8t ywho rcsats e s
Fi g6FRMY edequaeld potdemt iulxdPrd e b slit, y e and 3

Fig7sBowsndtchaed airgap tiHruxe deadaelbaarsi g f or
tangential fImixXddemsirtgiagps IiAs tclaem be seen, bo
densities are increased with thieandispsat i af P
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har monics exhibit the hi3gwe g thc aasep Isitcteundaersi o ,n f
by haogpéstudePRPowot g Ma nd tahnep |l sotwedsee P-r ot ot vy
1 wit htowlteraaByc®i dcceasn, bie found that PM toleran

obfpatial oHarmadmiads and tangenttpdl3adnhEix@diealsi t
har monder s.

2.0 |Prototype-1 —— Prototype-2 - - - - Prototype-3 = -
1.5
E
> 1.0 1
2 0.5-
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< 0.0+
= -
o 1 0 ~
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1
T 2 46 T T |
0 90 180 270 360
Rotor position (mech.deg.)
(. 3Mavefor ms
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2
‘0
c
o 1.04 ¥
©
X
=
o
>
= 0.54
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<
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&
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(b)Spectra
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0.4

Prototype-1 Prototype-2 - - - - Prototype-3 = ' =
—~ vt \
- it . " h
> 0.2 1 :
‘»
c I
S
< 0.0+
3
a ‘
] ’ [ ‘W
2710 AP \
< ! ] PM1 ) ' '
T 0.+4 T T |
0 90 180 270 360
Rotor position (mech.deg.)
(. &Mavefor ms
0.4 :
|Prototype-1 [l Prototype-2[ ] Prototype-3[” ]
0.2 1

Tangential airgap flux density (T)

Harmonic order

( .b)Spectra

Fi g7FRNTI edactfgldibeansi Pir s dft, gn2e ()a R dj al

Tangenti al

(

Fi g8s 2o ws EtNhree d h d togqadd a s e

f I u xPrloitndkt,aygpees@tf otry p e

and Pr-8t oAypean be seescyebbBbsfhexnubmhkagef P
since more ishvahge &Maraheed ®6462, 0.0465, and
I n Pr dt otPypd, otayngle-Protespypepeti vel y. I n addi ti
occur whewaskheswensari oi phv &Mvid.gdendha@Bmameoni c
orders i-8.Prototype
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0.08

Prototype-1 Prototype-2 - - - - Prototype-3 = ' =
=) -
S 0.04- /
()
(@]
IS
X
= 0.00-
X
>
Q
g1 0.
e -~ \
o
1T0.468 T T |
0 90 180 270 360
Rotor position (mech.deg.)
(aNavef or ms
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|Prototype-1 [l Prototype-2[ ] Prototype-3[” ]
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(@)
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X
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X
=
(5]
(2]
I
e
o
ooo—mlﬂll L R L L |

——
5 10 15 20 25 30
Rotor position (mech.deg.)

(b)Spectra
Fi g8BFEMY edpbaesed f | uxPrloitndktayg?es & md 3
Fi g9s Ro wd EtNthree d p b bbsadeEMF st mfee model Bhatt rldMd
of these resultsaf er ecnoenmstiisa meehi c Foégaithila se hd | u x

l i nkdMgrees . st rersqg | R MaardkEhM,g hvehry & rsit @ fit ifRaMieea u s e s
addi thiaog maln diem sdEaMFEK sucHanads 7t he 3
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Fi g9FRMTI edpbasdEMRBT kat 10CP0Otrdpm@ERleorand 3

Fi g2 RowF EtNhreedcoggdng ttlhomree eSsdordoded sSRM t ol er an
result in the slot number harmonic of coggirr
Il nvest tsd aotpebdl 61 2madc3mercenani cal degrees (360/ 12
i's sufficient to shamBgM hteo |ceorgagni cnegs ,t oirngcul eu ddi une
di f fRMetna| Arsacesaesem®M t ol er anctdasn dr etshuel tmuilnt itp
t hle2har moni cs of coggi nMelhbomoume c. pd hehleB'mpa i Ly
and the mhiethiapmenofts are increased with the
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PM t ol erances.t hlefies almp7 i mNrd &d weh r toglgaa P dh n o f
Protdtymwhil st it woercad.e9 smMemadue tod P-M tol e
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t ol er atnocreq,u & hies ver y sstlaibgl het ahnadneaodnmatciscmadi . d@0l )
mul t i ptl'{ee |ocefc't8fidc anhu |6t iHpwe vefr , 6t orque ripple

to PM tolerance,n®di 3. j nO1P5 WRro@ty@teoynpde -Br ot ot y

respecTthiivseliyncrease is primarily attrtinbuted
har monic, with an i mportant contributor bein
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and 3

2.53. Measured BackEMFs

Fi g2pRresents the measured -EM&sFENIpdaealilét ed
machine without t obgBer amrcce , wiwtidtalsteloesevedarblsrtt 0
t ol erNmtceelslsyt,atoonre p hats lgper wit rodsiymqngo und 1 5f4orseri e
measuring tHMF phase back

As can be seen, t REeMFme aasgurreeed wpi htahs et hbea c KkE M
underpinning the correctness of the model s
amplitiuHesmohi 6 oEMPhlkheep btb& same (around 2
amplitdbhar mbni7zc i s 0, 0. 3, 1.8 V/krpm in t
22¢L1 . b)), wiBt(lFi®le BPM)H , &«Trmad ewistcle namorn £t of PN
(Figl 2b)), respectively. fFfFectithdirtmotngd s tofatptl

ba&MF, but t he i mpact i s not | d hgpe momeé © . c o1
summary, the influence of manuf-EME8Tr iirsg ntod |
significant, which is consistent with [ZHU12
60 -
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E  40-
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©
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e
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-60 . T |
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(. 3Navefor ms
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60

[l Veasured Predicted
B
o
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S 404
LL
=
w
x
@
o 20
(]
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S
e
o
o——mmm,-—-rr——
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Harmonic order
( . B)pectra

Fi g2M@asuredpardi EEMJE Mhsaa seeh bfpBKk6 machine at
rpm. Wi thout Wotlleram& éPMi() h Wwasstscenari o o0

t ol erances.

2.54. MeasuredCogging Torques

Fi g23d@picts the test rtiog qfuer, mea dwersicmg beagg
equi pped with a rotary disk that controls tF
the prototype. The rotor of the prototype i
measured by aadpopeatdg! eqncsalre nwgi tthhat t he measu

Finally, the torque acting on the rotor can
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étar disk
) _athe f I %

o ==
7

=1 m
- @l Balanced beam

— O

=

, ,

Fi g23T&st rig for measuring cogging

FigzdsBows the measured and FEM psledpbolie@d cc
machine without t obgBer aanrcck , wiwtidtalsteloeseevedarbsrtt 0 «
tolerances. Firstly, the measured and FEM pr

correctness of the previous FEM cogging torc

of the thrharcmesmrisc,s tihse ilcreased from 0 in
MNm in the machagBpe awmidt t oo 2 R nk i tnh etchaed ensatc h
scenario of PM tolerances, i Mfthiac atoinmg PW tcol

torque fluctuations from O to 26mblem. stenandrt
PM tol erances on the cogging torgque is very

tolerance is only slight.
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Cogging torque (mMNm)
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Fi g2dM@asuredparedi EEMd cog-gl opbtL@r qaebi ne . 1]
Wi thout t)W ¢ha ooad.(PMilH h Wiwasstscenari o of PM

Overall, t he measur edsl|roepsoull@ smaocfhi tnlee aprr ceteo tv
FEMredicted resul psobgsshetpabpgyed pre

2.6 Summary

Il n this chappreace sas usntirgautee goyr ebased on Taguch

reduce the sampling numlaere fcorggi dgnttiofryiureg
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I nteractions of PM tol eranceg lhlehi sangesat @fg
i nvestigated PM told@dhaencensatevdeyemamiahgdi s
the critical tolerances. (3) By dividing the
tol erance i nteractions and wor st combinat.

Subsequentdysethegiomgtt orque i s i dentified.

The main contributions are as-pfotkeswshsetBant e
samplingsngmbéiciastl| y raend uucner ce,a ldfhs tciahn i4sc 2fler podne
381 in theslpowblog ypaeoMii2rheout affecting the ac
worcsase cogglimgadadirtgiuen, compar epdh atsono ad xyisd tsi, n
WUCA met hod, | A, and DOE, it N#Cr6ui eabbDeéo0¥f ot

| ow number of ¢criitiecalO4t)ol erances

The measur ed -srlecspud it noac htihree 1a2g reree dvied tl e dvi 1t ens

by the ppopecesd pite ategy. -Mopbpeessrstahbhtbgygh
based on PM tolerances, it can al so be adap

tolerances, which wil/l be reported in the fu
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CHAPTER 3
INTERACTION EFFECT OF PM TOLERANCES AND

ROTOR ECCENTRICITIES ON COGGING TORQUE

This chapterinvestigates the interaction effects of PM tolerances and rotor eccentricities on
cogging torque of 1:3lot/10pole PM machines by FEM and phasor analysis. It is found that
(a) SE and PM tolerances always have a strengthening interaction to deter@@gding

torque; (b) DE and PM tolerances have a weakening interaction when a wealo(eg.
remanence) PM is close to the minimum airgap, whilst vice versa when a strongigaey.
remanence) PM is close to the minimum airgap. The experimenty tesifFEMpredicted
cogging torques and the interaction effects between PM tolerances and rotor eccentricities on
cogging torque in 1-8lot/10-pole PM machine.

This cwapubkblriashetdHent ernati onal Conference or
Applications, Renewabl[EsAla2dndeahsol bgy 08 MA
| EEE Tr aons d mtdiusn g y[ XAlpAad 4 cati ons

D. Xi ang, Z. Q. Zhu, Y. Wu, F. Xu, and Y. Che
eccentricities esn oepabglgéi nPgM tnibandghui enCensi @lb2 9 ui sttya i
AppRendec hhSMARTGassi no, {lthal vy, 2022, pp. 1

D. Xiang, DZ. RivaZ@u, F. Xu, and efrf e€Chenogf i®
tol er anroeerceemd r icceg gibreggue-sbbph ke |FEELEO Tr ans. I
Appdccepted, DOI: 10..2109/TIA.2024.3400945

3.1 Introduction

I n mass production of PM machines, the manu
[ OU18] [GE17] [REA21] [ YANZONUl[TON2Q] [ DRBAL1.
[ KI M1 8] [ PAUL19] and rotor [eWllghntONi2di]t i[elsSL[1C
[ KI M18] [PAU19] [HWAO1l] [KIMO5] [YOO05] [ ZHU
may give rise to detrimental i1impacts on the

[ ZHUOO] [ BI A02[JLATHOMAIO 1[ ZHUOO9] .
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The influence ofvaPMatolboesamwmdes emanghce, t hi c

on cogging torgque is widely evaluated [ OU18
one hand, the effects of PM toleranslest i bOon
pol e PMsmaQnhitnhee ot her hand, the effects of

analyzed in [GE17] [ REAI1dnd[8¢aNahbil @ L+ &dad] 11
sl opblé& PM machines, particudagd ysceomrareisgp ow
hi ghe cogging torque. Compared tbhe hef fed dtex |

t ol er aamaoa 0 wshePMger and mor e c¢onmo nadidni tmaosns, p
studies have investigated the influence of r
SE and DE [ HWAO1] [ KI MO 5] [ YOOO05] [ ZHU1 4] [
particular, the effects ofsySsH eamadt iCERalIdny timev
[ ZHU14] for the PM machines with disflfeetr/e8nt

pol es,| opbleées!| ool 6, -salnodpbll2t, et c. It i ndi cat
har monics due to SEeandnDEtaeestbé pamébenuyumb

small er the difference between sl ot and pol
torque.

Sever al papers also analyze the influence o
cogging torque[ WQL[BMAN2 O]KA[LIISIJ11] [ KI M18] [ P
[ KALIAWMU1IBTON2O0] , tshoef iAMM | tuelnereances and rot
cogging torque are analyzed individually, b
Ssimultaneously are not considered. Even th

occurring simulteaedebos|[ ¥Shié] cpKeMH®] s[ PAUL1Y9
arnot analyzed and different relativellhocat:i
specnfiiéesLL1l], the influence of SE and the

wi dt h, and magnetization directiso mwpdlieen RM I

machine is decreased by redesigning tme sta
di fferent PMs are the same, there 1 s no re
tol erances. Even though the distributions o

[ KI M18] and tolerances of remanenec®itimamg,neadanmn

radi al position [ PAU19] in differensl| BMg Bar e
pole PM machine to analyze the machine perfo
di fferent relative | ocatoitmnmrs elcetemedan cPMi €6l
practical mass production, it I s more common

99



occur in a random rel ative | ocation in the m

in |Iliterature, and subsequently, the interac
based on their relative | ocation has not bee
Therefore, this chapter investigates the in;

eccentricities o9l ciogihb@ nBMt maqgbhenef d_Qcounti
| ocati ons bet weenetctendirver gioft ioe dS(ilRminea mdhe rae
many distributions -oasPMsteharancebhattheswbt

torque is obtained. By adopting this special
bet ween PM tolerantessand coggrngctenguecare
relative | ocations of the eccentric rotor,

and rotor initial angl e.

I n this chapter, firlszazal gpblL@ePMamhchenepp®Mo
and rotor eccentricities are presented. Ne:
e

ccentricities are derived individually. Mo r

-

otor eccenysed,taecoamnti maggal or eccentricity
I ni ti al angl e.r ediircaleldy ,c otglgpe nEM or ques and i n

the measured results of prototypes.

3.2 Machine Topology and Two Tolerances

3.2.1Machine Topology

Fig. 3.1 shows -stlhoep btL @ p oPIM> gnya cohfi nk 2 where PM

parallelly and numbered ameslkigsBadei n Thab Ima i
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Fig. 3.1 12slot/10pole PM machine (PMs are numbered).

TABL3EMAI DI MENSI| ONSSDETIPOOLR MMACHI NE

Par ameter Val Par ameter Val
Sl ot rMfN9gmber 12 Pol e nN@mber 10

St ad wtre r (R§) g d imuns 30 Rotoer ad(@®ps mm 16 .
Stator yWxe mind 3 5 RotiormeardRkxs mm 7

Stator tWo,t hmmwi 5 PM thibknemm ( 2. ¢
S| ot dlp)e,nimny 2 PM r emaB)e ncTe ( 1.3
Stator HR)r,e mmd 18 Podaeld) ( 0.7
Number oRynpshase 3 Minragap (g €nmmh 0. 8
Serums perNphase 154Axi al (U) e nginmh 50

3.2.2PM Tolerances

Due to the tolerances of materials and manu
may exhibit different properties. The most i
remanence, thickness, wi dt h, andati rompmtéer ot
cogging torgque [ OU18] [ GE1 7] [ REAZ WMU1BYAN2C
[ TON20] [1SL11] [KIM18] [PAUL19]gB,qgmYeseandur

QPm,r espectively32asTbBbowangasFof. all anal ysed
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Tab3d.e2 where uhiesraemiget of N10% of t gmanMeal val

are chosen as N5% of the gihwisalchwaslemesa.s INO.&d

(@) (b) () (d)

Fig. 32 PM tolerances.

3.2.2Rotor Eccentricities

Fig3 il lustrates rotor eccentricities, inclu
is fixed at t h@) ,ceanntd et lod nmmihrei mwm oai r(gap i s

rotation axis i s atOy)t haend etnhh e emiorfi muhre asitrag aop
rotor.

As the machine with eithelli SEuoed DIEq itrmaeki eatc

of rotor eccentricity, which can be expresse
DEEXg (31)
wheXies the rotor Ilgopfsf ¢ dte dni i ammene aamgap | engt

The eccentglirceiptrye semglse t(he angul ar position
airgap and the centreline of Toodcdclentnritcher o
| ocation. gdequalkampAewhen the minimum airga,;
Toothl1. I n addition, the angle between PM1l a
initiabtanghdi tate the relative |l ocation of
gbequals OA and 108A. when PM1 and PM4 are cl

Il n ¢hagtehe rotor )dcse matnrailcyisteyd rfartoimo O t o O.
eccentrigatnygd anogloer ob)ai ei BFromn@Aet 06 B6.RA, as
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Fig. 3.3 Rotor eccentricities

TABL3ERANGE P®MIOLERANCE SRONOBRCCENTRI CI TI1 ES

Tol erance Range
PM remagBdnce ( N10 %
PM thigkiness ( N5 %
PM wiglt)h ( N5 %
PMcircumferenmdn al mpolkide @ NO. 5
Eccentrig)ity ratio ( 0~0.5
Eccentrigl)mgclandgég. ( 0~360
Rotor ingdimadhadgde ( 0~360

3.3 Analysis ofInfluence of PM Tolerances orRotor Eccentricities

3.3.1Influence of PM Tolerances

Since the distribution of PM tolerances in =
speci al case to representcaRM tsalesmraan me so,f whVv
resulting in the highest cogging torque.

Phasor analysis i s used t ocgeesteh esrc enniarhi oF EoM t Fol

especially i nslmagtléneBM (maoghi nn) where t he c¢
the absence of tolerances [ GEH®Rh]a,l y[sXIsA2 Zc]t.o
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rotmargoreott i veg MMFFr)ced o a phasor diagram coordin
of the resultant phasor the | arger the coggi
the -wasst scenario of PM tolerances could be
ofotror MMF.

Fi g shows the distribution of pélacpbbefBM r c
machTme. mechanical angle between adjacent PM
evenly distri bTnhteeck!|eaercdaundc ad ainrgdlee b3esti ween ad
432 elec.deg. (72 el ec.deg.) si nc®i mcnee ePvVe rpy
di versified PM interacts with the slots 12

cogging torgqgue due to PM tolerances is the 1

When tsheplb2l® PM machine has no tolerance, tI
when tshepbd6 PM machine has PM tolerances, t

amplitude and phase angle of each phasor.

(a) Mechanical degree
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(b) Electrical degree

Fig. 3.4 Phasors for rotor MMF due to PMs ird@t/10pole PM machine.

Considering only a single phasor, referring
Chapter 3.gBandghhe tlhaer geacer ger ampl i tude of t he
@wh the | arger amplgbi sdenvberskeéyphetadeteadi hoh ¢
har monic of rotor MMF under the investigated
i's related to the R ci Asumfeesntiital apo yipti icc
phasor can be obtained from the amplitude an
tolerances, 38@86ay()howhennt Reg6 phasors on the
whil st the other M wéalase,r sa ar ke dilagsneartisacde maasr i tc

PM tol erances.

The maxi maim tvaé usupercanmpoBserdmapsheadsoIriTaws e 3. .
presents the coordinates of these 10 phasors
positive dixagcsi omnoft hehexpr es soircenpsr epremy isd e
component related to the PM widtakecwtunmanitfoac
manufacturing tolerances 6oafnde8e PMs and is p

Expression (3.2) represents the magnitude of

Ssubstituting the values from Table 3.3 int
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superposition modulus can be derived. By fu
maxi mum value, the relative positioning of t
condition can be i1identified.n Twaahbelree 3t.hde islulpuesr
value is the | argest

T O O o TW 0O O (3.2

TABL3E XBNDAXISVAL UESF1L PPHASORS

Phas Expre: xaxis val ue yaxi s value
e . W we o L - e 2 o TY -

1 an whw w 0 YOAIGU— p ¥ w 0 YOOE-IU— p ¥

2 an of © 0 i’bAl%— p ¥ o o woel p ¥

3 an ofw ® o0 YoAI % o & w 0 ¥ OEHL p ¥

4 an o fo ©w o6 YoAI p¥ w O Yo OEpH
5 o . N om KT é_ ” P -

5 ant W 0 Yo AI > p ¥ ® 0 YOOE4U— p ¥

TABLIEXANDAXI $ALUESONECOMBI NATI ON OFVALBEEGSH
SUPERI MP®3EBORS

Phas Expre: xaxis val ue y axis wvalu
. W un k7 K - . S o .

1 an w lw w 0 oAIQU— p ¢ W 0 yoOE-IU— p Y

2 an o 0 0 ”6AT% p ¥ ©w 0 yéoE% p ¥

3 an o 0 0 ”6A'I'% p ¥ ©w 0 ybOE% p ¥

4 an oo w o6 ¥ w T
R . " ““”"é_ . . TP v

5 ant who @ 0 Yo AI > p ¥ W 0 YOOE4U— oY

Fi g. 3.5(@agnfsihpuwrsattihen of the Mbasoisgabiluse
shown 35n bRi,g.t hecagpi cakenaoir ®t of PM t ol er anc:¢
t hat : t he Tg®igqgas/+adno s PRIt e PM2, P M6 , and PM7,
whil st t otqB/riicpe sf aPM3, PM4, PM5, PM8, PM9,
strong PM.quhn attdr msheofPMs are concEBEaldbat ed t
il lustrates this fAWorrdto-pPpMBO PiMn malcenhiinrevest i g

By solving the extreme val ue pchfaddogu ati ibaun i (0d.s
maxi mize the val ue lonf o(t3h.e2r)d woparnd eb & heeb treaoit maet di .

shown in Fig. 3.5(b), five configurations of
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A
5o

(a) Phasor configuration

(b) Rotor configuration

Fig.35Wor st PMs B Wwealsp d tqr B/n+yep 7Upip 12-slot/10pole

PM machine.
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TABLBSWORSPM OANSLJTIPOLBRMMACHI NE

No . Br hm VS Um
PM1/ PM6 T B T don + ddh T o
PM2/ PM7 T B T dom + dobh + G
PM3/ PMS8 + @B + dmn T d + G
PM4/ PM9 + @ + dy T ddb 0
PM5/ PM10 + B + dmn T db T n

Fi 86 shows ptrlreedi kEEMd cogging torques due to t
cases without tolerance and with tolerances
and weak PM1/ PM3/ BN/ BMBOnfgs can be seen, ev

hi@ohder harmonics, the main halrf"momhi ¢ saf tthire £
torque due to Worst PMs is the | argest. It i
60
—~ —»— No tolerance —&— PM1 —&— PM1/PM2
% 404 |—%— PM1/PM2/PM3/PM4/PM5 Worst PMs
E
()
g ~
2 V"‘Wy
o
=
>
S -404
@)
-60 .
0 15 30

Rotor position (mech.deg.)

(a) Wavefor ms
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60

— B No tolerance[  |PM1[ ] PM1/PM2
§ | |PM1/PM2/PM3/PM4/PM5 Worst PMs
S
() 40_
-]
=
=
2 20-
(@)
(@)
: o
0 e , )l

6 12 18 24 30 36 42 48 54 60
Harmonic order

(b) spectra.

Fig. 3.6 FEMpredicted cogging torques of -Ebt/10pole PM machines without tolerance,
with tolerances in some PMs (weak PM1, weak PM1/PM2, and weak PM1/PM2 and strong

PM3/PM4/PM5), and Worst PMs.

3.3.2 Influence of Rotor Eccentricities

Phasor analysis can also be introduced to e
cogging torqgue,c asnec |lsucded magr itohnewhwiocrhstr esul t s i
Since airgap is asymmetric igaphpositcomfpee
changes due to rotor eccentricities, the re
changes periodically, which results in the a
Fi 8 shows the phasor for rel atisvepadil®mg M pe
machine. The relative | ocation of SE is fixe
rotates. Using the | ocation ofoffobhh% pabaaor
eccentricity angle since it is thiElEhagtei bat
degree of this phasor is 12 times of mechani
a circumfer dR¢iliSalnccei rtchlee ,miin.iemum airgap i s fi
the stator and interacts with PM 10 ti mes i
cogging torquethdWWeeral $E iSE triehsaurlndosninca ionfl yc 0if
torque and the amplitude and phase angle a
eccentricity angle, respectively.
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(aMechanical degree

:Toothl
|
|
|
|
SE
12xqdJ
(b) El ectrical degree.

Fig. 3.7 Phasor for relative airgap permeance due to SEsiof/20pole PM machine.

Fi 8 shows the phasor for rel at isve-pabillreg aPpM p e
machi ne. Adopting the | ocation of PM1 as a
produced by DE is the rotor initiafbapnghede BM.
i .,gb. The electrical angle is 10 times of me C
di stributed around ,AOquiSi coamf ehenmi al mamralieg
circumference of t e rotodrh almld tii meer a ct 0 nvei tr
harmonic of cogging '"oOgee attbhaf moDMEheasfl2dec
torque due to DE, the amplitude i s proportio

depends on the rotor initial angle.
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Minimumairgap

(aMechanical degree

PM1
I

DE _ 10xqb!

(b) El ectrical degree

Fig. 3.8 Phasors for relative airgap permeance due to DEstof/20pole PM machine

Therefore, irrespective ofandlee e edcdeset woace ritayr i
for SE (or DE) with the highest caoldigs ngt tiotr g
ma x i mu ¥ Oii Be .t,his study.

Fi 3. shows-ptrleali EEMd cogging torques due t o St
ratgdosm.nd 0.5. As can be seen, the maind harn
thet"h2the machine with SE and DE, respecti ve
with eccentricitgsOradt)d o8. foxr@NA) @.h& mMmh({ ne w
whil st ®&¥D.aNdn 9. X OINBn) (t he machine with DE.

are consistent with the previous analysi s.
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20

10

Cogging torqgue (mNm)

0 T T —— fﬂﬂ U L I-El
O 6 12 18 24 30 36 42 48 54 60
Hamonic order

(o Spkeotr8E and DE

Fig. 3.9FEM-predicted cogging torques of -Elbt/10-pole PM machines with SE or DE at
eccentri®ot g adkd-0mdeph.degp

3.4 Analysis of Interaction Effects of PM Tolerances andRotor

Eccentricities

Based on the dertiovleedr ainncfelsu eonrc er ootforPM ccent r i
I nteraction effects of them can be further
bet ween the diversified PM and eccentric ro
Wor st PMsf e’senace, the influences of the relat
sl opbll®d PM machine with SE and DE are anal y.
ratgioec(centrigqb) aydangt er (@b)ndotnisalq uaimmil er, § ctthieo

effects of PM tolerances and rotor eccentric
3.4.1.Eccentricity Ratio

Fi®L0 shows the infl udome cwfg gé maye nstdrroigubidi & nr & t

PM machine, considering both without and wit
Wor st PMs, that only with rotor eccentricity,
have a sinHereacderet rmiicciht y rati o in the mach

mNm at the e cld®nCorniveeirtsyelrygt iion terms of the
the peak coggingtthergeeeemasi ai tyseatwi ohin t|

peak cogging torque has a decrease with the
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values of SE and DE are 127 mihOarfds psesc tnNne | a

N
o
o

—— SE+Worst PMs —e— SE

=

a1

o
1

AV
NG N
N

++%e/

0.1 0.2 0.3 0.4 0.5
Eccentricity ratio

a1
o
1

Y

Peak cogging torque (mNm)
o
o

o
o

(a) SE

N
o
o

—¢— DE+Worst PMs —e— DE

=

a1

o
1

X

A V4 AV .4
La 7N

ef—sf%’/e—/—‘

0.1 0.2 0.3 0.4 0.5
Eccentricity ratio

a1
o
1
X

Peak cogging torque (mMNm)
o
o

OO
oY

(b) DE

Fig. 310 Influence of eccentricity ratiayl) oncogging torque irL2-slot/10-pole PM
machinewithout/with Worst PMs(gdJ ando=0 mech.deg.)

To explain the ablovshovas itahd omesg giFi@akEor ques
and O0.5-silmpbhé& PRM machines wit hbanogbairteh OWor

mech. deg.
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On the one hand, favorsthe Pkiachi nesddEOwibh,d o ci t
amplitudes of the cogging torque in the mach
main harmonictoondigrxeapectiheelly.

I n the case of SE, the rotor is displaced f
constant relative to the stator PMcseatangt art
mi ni mum airgap, a magnetic force arises betw
As the rotor completes one mechanical rotat.i
equal to the number of poéesof Tbhbeggioge,t ot g
corresponds to the number of poles.

I n the case of DE, the rotor moves relative
alternately approach and recede from the st
airgap and the stator slotssgéeher atoeo®ra coimp!
mechani cal rotation, this force repeats in r
the harmonic order of cogging torque due to
On the other hand, for the macqsiheBewtcohgWog
torque in the machine with SE is | arger than
It can be explained that the main harmonic o
pol e nuihbeamd( the &fI,0tr ensupmbeetri V(ell2y. They al wa
effect since their order3slia)e€odsefharant y, acs
eccentrigEkiOt.¥5he atbggi ng torque in the machin
significantly | arger than that only with SE
However, the main harmonic orders duetyto DE
They have a weakening effect since 3tt@ir pha
Even t hougdr demeh &, @étnn 54 & re gi. ncreased, t hes:s
bégnored since they are relativel yrOndld . Co
cogging torqgque in the machine, taking into a
that in the machine with Worst PMs al one. Bu
alone since the coggi ngi namtqueco npueer eedo tWp rtsh e
due to DE at ggdcé&ntricity ratio
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. —x— S BEXEQp-Worst PMs —e— S BEXEQ)
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(1. Ampl i tude

b) spectra
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(1'.¢c) Angle spectra
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100 D EXcGp-Worst PMs [ | D EXeGp

W] D EXQB)+Worst PMs | D EX(y5)

7

Cogging torque (mNm)
a1
o

O"|"%"|'"fL"l"P"l"llﬁ‘"l"I-Fh
O 6 12 18 24 30 36 42 48 54 60
Harmonic order
(1I'l.b) Amplitude spectra
180
B DEXGpWorstPMs [ | DEXGp
N\ D EXa®)+Worst PMs | D EXe(y5)

L

|

o w
-90 4

O 6 12 18 24 30 36 42 48 54 60
Harmonic order

Angle (elec.deg.)
o

(I'l.c) Angle spectra
Fig. 3.11 @mparisorof cogging torqueat rotor eccentricity ratogd0 and 0.5 in 12
slot/10-pole PM machinevithout/with Worst PMs(cdJ andgb=0 mech.deg.XI) SE. (Il) DE.
3.4.2 Eccentricity Angle

Fi®L2 shows the influemt)efoSEth@ede®Eeonnribiety
of t-sleophllLlE& PM machine. |t I's evident that t
cogging torquwi tfrooutt/hwei tma cWa rnset P Ms.
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(b) DE

FigL2 B8t luence of rophban excagqitnmgxscki dpyh iaén gt e (
ma ¢ hwinteh o WMo/r wit {(n@ Pspb=,0nec h..de g . )

To explain the alBdBe shbesomérorm,oglgigg tor qu
anggpiletand 108 mechsldepgbll®@ nPMhmadiRi ne without/
whegitt 0 abgh=Onech.deg. These two eccentricity a
the observed phenomenon. As can be seen, all/l
the eccentricity angle varies from O o©b 108

affect the cogging tor pues cawceand rhbyitthesi mwt
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eccentricity
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(I'r.c) Angle spectra

Fig. 313 Comparison of @gging torqueat rotor eccentricity angsed =0 and 108
mech.deg. il 2-slot/10pole PM machine withofwith Worst PMs(gi30.5, qbh=0
mech.deg.)(l) SE. (Il) DE.

3.4.3 Rotor Initial Angle

Fi 814 shows the i nfl uegbcoen ocfogrgotngr tiomiqtuieali neg
without/ with Wor st PMs. I n terms of the machi
in the machi ne with SE/ DE remain the same 0

Conversely, i n tetrtmst tod Wohres tmaRMsi,netshewipeak
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machine with SE also remains the same of 127
cogging torque of the machine with DE vari es
314 (b)), It can be observed that the peak coc
mech. deg. (PM1/ PM2/ PM6/ PMT) of 47 MmN m, hi
(PM3/ PM5/ PM8/ PM10) of 100 mNm, and the highe
a vald3®ke mNm.1l
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Fig. 314 Influence of rotor initial ange(qh) on cogging torque it2-slot/10-pole PM

machine withoutvith Worst PMs(qi30.5, gdJ=0 mech.deg.)
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Fi 815 compares the amplitudes and spectra of
machines without/ with \WbrGnd  PMES me cqiir.dd eébg. i n\
angkmech. deg.

When the machines have both SE and Worst PMs
strengthening i nteirnmicttiiaoln arnegglaer.d | Tehses roefa sroont o

not affect the superposition of two cogging

torques i n the macdibr @aen datl 0r8o tnmeerc hi. mietgi. alar a&n gl
values are | arger than those in the machines
However, when the machines have both DE and

Wor st PMs are bothh, tahse eApltainmuenbeeaar(llizer . Th
at the rotgrGmeohtdayg. angue a strenggbhéOBng e
mech. deg. -Goder hh@ghmédndy48e. cc.o,gg3 g torque:

strengthening effects at both two rotor ini:
relatively small . nThihe, makd i oeg git=rogeodtho.rdjeaign. i it
i s smaller than dhatndath. detgor, ibmitt ibalt hawval & e

the machines with DE only since the coggi

=]

to the cogging torgque due to DE.
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(I'.c) Angle spectra
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(I'r.c) Angle spectra

Fig. 315 Comparison of @ggingtorques at rotor initial angle gb=0 and 108 mech.deg. in
12-slot/10-pole PM machinevithout/with Worst PMgd30.5,qd)=0 mech.deg.)(!) SE. (II)
DE.

It is worth noting that the rotor initial an
and the minimum airgap. Under SE and Wor st
amplitude of cogging torque aiwgyefhastt heo:
under DE and Wor st P Ms, when the weak PM1 i
anggqpbelOnech. deg. ) , the cogging torques due to
When the strong PM4 is cliongd itgi= lt@megcl mi de gnu)m,
the cogging torques due to t wloa btlé®sl veBnnanrciesse sh
these conclusions, whil st Fig. 3.16 shows tw
and minimum airgap.

TABL3BINFLUENCREOATILOEATI ONS BEHIWERS I PMEDD WD NI MUM
Al RGOMNCOGGI NGRQUE

Locati on SE+0W st PM DE+0®Vr st P M.

Weak PM i s
mi ni mum a

Strong PM
mi ni mum a

We &ekni ng ef

Srengt heni
Srengt heni

127



| Minimum

Weak PM\ I/ airgap

(a) Weak PM is cl| ogfs=dnetcoh.ndeng.mum air g:

|
! Minimum
!/ airgap

(b) Strong mRMiimu ncaierols@Batpb .(deg. )
Fig. 316 Two typical relativdocationsbetween diversified PM and minimum airgap

(od*0.5,q0=0 mech.deg.).
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3.5 Experimental Validation

I n this sectsodleyI|tdiebd RMma ohigméabr | cavtigadout
tolerance and wi$B+Worst PMs, &&EJFIDEsttWoy ,stt He
predicted cdiqutarli bauntdeainrisuad fdensi ti es i n these
Next, theEMPhaasandackggi ng Byrgeessaragmehsuc
bet ween these expreedimettdids and EBYNgtLt hg F&Mg
model s and the previous results based on FENM

3.5.1.Prototypes

Fi3L7 shows one st at-or wintdh a wto -tr:o ltve rtashn ¢V@oy ps&y p
of the fabricated prototypes. The parameter s
Tab3d.el whil st the tolerances3a2n®l.8dopted i n t

(a) Stator
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(b) Rotor (Type : wi t hout -t:ol wirtamcWaqr STty pRMs)

Fig. 3.17 Psloowobly@®eBMomadRi ne.

The realization of PM tolerances can be eas
PMs ancgooshéeions duHowgveéemstablatSEom.nd DE, t
met hod i ZHUdME&Re fler [ZHUJ BkEY,1t i s realized t
designdpbhatetsor shaft.

Il n terms of SE, the centreline of the bearin
on the centreline of the endpldetendpémat eel isr
Fi @318 whil st the other side has an identical

airgap is reduced by 0.4 mm and fixed with t
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(b) With

Fi®..18Endpl ates without/ with SE.

I n terms of DE, the centreline of the bearin
centreline of the shaft (centreline of the r
in Fi,p9whi |l st t he ot her side has the same off
rotates with the rotor in the prototype.
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Bearing

(a) Without

0.4mm

(b) With

Fig.bBafts wiDEhout/ with

Through the assenmgslipr of codlyZple®p sl @ nBEMromd olmi ne
be ob,t aii.nee.d, wi t hWarns tt SR MsTFE+ M r swi PMs, and D
P Ms
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3.5.2 Distributions of Equal Potential and Flux Densities

Fis20 toehdDwad lmedst rd beaudtuiadn potde i d iuaiIshcheenssei t
sipxr ot otiy.ped. 4, hout t ol aMoa 3¢ eSEdMis @OHEwW Wb h st P Ms, é
DE+Wor sAssRRMse as Chfal putxeirdfeZnassgtth en g rhél Mjsh le a n

thhse facing weak PMs, parftlicvcawul el gihteobt bsei p
the minimum airgap are also higher than othe
other | ocations.

A[Wbim]
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-2.4E-03

-3.2E-03

-4.0E-03

( .b) Hux densites
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(' .b) Hux densites

Fig. 320 FEM-predicteddistributionsof equal potentiabndflux densitesin 12-slot/10-pole
PM machine without tolerance at rotor initial angles®=0 and( gb=108 mech.deg.
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A[Wb/m]
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( .b) Hux densites
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A[Wb/m]
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-4.0E-03

B
[tesla]

20

(' .b) Hux densites

Fig. 321 FEM-predicteddistributionsof equal potentialandflux densitesin 12-slot/10-pole
PM machine withWWorst PMsat rotor initial angle$ =0 and( @p=108 mech.deg.
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A [Wbim]
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sl

(:b) Fux densites
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(' .b) Hux densites

Fig. 322 FEM-predicteddistributionsof equal potentiabndflux densitesin 12-slot/10-pole
PM machine witisSE( o 0 . B=0 meph.deg.) at rotor initial angles qh=0 and( )
gh=108 mech.deg.
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A [Whim] (] @

I ﬂ mD
2 4E-03 \ J %//////'} Q
1.6E-03 f / ‘ b \/’%\ I'
8.0E-04 ‘é?
oo (=
-0.0E-04 :-gg
1.8E-03 \\"/

( .b) Hux densites
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/§ \\I I 7
< B

,I =

( .b) Hux densites

Fig. 323 FEM-predicteddistributionsof equal potentiabndflux densitesin 12-slot/10-pole
PM machine wittDE ( G 0 . B=0 meph.deg.) at rotor initial anglés gh=0 and( )

gb=108 mech.deg.
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( .b) Hux densites
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A [Whim]
4.0E-03
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-2.4E-03
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-4.0E-03

( .a)Equal potential

B
[tesla]

20

(' .b) Hux densites

Fig. 324 FEM-predicteddistributionsof equal potentiabndflux densitesin 12-slot/10-pole
PM machine withVorst PMsand SE( § 0 . B=0 meph.deg.) at rotor initial n g b=
mech.deg. (weak PM1 is close to minimum airgap) and 108 mech.deg. (strong PM4 is close

to minimum airgap).
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( .b) Hux densites
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A[Wb/m]
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( .a)Equal potential

B
[tesla]

20

( .b) Hux densites

Fig. 325 FEM-predicteddistributionsof equal potentiabndflux densitesin 12-slot/10-pole
PM machine witiWorst PMsand DE G5 0 . B0 gmec h. deg. ) abOr ot or
mech.deg. (weak PM1 is close to minimum airgap) and 108 mech.deg. (strong PM4 is close

to minimum airgap).

3.5.3 Back-EMFs

To further verify the consistency between th

of the interaction effects between PM tolera
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the ph&svEsbadk prototypes are examined i n ad\y

Fi s 268. 8how the meapueddctandE gEMsienshtoledd 1102
pole PM machine without tolerance, with Wors
P Ms, respectivel y. Sigbchea st hae sriogmoirf iicraintti ailn

i nteraction of PM tolerances andb=0Oaontdorl 0e8c c e

mech. deg. of al l prototypes are measured an
SE/ Dyjps0and 108 mech. deg. i mply tHBatarehel osak
mi ni mum airgap, respectively. Besideghs0in ca
and 108 mech. deg. i mply that the weak PM1 a

Toot hl as 8%h,0wmnes medtiigvel y.

As can be seen, firsENMKFs dxlei metasgoed PpPdrasem
phaseEMRB<.k Secondl vy, t he mBMRKAs hialdgsmimiceéec & dife pho
paip)si 6 5 -sfloop btlhee PIM machi ne, andtharemoesdiig)ht
i n the machine with tolerances including Wor
the PM tol erancesEMFMbo vwaervee rn,o0tp haafsfee cbhtaecdk by t he
the influences of rod mag plazentanei tompl etnelc
rotational symmefl &il ogplb Lr@a cPhM nzedst R(Ben.dgh i [r d | vy,
di fferent rotggrwhii miht iianldi armagleesdi f f erent rel e
diversified PMs and t he mi-ehNFnuammpmliirtguade amd nt

Overall, the correctness of the FEM model s i
FEM pha€éMFbackn additthiaomoni be o-EMPhlasc® obakk
to PM tolerances regardless of rotor eccentr

PM tolerances and rotor ecEkcMeFnst.ri citi es do no

145



Phase back-EMF (V/krpm)

Phase back-EMF (V/krpm)

Measured X gqb=0° o px108°
40 1 Predicted ——qb=0°---- 0[x108°
20 S B X R ) ¢
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0 T f - - - r - - - . 1+ °r 1
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(b)

Spectra

Fig. 326 Measured and FEMredicted phase badkMFs in 12slot/10pole PM machine

wit hout

t ol er anc eb=0aand 108onech.deg.i ni t i al
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Fig. 327 Measured and FEMredicted phase badkMFs in 12slot/10pole PM machine
with Worst PMs ab=0and108mech.deg.t i al angl es
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Fig. 3.8 Measured and FENredicted phase badkMFs in 12slot/10pole PM machine

with GSE. &P ogmech. deg.)
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Fig. 3.8 Measured and FENredicted phase badkMFs in 12slot/10pole PM machine
with (BE. BEg0 gmech. deg. ) atbh=0mmtld8mech.deg.t i al an
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Fig. 330 Measured and FENredicted phase badkMFs in 12slot/10pole PM machine
with Worst PMs laddm&Eh ( dpdlg 0) 5ahb=Qpneshtdeg. i ni t i

(weak PM1 is close to minimum airgap) and 108 mech.deg. (strong PM4 is close to minimum

airgap).
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Fig. 331 Measured and FENredicted phase badkMFs in 12slot/10pole PM machine

with Worst EMs Bg0dmBOEh(deg.) abOmeshdegr i ni ti
(weak PM1 is close to minimum airgap) and D0&h.deg. (strong PM4 is close to minimum

airgap).
3.5.4 Cogging Torques

Fi 8. 32ows the test rig for measzZHUGYb claggiisn
equi pped with a rotary disk that controls tF
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the prototype. The rotor of the prototype i
measured by a dil giatda!l eqncalre nwi ttthad prhee measu

Finally, the torque acting bep tbéeargtdrs&an

Fi 8s.3®. 3how t he meagpureadd caed EBMgi ng torqu
without toleranceWandt wPMé, t SEerBBEceSE+Worst
PMs. The two specgbatthatot(or) ihi)ne talh 8 chemggcl heasah & g
also compared in all cagbelsassiaacei dgrief ircoa notr

cogging torque.

As can be seen, most of -ptrieraipgdiendt $ ecful Msa auk

the slight differencespriond uacat$i goemm bpdoryeorrt. epsoss i t

There are mamynoinicsgulbat t he amplitudes of t
can be lingmadrdéed.i on, only the cogging torque i
hi ghgbrl@Bch. deg. (PM4 is cl ose gbonenc hi dn@gn. a
(weak PM1 is close to minimum airgap).

Overall, these measured resmurdddi awthadr@o gqg it rhg
and the interaction effects of PM tolerances

-F

Digital scale

\
~

Fig. 332 Test rig for measuring cogging torque.
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Cogging torque (MNm)

Cogging torque (MNm)
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Fig. 333 Measured and FEMredicted cogging torques in-kibt/10-pole PM machine
without tol er ancéof@dDmeclodeg and (IDL08tmech.deg.angl e ¢
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Cogging torque (mNm)

Cogging torque (MNm)
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Fig. 334 Measured and FEMredicted cogging torques in-kbt/10pole PM machine with

Wor st

P Ms

at

r b) ofdly0 mech.deg.iaral (1) 1®8ngethaedeg( o
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Cogging torque (MNm)
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Fig. 335 Measured and FEMredicted cogging torques in-kbt/10pole PM machine with
SE Gf@. 650 gmech. deg. ) at)off(lpGknech.dégrandt(l) 208 angl e

mech.deg.
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Cogging torque (mNm)

Cogging torque (MNm)
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Fig. 336 Measured and FEMredicted cogging torques in-kbt/10pole PM machine with
DE ( pUE=00. Bmecgh . deg. ) a b off(lpdnech.dégrandi(l) 0B angl e

mech.deg.
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Fig. 337 Measured and FEMredicted cogging torque in 420t/10Gpole PM machine with
Worst PMsandS E 3 @p. 65,0 gmec h. deg. ) ath)ofr(IpGnwech.dégni t i al
(weak PM1 is close to minimum airgap) and (lI) 108 mech.deg. (strong PM4 is close to

minimum airgap).
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Fig. 3.8 Measured and FEMredicted cogging torque in 420t/10pole PM machine with
Worst PMsandDE (& @. B850 gmech. deg. )
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(weak PM1 is close to minimum airgap) and (lI) 108 mech.deg. (strong PM4 is close to

3.6 Summary

I n

ar e

thapgt ehe

minimum airgap).

i nteraction effects of

investi-ghopdle nPMhmadRi ne by
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cogging torques due to rotor static eccentr.i
effect. Secondly, cogging torques due to rot
weakening effectl,owehemrw eamameeank e()e .PgM. i s cl ose
However, they have a st r enphgtghheenri mrge meafnfeenccte,) W

to the minimum airgap.

Thgood agbetewmeasaisur ed-pared i EEMdJ-E dbhcosref 1 bnaetsk

accuracy of the FEM model s.-EMrey sal a6 demao e :

by PM tolerances, irrespective of rotor ecc
tolerances. The measured coggitnhge tporreqduiecst esdh
cogging torques, confirming the concluded i

static/dynamic eccentricity on cogging torqu
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CHAPTER 4
INTERACTION EFFECT OF TOOTH BULGES AND
ROTOR ECCENTRICITIES ON COGGING TORQUE

IN 12-SLOT/10-POLE PM MACHINE

This chapterinvestigates thenteraction effect of tooth bulges and rotor eccentricities on
cogging torque in 1-8lot/10pole PM machine. Firstly, the tooth bulge worstase scenario of
machine is predicted byphasor analysis. Secondly, the interactioeffect between
static/dynamic rotor eccentricity and tooth bulgerstcase scenario is investigated through
FEM. This analysis considers the location of the eccentric rotor by adapffagent rotor
eccentricity ratig and angle. It is found that the interaction between two toleembas a
significant influence on the cogging torgugpecifically, cogging torques due s$tatic rotor
eccentricity and tooth bulgeavea weakening effect whethe eccentric rotor is close tine
outward bulged tooth, whilst they haastrengthening effect whetheeccentric rotor is close

to theinward bulged toothHowever, cogging torques due to dynamic rotor eccentricity and
tooth bulge always exhibit a strengthening effect regardless of the location of the eccentric

rotor and bulged tooth.

Thi s chapteekriniasth=dt h I nternati onal Conf er enc
Machines and Dr[XVvag:2( PEMD 2022)

D. Xiang, Z.Q. Zhu, T. He , and F. Wei , Al nfl
151 opble PM matbonhbs bwi @ge., 0l ntn. Conf . 0
Machi nes. and, D\Ye weceasst(lPe(EMERB&EO. 2022, pp. 293

4.1 Introduction

Amomp-avoi ded manufachumiasg peEb@pBAHUDPE] , t oot
bulge is a common issue in modular PM machi
wi dely investi gmtteegdr dln maomhviemas o[nthAWAO 1], [ | Sl
appears in modular machines [ RI Q21].

Il n general , tZéedUWr]oBg gAiP2dgH UtdEMALIeOMU 1 1] i s sensi
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manufacturing tolerasaed, r etspre e dtnk ntt htelo opt the v

resear ch, the influence of tooth bulges or

ﬁ
(¢

sealrr@GEd7neo rcsstcs eggi ng torque caused by the

(7]

eval hpatepdpkbaasioal ysi sTd ecdimp qruee  tthoeo tihn fil nuneenr
damdé ot her manuf acctourrriensgp otgadli enrga ntcoersg u etsh ei n
oth or rotor pole are predicted byhenergy

nges i n mass product i ®ing n i&Efeeacritth oud g it oiott hi

a

0

a

oot hr a cdinnesone toot h, the distribution of tF
heretoggi ng t ecragslee swernsatr manwffacsavemagl t ol
combinations i ncl udsi nagn atltoyomeheusitmym-2 o sy rmmla tuiso n
analyze (WUCA) mephadpalWwhsics&, i anéudgs meetrhnosd ,
of rotor eccentricity, many paper s i nvest.i
eccentricities on cogging totaoqgué¢ HWAMA Qilrhpad Z
of static rotor ecce9stl opdli8¢ ysa mdp OAP®BIg gniarc dh | thaersq
areeval aadedompared. To mncaocnhsit demsr i miolr ee ye@ameofal s
number combinations on cogging torque in t|
eccentarieciatniaelsy zeld iinndiZHlleds] .t hat t he rotor

role on the cogging p=0NNduesmahl maohi nesclkavin
2p=NN2, and the smallest i fhkue@aaleu scimonrh hs o o't
obtai hédd ByperposiptLildmll]appomachpetchieale faf pepclti
rotor eccentricity omsiecécadr omagomigspgl e ol gr
PM masihemwestigated inl[ HB22]pr eNo waise rp,apaer s

Il nteraction bsxetawsdkaort aeactsenbul get

Therefohapinwikist i gates the influence of stati
tooth bul ges on tshleoqiolgéy i MmN maoca hgiuree o(fa 1lt2y pi ¢
combination used in [GElphadd&aAINR®I|]s [[WMEBT] [ &
Especiall vy, the influence of the relative |

teeth on the cogging torque is summari zed.

Il n this tchshpipdDiL @ PM machine topology and tw
i . e. t cand bolk gé@ e e cacdeen t d\Besgatrtti thee dt o o t-cha sbeul g e
scenari o that causes the hipghheessan |leyosgidbiFiEg t o
Subsequérhtel yi enft febreatcat ei eofnodsytnaafmioct or eccentri cit

bulsgeenal yzedcbogpsiFEMei mel atitvleeclcend trwiictnhr oft o
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di fferent eccentricity ratios and angl es.

4.2 Machine Topology and Two Tolerances

4.2.1Machine Topology

I n this section, the machishepbb@olPMgymaafhi h
I 'l ustrdleandnt Fregmain geometrid. di mM&E&I7dPns

3 LN U
1T
\ /

5 \_/ 9

8
° 7

10

Fig. 4.1 12slot/16pole PM machine (the teeth are numbered).
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TABLL MAI RARAMETEFRVESTI GMAEMI NE

Parameter 1%l opble
Sl ot number 12
Pol e number 10
Core | ength, 37.5
Stat or aadu tmenr 47 .5
St alboorre ,r anmdm u s 23. 2
St attwmat h, wmndt h 7
St aywke ,windnt h 4
Sl ot opening, 3
Mi Ma»i rgamps |mmgt 0.6/ 1.65
Magnet widt h, 9.7
Magneiti ckness, 1 2.6
Magnet remanen:t 1. 32

4.2.2Tooth Bulges

During the manufacturing process, the tooth
assembling of separated stator segments [ GE1
bul ge and outward 42ul ge, gesnestdwn tihe FKFiagq.ge
relationship between the precision of the a
product di memaipardhe Itiypilkiad. 0&nge MANRBES | . ¢
adopted, where the positive value means t he

out ward bul ge.
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Inward bulge Outward bulge

Normal tooth

Fig. 4.2 lllustration oftooth bulge.
4.2.3Rotor Eccentricity

Fig. 4.3 illustrates the rotor eccentRicity
rotor maxi mum outelR. rhdiubei madbsngnwi edoat
mi ni mum airgap length is designated as g. 1In
di stance i X dBlsde gmatt @rd Gics eampli cy ¢ g ratpoege

of rotor eccentricity and can be described b

o

X/g 41)
Rotor eccenfirie.i taynqunlgdre pfosi tion difference
airgap and the stator 1# toot h, Fi g. 4. 3,
eccentricity. For example, when the rotor i

ecentricity angl e etqueadiBs . méch. debusinatédssr
i nvestigated machiO)e.i sT hokfdficseenta elwye of r crat ol e (¢
sta®)rt @lotthodot h .

Rotor eccentricity can be classified into t\
dynamic rotor eccentricity (DE). The rotatin
static and dynamic rotorr ett@rrnsr itchiet ireost.atlifn
fixed, it is called static rotQ)r iesccfeinxterd can

rotating axis, it is called dynamic rotor ec
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No.1 tooth

Fig. 4.3 lllustration of rotor eccentri@s

2 12

3 LN U
o ox \
\ 9} 10
5 N o 9

8
° 7

Fig. 4.4 12slot/10pole PM machinevith rotor eccentricies

4.3 Analysis of Tooth Bulge Worstcase Scenario

4.3.1Tooth Bulge Worst-case Scenario of Additional Harmonic Components

Thphaaonanl ysis method is proposedasae $GEAT] I d

cogging torque due to manufacturing tol eranc
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-~ ~ T O T O 9 O 0O

- —h

©O T O T & T o

w o -

[
E
F

4 .

ombi nations in [YAN2O0]. It I's a useful ana
ogging torques due tophmaswbhadti mat egstyslkt € man
ngl e bepthvaeseora ntdh @ he amplphaysdoaxnrda t dpepb fobe @c M <
onfiguration causegdhabatphesebysupbtampbeagd t
ol erances configuration caused | argest supe
ogging torque due to the inherent structur
ul ge, respecdesiveghgyted hay: amati ve harmonic ¢
orque r&ékerfroirmertoand the additional har mo
orque referring to the | atter [ GAS09] . Sin

-

equency of the AHC caused by the one toot
or mihregpt @er har moni .haswadiydi g heEGEATH di nat e s

f tthoirsdelr0 harmonic, the phase angle differen
hasoms shown in Fig. 5) is 800 electrideagl
i vided into 12 (slot number) par tpsh.aablee pos
roportional to the positive and negative f|
bt ained from the anglepaagdoampelirt sd@evampats
halecomes t he I|Iphasesrtt wbhenmambesi6de are t he 1
t hehasaore t he mini mum val uecad3biscéesadebdbi nec

ig. 4.5 sttawe sSbenwor st cphédslger dtoi droot df bAH
argest spuhpesxompbdsked calculated by different
oot h bul ge confl giug atth aoth Ma.meld dype& 6 & 7
. 05mm as marked red. No . 1 & 2 & 3-2& Bas& 8
howki gn 4.6(b). No. 2 & 3 & 4 & 83,& ®s & HdOwn
n Fig. 4.6(c). No. 3ar& 4 n&wasx d& 08, 0&ansin0siheo vy |
ig. 4.6(d). No. 4 & 5 & 6 & 10 -58% lals & hlo2wnt
ig. 4.6(e). No. 1 & 5 & 6 & 7-6& Ilals & hlo2wnt e en
6(f). -1IFrtoon THRyppen ment i oned teet h are outward

As can be seen i n -IFitga-6 HMy.be | ctphneasrielsly! HTawpde t

S

c

ame modul us but different angular direction

ogging torque waveform as shown in the next
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(a)

Type

(b)
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10 4

(d) 4Aype
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S!
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o

(9]

(e)
17
{

10 4

(f) SType

Fig. 4.5Worstcase additiondharmonic components (AH@hasorconfigurations caused by

tooth bulges.

4.3.2Tooth Bulge Worst-case Scenario after Superimposing Native
Harmonic Components

The cogging torque, referred to native har mo
the empl oyed machine withouti #@bnyufFaEM. urTihreg nta
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order of NHCepbbOtRE m&chine is 60th (2 mNm),

mul tiple of the stator sl ot and rotor pole n

According to the tooth-lbtlo®gypdeficpwmgamigon r
calculated by FEM as shownt!har Ao mi.c 40 f7.alTlh et )

are about 70 mNm that is much | arger than ot
thebtr@er) is the dominant cogging torqgue of
torques i n al/l types are similar, 139 mNm, a

Therefore, theaseosbhebhafrge vapendesndnguhatwo
because NHC has a slight effect on the coggi
from-1Tytpee6 Thmae e t he samk, eiff fetth(anlandypieg.
selected for analyses-caset se etnyapiimali nt @ diteh f o

Cogging torque (mNm)
o
|

- 5 T I
0 2 4 6

Rotor position (mech.deg.)

(aNaveform
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(b) Spectrum

Fig. 4.6 Native harmonic components of cogging torque o6d2/10-pole PM machine.
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o
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(b) Amplitude spectra
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(c) Angl e spectra

Fig. 4.7 Cogging torques of 1&lot/10pole PM machines wittooth bulgeworstcase

scenaris.
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i

Type-1 Type-2 Type-3 Type-4 Type-5 Type-6

Peak cogging torque (mNm)

o
I

Fig. 4.8 Peakto-peak values of theogging torques in machines witboth bulgeworstcase

scenaris.

o

2 12
N
3 LN u”
— 4 10 <
/5 \_/ 9 o
6 8

Fig. 4.9 Typical tooth bulge worstase scenario in 1&ot/10pole PM machine.

4.4 Analysis of Rotor Eccentricity with Tooth Bulge Worst-case

Scenario

4.4.1Static Rotor Eccentricity

Fig. 4. 10 shows static rotcarseecacemtariioi tiyn ar
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11 opbleé PM Onag hfiineed and the rotating axi s.

Fig. 4.11 reveals the fluctuation of OQpmak co
the machine with/ wtadeuscewmartihobahdet worsot o
me c h. deg. SE+TB means that the machine has

case scenario together.

I n Fig. 4.11, it can be sdéopbtl®atPM Mmachogqaegi w
Il ncreases with the rotor ecacrechém ircelt gt irwad i pe
eccentricity [ZHU14]. The miNm rfe0gnan ® 3fa xnNmu
(d#0.r89spectivel y. However, the cogging torqu

first and then increases WiQ.h7hteh emarimt osro uercceee
cogging torgque is cdse s$oenaonitd, bwhigeh woemmai r
static rotor eccentricity influences this <co

Mor eoverJ,O.when main source of the cogging t

eccentricity, and the coggicmg et sgrecenea rd au sad s ¢
same, again as can be seen in Fig. 4.12. Thu
(@ttE0gdnd 24 LiRmr7dspectively. The details wildl

R

2 12
3 LN U
— 4 I O&:LX \

\ o 1
5 N__& 9
6 8
\

7
Fig. 4.10 Static rotor eccentricity and tooth bulge warase scenarim 12-slot/10-pole PM

™ Vg

10 <

~ ~

Fasd)

machine.

180



300

|-o— SE+TB--x-- SE|

200 - S

X
100 - T~ Paaly
~__ .-~ minimum value

x lII:\when e=0.7 |
- (=]
..... X" \\n/

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Eccentricity ratio

Peak cogging torque (mNm)

Fig. 4.11 Variation of peak cogging torque with static rotor eccentricity r&fio(12-
slot/10-pole PMmachine with/without tooth bulge worstise scenario (eccentricity angle
U=0 mech. deg.).

Fig. 4. 12 shows the cogging torque compar.
combinati on b6, SBadd, d0rTels pae & O, ve | ymp lAitt ude o f
torquredyes toEDBRAeAtamplitude of c¢ egnpiltdhgam or g
that due to TB, anldObtrhdecirr hpahrarsoen i acnsg laerse odfi ftfhe
EOo.tHteoot hi dud gmi nanmott,ora redhatemear icaincelDi Ag ef
the amplitude of coggi ng t oSrkEquaen d uteh etior TpBh a sse
t hleD"or der harmonics are WO fttheer emeta k Tcheeg gif g e
approxi mantieshuym tvhael ue. The mini mum value that
the eccentricity ratitd,arpgmoand e san glneds tafe thh ogd
& ®Bthe amplitude of cemgltihemt o Sk eaduide etthomi T Bp
angofesltotbe der harmonics ar e&EdB.tfhfeerreottar Tehcecr erf1

dominant, and the tooth bulge has a cancel I
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Angle (elec.deg.)

Cogging torque (mNm)
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Fig. 4.12 Cogging torque compari sa&mn0,at( d)i ff
G0.3F0.7, &mMd 8 i)n the investigated machine
deg.).

The above is the analysis of the rotor eccer
i nfl uence of different rotor eccentricity ar

significant effect of angultayr apasiTtBi.on bet we

As can be seen in Fig. 4.13, the variation c
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anglDen(t-skeofnRL® PM machine wit h/icvaisteh osucte ntaad
under the r &t0Oolr&.ecamenbeiséey that-sit b@bd@ggin

PM machine with SE remains the same (about

angle since the amplitude of the first order
t hseame with the increased eccentricity angl e
with SE+TB increasesawhére ikBeimocrensedc&éniomi
me c h. deg. ( No. 4 tooth). Then, it decrease:

mech. deg. (No. 7 tooth). From 180 to 360 me
SE+TB repe&dtosmtbBbetoréBd® elec. deg. Thus, the
53 mNb=®#md 180 mech. delFr.9nh & nd7 0 3rhe enN.m d ad . ) ,
The details will be discussed as foll ows.

600 [—=— SE+TB--%-- SE|

400 -

Peak cogging torque (mNm)

0 60 1é0 “IéO 2£|10 3(IJO 360

Eccentricity angle (mech.deg.)
Fig413 Variation of peak cogging torque with
slot/10pole PM machine with/without tooth bulge woertsise scenario (eccentricity ratio

o

0=0.8) .

Fig. 4.14 shows t hles |lcopmli g ggP M onadkeiSrEedf TBhe ar
combination dHfO0Oa8® amed hT B deaetg. ,U- Ot,ehsep eacntpil vi e luyd. e

cogging torgue due to SE is | argerc dtehtawe etnh at
t hdi®dh order harmonics is 180 el ec. deg. , me
whelanmech. deg., the cogging torque dukato SE

due t o-sIEDpibl el 2PM machine since UBméals. adegng
the amplitudes dfuecd@giSkEg atnar B Uamec hhe des g me
but the phasé®é®edawglemhddihieiderenhar monics is 0 e
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the maxi mrf®metTher eiegre, tWkeemoggi ng
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Fig.414Cogging torque comparison )BDamsd &0)x r ot c
mech.degdn 12-slot/10-pole PM machine (eccentricity rati&0.8).

The static rotor eccentwmatcidaly ketgWween ntdh € ad &
bul ged teeth. When the ecobeht(No.rat &r 2i & 6I
12 tebehyopggdutap tSEr+grsBe ammb @ PM machine i s sm
due to the SEwkakamfsfaegcltB wilthisldeart hheardmd ni ¢ ph.
di fference of TB and SMheinsth@0RTCemtedcc dog
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i nwaoroch t( No. 3 & 4 & 5 & 9 & 10 & 11 t-eet h),
sl opbll®d® PM machine is larger than that due |

whi |l etirhceerlOhar monic phase angle difference

4.4.2 Dynamic Rotor Eccentricity
Il n Fig. 4.10, it is Oymsarmixerdotaomrd ¢ heemtortioci

Fig. 4.15 reveals the fluctuation of peak cc
(DE+TB means that the machine has dycnaasnei ¢ r |
scenari o together. The peak cogging 6rques
maxi mum i s Gt00a&jeNmlatays | arger than those d
mNm Goand the maxi murkoi.b8)@89s enNmhaeatpeak cog

strengthened regardless of wBichlusltenaede i m
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Fig.4.15 Variation of peak cogging torqu-e with
slot/10-pole PMmachinewith/without tooth bulge worstase scenario (eccentricity angle
U=0 mech.deg.).

Fig. 4.16 shows the cogging t dar0udsanaB Ddiff e
in TxdXeopble PM wnmachhiDEe, TB, and the combi nat
components ofdemoggi DE taoequene mulr2idpl es . pf
[ ZHU14], whil st t he cdanptocmehB sarod tclong gmunligt it ol
aomhoh, .. .) FGHMHe7]ampAti tude ohbdpyegygokGRBEAQUeE
amplitude of cogging torque due to TB is | ar
due to TB is strengthened by thdro.0bdygi ngotbr
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bulge is dominant, and the rot@o.téoeec emtprliidiutc
of cogging torque due to TB iEB ampr d>xxiemastuen
cogging torque due to TB is strengthened by
GEO0.tthe effects of TB and DE are similar, and
ef fett®B.tmMe amplitude of cogging torque due t
t he peak coggi ng ttohregnueed dowe tthoe B gigsi nsgt rteorrgg L
wheth®.t he rotor eccentricity is dominant, anc
Il n eit hedomiars&nt ntoml erance has a strengtheni
weaken all theogpegiakg wWwhb e gpudomi rneagnut edeomidensannot n

tolerances are different. Thus, 1Xhéopédlk cog
PM madtlsi reen halnacrégearmanei t her one when tkhRetooggi

t wo tolerances are different.
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