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ABSTRACT

Consequent pol e permanent magmet npleC&PAM)e nma anai
PNMwhigreoglaucmpat ablgeeenvent i omalntseud fRNe ( SPM) |
However, due to the wunbalanced f eandiriersorbegale
presence of a |l arge torqueome papperl Uadtoihtimad at e
basi c c haamdgdarear gltii nesd pl es havestrmablTihdse dt. hfe s |
i nvesti batesotmpaghetsed PPMachi nes, with ptabrea i cu
analysis and minimization of torque ripples

A gener al anal ytifcoarl tnhoed ebli aigsh | dier vereelt chppe dc 0 g g i n ¢
for unequabdtumnibrpdl @nwiodteh ss Aatnt wedgl a m@P P BMd mac hi
and other rotoBa®féld maohti hes apaidpebsiicgan péaa par neest
mi ni mum c ogvg itrhd wti d rhopwe | ppasl laodis mogd ¢ n-annyg  tepoi dpeghlo ¢
rataireenal ydecavéeg and verinfeitd{fdidpby finite el emei

By selagpptriomppgg siagge paramet er s, the cogging tor (
conditions can be suppressed effectidat yhbgh

curremnmMtos solve this probl em, symmetrical and
PM and iron pole shapes are proposed. It is ¢
only reduce the PM torigouaepol ppslampwhng emethleodsg
torque ripple since it can adjust the ampl it
reluctance, and cogging torques, to make t hem
comitbuti on of reluctance torque ripple is revi

in CPPM machi nes.

However, the effewitl lofberaofpfoesetde dneiyhoddi f ferent
and differentoCRPRMn & oSHRIM tmaoenhsi.neFs wi t h odd nur
Ssubmachi ne, the influences ofausddialt aocald Poil d
hamoni cs due to addhbuti vieare fldee caasndenl evd nidn nogtsh e
symmetrical pol e shaping met hadhil@asgemmettorriqgcu ep
for CPPM machines with odd cmhluimbefrhwdplcbowd Sh e
have similar effects on torque ripple reductd.i
l al sonfirimer talalt t he b tChPeP Ma rrmaacthurnee sr eacti on wi
fundamental s and har moni cs I n perfor mances,
el ectr omo,t iivred ufcotracnec e ,, aansd weolrlqueaes rgipgprdief i cant
' i mited @bedliayd cap

Al | t he i rmwaeset chgeaerni e desn@au tyatnbagsayls MFeEnd ex per i me
veri f.iication



ACKNOWLEDGEMENTS

Foremolstwould | ike to express my si nQiearnegs tZ hgur.
He gave me the chanaoe cteoh\eegbucdsgtan e b éh ew dJrKl da.n dL
Ph. D. st udhyi,s hbee dotd fdefeflequr tme , scuopuproargte nmee, iann db oet
and | ife. Hi s i nsvaglhadulieeommenbsl g,.hdavear me ak
val uabsferasnyetf uture | ife

I woul d express nmertah airt k siyarro Jhewvse i ghrsesaotr eyf f or t
Ph. D. research and offering valuabl e comment s
expanded myanidneswi eddemy thinking

I would Iike to thank WPKoEPSRCEFeturec ELedt
ManufadtFEMNMIHhor the financial suppamnt asoial Ire
Particularl y,Silmawn sByDad@k widnsa, nKkD tDira@h e ngywan Ram,,
MsChat hMah &kma mdav e Wi tBteyrnsn Aft kri ntstoeni r hel pf ul
advice &esrwehbkiassuppopnotacntdy pess.i st ance with

I would I|ike tazt@tahiankeDrUniRaemrsd tly of Shef fie
engi nesetrudiegnt s . He also encourages me to face
Media for allowing me to communicate the | ate

I woul d I|IDrke Lu@cthleammgk Yan, nDL.i ,YWDe .LiSth,unDrCaiYar
Dr Yu Wang, Dr. Fangrui Wei, Dr. Dawei Li ang,
Mr . Yinzhao Zheng, ol | eiamg uBXkeec t a m @ adanl dM alorlii vnee
Resear cthf Grma pUnif v &theif ftited idr t echswug@wiltdnseess
forget wehsetpegmeneher .

| woul d fBahapokhbmitery tumhceoinrdli a v e@.n al

Finawbyl dlacikkneowloedge everyone who delkdnaomei rac

wi shedbmetthe successfultghaccomplishing this



N = T T S 5 PP I
ACKNOWLEDGEMENTS .ottt e e e e mmme e e e s r e e e e e e et e eeeeseeeeeteeeeesn s nnnnn s s emr s I
LGN O I N I VI S TSP PUPPPPPTTRRRR Il
NOMENCLATURES ...ttt oottt ettt oot e et tte b e oo e e e e e e et aeaaaseeaeeeeeeaebbs bbb e smnas e e eeeeas VI
ABBREVIATIONS e ettt e oot ettt teee e e e et e ettt e ba b oo oo e eaaaa s o e e e e e eeeeeeeeebababn e b e bnnaa e e e e as X1V
CHAPTER GENERAL | NTRODUCT.L.QN e eereee e 1
R o I S o T U O o T o 1 o OO PU SRR PR 1
1. Permanent Magnet Sy.n.c.hr.a.n.o.us....Ma.c.hi.n.esS... 6
1.2 Wi Ndi NG TP 0.0 St 6
10 2 P2M T 0 P 0.0 i St a e 9
1. Xonsequent Pol e Per ma.mn.e.nt..Mag.net.. .Mac.hi.nes..... 15
1.3.Blasic Introducti o.n..o.f. . .CRRM..Mac.hi.nes. ... 15
1. 3.Rotor Permanent Ma.gnet..CPR.Mac.hi.nes...... 22
1. 3.3t ator RerMagmen CPR..Ma.Chi . n.e.S. e 28
1. 3.0t her CPPM . MaC hi i S e 30
1. £Lhallenges of Rot.or..RM.CR..Mac.hi.n.es... 33
1. 4.Sluppression of Unipol ar..End..Shaf.t. .. .El.ux..lLea¥Xadage
1. 4. 2uppr eosfs iToOMm g u....RI. P e 41
1. 4 . Aver B@regqENEN @ N C .M. ML e errer e e e e e e e et eeeennanas 46
1. 4 ReductWmmalodMaogendet i ¢ Far.c.e...(.UME). ..., 50
1. Research Scope and..Ma.,j.ar..Cont.r.i.but.i.ons........ 51
I ST B R Y o] ¢ L= o DT PPRPPPRPPN 51
R ST @20 T o N S O IO o T 00 OO o O o PP PPPSPR 58

CHAPTER ANALYTI CAL ANALYSI S OF COGGI NG TORQUE I N

CONTENTS

PE

MACHI NES WI TH UNEQGHUAANDNOROUTH POLES, Wi TH PARTI CULAR

CONSEQUENT POLE MACHILINE.S et 61
P2 | O I A G o I [ U O o A Y o 1 ¢ DO OO PP P SRR PPPPPPPPRON 62
2. Xogging Torque Anal y.s..s....by..Ener.gy..Met. hod...... 65

2.2.General Analytical Expression of Cogging..I.66que

2.2.Qogging Torque f.or..CRRM. . Mac.hi.n.e. ... 69
2.2.CGogging Torgue for..SRM.Machi.ne.—.. 70
2. XXogging Torque Minimizat..an..f.or. . . CRPRRM.Machi.ne.71l

2. 3.8t @t 0r Sl .0t O it e e e e ean 71

f



2. 3.PodAec t®i Pache Rabub Wbl.e. . Shi.f.t.i.ng .. 74

2. 3.P3olAec t®iPaeche Rati o wi.t.h...Rol.e..Shi.f.t.i.ng....... 80
2. 4L£o0ogging Torque Minimiza.t.i.o.n..f.ar..SPM.Mach.i.ne..»83
2.4 PlolAec t®i Pache Rati o wi t.ho.wut...Rol.e..Shi.f.t.i.ng.... 8 4
2. 4 PodAec t®iPache Rati o wi.t.h..Rol.e..Shi.f.t.i.ng....... 88
2. Experiment al..VMeri. fi . Coal Q. - 91
2. &Effect of Mag.net..c..Sat. bl at . 0l ... Q7
A S T U 0 1 0 1= T Y PP PPPPTTR RPN 99

CHAPTER BFFECT OF POLE SHAPI NG ON THEERTGRQUE OWFAR®RARP
MACHI NES101

T T A G T o Y U R o O« O ¢ P PP P PP PP TUPPPPPPPN 102
3. 2Principles of Shapi.ng..i.n. . CRRM.Machi.nes. ... 103
3.2 .Ali-Gap Flux Density ..ar..CRRM.. Mac.hi.nes...... 103
3.2.E2ffect on EMF and .To.r.g.ue..Rer.f.or.mance. ... 105

3. Proposed Optimizati o.n..Met.hod..and..Res.ul.t.s......106
B LPIr 0P 0 S @A MO s 106

3
3.3.termination of Point Numbeur..f.or...Def.ini.ngOBotor
3
3

B N < o I S T o 0 - 10 O O o T FO PO OPPPPRRTPPRPTY 112

. 3. Tlorque Perfor manc.e..COomp.a.r.i. .S 0N ... 115

3. Results of FEM..and.. . EXper.i.ment. ... 119

T N o T T Y O S 120

R e ¢ I T S O ¢ ¢ = 0 o O = SO OO PPPOPPPTRRPPPPPP 125

R < ST I 11 41 Y O PO P PP PPPPPPPPPP 134
CHAPTER AMSYMMETRI C POLE SHAPI NG METRHCIPLIEN SUPRREES SI ON

CONSEQUENT POLE PM.MACHIL.INES. e 135

T T O G o T o U R o O o O o PO PP RRRRPUPPPPRPR 135

4. Zhaping Met hods .a.nd..Op.t.i.mi.z.at. i.QD. ... 136

4. 2.SIhapi Ng Me it 0 .S et 136

4. 2. @termination of Point Numbeur..f.or. .. Def.ini.ng3Botor

4. 2. Maintaining the I ntegutr.i.t.y..af..t.he..Spe.c.i.f.i..dt4diDons

4. Principl s . 0d  Sha PG 142
4. Performance Compart.i.s.on..and. . Anal.y.S..S. .. 147
4. 4 . Ape@i rcuit FlLUX . Den Sl Yo, 147
4. 4. F2 ux Linkage .and..Back..EMFE. .. 147

v



4. 4 .SBhaft Fl UXo . K . 151
4. 4 01 0@ d | N AU G @ L 151
4. 4. Torque Characteri st.i.cs...at..Rat.ed..Caondi.t.i.on.153
4. 4. Toorque Characteristics undeur..Rev.er.ssed. .Rat.altbi7ron Di
4.4 Eff fect 0 0. e 160
4. 4.18ron Loss and FE.l.ux..Di.s.t.i.boution.. . 162
4. Experi ment.al... T 1 A - S URRRRR 163
40 5 UBLA C K B Mt e e e e e e e e bbb annraeeeeeeanes 164
4.5 . N20I 0@ d | Nl Lol B G Bt e e e 164
v I O o o [ o B T 0 Te BN I o T A« B U = O SO PP PO PPPPPP 165
I o A =T o LR o I OO o 1 = PP PP TR ORI 167
4. 5. Torque under Di.f.f.erent. ClUL.L.eN1 . Suiiiiieeeeveeeeen. 1609
N < ST U 0 0 181 = T SO PPN 170
CHAPTER I5SNFLUENCE OF SLOT/POLE NUMBER COMBI NATI ONS AN
ELECTROMAGNETI C PERFORMANCE OF PERMANENT MAGNET MACHI N
NORTH AND SOUT.H. . . RO L E S e naees 172
L T A o T o YU R o O O« O o P PO PP UUPTPTUPPPPPPPN 173
5. ZTopol ogies and Effect of Slot/ Pole Number...Caolmhd nat i

5.

5.

5.2.81l ot/ Pole Number Combi

n

a.t..i.a.n.s....f.a.r....C.RB.M..Ma.clt¥i5n e s

5.2.AZnalysis of Flux Linkage and I nductance Hdr7Boni cs

5.2.MAnalysis of Flux Linkage and Inductance .HdmBmoni cs

Frorque
Result

Ri pple Reduction
o - U Y R USSR 188

w

ith Symmetri cal and Asymm

5.3.Slymmetrical and Asymmet..i.c..Ral.e..Shap.i.ng..Met8Bods

5.3.@timization

LLomparison and Analysi s

Res.ul.t.s..and. .. Anal.y.s.l. S 193

of P.e.r.f.o.r.ma.n.c.e.s...o.f....CIPPPPTM Ma c

5.4.Clomparison and Analysis -€PPRMeMachmaese ddaivih nGr ©u p
per Phase pefr. . . .SUbmac.hi e e 197
5.4.Comparison and Analysis -CGPPRleMAhohmarseslavinnGr &upn
Per Ph &S ® MB BN 8ttt e e e e e e e e e eaae e e e e e e e e e e e e e e e e e e s 206
5 0 4 LGB0 MP @ Fhee S0 dh et e e 213
5. Zomparison and Analysis of ..Rer.f.or.man.c.e.s..o0.f..2PIM Mach

5.5.Clomparison and Anal ysi

per

Phase

s OSSP MP eMaf cohri nmaensc eksa viinn gG r Qodudp
P er Sl ma C o h il 214
s -oSfP MP evrafcchri maersc eHsa vii m gGrEovuem

5.5.QCQomparison and Anal ysi

Vv



per Phase per. .. . Subma.Cli . e 222
LSS ST O o T 1 4 1 T T G = o 1 o 228
5. @&omparisons Between CPRPM..and..SRPM.Mach.i.nes..... 229

5. Experimental Verifi.c.at..on..and..Di.s.cus.s.i.0on.....230

50 7 LBla C K B M e e e e 231

L A 1 o o BV o AU T o o = - S PSP O TR PPPRTRPPPINS 232

LT A 1< o I o U = T VAT T A = o N O o 233

L O o o o ¥ O T o Y PO RSP PR RRPPPRPRPPRN 234
CHAPTER 61 NFLUENCE OF ARMATURE REACT|I PRAMAGOIETI ELEC
PERFORMANCE AND POLE SHAPI NG EFFECT I N CONSEQUENI6 POLE

G| o I A G o I U O o A O o T ¢ DO O PP PO P OUPPPPPPP 237

6. LPPM Model and Mac.hi.ne. . . T0.p0l.0.0d .8.Suieen, 238

6. 2 .CIPP M MOl et 238

6. 2. MacCchi ne T0.P.0. 0.0 S e e e e e e e aaaae 241

6. 3 nfluence of Armature Re.a.ct.i.on..an..CRPE.M. . Ma.c.h.i2ndeds

6. 3.Magnetic Flux Dens..ty..Char.a.ct.er.i.st.i.cs.......245
6. 3.PPM Fd4 uxkage and Back EME..Char.ac.t.er..s.t.i.cs..251
6. 3.13nhductance Chatr.acl. e i, Sl . C.S e 257
6. 3. Tdorque Char.acC.l. e .S d C S e 262
6. 3.bemagnet i zat.d.on. . Anal. Y S S e ——— 265
6. 4nfluence of Armature Reaction on..Ral.e..Sha.pi2neg7 Ef f e
6. 4.Magnetic Flux Dens..t.y..Char.a.ct.er.i.st.i.cS........267
6. 4.PM F1 iuxkage and Back EME..Char.act.er.i.s.t.i.cs..271
6. 4.13nductance Chatr.acl. elrd. Sl . C.S e 274
6. 4. Tdlorque Char.acCl. e .S d C S e 275
6. 4.bemagnet i zat.d.on. . Anal. Y S S e ————— 278
6. Experi ment.a.l.... R .S . UL S 279
6. 5. Tlest with St.at.i.c..Rl.at for M. 280
6. 5. T2st with Dynami.c..Pl.at. f.or . m. . 282
O S U 100 = T F YT PO P PP PPPPPPPPPPPI 284
CHAPTER GENERAL CONCLUSI ON AND .FUTURE.WORK............... 286
7. 1Gener al  ComC.l .S 00l e 286
T o 1 RLIE S € @ T C s S 0 P B 286
7.1 . Research Met.hadol 0.0 S 288

Vi



7.1 .F3¢atures of Torque Ri.p.pl.e..Red.u.c.t.i.o.n..S.a.l.ut.i20n0s

7. 1.014nf 1 uencCiung. A C i 0 S e 291

T o F UL UT @ WO Kot e e e st e et e e annees 293
Appendi x: EG@BHEUBExNpoéssi ons..i.n..Chapt.er. .2 ... 295
I o e O I G I S PR U PP PPPTRTRR 298

Vil



NOMENCLATURES

Symbol|Description Uni t
Ampl it udteh ofanrrmeni c in f1I
Anci . ) T
symmetrical shape machi ng¢g
Ampl it ugteh ofanrmeni c in f1I
ABc,jAst . . T
asymmetric shape machi nesg
Ampl i tudes of ¢&i6fso rchettniipe n e
A cb _ mm
har moni c
Ampl i tudes of Ekidfno rchatrhpeo n e
A sb ] mm
har moni c
Ampl itudes of ¢t@focatpene
Amc a . mm
har moni c
Ampl itudes of Ek@fMhorcatniipe ne
Ams a . mm
har moni c
A Crossescti onal are@a@f toot| mnt
B Ai-gap flux density T
B(d, U Flux density function -
Bao,BagBogp |[FOUT i er c®%djficients of -
Bia Flux density for symmetriT
Brs FIl ux density for asymmetnT
Bi ron FIl ux densities under ironT
Bp wm FIl ux densities under PM T
C,P Transfornasi on matr.i -
Fcpm Magnetic potential oPMs AT

VI




Fs Magnetic potenti al i n st aAT
G(d) Rel at-gap péermeance functi|-
Gao, Gak NGbkNiFOUT i er c&¥&H) ficients of -

Hc Coercivity of magnet Al
labec Current afma&esr i x i n A
ld q Current dmpags r i X i n A
lc h Characteristic current A
Id daxi s current A
iq gaxi s current A
lunit Unit current A
knonksouth|Rat i os of noeratrhc sa rpdot spdou teh -
keykiron |[Rati os of PMMrazpopbetaim pol-
ks o Sl ot opening ratio -

0 Amplitwmdedef RBar monic in | mH

i i 2nor der har monics i-t h anpdh
0 , 0 -
coil s

L idp Rotor outline functions fimm

L @p Rotoourt | i ne functions for mm

lo Average v-ahdecbéansel f mH

2 Ampl it uden dafc tsaenlcfe har mon| mH




Laa Sed hductance of phase A mH
Labec |l nduct acecaibmast r i H
Lag Ai-gap | ength mm
Lb b Sed hductance of phase B mH
Lcc Sed hductance of phase C mH
Ld daxi s inductances mH
Ldq deps i nductances mH
Ld q | nductancaemstri xes i n H
Lp m Thickness of magnet mm
Lq gaxi s inductances mH
Ls Stack | ength mm
m Phase number -
Least commobet vnaud i i Il aggtainru
Ne number -
Np s Point number in half pol q-
Ns Sl ot number -
Nrpc Number of turns per coil |-
Ntpw Number of turns of a winag-
p Rot orp aiiorl enumber -
Rac Flux relugamgneedem a@ame pogH?




Rp mi Flueluctance in magnets H?t
Radi eshopoint in ron pol
R« mm
shape
Riron Flux rel ugtagpnawuageirniaiom H?t
Rm Flux reluctance along thegH?
Radi esh opoi nt idne tReM np onlien
Rmk mm
shape
Re m Flux rel ugtapnaedseirn PM mo|H?
Rs Stator inner radius mm
Rs i Stator inner radius mm
Sn Number of submachine -
St Cross areas under PM pol gmnt
S Cross areas under iron pdmnt
S ¢) Standard square wave fungd-
Tavg Average torque Nm
Tavg Average torque N m
Tcog Cogging torqgue N m
Te Tot al out put torque Nm
Tewm PM excitation torque Nm
Tr Rati o of peak to peak tor-
Tr Reluctance torque N m

XI




Trippie |[Rati o of the peak to peak-
Us Back EMF Vv
Ve m Magnet vol ume m n¥
W Magnetic energy J
W6 Magnetinergo es due to PM |J
Ws0 Magnetinergo es due to ar m|J
Ws © Magnetinergo eay mhvdeairteo cur r|J
U Rotational angle of the 1nrad
U j Phasor angliehbagweéeheithe [r ad
b Pole shifting angl e rad
2 Sl ot opening angl e rad
dp m Torque per magnet vol ume |-
dp m Rati o of avervaongeneor que t-
d Circumferential angle rad
— I nitial posotden hagmenofr ad
I ni ti al posinoirodre ra nhgalremoonf
— rad
Il i nkages
Angllt hofpoint in iron pol
di « rad
shape
Angllt hofpoint in PM pole
Omk rad
shape
dp i l ron pole arc span rad

Xl




do m PM pol e arc span rad
dr Rotor position rad
€ Magnetic permeability of |H/ m
lcrpm Magnet flux for CPPM machine Wb
lspm Magnet fluxfor SPM machine Wb
[ Ampl i tudreoraodfert thear2noni ¢ i |Wb
2nror der har monics it h &hdk
! coil s -
Qa ™M PM fl ux mbmei xes in Wb
Qe i M PM flux mrapg®si xes in Wb
yda M daxis PM flux linkage Wb
yqg M gaxis PM flux linkage Wb
Yi PM flux | inkage Wb

X




ABBREVIATIONS

AC Alternating current

CCPPM Conventional CPPM

CP Consequent pol e

CPPM Consequent pole permanent magd
Cw Concentrated winding

DC Direct current

DL Doubl e | ayer

DS Dual stator

DW Distributed winding

EMF El ectromotive force

EV El ectric vehicle

FEM Finite el ement method

FP Fr ozen permeabil ity

FRPM Fluxreversap er manent magnet

FS Fractional sl ot

FSCW Fractional slot concentrated
GA Genetic algorithm

GCD Greatest common divisor

| PM I nterior PM

| S l nteger sl ot

XV



LCM

Least common multiple

MMF Magnetomotive force

Non-OW Non-overlapping winding

ow Overlapping winding

PM Per manent magnet

PSCPPM Poksdaped CPPM

PWM Pulse widthmodulation

SFPM Switchedfluxp er manent magnet

SL Single | ayer

SPM Sur freoawent ed PM

UMF Unbal anced magnetic force

XV




CHAPTER 1
GENERAL | NTRODUCTI ON

1.1 |l ntroducti on

Il n 1820, the ecnagment cwaes fecscovered by Oer st

primitive electric motor was developed in 18
mac hjimed uddongti on machine, reluctance machi.
so onegnhagd op@msed and foll owed by a rapid dev

the industripaelr mampeelnit c artaigchre ncef6 PB} art ed wi th

Al ni co. I n the 1950s, ferrite per mamreng manalgr
appliances. It was not wuntil the 1960s (SmCo
based PMs were introduced with signiWiitchantth ei
decrease in manufacturing cwarti etfy rafr er aeraeg t d
PM synchronous machines were invented and
applications until today, which benefit fro
efficiency, simplicitys,amacdanye dontvres!| t olok

electricity consumption and ©play a signifi
Additionally, in order to solve the problem
by fuel engi pdsPMratecearthl bammachines have a

i n many areas.

General ly, el ectrical machines can be divid
machi nes. For b r u sdheetccurremfrGhmancersi, n essu,c ht haes wi n
|l ocated in the rotor, and thereby, commut at
Al t hough the control of a brushed machine i s

commut ator/ brushes &ahd mbehaphacl&bmicta oisheed altigfr

and application of this type of machine.
With advances in semiconductor technol ogy,
machines with the mechanical c oFmmipd.t aAtl ot rh oruegphl

1



he

—

voltage waveforms generated from the con

switdlichmaegi gpuksewdtimbdelatiogP WNMc an upcreodt he current

sinusoi dal The converter maakematingiciirrenppfoQs si bl e
from a DC source to the stator armature wir
caused by commutator/ br ushseasncien fboraglherdc ynaafl
current from the converter iI's adfjaurstealbe et r is
machi nes.
+o
A
AF A% AF
Phase A==
V 1+ Phase B =
de| —71— Phase 0 |6
AF A% AF
-0

Fi BLT h rpeheas e

converter circuit

Depending omewlhaetwipermtt né t

field, t he

he rotor i's sync

brousd!| ewes

[ Brushless Electrical Machine ]

[ Asynchronous | ( synchronous )

magnetic matbgoEI ganade

1.2

Induct_lon Non-PM Machine PM Machine
Machine
|
Reluctance Rotor PM Stator PM
Machine Machine Machine
Fipg2 Cl assification .of brushl ess mact

2



Inducti onFintBéh)nej s a typical asynchronous m
robust, reliable, and |l ow cost. However, the

due to asynchr onoctuastninmatgante«c h aanfi ¢ alrdrt @trat i on i

A ve different type of machine i-BMsmachroast

and PM machines. Rel ¢ pa(nlx)e im=aa cd-Plvliemda ediwvnn o n

Due to simple structure, reluctance machine
Nevertheless, the power density, i1 .e-PMpower
machines tends to be relatively | ow.

Withrehbeirement of hi gher power density, Pl
machi nes, are a competitive candidate. PM m

rotor PM machines and stator PM machines.
ma& hi nessurdmosuet e8P M c(hi niest eamildP)MndPdvhi(nes show
i i §3(c) Fa @8( d) , while the two typicéux types
reversalp er mangmdtRRAf¥hac hi nenviched ludp er maneniSFRAMgnNnet

machi nes iFlilbB(sea)rrratddf ) n Due to the | imitatio
the relatively poor overload capability of
popul ar in wide applications. Il n consequence

of this thesis.

Howevdemre, to high cost and somarval Mi Imat ¢r i al
is continual pressure to reduce the vol ume

torqgue/ power rating of PM machine.vé&heg Lowqu

cost PM materials, such as-efhethi maseramé. use
to realefzfeecat icwoestsol uti on, magnet arrangemen:
i mprove the wutil i z@dn soeng wl & AdngancentiFrndpdt,er nal

which only alternate poles are equipped with

of reducing PM vbéeumet har maahensesyenéil chall
design to remain competitive in terms of ov
t hat approximately 33% saving i hradtei gmualnt $

concentr atFeSIC)\Ve ins @ iqu @pnefr npamleen ¢ CAPVangancehti nes  whi |
3



mai ntaining similar out put torque as its cc

Besi des, the CPPM machines are also found t
Therefore, CPPM machine has been widely inve
of thiHKowelweesri,s.due to the | arge uwfrfneart ufrreo m epa
overl oad capability and | arge iron |l oss. 1In

to be |l arge. Wi th the higher and higher reqg
efficiency, the applicatdi.onrAtofpr@BRMtma dhien eCs
cl aitnhbedhave appliedticdmi (Ervedgrewt 6]s,i ndownhol e

drilling systems [Che21], ceilingl édan ¢IShatl
[ Xu20], injexzlI9jon|[ Aianb 3] [ Ghefri ger anthesempr e
PM topol ogies wil/| be introduced in detail [
This chapter wil/ review the state ofPMart of

machine topol oagtiee st haen d ed eantoi nosntsrhi p of CPPM m:
After that, the various topologies of CPPM m
on the rotor PM consequent pol e machines, t
probl emd mac IICiPPes are overviewed in Section ]

scope and contributions of this thesis wil!.l

(a) I nduction machibne Reluctance machin







12 Permanent Magnet Synchronous Machir

I n this section, the winding topologies an
classification of PM synkihtbonous machines i s
Brushless Electrical Machine ]
I |
[[ Asynchronous ]} [( Synchronous J
| : |
Non-PM Machine PM Machine

Winding PM
Configurations Topologies

Overlapping Non-Overlapping Magnet
Winding Winding Arrangement Location
| | —_—
| )
Distributed / Concentrated Surface Interior
Winding (stator/rotor) | | (stator/rotor)

Normal Pole /J/\ J

(magnets in both north al
south pole)

Consequent Pole
(alternate magnet and irof
in two poles)

[« R

&

Fipgsh Classification of .PM synchronous

121 Winding Topol ogi es
Thermaanky two types of wioverthppmgwindiod® Wiagwdr at i o

nortoverlapping windingn o-@ W.

As shdewmb(ian) Fabed b) , OW i s wuswual liyn ee mpiltohy etdh ei
per pol e per phase equ aldisttibated avinding(@W gaenrd t har
concentrated windinCWmac hi nes . solfh eOW eammreef iat rel ati vely

a nfd e wneagnetomotive forcé MMHF)ar moni ¢cs FRiisg7&h o mmii(m) .

Nor mal l vy, telre hlaowmeosnti corich MMF with the high

har monic in machines withc®OW bEBuouthéerzedhenr
6



However, the end winding is relatively 1|l ong
powertyenkt should be mentkioipgddh )t hathef aroi 12
usually 5 in application to reduce tfhoer nend \

as s hBwy7(@@)n.

On the cont 08\ y,s welmean ppem™d i n a machine, t he
significantly. The tOMpiacal $Fddyfrd )g uwiatth otnoso tf ho

wi ndings. Therefore, t he eDOW anaermdyweand epdyv
i mproved compared with OW machines. latysis wo
a CWw. Il n order to achieve a higher winding
fractional sl ot machines with the slot per g

by this configuration contRiiffvgc )mdarindlZ (d&t moni
Thus, with concentr ahtaerdnowii rcd immagy, ntohte bweo rtkh en
exampl e, the worsklioqgb lhé r(monhs 0 @ JoramelBbnne whi |

the | owest HKarmonic is the 1

(a) OW (DW) (12s2p)(b) OW (CW) (12s4p)



MIMF (p.u.)

(c) - OWnN CW) with si(n@lsel/Opbgubl e | ayer
Fi e Wi nding configurations in PM ma
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(a) MMF of the OW (DW) machine (12
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(b) MMF of the OW (CW) machine (12
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(d) MMF oOWth&W)Nomachine with single | a

Fi 37 MMF waveforms and s@Wcmaahione ©OW and

122 PM Topol ogi es

Geneyathg magnets can be placed on the surfeé
iron and stator iron. When the magnets are p
i Ri B8Banki B9are normally denoted as surface PM
When the magnets are placed on FhBl®G®aantamd t
Figl@b) are normally denoted as FRPM and SFP

The structurers twhde hr ontagmed sr f ace can be cate
showhi 8n namel-mogntr édcPM, surface i1 nsPeM PM,

structure is simple for the manufacturer but
weakebhhecapalhbaukdtpasti cularly the ratio of t

9



iron saliences between magnets, the surface

makes it easier to fix the PMs. However, sin
asetharger flux | eakage, the averagéeruotgue
wi || be relatively reduced. To I mprove the

magneti zed along the direction of .t Heowfelvex , p

a | arge number of magnets and a compl ex maghn

(a) SPM (b) Surface inset PM

(c) Hal bach PM

Fi B8 Rot or s wrtfraucde uRM s

Rotor interior PM t ofpiaMepgeise sa sc & Nl JJues ittdryegwteedde d r
V-t y b¢ yheg b-t y de, atnydp es.p oRkeel uct ance torque for

10



rotors can be wutilizedi é¢nes mecioalel it hen deorr gfu
conditions. The air spaces adj acentucteo fntaugxn e
| eakaglehe thin iron bridge is used for maint
Compared wypk (P& bt-typeéeumratdy pxeipeskt® uct ur es
advantage of the flux f ocusionrgmaenfcfee.c tByt hcuosmb
t he f eattyupreegaynpde Ml PM str-tgpareeton, hwbdcld i s
type, can be-typli ewdd.r sHyelmami de more fl exi bl e
Figa(d), which can provide even higher PM f|

which | eads to high cost an manufacturing d
(ajybpe (bt ywpe
(Ditype (dHy b+t iyege

11



|
e
1

e Spyple
Fi B9 Rotor interi.or PM structures
The surface and interior PM structures can
machi nes &rn&@lB@hewst anor PM machines wusually

gear effect thus owning the benefit of high

stator, this kind of machine has comparatiywv
overl|l oadt wapabillow and the stator i's much n
applications.

(a) FRPM stator (bFPM stator
FigLOStator PM topol ogi es

Normally, the north pomedabg magneost aspalfer
topol ogi es. However, to reduce the manufact

12



chan
pol e
roto
s ame
beha
stat
type

arr a

t he
[ Gh a
al mo
mor e
al so
odd

sol v

ged to consequent pole arrangement, whert
s t o pfoolrens .v iTrhpuask, & ro nmayg nuentii zed PMs are ne
r. -C®kenatFAMA&,a) , as an exampl e, for the
pol e pair number as the SPM counterpar
vior can be appliedeniooralmdst omdll odgihes,s
or and rot é&i ylakFidjdBohstratawdrith mentioni
is also a speci al kind of CRPRpHEeLPPdMngen
ngement with parallel magnets for one pc
spamsamodorsoaotrth pol es-toygpre-GP Mrreagquweaelmefnotr |
hBivblL 2 &) .

domi nant part of the material cost, the

machines with CPPM arrangement can be re

19]. Simultaneously, it is acbonésundnt'ek
st unchanged [Chul5] [Zhal9a]. Consequen
attention in recent years. However, the
inevitably introduce mmamiyc sgripb fations, den s
order torque ripple harmonics, and so on

e or mitigate those probl ems.

(a) -GPP M () Hal b-&Bh PM
Fi L1 CPPM ar r swigtehmemnat tPétc ¢ opol ogi es

13
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Fi 313 CP arrangement with stator PM t ¢

Al t hough there are vari ous stcooppoel oogfi etsh iosf tChPeF
on the CPPM arrangemewnnt ed tPMrtodpol csquirdsacleu
equally applicable to other rotor topol ogi e:

reviewed in detail in the next section.

1.3 Consetgukml e Per manent Magnet Machin

1.31 Baslhcr odwdt iCPPM Machi nes

It was reported in 1978 that machines with

materi al with only a 20% decrease in averag
rotor was pointed out to have trhmagreat atbo |tiher
degradation cawhsedhkbpgt bpehataton [ Mcc86]. S
drawn in 1994 [ Hen94]. It has been verifiec
machine can increase PM mawuer itaol PWM ivloilzuamei,o
sensitive applications. This is mainly due t
with |l ess PM amount compared with SPM count
behavoovernStPiMbmanld SPM CPP M ataecch i anse se xaa mep Iseed i

and their flux PalMSupapesi hg ushe apedmeabi | it
i rons are i nfinneitt ei santdh efhosra mehgea smaagi  yxes f or

Gspnd CPPMIUmag amnniee obtai ned.

15



~

¢Ow

. N v (1.1)
00
. v (1.2)

wheRFevi s the magnet iRaci pottéret ifdluxagfa Bivdaidsance i
the flux reluctance in magnets f Rk¢ SPMe and
flux for i@RBMcmanclbe the same as that for SPN
ofRag PMeflux and hence the output torque for

those for SPM machi nes.

[J Rac I:J Rac I;| Rac |:| Rac
e e [OLIR |
( B)P M (BSPM CPPM

FiBlL4Fl path in one pole pair.

As shnofwmyl 4 since one magnet hasgapeefnl uxe pdearcs

wi || be reduced and hence the thickness of
Further, the tetectenceéei dborfiaeimd has been s
permeability of the magnet i s equivalent to
reaction diigedidf iwadndtlbye i ncreased. Consequent
mac hiisnemuch | arger than that in SPM machine.

machine is much | oweduthaon mhghéet hcSERbhmaeaebr
that compared with SPM machi nespe CP®P Mnradaecréd i n
' ightohdadi ons.

16



't is Iimportant to select proper parameters
arc width, as wel |l as split ratio, in order

mach[Chel5] [Li18a] [Lil1l8b] [ Bai 18]

Apart from hRM hvotlourngeuue PPePM machi nes al so po:

capability compared to[Zbold9bdThhi osnabk B8BBM mac
inducl amwmbb®ese definition of winding inductanc
0
0 1.3
b — (1.3

wheNews the number of Rhiug nsheff lauxwi mali mgt amc
cir€luenrly, du@&ftoor tChPeP M endauccheidie ant e i mepuotv
includdaggamtihnduct ances, which means that t

As is well known, when the phase current r e:

weakening condition tani dpeiceaahubreedtxpTRaesselda

K —_ 1.4

0 = (1.4)
where and aredakies PM flux linkage landsioteat
t hat for CPPM machine, the relatively |l arger
in | ower characteristic current thus reali zi

Addi t jboennaelfliyt ti ng from the sma] |l ehe PRIMaeeddy
|l oss can also be rghad®d in CPPM machines

From the above discussions, the advantages o

1. The | ower amount of PM | eads t o cost r e (

mai nt enance.
2. Fl uxkeveiang perfolzmatn®é]is better

3. The eddy current | osse&hah9t he magnet <can

17



Apart from the aforementioned advantages, th
CPPM arrangement , such as mBypieaeamafFofdexi pablk
machines and flux modufgetred ehté@chesn TMMmagnr
arrangement is also widely used in many othe
|l ess machine, hybrid iexe,) tedamachPM&mae@ir me ¢
their pot emrmtritalcaul amd tihe scope for marked re
required to meet a given spececimpil oygteido ni,n Qs
applicatiBYyg L hudbdowahol e el eciChecdirliillng nfga
[ Sha2ilndustrif[ali uc2alqle dregv aftaor [ Xu20] , i njecti

[Asal3jefrigerant compressor [Hul8], and so

The arrangement of FibBi®mndhapdet ai sedhdwncit nj
review in this chHapliler Fremstummaei asgechs: r

and ot her CPPM machi nes, the wor ks of |l i ter a

18



Yy Y
[ Brushless Electrical Machine

Winding

Configurations

Asynchronous ]I ( Synchronous )
|
[ |
Non-PM Machine PM Machine
I
PM
Topologies

OverII';lpping Non—OvérIapping
Winding Winding Arrangement Magnet
| : | Location
Distributed / Concentrated
Winding
Normal Pole Consequent Pole
Rotor PM

Conventional

SPM

Bearingless

Novel

Stator PM Other

FRPM

)

FRPM

[Tap03] [Chul5] [Li18a]
[Bai18] [Li18b] [Mal19]
[Li18g] [Li20c] [Tey16]

[Asa09] [Asal5] [Asal3]

[Gao16][Li18] [Li19i]
[Li18] [Li19i] [Bot20]

[Gao20][Shi19][Yan21a]
[Yan21b][Hua20] [Jia21]
[Lin20] [Hua21b]

[Ghal9] (Zho19a] (Zho19 |
- Modular SFPM SFPM
[ChuL1jWan17b] [Gao18] [UIIL9] [UlI20a]
IPM an19aj[Ren19][Zho19¢] [UlI20b] [Ull20¢] [Uli21c] [Li19K] [Yan19b]

[Wat18] [Zho19a] [Wul4]
[Chi18] [Qu19] [Wul9a]
[Cai21] [Li22b] [Jer10Q]
[Ons18] [Li19f] [Zha19a]
[Yul9] [zha22] [Li19h]

[Li19]] [Liul8]

[Zho20][UNI22a][Ul122b]

Multi-Phase

[Uli21d] [Uli21e]

Stator Tooth PM

Slot Opening PM

[Ons17] [Qul9] [Li20b]

I
Hybrid Excited

[Shi21][Jia20] [Yan2E]

[Yan20b] [Yan21b] [Hua21c]
[Zha19d]
I I

Stator Yoke PM

Stator Tooth PM

[Wan17] [Li19g] [Qu19]
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[Cai20] [Mit22] [Wei20a] [Jia22] [Wan17c] [Pu20]
[Wei20b] [Wu19]
[ I
Vernier Partitioned Stato Dual-Stator
[Wan17][Fan20] [Xu22] [Hual6] [Wul5] [Bal18]
I I
Dual-Rotor Magnetic Gear
Features [Al120] [zha20c] [She17]
T T e e e T e T e R e e e g 2
BL5Arrangement of sectio

I
I
I
I
I
I
I
I
I
I
I
)



TabllleReview of |l iterature for CPPM machi nes.

Yul9] [Zha22]

Anal yses-tppe-CBamihd nes.

Reference Featur Remar k
Rotor-CBMventional
Found the potential of reducing mi
[ Kol 78] [Mcc8éb] machines in | ast century.
Axially staggered CPPM rotor was |
[ Tap03] capability
[Li18b] [Bai 18] Anal ytical met hod was developed t
SPAMP which can achieve the | argest avel
[ Li 18al] Anal ytical met hod was devel oped t
[ Mal9] | nvestiigmduodt arhcee characteristics.
[Li18g] [Li20c] Dousliele field modul ation effect w
g mechani sm.
[ Teyl16] [ Ghal?9] Subdomain met hod -CWPaMs muatcihliinzeesd i n
[ Zhol1l9a] [Zhol9l Compari so@6BF andPPRWMchi nes.
[ Wat 18] [ Zhol9a] Anal ystespeo@PRMachi nes.
%\C/:Vl;ilg]l][f:tliég]b][ Anal ys-egpefPFVMachi nes.
[ Jer 10] [ Ons18] | PaP
[
[

Li19h] [Li19j] Anal ysest wdfe-GCPPPPMa&c hi nes.
Rot or-NBMel
[Asa09] [Asal3] BearingleCPPM roFors can pr_oyide a §pecia|
suspension conmarconli niens.beari ngl ess
[ Chull] Proposed a modul ar vernier machi ni
[ Ren1l9] [ Zhol1l9c]Modul ar Eccor e -amnrde Cst at or CPPM machines.
[ UI'l 22al] [UI'l 221 Performance and pol e-coh &pismh grtaacrhei Qi

20



[ Ons17] [Qul9] [Mulphiase 9-p h a speh a sbe, -3gprmda sceu &LIPPM machines ar
[ Wanl7al Adjust flux easily and can extend
[ Li 199g] [ Qu1l9] Use the iron pole ofexXd®iPtMatriodarmrf Itu
. . H ' it i
[Cai20] [Mit22] ybexdi telUse the flux modul ation effect of
torque.
[ Wei 20a] [ Wei 20K Dualt ator machines are proposed.
[ Fan20] [ Xu22] |[Vernier Vernier CPPMpmagdhs ece.s ar e
Stator PM |
[ Gaol6] [ Li18f] . : ‘
[Wei22a] [Wei22tF|ux revelFl ux reversal machines with CPPM .
[ Gaol1l8] [UIIl 19] Switched Performancespr-eaEbudtagoC shapes,
[ UIl'l 20c] [Ull 21 t hermal analysis, subdomain model i
[ Yan20b] Stator to(Alternate teeth have PMs with the
[ Ji a22] Stator yo|PMs are set between stator yoke al
[Hual6] [ Wul5] Partitionpartltl.on.ed stator structures wit/|
and efficiency.
Stator andPMotor dual
[ Gao[2tya20] [JIaFqu reve|Combining the flux reveOPsalot@RPM
[ Hua21b]
[ Li 19k] [Yanl9b]Switched Combining the switched fl ux-CBPtabbD:I
[ Zha19d] [ Shi 21] o
Yan21al [Yan21bS|0t open|(Combining the stator wiR hr ostloort. op«
[ Pu20] [Pu2l1l] [\YStator to(Combining the statoC€P widthon.oot h P
[ Bal 18] [ Al |l 20] |[Duslt ator/|Dusltator/rotor topol ogies are pro
Magnetic gear \
By replacing SPM L£Pramgamgrtmewitt h
[ Shelv] CPPM arrahave i mpoovedopuyghale dand omfaflemr el uct
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1.32 Rotor Permanent Magnet CP Machines
1.321Conventional CPPM machine

Al 't hough the CPPM arrangement was proposed

anal yzed unti |l Rehceenltasyt, tmoa ed eacnadd ens0.r e r es e a |l
special characteristics of CPPM arrangement .
SPMP machine is one of the most popular typ

found that machines with CPPM taocm@uegemenmag
vol ume [ Kol 78] . Staggered CPPM roweakwasng@r
capability and enhance power density [ Mai 87]
for slpewd direct drive and fPpoluerdst PMt mbher CRI
conventional SPM rotor topology while maint
[ Libl8and [Bai 18] used analytical methods to
the ratio of PM pobé¢awindmlaaxti onupgnolt ®r giuteclandt é

rati o isl.a¥.ouAsd al.cconsequence, the wider PM g
machines are widely used. Equivalent magnet.
the optitmad ofplCRPMamachi nes. The results st

ratio i s deter mi rRgeadp blye ntghteh rtaot itoh eo fP M hteh iacikrn
variation trend nodfucttreencwi mdi neggus evlafl ent ma g n
results shosweadptathamt( 3hxe3 Bw) machine has | ar g
inductance over one el madcmaintleyl hcaysc leev,e nwhoirldee r
as is the same as conventionad rnesuratla nptolreel
torqgue characters were not mentioned and t he
and pol e/ sl ot number combi naitdenfsi evlad modulsa
was developed in CW CPPMhenatbrirges poodeatoina
[ Li 184g] [ Li 20c] [Li 22a]. It was reported th
di fference between sl ot number and rotor po
torque proportionoguloauicend o&fyf ¢ te fiiredtd ym i n
The critical point is the when the Inunb0kIr6 . of
A. Rahi deh et al . appliedtohe CPPINdiodyhgilang nmast h
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with both surface mo (Thetyeldé Ja n dT hHanl, b at chheoys btarnuacl ty
nonoverwiarpdiimg CPPM gh& dhi,newi th the subdomair

[Ghal9]. However, the subdomain model 1is quit
in pbbheed machines. Besi a&k®en omlty Iciomesardemat
anal ytical model s while CPPM is easy to be s

(@) I nner Rotor (b) OQOuter rotor
Fifgl 6l nner and outer rotor CPPM machines

[ Zhol19a] cpihpaldidgrtahcet er iCsPt;ti ydpse-OR P NaPrivth eV | P M
CP machiimtesgelighfidonact(i &®wmilndilmds.( Results il
I S CPhRMhines have | ower PM | oss than FS CP
machines have better fl ux weCalPk amaichhg vneeasipiad h ¢ i
average tor que.Btuhanc olnfpM rne&de MGiPnt ena ¢ hielbd BF S

CP madhhisnema | arger torque ripple, whi ch <can
conclusion was drawhnype-CRPWdORI]| nevhwa € haap ar

SPMP machine.

For CPPM wiattiht ees or PWa rt iopuidPo hPaktsh,i nteysp ewi t h
[ Wat 18] [-Zhp &8 a[kgh iVl 8] [ Qul9j] [ Wul9afydeai 21
[ Jer10] [Ons18] [Li19f] [tZyhmel 9[ali JYu[IPMN Li[ Zhja
structures are exttaumldi vEbmpdeedl| «Pe mma&mhmW naersd

| PP machine shows that a better demagneti za
23



SPM and& P3P Mounterparts [Zhol9a]. L. Wu, and
includehgchaokdEMMP,yy et drogwe density, overl oad
range betyween PW macthWwpees Poha@RNMe s[ Wunl 4710t1 4

Sshowed tthygpte tilPeM \CPPM machines have | arger to
than conveRMi maahi pes eatlt rated conditions bi
overl oad capacity than the ctoynpe-GPPMMaahi pes
were investigated and compared with their ¢
found tght thketlBali ent pole ratio of t he <cor
compared with the convewdaloemmil nd Pdo anfafcihd ineent
the conventi ontaylpeon@PP M hma cshpionkee w&LP,-tcwpme ar e d
| PP mamcens in [Li19h] and theda ympes ([CIPtPdM gnaacvhe
presents higher aveCRgmadchirmqmee Bhtant hdem&SdeIM

spotkepe CP machines is relatively | ow.
1322 Nov el CPPM machine

CPPM structures iamemanhyonaovaealel gyt usetdur e machi

Due to the special flux path of the iron po
rotor ilneshse amothnogr i s not required foheaetige
no tradedbofft werabltdm torquelAsmad® 9 h¢ As-adpgégns iOn
contr ol I-leeds b enaar ci migmensda @yn & omd triro Idees & bnaahii meg s
proposed ainfs[aAls5a 0,9 Jr es peet it \neel yh.i gho sraetlur at i o
iron, the magnet [AstaddfPidflvwas) .c-hAsntgaecdt iivrel v r eg
consequent-l pebevhbéeharpiansgsi ve stabl e axial and

i AMsal3] HbumenhbereoB structure is quite compl e
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FipgL7Bearliensgs CPPM structures.

CPPM structure is also widely used inbyhybrid
E. Spiormnk394 [ManQZph)] hybrid excitedi9ed8 nier

(a), for BwM Igpleildatwiionndi ngs | ocated bet ween
propweBedh can adjust flux easily. A parallel
in [Li199], which used the iron pole to pro
al so [Queld]i whereaxcatkeybICP®PM machi nerwiptols edn e
and analyze&i A b[Ehbo@A] ifolsuexdl utl laeé i on effect ¢
in CPPM rotor to provide exdrwherud ptuhe tDC gfuie
are | ocated on alternate tootMi o221t hanatgtre
12s16p and 12sZ®PP Mhyynarcihd nescd tMold €B $craoyntprl i edx |,

exCciCP®M machi nes [Vierie2[Werio2p0obs] e dw@ifenr &@n &5 PHA | bac h
CP structures are placed on the rotor, resp
machines can enhance the -teggluet degsedgalainidi
wi nding. Besi d€¥®, sthecHalrleaclcaPMachi eve a re
Wul9b], the subdomain method was devel-oped o
circuit field was predictedCP Tdad baaethP BMat c
structures arlki e3moandsti rgd 8a).d ni gpener al , t he ¢

structures are too complex to be used.

Apart from t hhey arfiodveenkemnitéi eochneadc hi nes, nor mal v

al so i nfFant2i0datffeXdi22] . The rotor axiallO]y segn
25



to reduce the torque ripple. However, two ax
barrier but 1t was not mentioned in the pap:
machines were considered and tlhet omapcrho dnuecse w

torqgue than those with DW

Excitation
winding
Armature
winding

Excitation
winding

Armature
winding

(a)ernier (b) Stator excitation

Ex_citation

Excitation
winding P

winding

Armature
winding

(c) DS wiPt hmo$®PM (d) DS wit CPHalohaah PM
Fi 318 Hy beixdi t ed CPPM machine structu

Modul ar structure has been widely studied f

overview of modularity techniques in PM mach
aspects in the phpilelachsesf dbemestic wehicles,
generators being analyzed. The modul ar st at
achieve some goal s. [ Chul1l] proposed a modLl

magneti c unbalhencCeP caousoeaed Hy [ReodOputitomwas
the consequent pol e modul ar machines are al

mac hiExceos .e -anrde Gsit gglt9oa ), Fa@dq bwi,t h 12s10p and
26



CPPM machines [Ahel @3an]a.l yizt@dwadhoerfecusntda ttohr mo du
i mprove the average torque ototbesfileasddpr €P
better candidate when relatively-cbow modqblar
CPPM machines, theomai modphessabetiwvdeal sftat
and the influences of mechanical djZmemrdilans
By extending the-cotret-amrdedcCombduf ar bothbhcEur es
t heshtape madhli aes can be RicHli9eev)ewhiash sthaowen 9
perf or maneceosr easantdeeCmE dul ar machines [UlIl 22a

mettwod h third order har montschautei Imozdautliaorn nwaacs

[ UI'l 22Db] and shows good capabilities in ot
enhancement . However, since the magneéeic f 1l
wound on extended teeth, are useless in [UII
toroidal windings.

(c) oH e
FigL9Modul ar CPPM structures.
27



Two drucatlor CPPM machin@sl|l wetke phepesemd pol e
inner and outer r @tharse wherde nigwo aset 4d ocfat &d
sides ofl tt hes setaasstyortioocoiméabupsivatartwending w
as demon@hma20ed @amd the structure was opti mi

The structure Fi@g2@emonstrated in

Fig20DualotC&®PM machi ne.

Mul-pthhase CPPM machines [ Omas[QalPhi 2 O epshtafsgea it e &
CPPM syncbat omrouuso seerdal yzed, and designed in [
cost , demagneti zation ri sk, and temperatur es
[ Li 20b] , -pfhawsre dwianldi :hrg t opodmagseswi ndiengd wi t:
30A, and 60A displacement s arie pdmeahijserde. |t
hi ghesetr age torque and better demagneti zatic
CPPM machines, compas e dmave t ipmhsassnegti mesec3mud @9 ar

analyzed.

133 Stator Permanent Magnet CP Machines
Compared with rotorPPMMmamakhn@estr s¢taures ar e
As il |l ubkitg2alte)d, iint was reported in [Gaol6] t

CPPM structure can produce higher output t o

parameters were parametrically investigated

28



revealleidIl8ifiJ9i ] . After that, various types of
without field winding excitations were prop

[ Qu21] [Wei a2ad] | [ WeidB@tnalc]lhi nes

CPPM structuruex iPhM smbBictydifebd) ,f Ican al so achi e\
capalyi [iGaol1l8]. This structure is further <cor
et [N INUI] 20a][ VlIURWOEKOGBRLc] [UlIl 21d] [Ull21e],
of-cGr-ebEe statoobsgkhapese mpltt mi zat i-tohner ncaolu p |
analysis, subdomain modeling, and eongbh. aHew

the main problems of this structure.

(&)l ux reversal CPRM)watchhende fl ux CPPM ma
Fig21lFl ux reversal and switched fl ux mach

CPPM arrangement can also be place&ifgh2the s
[Yan20b] proposed a stator tooth CPPM reluct
rotors wer e [Mdmd0 bald,o pwleidc hh ncan el i mi nate eve
coggi ngmpgloirtqude aanfitad2r2qu es sreidpglhe. ferrite PM
in the stator yoke part to enhance the PM ut

torque density.

29



()t at oPMt matctham2eO b ( bSt at oP Mym& @hii nZx2
Fi 322 Ot her stator CPPM structure mac

Partitioned stator machi ndd b8 Hin aWBP M) st Thet
machine in [Hualb6] exhibits a wide flux reg
Wulb5], a partitioned stator flux mrmevargaglueC

density and efficiency to the SPM counterpar

Outer

Outer stator
stator

Rotor Rotor
Inner stator
Inner
Field stator
winding
Armature
winding

(a) Hybrid excited CPPHWRMLEPHPRIMN dnsMoHth b d k6 |

Fig23Partitioned stator machines with

1.34 Ot her HK®&€Mi nes

CPPM structure can al so be used Iin some spec

PM machines and magnetic gear machines.

30



By combining the flux r eW@RTrrsatlorCP PaM dsa uabtloer fa
flux reversabbmachedeadsi.pdémdhessratedctore wa
studied and there are many variants [ Gao20]
sttuce can also be applied in the |inear mac

[ Shi 19]

Fi.g24FH ux revervwiaClPRRAMcshtirnlect ur e.

SPMP rotor combined wkiti2 5s wiatsc haenda | fylzuexd sitnat
[ Yanl1l9b] . Wi t hf itnhiet eh ed |pe(FdEfll t t shoeemte hgodde d &8 g 0 e
concluded in [Yanl9b].

Fip25Switched flux machine with CPPM

With the same CPPM rotor structurki,p2€taat or s
can al so enhance t he -dtioreqcute ocnaap a cfiiteyl dd uneo dtud

[ Zhal1l9d] [ Shi 21] . I n [ Hua21lc] and [Jia20],
31



Hal bagh &hiah can enhance flux modul ati on he
density. For the same aim, the Halbach array
[ Yan2l1la] FliyafGd)h] to guide the flux into the
flux, while a flux reversal CPPM stator w

performances for those Hal bach arrays tend t

(&) ot PM in statofhbSl ot PM in rotor

Fip26SIl ot opening PM machine with CPPI

As presdfppgdsiator tootCPPModtoat earanamad s®P Me
has been studie€ed2liBy [IPu20¢dduwmnidng t he field
structure, a hydrwas exrcopesde adnaickh [ Wanl7c], wl

adjust ment .

Fipg27Stator tooth PM machine with CPP

[Ball]pBoposesit at druadonsequent pol e permanent

realize high torque and PM uFib2&ation with
32



Il n addition, CPPM arrangement cahi §28wm) be u
which was validatedutt ot diraylee | anptt ovelddepuaddiet
[Shel7].

Outer stator

Rotor
Inner stator

(a@Du=slt at or ( bCOoaxmaglneti ¢ gear with CPF

Fi 928 St ruct ursetsatoofr dmaaclhi ne and magnet i

14 Chall eRgeer PM CP Machines

Al t hough various CPPM machines are introduc
restricted to the rotor PM conséebheept apel ea

di fferent characteristics of this kind of CP
T Uni pakaml flux | eakage,;

T Even order harmonics in back EMF;

T Higher torque ripple;

T Potenti al | ower average out put torqgque an

counterpart,; and
1T Unbal anced nmaMhheti c force (

Therefore, many studiesatdvesdetehexcarrsedes
i ntroduced Tihre talrirsa nsgeecnteinotn .o fFithl @& dc h daet @retias

descriptions Rhabkl2es ummari zed i n
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" Brushless Electrical Machine \)
\ ]

I |
Asynchronous ( Synchronous

| )

Non-PM Machine PM Machine

Winding
Configurations

PM

Topologies

Overlapping || Non-Overlapping
Winding Winding Arrangement Magnet
[ : I Location
Distributed / Concentrated |
Winding
Normal Pole Consequent Pole

Stator PM
|

|

< Challenges >
[ T I T ]
o™ ) . j r )
Unipolar End Shaft Relatively Large ﬁelatlvely Lower Averade Unbalanced
Flux Leak T Ripol Torque and Limited M tic E
9 ux Leakage orque Ripple )L Overload Capability agnetic orce)
/——n-————i—————t————-i——
Axially PMs PM Compensation Halbach PM CP Repeating Units
Tap03][Ge16] [Li19b Li19b] [Liu20] [Zho22
I [IEiuaz%] []z[hgzz]] ManZ]].] [Liggld][l_i]1[9c'eli[|_i]1:[3d][ou 1z]3d] [Xu19] [Pap17] [Sha20] [zho22 [Chul2]Zhu]
[Zha22] [Li19c][Li19a][Li20a][Xu20] [xu20]
| I T
I Circumferential PM3 Stator/Rotor Skew IPM-CP
Li19d][Li19e][Li18d][Li18d Jer10][Li19f][Li19j][Zzhal9
I [[Llilgc%[[Lling}[[LliZOa%{XUZO]] [Chu12] [Qu22] [L!lQeL][Z]rqglsg][I[_Zlhaﬂl[gc]?ZheﬂS:]
[Li19d][Li19e]Daj21][Daj22] | [Zha18b][Zha20b][Li20a]Ons18]
I Slot/Pole Number
I [Zhal8b] [Chul2] [Lil9c]
I
I Winding Layer
[Li18]
| .
Rotor Shaping
I [Li18€][Li17[[Chu16][Zhalob][
War18][Hu18][EvalO][Dhu20]
. [Zha20a] [UlI22b]
| Solutions or o |I <
.. . odular Stator
mltlgatlon
| methOdS [Zho19c][Wan20]
. . . e e e e o . e — — — — —

Fi 329 Arrangement
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Tabll2eRevi ew of

|l iterature about the chall enges

Ref

erence

Featur e

Remar k

Uni pol ar End Shaft Flux Leakage

[ Gel16] Axi ally staggertehde sftirrusctt utriemewa su,t
shaft flux |-egkhageMwval dma@hdvikree s .
[ Li 19b] [Liu20] [ The staggered r ot-OR mvaacshiardeogp.t ed i
[Wan21] [Zha22] Anal ytical met hods weB8lR dleavetlropraa
performances.
N-SN-i ron sequence rotor structure
[ Li 19d] [Lil19e] . shaft flux | eakage. But the unipc¢
Circumfere
maagnet s noerpton e apdl Eomalgnet s were not eq
[ Li 18d] [ Li 19c] g Same amount of north and south p¢«
[ Xu20a] [ Daj 18] | set in rotypypeaRMssapnkeset ttoa qiumpr
Rel atively Large Torque Ripple
[ Tap03] [Gel6] [ L Rotor structures wi tshoustahmep od neo umat
[ Zho22] [Wan21l1l] [Bipolar malmagnetization direction can el i mi
[ Li 19e] [Lil18d] [compensati |[EMF due to the compensation eff e«
[ Xu20a] [ Daj 18] | the capability to reduce the tor
[Chul2] [ Qu22] Statordwot Rotor_skeyv can eliminate a serie:
negative influence on average tol
S| ot ol e CPPM machine with even number s |
[ Chul?2] [ Li 19¢c] [ _p . el i minate the even order har moni c
combinatio

be reduced.

35

f

or



A f-bayer winding was proposed to

[ Li 18c] Changing Wripple.

[ Li 18e] [Li17] [( Magnet nghapgt hods.

[ Zhal19b] [Hul8] [Rotor shap|Rotor iron shaping methods.

[ Dhu21l] [Zha20a] Both PM and ir eP srhoatpoirnng f or SPM
[Zho19c] [Wan20] |Modul ar st ??;LZ?paratEd stator and 1 nt dgrri

Rel atively Lower Average Torque

Xul®phpiShla20] [ Z

Hal bacecchP PSMructure combines the ¢

[

[ Xu20] Hal baectP F)MCPPM machi negapntil bkgdeasrty in |

(Li19inL9j ] [DEhan: | PP structures can place more m:
| PP effect to enhance average torqgue.

[ Li 19h] [ Zhal8a] Spotkkyeype machine can be machitred ar

[ Zhal8b] [ Zha20b] analyzed with various topol ogi es.

Unbal anced Magnetic Force
[Che21] [Dor10] UMEF analyspplnted out that the CPPM machi nck
circumstances.
[ Chul2B [ Zhu?2 SymmetrlcaUsisnygmmetrical repeating units ca

uni t s
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141 Suppression of Unipolar End Shaft FIl ux L

The unipolar end shafturdilpoxl drealkMg es aets icrautste
|l ead hteo magnetization risksimnfthdedeemechagi ot
Therefore, I n order to suppress or eliminate
i's to set bi porah magepetasmnd isoeth pole magne
direction in the rotor where the magnetic f|I

are mainly two methods:
1. Axially bipolar magnets [ Gel®] . [Li19b] [ LI

2 . Circumferenti al bi pol ar magnets [ Li 194d] [

[ Daj 18] [Daj19] [Daj20].

As for the first one, the staggered CPPM rot
end shaft f o@&RUPXM | eeoatkcalgeM r ot or with consequen
showki §3Q a) FamdQ b) . The staggered ro@Rr was

[ Wat 18] -@GmRd[ LSIRMOuUb2]0,] , [ Zho22] . Anal ytical me
parameter magnetic circuit method, webDe deve
el ectromagnetic performances. It i's worth n

divided epsobubrewetésdtthe same amount of nort
the unipolar flux | eakhger. larhed rnsebcoessl sda rbye bneott ve
to ensure that the PM fluxes go t hrwargrhi érhe
wi || decrease the torque density and the i nce
the torque performance. Therefore, the axi al

replace the flux barriers cahnd sc gpnFéchihacrnpade itnh

Axially bipolar magnet structures can el i min
But-D SFEM i s necemsuwlaatyi ofnorprtolceessi and the <co
difficulties in both design and manufacturin
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(&)t aggered [GREAM |Jr(d)tocagger-edp s poja@el ale

(St aggered CPPM rotor WwWLtbh9BbBkially ma

Figp30Structures of the staggered r

The second method is circumferentarptbnh ¢ aptd |
south poleh&®Msotor, the wunipolar axial fl ux
into bipolar, which eliminates the magneti za

the ismathe end regi on.

I n [ Li19d] aMr&IN-i [rLoinl 92d g t etnhces t r u cFti ugr3 dw assh o wn
pr op o saenda layizdeadshn r eal i ze small er end shaft f|l

flux | eakagetdti almoexitstos acdwe tthoand sout h poc
To eliminate the unipolar end shaft flux | e
necessary. However, to make sure that the PI
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requi redbeprol et hnreumair space IS necessary to s
inevitably affect the torque capability. Con
used in the rotor air space to i mpersovweh itchhe
combine the aGPyPpMe aPmMl wseproek emai nly i nvestigate
Based on this | ®aa]jparhohpsorsee dwearned ntahney corr espo
il ustRiagt3Ada()e[)L i 1IBid]9c] [JiLA.OleSfeo]we v er , the str

relatively coenptlheaxt ea ntdh et oc osnosmer ai nt of pol e |

Fi 331 N-SN-i ron sequence CPPM rotor [Li19

@N-i r-N-nr-Nnsequeint@db)r-db-nr-N-nr on slelgiukedale
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(AN} r-onBnseqgiiéndeésa]

QO

(d\}éi r-Nnsequenté@ec] () r-b-hron [Li 20a]
Fipp32Structures proposed by K. Wang to el i mi

| i Xu20a], a vari a@amtl3gf wabi pr e p epsheatlsuef ena cah i fniey
enhance torque performances which al so has t
| eaklatgei s worth menti oniurgd Ltinda0ta]t hwea ss ianmhisloar
previously and indepG@Gardleinnd ye th yRilG3 4d2s) | |tk waa 1

patent [ Daj 18] in 201Bajdh¥q Dan 210y z e Buitn ittwovap
to i mprove the PM utilization ratio, emamelyy
shaft flux | eakage was not mentioned. It can

machines with a multiple of 6 popese Tarmak e

was proposed [abhad) 2alnja |l [yDxeejd2 ZH|in$hd 4 bpowsent edt he

40



amount of north polneouanndck ds anatgmep &l @ ss wrnfeagaue

cannot eliminate the wunipolar flux | eakage.

Fgl33StructuregXwZ]posed in

(d)DajOa8jJj1g Daj 20](b] Daj 21] [Daj22]

Fi B34St ructures pr opoGeerd ibnyg Gt Daalj.aku
142 SuppreosfsiTomr que Rippl e

The unbal anced north and south pol-gapi hl CRPPI

density, which wildl |l ead to the eve&n EdMFder |
Such even order harmonics, which normally do
to interact with fundamental currenit'™aandwer
so on order torque ripples thus | eading to t

Therefore, suppression-gafp ¢V eanbacksi BEMR r im® n i

effective way t d oraedd utcoer qtuhee roi vpeprlael.l on
41



The nmaiet hods to suppress the torque ripple

foll ows:

[ —

Bi pol ar magnet compensation [ Gelb6] [ Li 19|

[Li19e] [Li18d] [Lil19c] ([Li19a] [Li20a] [ Xu2
2. Bifavbbor skew [Chul2] [Qu22].

3. Slot pole number combination [Chul2] [Li1l
4. Changing the winding |l ayer [Li18c].

5. Rotor shaping [Li18e] [Li17] [Chul6] [ Zha
[ UI'l 22b] .

6. Modul ar st &t0dqr. [ Zho19c] [ Wan

| t has been found that al | the structures in

the first method. It was reported that those

(7))

outh pole magnets can edsiimnnphaséhbaekeB&MB

compensation effect of two kinds of rotor se

-

i ppl e. Nevertheless, as demonstrated in sec
changed and ar e rBelsatdiewsegl t oc mampleax ai n exten:

the slot/ pole number combinations.

Step skeWhiurl2i otaoal 24 a&alt 0 Heduce the torgue
structures are also quite compl ewhiwki dahewillol

one of the main advantages of CPPM machines.

An easier method is by selecting some speci
compensation effect that can eliminate the ¢
ma cnheis . I n this way, the rotor can be a conve

sl ot machine c&sulbmadhiviSsiesd gwheagarbee st ¢ ommon
(GCDbPbet ween sNsahd ngpanbre r pu mbterhas betehne rGHPOM t e

machine with an even number dqlf5, slcains ¢fthemi o ¢

42



even order harmonics in phase back EMF and t

[ Li 19c] .

O Fa°Y cEhEnN O

Yo # B (1.5)
whemies t he phasies naumberrbiatnrdary positive i ntecf
Il n [ Zhal8b], this phenomenon was expl ained
combinati on, evenerdwemikeaeri call otde gwieteh di80 er en.

the same phase to achieve ardeghhwrmonngsf ac
EMFs of two slots wildl be eliminated, withou
t his cani nontlhye erxegpdwct i on of PM torque ripple
al ways neglected for CPPM machines. I n addi

sl ot/ pole number combinations.

Therefore, other methods aoelrapyreorp oWieyfBiStnog ,s ol

was proposed in [Lil18c] to reduce even order
met hod, the even orgepprhagssned, clsutc amotondlyi rie
Rot or shaping, i ncluding both PM shaping al
conventional PM machines to reduce torque ri

[Li 18e] proposed a doestaitFedi8®@mdt owhPMhskcame i
bobbttpaatque and PM utilization ratio but red
with thin sides anrdotaort hCRKM cmand leirne ainn ofultie
obtain an even | ower torque rippl etltyhalnowehra
out put torque.-gdapePNosluafi¢dgBKmo)amraisn appl i ed t
machi newheet dnrect drive toquedOQitep&lepggiomwe ¥

it owi || also lead to a drop in output torque

Apart from PM shaping, rotor iTroMfFigBA@&Ei)Ng i s
t he magnet shi fti nZghareXbh]o dt ovarse daudcoep ttehde itnor g
fl ux wag riiretrroduced to compefWaatleS |f arr itehde taov ¢

t he -epnod eangl e to obtaineari ppge,twhqgqufi ea.eddeEc
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13 d). AsFsfhdGe)jna normali zed Gaussian net.\
the shape of onofl ux barri[uls8]t.o Trweod urcoet otro riq
shaping met hods, i . e. i nverse -CPsmaehiama we
i nturcoedd t o reducgapaf moEvdéOsnivpht h t he nf or me
Fi g3 f). Both of these two shaping methods

although the torque [Evglpd]e. was not calcul ate

Both PMoandhapi-Q 1 @otr orSPW4Dh uZdpl@ar2i0dad 22b ] . I r
[Dhu2l1l], the cehitBr§q )f,f sweas aa ppth@silezeenda cf hoirn ea. 61
ri pple of optimized machines is stildl | arge
shaping method with wthhicrhd hhasr rbereinc cwtmplriezeatnis
Z. Q. Zhu and K[WandRahfg conventignAaRMlaiddAM machinesc a n

al so be applied [Zba?f@ll] ZPPM mBacthh nPM pol e an
the same pol e [Whapbjhg weithedthe iron pol es s
with variabl e[ZpaR®adr aBiwiktgom)n.i nUinsur pri si ngl
shapingi heaBOH] 22b] can suppress the torque
torqgue effectively. Nevertheless, all of the

which means that they may not reach the opti

Fi 33541 ayer winding [Li18c]
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(c) Magnet shift(ad)g-ephdihealnPble [ Wat 18]

(e) Barrier shapéd€ flonpvteirnsiez-geagrso [nEef &bli(r]8 ]
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(g) Center [DHUXh) a3 rcd poddcker hdazhmohQa] | nj e

Fip36Structures to reduce torque ri

Modul ar stators can also be wutilized to redu
the proper widtioofe -bhude Cbaorqgee foppEe for
be reducl@thodlBicght bhaeaptwh tdpaMan&id$, beveral mo
structuresFia8 Wwehhewmpriopposed to reduce the ev
EMF and thus the reduction in torque ripple.
auxiliary tdod (b))l eanr acdhd eive better perfor

hi gher torque density and reduced torque rip

(a) Modul ar stator (wi)t iMosulta taaurx iwiitahr ya utxo ol til

Fi g3 7Modul ar stator for reducing tor
143 Aver Bagregettnehancement

Al't hough the magnet utilization can -CoPe i mpr

machines tend to have slightly | ower out put
46



especially under overl oad working condition

ehance the torque capability of CPPM machine
1. Hal b-@e hstPrMucture [ Xul9] [Papl7] [Sha20] [

2. I-PAM structure [ LI 19f] [ Li 19 ] [ Zhal9a] [ J
[ Zhal8b] [Zha20b].

Hal baeClPEPH¥8 8 combines both the characteri sti
machi nesammragp Hilak densi ty[XubQPapbatrhcomphrt a
pdror mance€£PofosS®M an@PHembbach WM ch shows t
i mprove the average output torque but i s sti
t he Hal bach arrays were h8haf20] | yHmtd fbtaieche dPavd

CP madhirnea ceiling fan. Compar €d® watchi oesy e
Hal baeClP MMM chi ne can achieve higher average
The magnetization angl-€® mhcéi desPMereoopHalm
an@u20] to enhance torque performances. Due
i n r ot orHablabcakeChicrdaMh ,al so I mprove the overload
conventi-GRaktos®PMeEr2gar tNe[veha hel es s, Hal bach

di fficulties in manufacturing. Besides, the
these papers while a weak demagneti zation w
arrays.

(la I'nné¢Papdtrdr (b) Oufemnharédfor

Fi p38Hal baeChP BMructur es.
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Anot her met hoQP isst rtuoc tuussrees PtMo pl ace mor e magn
focusing effect to enkampedavertaoge sttarugu al.r e
poltepol omgryesEnfgxrPa) nwas pPrembGled wlhmi ch can i
strength of tds@eerdteondntdeopnbi ghhis-tgtpreuct u
| PM machines and convijeniDbhalanéP ildneacth htolai si
structure can obtain the | argest output torg
CPPM rotoFi §8hPlwph was bptiobpdjsledt o gain | arge a
high rotor strength. However, the compl ex s
[ Zhal9aFAM avilé&#KWI machi nes were compared and t
machkFin®g3,Yc), can increase by 2.76% with much

density in comparison was small while under

As an | PM macthy me , mda chlei sgpokaen be treated as
comes fromMmMt ICéhRAM hivh & h paral l el magnier gud o
perf or manereost oaf SdcPtMpaursue d a €PMMCPWYM, -taynme spol
machwepege compahled aisn clalki b2&q s)eenl it nshows t haltl
type machine possesses the highest -taweer age
machines with equal north and south pole wid
many problems caused by the wunbalZzZahnacleddc |f.e aBtyu
removing al tertnyapee rPoMso ro,f nsopdould eatd. @ sbt) r Fuacgtdu r e
14Q c) was investigat &d aflBrb arld8di] alanfdl wx i md c H |
[ Zha20b]. Since the pole number and magnet 1
struct eresiim lmor to CPPM structure. |t was re€
flux weakening performance and higher PM wut

machi nes, including even order harmonics in

Il n additiome PMecampoikleso be combined with ot
torquFei.@g3Rnet)he structure t kRGPt wiadanitby gneoskPdyl hes
presentnmepd otvee o utlpiu2{®atsdr8d u ec o mb iCriPe dwi tt the mioRIM |
spotkepe PM to i mpro¥ebha@P@dpgpue as shown in

Unfortunately, the ovet¥rCPoarmachd meaebsi lairtei ehsa rfddr

l' iteratur es.
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(dDovesmaped rotofP)symmetric rotor

Fi 3391 PM CPPM structures.

SPM CPPM

Spoke

@4 types [ofihjlr9ot or i n
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(b) Radial f Hwxemodul ar spoke

(c) Axial fl-uyxped)yPdPa ransdp arkoest wylpaer PsMp ockoemb i n e

FipdOol PM stpyokee structures.
144 ReductUWUmmalodMacgendet i ¢ Force ( UMF)

With the mRInN&GdlyxmsE8d6a CPPM machines, [ Dor 10
CPPM machines can gener at e hi gh UMF regard

eccentricity. But no further investigations
number combiPPM mMmacshi hes Chat will l ead to Ul
where the radial force for CPPM machines is
conventional SPM machines. One way to el i min

whi ch werien a[dOlpu leadB] .anAd 4[8hMu0zp CPPM machine

[ Chul2], which can be divided ,inmat oo edubbmdoh
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with two symmetries, which[ waBa&tddbavidnle nas t

was proposed.

Fipgd1Rotor structure with two symmetri .

15 Research Scope and Major Contributi

151 Re s e &copeh

ThtbBesis focuses on the suppr elsocsad nc oggitmg qtu
and-l oad torque -CH pmdehifnoers.SPIMhie arrangement
demonstkiagded tihn t he detail ed contents descril

Chapter 1

PM machine topol ogi es, i ncluding both nor mal
introduced. Wi th particular attention paid t
as the topologies are reviewed.dFoorres poncCif

mi tigation methods are reviewed for further
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[ Brushless Electrical Machine |

I
Asynchronous )]

~—

|
( Synchronous J

|
[ |

Non-PM Machine PM Machine
|
| |
@Vinding Configurations>> ( PM Topologies )>
I |
Overl!apping NonOvérIapping I |\/|algnet
Winding Winding Arrangement Location
| ]

I
[ 1

Distributed / Concentrated
Winding

Normal Pole Consequent Pole

.

Rotor PM

!
| Stator PM ' | Other '

A

|

<

Challenges >

Unipolar End Shaft
Flux Leakage

[( Torque Riple j]

Relatively Lower
Average Torque

[
1

Unbalanced
Magnetic Force

.,

| ]
| |

[( Cogging Torque )} (

PM Torque j] [ Reluctance Torque J
|

Noload Cogging

Onload Torque Rlpple

w Torque Minimization \ 4 Minimization
Chapter 2 Chapter 3 Chapter 4
Cogging Torque Symmetrical Pole Shaping Asymmetric Pole Shaping
Aim at Maximum Torgue at
General Analytical Analysis Aim at Maximum Torque Reduced Torque Ripple
Unequal North and South Pol A'I;neztu'\g:; [rrr:::qmul'cg?;;eal forue gcn)%prlltee;%rtnponents

Influence of Slot/Pole

and Armature Reaction

Number Combinations ¢

A\ A 4
Chapter 7 Chapter 6 Chapter 5
Influence of Armature Influence of Slot/Pole Numbe
Reaction Combinations
General Conclusion Influence on Basic Influence on Basic
Performances Performances
Influence onPole Shaping Influence onPole Shaping
Effect Effect
| 4
42 Research scope and
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Chapter 2

Since the PM pole arcs for €ERPPMnmachheesvare
the gener al cogging torque expressions for |
widths are derived, which can be applied to
machines and three SPM mhzHl10esmachihndOs 8ar, e

verify the results.

( Torgue Ripple of CPPM machines

( Cogging Torque ) ( PM Torque ) ( Reluctance Torque )

Machines with
—» Unequal North and
South Pole Width

General Analytical
Model

Analytical & FEM i
Verification E

Experiment Validation =

\ Digital
gauge
=

L

Summary

Figda3Main content of chapter 2.
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Chapter 3

't has been found that the unbalanced charac
can | etadonloy nloarge cogging torqgue, but al so
will inevitably-lloead ttoa gluaer ge popvieer.a|ITlh uosn, 1 n

pol e shaping method waboaevebopeds@mpppRRMCtEe

machi ne. Besi des, a CPPM machine was opti mi
effect of such a pole shaping method. Fi nal
validate the anal ysi s.

[ Tocue R o oo macnves 2
| |
( Cogging Torque ) ( PM Torque >> ( Reluctance Torque >>

Symmetrical Pole | |  Maximize Average | | Maximize Torque at

Shaping Method Torque Reduced Torque Ripple
Maximize Fundamental Reduce Even Order
Flux Linkage Amplitude Harmonics in Flux

FEM Performance
Comparisons

Experiment Validation=

Summary

Stator SPM CrM2 CPM3 CPM4

Figd4Main content of chapter 3.
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Chapter 4

Since the reluctance torque ripple is not cc¢
Chapter 2 cannot be reduced any further. Thi
me hod i s proposed to make each torque rippl
torque, and reluctance torque, counteract e:

analyses are verified by three 12s8p CPPM ma

[  Torque Ripple of CPPM machines |
I I
( Cogging Torque )) << PM Torque )) ( Reluctance Torque >>

Principle of Pole

Shaping Method [ 7] Symmetrical - Asymmetric

v v

Only Suppress Cogging Make Torque Ripple
and PM Torque Components Counterad

Comparisons

Reduced Torque Ripple

FEM Performance "I
I
|
I

I
I
Maximize Torque at |
I
|

Experiment Validation

e

Maodel A Model B | | Conventional Stator

Summary

Figd5Main content of chapter 4.
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Chapt

Al

S i

t ho

gni

pol e

chapt

i nduc

char a

s |

ot /

ugh asymmetric pole shaping method can

ficantly, 1t is not al wahyasv es oe veefnf escltoitv er
ne phase in a submachine. Besides, for .
shaping methods have a similar capabil!]
er, the infl combe nadfi onlsoto/np plee frow maerc e
tance, and so on, are investigated for
cteristics, the effects of symmetrical

pol eimamhemscamke comprehensively analyz

Torque Ripple of

CPPM machines |
[

| |
Cogging Torgque ) < PM Torque ) < Reluctance Torque )

Slot/Pole Number | | Odd Slot Number for Ong | Even Slot Number for One
Combinations Phase in a Submachine Phase in a Submachine
Effect on Torque | | Machine withEven Slot Number per Phase per Submacﬂ1

Performance Can Eliminate Unbalance effects of CPPM Arrangemeli

[ \/ \

Effect on Pole Shaping

-1 Symmetrical --- Asymmetric

Methods

Maximize Torque at
Reduced Torque Ripple

— T vV ErEYY +_ -
FEM Performance

Comparisons I[lZsSpSy@ [956p8ym] [12310p8y@(2314p8yn}
|[2$8pAsya @stAsy@ EZslopAsyaC2514pAsya|
I@ZsSpCon} CQSGpCon\D [12310[3Con9<2314p00r9|

— e e D e o =

Experiment Validation

Summary

B4 6Main content of chapter 5.
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Chapter 6

Since the CPPM machines have | arger i nduct a
ar mateaeti on has a greater influence on perf
back EMF, i nductance, torque Trippl e, demag!
Therefore, in this chapter, t he efdrealtyz eood

and compared.

[ e Rone o copi mecnoes 2
| |
<( Cogging Torque >> <( PM Torque > << Reluctance Torque )

. . Odd Slot Number for Ong | Even Slot Number for On
Selection of CPPM Machines- Phase in a Submachine| | Phase in a Submachine

Relationship between AveragF

192

Torque and Current | 7] Select Testing Curre& Current Angle

Armature Reactonon | | Flux, Back EMF, InductanceCogging
Conventional CPPM machines Torque Torque Ripple

Armature Reaction on Pole

Shaped CPPM machines | | Symmetrical i Asymmetric

Summary

Figd7Main content of chapter 6.
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Chapter 7

Gener al conclusions are drawn based on the

wi || be proposed.

152 Contributions

Theontri butions of this thesis can be summar

1. A general cogging torque analytical model,
pole widths as well as pole shifting, 1is
can be apmli emdctho nalsl with unequal pol e wid
and I PM machines. The guidelines for minin
gener al mod el

2. The torque r i ppdPe nsaccuhricneess faore SRMeal ed f ¢
i nucdde cogging torque, PM torque, and rel uc
pol e shaping method is proposed to mini mi:z

ri pple components counteract each other.

3. The effects of sl ot / ptohl ee bnausmbce r p ecrofnobri nmaant ci
machi nes, SPM machines with equal north a
with wunequal pol e widths, are investigate
inductance, and torqueofi ppbée/ pBasedumbeth
on symmetrical and asymmetric pole shapin

and SPM machines.

4. The effects of armatur e reacti on on CPPM

analyzed. 't confictm®nt wat |theadr mat wrae | @
and har moni cs I n performances, i ncluding
i nductance, and torque ripple for al | t he

suffer from weaker demnaigtnieetsi.zati on withst
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CHAPTER 2
ANALYTI CAL ANALYSI S OF COGGI MV
| N PERMANENT MAGNET MACHI NE:
UNEQUAL NORTH AND SOUTH POLE
PARTI CULAR REFERENCE TO CONS
POLE MACHI NES

As a resul t of unbal anced features between

CPPMcmmanes, relatively high cogging torque

under | ight |l oad conditions. Therefore, to i
suppress the cogging torque. Thet eerass,i eisnc |wad
sl ot opening width, north and south pole ar
gener al anal ytical model is developed to an:

north and south poles as el appki pdl o shof hi
and SPM machines. The optimalc st-pit tpconpbema tnig
with/ without pole shifting for mi ni mum cogg
ver i ffiiedi tbhey el ement @mansal ybesshaoadsekpati ma co
PM machines with equal north and south pol es
i s Iteheaest commarC Mmaet we eh e s Nean dn upnobleerp, n ut nmbee r

fundament al cogrgitnlge tRPM gmeaec oirmrdees wWiot h unequa
often the case in CPPM MWNagcng neb)chibas$ hbe &€
analytically. Howevers | atn nuneb esrp eicn ad n ec assueb mw

LCM beNwmaghhas the same val Nemmgks t he LCM bety

This chapter has been accepted pbQi 2EEE: Tr ans

[Qi22c] J . Qi , Z. Q. Zhu, L. Yan, G. W Jewe
Hi |l tdnal ytical analysis of coggi ng
with unequal north and south pol e

machilnEBE "Emaengy ,CohWEarsl.y Access)
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2.1 |l ntroducti on

PM machines are widely investigated and util
electric aircrafts, i ndustrial [ dwa[ly2u 0 %an]d
[ Hen94lJedue <cogging torque, pol e shifting a
adopted in conventional PM machines [ Bia0O2]
[ Liu21]. However, for the pole shifting meth
s htiifng are not fully analyzed [ Liul3] and t}
widths for minimum cogging torque has not Dbe
pole width method wil/ increase thedecost mafy
ot her problems such agagvfelhuxrdiemsihtay moBi & &2

has not beendeipnvhe satnidg aitse dr airnrel y used in conv

One of t he major concerarst ho fmalRidcrhmaftd&d @ e s o m t

chall enges of volatile supply, high cweset, an
drawn considerable attention in these years
PMs and i mproving the torque per PM vol ume |

Compared with tHhdasPaM) ,coluamrntgearmpalPM,pol e width
can produce higher average out p-atct dBpoigtpceh an d

(average aneglre,ofi .eeac™ht ppd leaap) mbsf a2 ®@Q@nd 1. 2

[ Bai 18] . Noting that the wunequal PM and iro
cost , this techniqgue 1 sFwgld(ebl)y. uGoends eiqrue@P P Iy
chapter, focusing on the effect of unbal anc.
gener al analytical mo d e | is developed to an

desi gn pacagneitreg st orngue are analyzed with par
Al |l the developed theories can also be appli

and south pole widths.
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(a) SPM (b)) CPPM with equal airs

(c) CPPMswitth ipgl end unequal airspa
FiglL SPM and CPPM rotor structures.

The unbal anced PM and iron poles in CPPM mac
di stributions under PMI anod!| eadntpoldeds f ewbnt
cogging torque from the conventional SPM ma
reported in [Lil18c] [Qi 22a] that the har moni
to be more thanneshoslen oafd dSPtM oma,c hiit i s wi del \
tend to exhibit | arger cogging torque than
may exacerbate the torque performange.onStag
arrangemefts 1BH] 1[PWWNpIhDA]p 1 9 ] are reported to

reduce the cogging torque.

Unfortunately, the basic characteristics of

wi dt hs ar e stil |l not well fondet at cod icml kiu
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fundamental order of ftohre ac o@RgA M gmat cohri gnuee hwaasv ec
papamwai t hout any detailed expl anatn[dhhd 19 d]8,c]
it is the LOWMarmd mddody, mdwhmblee i tNsamd nh e LLCBIcof

I n addition, the influences of design par ame
not been thoroughly studied and some resear
optimized blyarcchawigdtnlg [pMal8] . However, as Wi

opti malr cpodidtshts f or mini mum cogging torque.

I n this chapter, a general analytical model

and to identify the differences and relatio
CPPM and SPM machines. Compar endd wiotrhg uteh ed eavred
for SPM machines in [ZhuO9a], this chapter

unequal PM-arncd riatoinogpodred pole shifting, to o
for minihoed®gginmgg t orqaedofSPMomhcGPRARS. The de\
mo d e | I's then used to investigate the influ
including sl ot opentanrge, rradtioors, PRingih(de 9il,reoans hp
verified by FEM on three CPPM mdopoiBes( asalp]j
12s8p, and 12s10p, respectively. The concl us

with unegmué&lsowtrhhpol es.

The main contcrhiabouateir obnes soufmmahriiszed as foll ows
1. A general analytical mo d e | is developed
accounting for unequal nort h andwhsiocunt hc apno | bee

applied to CPPM machines and other rotor PM

2 . 't is validated by both anal yatricc awi dnmehtsh of
CPPM machines to minimize the <cogging torgq

wi t h/ wintsh awetr icmg pol e shifting.

3. The relationships of cogging torque har mo

with/ without equalrcnowvitdit hsandrsoutelvemdlea ff or
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This chapter is organi zeadl yas cfadl Inoewsh.o dFifrosrt
cogging torque in CPPM machines is develope
[ Zhu0O9a] [HwaO0Ol1l] [ HwaO0O0]. The-aopt tpoatpcohs eroat io
with/ without pol e sihngtioggderam nimem aoal
verified by FEM on three CPPM machines and t
2. 4, respectivel y. I n section 2.5, 12s8p anc
cogging torgqguesalardatmeddier ¢EM @predicted rest

of satwuration on cogging torque are analyzed

22 Cogging Torque Analysis by Energy N

Il n this section,extphesgemomaear olf amalgy tnigc @alor que
south poles and pole shifting is firstly de\

this model is applied to CPPM and SPM machin

221 Gener al Anal ytafcaCo gxipmge sBoroqque f or Ma c h
Pol e Widths

To obtain the analytical exwruehsesgiucan ofo rctohg @in

pole widths, the following assumptions are n

1) The permeabilities of stator and rotor ira

negl ected.
2) End effect and flux | eakage are neglected.

Coggi nglcdg@mamq bbeee e sftrionatt he energy met hod [ Hwa

I W
T

N

) 2.2)
. pu . N " -,

whed d& WU g Ls Ry Rn, G(d anBd Jare the rotational ang

circumferenti al angl e, the magnetic energy,
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radi us, t he rotor eguatpe rp erranteiaunsc,e tfhuen crta loant, i ve

functionlyrespective

It should be noted that it is the stator sl
permeability fluctuati on, which interacts wi
Consequent | y, GXdhoen | wa vaecfcoorufmet osf foofr stthaet oerf s | ot
machine as an exaFrmm@Rea) ast hé |Gdfeonhoedi e6h ki n
machine with infinite slot depth is the s ame
di fferent from conventional PM machi feg.whic
23, this kind of machine e®M ibd tisr @magidldaens,e d
Consequentl vy, eheharewpapséVaBavwerd sopmai pol e
Thus, in an el ect rBfcconcsyicsltes, otfh ealwa vtehfeo rhna ronfo r

0O to infinit &%daTntigd, Ujcuannc thieo nesx porfessed as:

00— © 0O Al — O OE®» — (2.2)

6 - 6 6 AT ®n— | 6 OEAd n— | (2.3)

wheMsies t he sdiot trhpemibpeor! Bw,BHkaEb.kx s NBlo, Bag,Boga I €

the Fouri erGYdaeaBiUcri eesnptesc toifvel y, and will be
It is worth mentioning thatoftha magqetal canr b
treated as the south pol ebshiéteoagriaadl|l odégr
to describeFiiz2(bps Badoswdesn due to the circu

and south poles, the south pole shifting can
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RS I
AG?
IGatooth
5 >
2 2
(1'ksc) Ns J (1-kSC) Ns
(acfda square of permeance function, dt
AP’
> b
$BaPM vBairon
IO ’ >
‘kPMﬁ s kironﬁ R
~ 1" "South pole
(Iron polg ! |
With iron pole shifting |
‘kPMﬁ . « kironT) R
South pole ‘
(Iron polg
Without pole shifting
PMs i

(BfdU) square mdgi tfy uki siter i buti on, due to
Fig2 Wavef oGysan®&idl)i n CPPM machines.

AB°

»
»

O

Conventional SPM

Fi®3 Wavef oBXd§)i abnventional SPM machines wit

pol e widths.

Subst i2Rutn{@B8)g n2d, t he coggi ng wiarhegeweu ailn nna d hi

south pole widths becomes:
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) “0 , . . 6 OE& |
Y | —0uU Y Y €0

T 6 Al & |
ui) ) '
—U Y
, 60 néd ... . &0 .80 0
Y — OElp Q —F OE+——F—"
€L U <N (2.4)
T L E0Q ~ . €0 L
p — OE+——* Al 61 D Edvu |
Q cn n
_ 0 L, L8000 . . £0 o

whe@eobish t he aGip)lkiitsundee solfot ,opienei.ng hreatriad i 0 ¢
wi dt h ptigdgkeshlamidovawr e the rati os eafr creo rptoht pabn de s
respect Bawied yt h e na®dUiwtawedronf f or north pol es

knorankdouft r machines are as foll ows:
T Q ¢ ¢gr
T Q ¢ gr (2.5)
Q Q ¢ ¢gr
|t i's worth menti@h, nghd htadr e ocamnbgetprod

har moni cGX@yachebdd) ii .(@2)an@3), are the samedeilbere
Nk @R4must satisfy

~

€0 D AN (2.6)

Fol6),Neomust be t he MNgahplwhpehnel .o fComshN s eLhChve y

bet ween sNsand nuorabamnrr pp.umber

6, #-0 M 27)
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222 Cogging Torque for CPPM Machine

I n CPPM machines, the PM pole width is al wa\y
which results in unequal nor & boamall ystoiuctahl pnool
can be directly appli ed(24),0 fCPrPdVa marctha In easr. d &Arc,
number of cogging torqueNdntLd&BneetciNgemmica | r ot
this kind of madfdhine according to

Supposing CPPM machiSmesbmaanhibre s, viwlderde:i nt o

Y # P M (2.8)
Since
CHEB M, #-0M 00 (2.9)
| e .
YO 0nR 217§

the corresponding order of(2%ag@lMhg torque ca

0 , #-0 M Qn (213}
whejies the sl ot number in one submachi ne:
’Qﬁ 2.1
~ (21}

For the firgits sarenadpi cnumehiemn,h e mldrnts ed wee mtfl V.
order of coggi ngnatcohriguuee ifsorditfhfeerGMRM f r om t he

counterpart which is given by:

, #-0 ke qQn (21}
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The analysis confirms the results in [Lil8c
machines, which have 9 slots and 3 slots 1in
for 1 nstanc(27), atchceo rfduinndga nteont al QCiN,p) oFf I1c2o0gg
for CPPM, but 1s 24 for LLONMNYy @At o2nda.l TShRA M maec:
the additional haXmodi tbhewiBlalc!| axii itg it het He c
12s8p CPPM machine. Further, a higher coggin

generated due to additional har moni cs.

However, for the jsecogwen adesmarnipe, muhenpl e of

, #-0hkn , #-0mM QN (21 %

Consequentl vy, it can be concluded that when

order of coggi ngmatcohrignuee iosf tthhee sCaPniPeM as t hat

counterpart. Take 12s10p machines as an exanmn
fundament al orders of cogging torguwehifcdhr b o
underpins thel]rresults in [Zhal9

The north and south pole characteristics in
PM pole width and iron pole width are the sz

torque i n CRPMi maah T abkebt ywhetae g .
223 Cogging Torque for SPM Machine

When the north and south pole widths are dif
torqgue characteristics have already been der

the CPPM machimegamats HBi scussed i

However, i f the north and south polFs$®3Sare eq

the wavElboem ofma&i poomrely consists of even ord

6 -h 6 6 AT @ n— | 6 OEQHn— | (2.1}

Therefordahs (R&nbmust sati sfy
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~

(86 D cqn 215

Consequentl vy, UMNcd esr Lt@hbiest weemd istNdadnnd,n w mb er po

numligars i s the same case for conventional SP
O , #-0 hen 21y

As is weRlYilsnowre, fundament alNfoard eao nove nctoigogn a

machines with equal north and south pole wid

23 Cogging Torque Minimization for CPF

As cann bfefdye & or a specific order harmonic i1
be zerBig#hseOn Qers0, which are determined by t
par ameters, respectivel y. I n this section, f
opening rati o,-arPcM raantdi oisr,onanpdolpol e shifting
parametriverdvweep hteo an@f)ytBatalh telxeramsasli yotni c al
FEM are applied to 3 CPPM machines with 9s8

Maxweddkage was used throughout the paper fo

The common design parameters of three analy
| i stTead2lenwtoritdh noting that the method and di
to other types of PM machines with unequal

machi nes.
231 Stator Sl ot Opening

Accordi(2dyg t e amplnitthudoer defr thhmae moni ¢ of cog

mi ni mi zed when the sl ot opening ratio satisf

Q e Q “ﬁ“ééﬁ 2.1
;g 2 TPRE (213
't can b@lB3Bteheant faca@dmrrgesul t i n merf e ro prti inmunma nv

cogging torque.t hfAeddintpil d ntaldleys, osfi ncoewer or der
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t he domi nan

i ma b22e

Th e

sl ot kspiatr ¢ e s

the trends
anal ysi s al

i .Tema.b2l2e Thi s

t nelde?2, hay mameXlzspadldyrbd basedtasn

from 0. 05

for t he

t hough
h e

i s because t

to O.

resul tsFBNMtareede ro@dgwh ant € dt h e
95. It

overal agrcoggwalgl

|l eakage

ratio of <

can be f ou

twrgheth

tFh @4.aorpd i anulm trtalta oh(24g®l eure st h

fl uxes inrn

I n addition, due to the | ow2aamptii 3 udfecr 09s &p
CPPM mascghitrhee overall cogging torques for the
variation of fundamental harmonic amplitudes
CPPM machine.
Tab2lleKePesi gn Parameters of Analyzed
Par ameter Val ue Uni t
Number of sta 9, -
Number of rot 8, -
Stator outer 100 mm
Stator inner 57 mm
Stator stack 50 mm
Ai-gap 1 mm
Yoke width 4 . 2 mm
Rotionrner di am 36 mm
Magnet thick 3 mm
Remanence of 1.2 T
Rati o ofarPcM typod Itpe 0 1~1. -
Rati o of-an o otrpoi g 0 1~1. -
Ratio of slopitg 0 05~0 -
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Tab22eOpti kswoni Three Machi nés"id midt dBer Didanmi mamit

Machi iHar moni c Opt i nkiyom
n=1 0, 0. 25, 0.5, 0. 75, 1
9s8p n=2 0, 0.125, 0. 25, 0. 375,
n= 3 00. 083, 0. 17, 0. 25, 0. ¢
- 0.83, 0.92, 1
n=1 0, 1
12s8p |n=2 o, 0.5, 1
n=3 0, 0. 33, 0. 67, 1
n=1 0, 0. 2, 0. 4, 0. 6, 0. 8,
1231o'n=2 0, 0.1, 0. 2, 0. 3, 0. 4,
= 3 0, 0.067, 00133, 00200, C
- 0.67, 0.73, 0.80, 0.87,
o 1 _ 1
2 Cogging Toruge €
5  |ee=--- n=1 (36th) Z
F 08 feeeees n=2 (72nd) L 0.8 o
ks n=3 (108th) 2
()] o
g 06 - 06 E
°F 8
_%‘2“0.4- i -0.42
o
S 021 L 02 2
X Q.
0 0.2 0.4 0.6 0.8 1
Ratio of Slot Opening to Slot Pitch
(a) 9s8p
s 3 Cogging Toruge 3 <
S __|---- n=1 (12th) =
o 251....... n=2 (24th) F25<
2 n=3 (36th) 2
) 2 A F2 o
g £
oz 3
B§1'5' 15 <
x o
S 1 L1 8
[a °
o | J  eeetttiee, =
< 05 : - 0.5 5
s |/ & N.--T S
gf 0 /'é"-.._l —————— . . s > 0 <
0 0.2 0.4 0.6 0.8 1

Ratio of Slot Opening to Slot Pitch
(b) 12s8p
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o 04 - 04 __
2 Cogging Toruge c
s  |==--- n=1 (60th) Z
e T n=2 (120th) o
2 037 n=3 (180th) 0.3.2
= o
Se 5
o E£02 0.2

52 z
: 2
a 01 0173
o \ 2
> I’ \\ ! =
[ ’ J \ Y] (\¢4 I
S ol Ml g Meiseo te e Ve | g &

0 0.2 0.4 0.6 0.8 1

Ratio of Slot Opening to Slot Pitch
(c) 12s10p
Fi3dd FEM predicted peak cogging torque vari at
di f f eroepretnisnlgotr ati os.
232 PoAec t®i PecheRati o without Pole Shifting
In this section, the cogging torques of 12s38]

f or vararoc stpgp opicobl er at i os wi tbrdduhe pbBober s@ri f ¢ oea
Bogr O, aBagpeoendlsy t o be comrcdiecher EBPMTmamhkpee st

sectkiopamidowh | |  be k gapnlkla,cneid. by, the ratios of
to pole pitch, respectively.
Accor dl4),g tthoe cogging torque wil/ ba@ar mi niomun

popbetch ratios satisfy:
o 1 (21 %

whi ch rceanr ibtet en as:

L, LE0Q _ 0 L LE0Q
OEf——- 0 — OEf——« T (221
q) Q Q)

from whi chkegam@&,o.@rt i Mmami mum cogging torque of

be derived.
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23219s8p

From the previous analysis, Nhe Bénfdame®s8Ip
machine. In this 'Sssencd"ivo2d,ert har momicantar 6 i n
corresmpdndantdo 2 dcobBdbgNanmtni2®) t he kowpt i mal
ankirerombi nati ons can be pl ott erd @b, n wbhliacchk meiann
the coggihrmg mborgeecan be mini mum -aimalteiro t he
combinati ons. For compaANS¥Y&, Mahwe IFIEMp @& resmud t
shown in theFiragbghwheoéudar bfbl ue meanstthe m
i s worth mentiondalplgot MATL ABaah d gMiecdrsoi saorfet Vi s
Clearly, the anaoldytaigcraele nmeenstulwist hartehei nsigmoul a:
found that t he kiva ek dhg eo fs |tilgentd pyt idredlor med, as

unbal anced characteristics between the PM an

To ekethe minimum overall kediggbmbgi natrigomres t ¢
domi nant compone'ndamsd tifteggdog ht o heu 8, shoul
account simultaneousl!ly. Thikesk r§boy pelacctht ihnag ntoh
t he sankei Z6( gtyvee ,cor rkeipOhde ngss points betwe
|l ines, which are shown within the blue point
cogging torque. The analyticall yvt@eakkicaledes
obained by FEM®6(sth)oownl ti ni s cl ear Rihg®&{ aj) handpt

Fige(b) are almost the same, which validates
2\ 0.5
151 0.4~

. =
S 03;
2 ] 3o
~ 1 \ S
: 0.22&
0.5 <
0.1

0 -

0 0.5 1 15 2
I(PM

(a)"36
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0.1
0.08 ~
=
=
5 0.06 ©
< 2
0.04 0
=
<
0.02
2 05 1 15 2 0
PM
(b)d72
Fi®35h Cogging torque harmonics for 9s8p CPPM
pohec rati oskwk(rle®imbi napt iomal f or mini mum cog
from analytical met hod, right: har mon
2
15
5
~ 1
0.5
0
0 05 1 15 2
Ko
(a) Analytissagoirretssulltest wecamsbl ack and red |
1
0.8%
hog
=
0.6 <
4
g
0.4a
S
x
02'g
o
0
(b)) FEMdaekubkse parts)
Fi 36 Opt iknkilrerombi nati ons for minimum overal/l

machinei wus hPMaawmadci mran i pal e
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232212s8p

The fundament al 0 Nd esr 1a&2f fooag gli2znsgd pt oOPgPuMe ma c h
12" 94 adtbrde@r haxrmon2cs3) are analyzed in t
results are compar d&d2anwin hwhtihceh FgEoM dr easgurl etesmei nn

i's wor thatnowiitnhp more harmonics in cogging to
pobhec ratios wil/| be more accurate.
Similarly, based on the harmonic analysis, t

obtained and compareBiagtiCl ehel FEMt hesahaky
predict the optimal points of keyatriemal | paitntes

than those from the analytical met hod.
2 1
| hN 08 ~
15 . =
- =3
5 AN 5 06 o
= l’ \\ — ©
. N = 2
AN 042
. =
0.57 \\\ <
. 0.2
0 A
0O 05 1 15 2 0 0
Kpwm
21 1
151 0.8E
=4
c 06 o
x‘g 1] é
04 a
g
0 ‘ ‘ ‘ . 0
0 05 1 15 2 0 05 1 15 2
Kpwm Kpwm
(b)h24
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Fi®g7 Cogging
po-bhec

from analytical

(a)

Anraé yulitcal (cr oss

Fi 38 Opt ikemkilrerombi nati ons

CPPM machi

ne with

78

v arricousatAM sand i

1
08 ~
£
=
06 ©
©
2
04a
£
<
0.2
0
0 05 15 2
Kpwm
(c)Xh3e6
torqgue harmonics of 12s8p CPPM
rati oskedk(rle®imbi napt omal f or mini mum cog
met hod, right: har moni
2
| - -~ (n=1)12th
I (n=2)24th
L5 . —— (n=3)36th
0.5
ok
0.5 1 15
Ko
points among bl ack, re
and | ines)
4
B
3
©
>
27
[}
(A
=
1 X
@
[}
o
0
(b) FEMdaekubltse parts)
for minimum overall

ron



232312s10p
The value of the fundament al cogging torgque

that of the SPMNM=LCdN,pXECKMa pi2=60 mctehe 12s10p
machine, the major harmonicdhaoddf@n®®2)o,f whoigogh r

are analyzed Fargf cTohnep aorveedr ail nl coggFNBLOx or que

The results show gooodneasg.r eement with the FENMN

03

0.25

o
(N

o
[
o1
Amp litude (Nm)

o
H

0.05

X

[EEN

Q
w

B D (o]
Amplitude (Nm)

iron
iron

N

(b)t"1 20
Fi B9 Cogging torque harmonics for 12s10p CPP
pohec rati oskewk(rleeofntb:i napgtiiomasl f or mi ni mum cog

from analytical met hod, right: harmonic ampl
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1 -—-(n=1)60th
151 L, (n=2)12Gh
§ .|
~ 17
05
0 05 1 15 2
Kon
(a) Analytossalpoierstud tiset(ween bl ack and red |
05
S
zZ
04w

o o
N w
Peakto Peak Valu

o
=

0 05 1 15 2
(b)) FEMdaekublktse parts)

Fi®1L00pt ikekilrero mbi nati ons for minimum overal/l

CPPM machiwar i woas PMrand aitin s .pol e

233 PoAec t®i PcheRatio with Pole Shifting

In this section, the cogging torque perfor me

shifting, are illustrated.

It can be (24)d thrad ftrhem ospltoitmuonp esntiantgorr at i fms wi | |
which is the same as the anal ysi s bins sneoctt i0Oo,n
the Fouri @sqpso@mffti zieemt any mor en Nwhointpho niemtt rso
in the coggin@dtoapmart efgidddo mph@n esn tny . Ther e
introduced additional mMaidmhatt aooggcompboeqgts,
tend to reduce the sel ecti-aornc rraantgieo od o nolpitn are
can also be found that-atberatwbbkl thatsoma &tp

cogging torgue amdt hwa | dhnfotti rcdh aanmgee!l avi t
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Wh e n

Q) - (RO

(Y §) h; n P

o SLh ol o>

(Y 0 P r] P

Q@ ¢ qgF
the | owest cogging torque can be
| arNgwirl I contribute tkevkmemenbf easi bhes.
22)i s the Iimitation of structure
In this section,
to verify the analysis.
23319s8p

Wh eb¥ /1 8Nc= 3 6,

(2.2 )

dbsai €edanb)
opbhemum

geometry u

fbad csu ssiABy |l aesot it healr od®egr sé dfeor

acdxriditnige tfoeasi b keea ribr@dsienati ons

. T T
ORI e I
v WWWW W W W W
. T 1 .
o SRR 2}
v OO W W W W W
rQ Q p Yw
which are showhi gL ab)l uneh eproei ntthse ignr ey poi nts
be selected due to the structure geometric
showhi 3lnf b), good agreement verifies the abo
2 2
——b=0 0'8§
T b="/18 <
1.5 ) 0.6 >
c < S
o e\ o o
~ 1 . . " o.4§
e o o ] @ o
05{ . . . . 5 =& <
J{E 0'28
g N =— N o
0 05 1 15 2 2 0
Kpwm
(a) Analytical rebul EEM resul ts
Fi3LlOpt ikmkilrenombi nati ons for minimum coggin

mac hi nb="/Iw8i .t h
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233212s8p

Accord22n)lg tor 12s8p NaOPsPM 2naacnhd ntehger cmirna tmuons pa

- T
0 2
v OO0
- T .
o SR (223
OO0

which are HRilgliHsa)r adredd ame compar &€dawd bh. t he
Obviously, the FEM results agree well with t
wi Fh38 it i s apparent that the iron pole shi
for the opti mumrPMrandosronnpbluding both the
as shbBwldld a) grey points and al so (4H.e har mon

2 2 4 ~
—hH=0 §
T b="/18 hog
15 15/ 33
° S
5 5 %
~ 1 o= 1 2 b
. » =
0.5 05 1
(]
(ol

0 0 ‘ ‘ ‘ 0

0 0.5 1 15 2 0 05 1 15 2
kPM “pm

(a) Analytical rebul EEM resul ts
Fi 31L20pt ikewkilrerombi nati ons for minimum coggin
machi nb= Wilt8h

233312s10p

For 12s10p CRHM nmachiGensequentl y,-andher dteiac

combinations can be derived accordingly:
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o SELACRLP TP PP T C @2)
o PCPCPCPCPCPCPCPCPCP PG

The results obtained from the anal ¥t 3lc3al me t
Under pol e shifting coardd triatniso o anen oPtM baen de x

the structure geometr y22contshusxailne adisng etmo ntsh

Fi @13(a). Cl edlgrlegys ulltasr gien a hi gher-arncumbati oo
combinations (more blue points). I n addition
2 2 0.4
—b=0 €
[ — Z
15 . .. *b=/18 037
° 0, E
c
8 e e e o 0o 8 x
N 1 o o o o o 0O x_: 028
...... Q, D_
e © ¢ o e o o O 8
D05 1{ ¢ ¢ ¢ 0o ¢ o o Q o'l_;é
......... Q, q-)
.......... -] 0-
0 0

(a) Analytical rebul EFEM resul ts
Fi 3L3Opmakevk renrombi nati ons for minimum coggi no¢t
machi nbE " Wil8B8h

24 Cogging Torque Minimization for SPN

Si mitlearction I 11, the optimum sl ot opening ar
of SPM machines should be the same as those

this xecamnkbongienote the ratios of neor pht am,d

respectively. Since the variation of coggi nc¢
been analyzed comprehensively i n [ZhuOO] [ ZF
will be analyzed in this section.
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241 PoAe cPo¥etch Rati o without Pol e
Wit hout pole shifting, the opti mumi Blo& t h
Fi g1% or 9s8p, 12s8p, and 12s10p
optimum points for three SPM machines
its effectshenkedsbe noted that due to
south poles for SPM machines, the
machines is even better than that for
24.119s8p
2\\\ 08
15 AN —
" 06 =
£ N £ £
W1 . N2 o.4§
\\\ é-
05 02 %
0 ‘ ‘ ‘ . 0
0 05 1 15 2
lﬁ\lorth
0.08
0062
£ £
3 ]
% 0.04'g
.(_;l
002 £
J ‘ ‘ ‘ 0
0 05 1 15 2 0 0.5 1 15 2
kNorth I'ﬁ\lor‘[h
(b)d72
Fi31L4Cogging torque harmonics for
pohec rati oskwvk(rle@imbi naptiiomal for mini
from analytical met hod, right:
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2
-—- (n=1)36th
15 Ly (n=2)72nd
5
B 1
05
0
0 0.5 1 15 2
lﬁ\lor‘[h
(a) Analytissadoirretssulltest wecemsbl ack and red | i
2 15
€
151 =
£ 1 2
8 >
Q
w1 x
5
(Al
051 05 2
4
©
(O]
a
0

0 0.5 15 2 0

1

kNor‘[h
(b) FEMdaekubkse parts)

Fi3150pt ikeklrerombi nati ons for minimum over al

CPPM machine with v-arcousatPblsanda)rdnapgt ec:

bet ween bl ack and red | ines shown in

2412 12s8p

2T 08
15 06
- 2
F . E g
—\CU) 11 \\\ _\én 0.4 g
=
N =
0.5 02 <

0 ‘ ‘ — 0

0 0.5 1 15 2 0 0.5 1 15 2
I<North kNorth
(a)hi12
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0.8
o.esg
E £ S
Q o o
7 P 042
o
IS
<

0.2

0
0 05 1 15 2
Iﬁ\lorth
(b)h24
2 T 2
15 1 \\\ 15’ g
E N = S
UO) 1 N\ @] 1 -g
~ & =
N o
N €
\\ <
0.5 1 N 0.51
0 ‘ ‘ ; : 0 ; ; 0
0 0.5 1 15 2 0 0.5 1 15 2
I(North lﬁ\lorth
(c)Xh3e6

Figgl6e6Cogging torque harmonics of 12s8p CPPM

pohec ratioskwk(rle®imbi naptiomal for mini mum cog

from analytical met hod, right: har moni
2
----- (n=1)12th
5 (n=2)24th
151 . —— (n=3)36th
<
3
W1 .
0.51 SN
0+¥—— ‘ ‘
0 0.5 1 15 2
kNorth
(a) Analytical results (cross points among
and | ines)
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2 3
s

25
151 E
s 2 3
3 X
o1 15 ©
o
1g
] X
0.5 Z 05 G
Qo

0 0

0 0.5 1 15 2
kNorth

(b)) FEMdaekublktse parts)
Fg2170pt ikeMklrerombi nati ons for minimum over al

CPPM machine with v-aricowstPblsand iror

241312s10p

2 0.2
15 0.15?5\
=
% ()
H 1 01 3
é
05 0.05<
0 ‘ ‘ ‘ 0
0 0.5 1 15 2
2 = 0.02
@) 0015~
g@ e
£ ) <
> ; ( o
N L 001 3
&2, 0.005 <
2’4
\ § W ‘ ‘ 0
" : 2 0 0.5 1 15 2
North kNorth
(b)t'M20

Fi3lL8Cogging torqgue harmonics for 12s10p CPP
pohec rati oskwk(rle®imbi naptiomal for mini mum cog
from analytical met hod, M) g ht: har moni
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_—-(n=1)60th
slilh, — (n=2)120th

%bum

2
(a) Analytical results (cross points between

2 03
A SN 025Z
9@@ T
€ 1 02 5
R @ & g
B 17 € ©, 015
) @ @ € K
L@ @ 01 o
B0 © @ @ <
Q) © @ = s <dddans <l o

0 0

0 05 1 15 2
kNorth

(b) FEMdaebkublktse parts)

Fi 3L90pt ikewklrerombi nati ons for minimum overal/l
CPPM machine with v-arcoustPBbBsand iror

242 PoAec t®i PecheRatio with Pole Shifting

When the pol &/ 8tjhfet icnogggamnmggl et or que perf or man

ma cnheis ar e analyzed and compared with FEM r e:
24219s8p

For 9s8pNemagéhiAec@®2)ldi hget beasi bkeea rkbr@aloienat i o
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o SRRRRTRSTR

v WOWW W 0 W

o SRR 223
o OO0 W W W W

wQ Q p Yw

whi ch are showhi 2§ ab)l uneh eproei ntthse ignr ey poi nts
be selected dgeomet tihe cdmatcrt alir ret . I't has a

restlh sq b) .

2 2 1
——»b=0 a
L. b="/18 Z
151 "2 08 3
g [ ] L] O, S f_U
= ] L] L] -] = 06 >
XC?) 1 ° . o . [ x(% ‘xd
[}
o
° ° ° ° ° ° o
05 ] . ° o . ° o Q ;
@
[} ) '} [} '} [} [} O (1)
o

0 — 0 —
0 05 1 15 2 0 0.5 1 15 2
kNorth kNOfth

(a) Analytical r e(sbul tFsEM resul t s

Fi3200pt ikklrenombi nati ons for minimum coggir
mac hi nfE"/Iw8i.t h

2422 12s8p

Accord22n)g tor 12s8pNiS®M12aahdntehaer cmirna tmuons paor

. T
0 2R
1"v O- O-

. T :
o SR (22
o 0G0
rQ Q p ¥w

which are Hilg2u(sa)r adredd ame compar €dagadwi{ bh. t he

Agai n, a good agreement has been achieved.
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—b=0 £
~———b="/18 g
1.5 153
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P 1 K2 e
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0.5 053
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0 ‘ ‘ 0 ‘ ‘ 0

0 05 15 2 0 0.5 15 2

1 1
Kﬂonh HVonh
(a) Analytical r g(sbuyl tFSEM resul t s

Fi 3210pt ikemkilrerombi nati ons for mini mum coggin
machi nb=  WilBh

242312s10p

For 12s10p SNPMs maeéhi €Censequently,-atber &aengi

combinations can be derived accordingly:

o SRURTRYPTR G Y TE G @2)
*Q  Q p Yw

The results obtained from the anal ¥t 3x2al me t

The good agreement has verified the analyses

2 2

=—b=0 03 2
——— b="/18 25
1.5 « 151 [J0 057
5 NN = 02 S
5 4 - <
N e o o o o o éj) 1 015 8
e e o o o o 0 [a
e e o o o o o O 1 8

0_5 1 o e o e o e e o o 05 O
e e eeee e 0.05 &

0 T 0
0 05 1 15 2 0
kNorth lﬁ\lor’[h

(a) Analytical r e(sbuelMFsr esul t s

Fi3220pt ikmklrenombi nati ons for mini mPM coggin

machi nb= Wilt8h
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25 Experimental Verification

The coggwageformeeof 12s8p amdlydlRsdr0e LCrPdtMo tm)
and measured to verify the FBMcosgsaafits. i ahd

respectively. Other key parTamadlteer s are the s

A dynamic tFe®Re4@al)atficrmsed to tlesdadtther duaek.
tebBée togging torque, the method proposed in
setup Fh@ws bllm i s worth mentioni ngueldgamal th
be read from tWwbehotheeptobaaoatsydpeead vderiy elno v
speed, the measured results are the super pos
the DCamdtobend to be affected@obgvohe phaséop
t he st atiisc upsleadt fioAsnt B hnew@Rr & bt) er t he st ator i s
t hfjemew chuck and a beam is fixed to the rotol
with a scalel Ibewiorwg itthe tthaursque of the rotor

the beam and act on the scale. The chuck anc
force acting on the scale can becarne ddei amddany
by removing the offset from the product of t

ar m.

Fig2mnki 3268 how the measured and FEM predicte
CPPM machinesl yrespekcudi ng back EMFs Ay ated
and coggindgi BdA qgyeFaa.BABnc) , the analytically
compared with the measured and FEM resul ts.
12s8p and 12s10p CPPM machwheesehaverilRi andt I6¢

anal ysis (t MNenglCM Geadveaeegir eement s have been

effectiveness of FEM. The slight difference
measur emEatthe ragoggitrhge tacmrad was ,cally predicted
the FEM and measured results, which confirms
reason for the errors is that the flux | eaka
t hatundeaement al order in cogging toMsguog of CF
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which is the same as obtained by the anal yt.i
number) i n one submachine where the value o
CPPM machine is 60, the same as that of SPM
3 slots (odd number) i n one submachine wher

CPPM machine is 12, di fferent from 24 for SP

To evaluate the working points for 12s8p and
machine are selected which represent stator
magnet, respectively. The maxi mumnué iTadtl e nisn
2.3. Based on the flux densities at these posi
in time at the -Fhagumuesva@&i @@sbowaBand) for

12s8p madhidp& c) a@d2§ d) for 12s10p machine, v
is 35WW300 and the magnet model i s N35. Cl e

both of these two machines.

l't is worthreeéuntiogioggghmag torque i s a good
torqgue ripples or onload torque ripples for

is the dominant torqulknowmpptleat WHowewvelpadt

frame cogging torqgue, reluctance and PM tor
considered for CPPM machines [Qi 22b]. One of
[ Qi 22b] .

(a) 12s8p and 12s10p stators



(b) 8 pole and 10 pole CPPM roto
Fi3g23Manufactured prototypes.

[Generator o

Torque
* | transducer

@Dynamest platform for-lbpasltitowgqqlachkvalk RF o;

2% Indexing table

Digital
gauge

(b) Static test platform for testin

Fig24Experi ment test rigs.
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TABLE23 Maxi mum Fl ux Densities for Five Posit
12s8p CPPM 12s10p CPPM
Aver age Aver age
Peak va Peak va
(T) (T)
Poi nt 1.62 0.98 1.61 0.98
Poi nt 1.54 1.12 1. 48 0. 77
Poi nt 1.23 1.04 1. 36 1.01
Point 0.53 0.52 0. 45 0. 35
Poi nt 0.72 0.65 0. 77 0.65
26 EffeMagoéti c Saturation
The i mpact of magnetic saturation can be div
saturation and | ocal magnetic saturation.
When the machine suffers from overall uni f
reluctanceiih iead to the am@diwhuideceh dweiclrle arses
in a | argerAtfhe ngamg tifmectthe flux | eakage
Therefore, this wildl i nevisot a bt gtgogriegsugel th airnmoan i
By setting t he groefl atriomme apse rlnPe0aObli,l i5t0y0, and 1
cogging torques obtained from FEM f@amcl28p
pobetch ratio offi 822 BAviedermtolwn, itnhe ampl i tu
cogging torques are changed for both machine
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When the machine suffers from | ocal magnet.
charact er icsotgigdsng t or que ha@G*dowarcise ssialtc ee a chhe
position. Because the magnetic saturation te
oAd oad saturation on cogging torque he hdelepl! vy
of the frozen permeability method, it was f
amplitude of cogging torque harmonics but al

content [Azal2].

However, the magnetdansiadearread iiom tnhee dde siog b e
magnetic saturation is wusually neglected in
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27 Summary

I n this chapter, a gener al anal ytical expres
and south poles as wel/l as pole shifting ha

CPPM and SPM maohitmes deBasoped anal ytical m

cogging torque in the machines with unequal
fundament al cogging torque order, are analy
mi ni mi zigqigndg hteorcqpyge are obtained, accounting
including the slot opening ratio, the rotor

torgues of CPPM and SPM machines wi&eh 9s8p
combinations are used for analyses as il |l ust
12s10p are measured to validate the FEM p

summari zed as foll ows:

1) When the north and southepowbdeiwwhdt h$ haye

machines or SPM machi nes, t he fundamM&samtda l co
p, whil e it i sNsarhgewBAeCM tbheet weemhi ne has equal
wi dt hs.

2) Even i f the noratrte a&mdiadqutals p owlheg wisdtthse
physically not identical, as is often the ¢

torque order iNanphe LCM bet ween

3) When there is an even bClNpreECdls, 2 oQns i n
the contrary, when there is anCKbpopdE@WNnber of
2p) /I 2.

4) It i's possible to minimize the cogging t

opening width, PM and iron pole widths.

5) Nort&®outh pole shifting is prone to chan
combinati ons. However, it is verified that t

torqgue under womewspeéebisfcompohati ons.
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6) The magmnhieom cwislat uaffect the harmonic ampl

peak to peak value of overal/l cogging torqgue

7) Al the conclusions obtained for CPPM anic
applied to other typesCPPM RPaM dmaccohivreenst,i osnuad h

with equal or unequal north and south pol es.
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CHAPTER 3
EFFECT OF POLE SHAPI NG ON TH
CHARACTERI STGARRE KACHI NES

It has been found in chapter 2 that although
PM andon pol e arlcoawd dttohrsguet hrei popnl e i s stil |

ri pples caused by armature reaction effect.

to the pole arc widths, the mdnwimllzaitnewi todb
the average torque. I n fact, in consequent p
to realize the | argest output torque with p
However, such apptredclhy scdrantdr diontoe il mpne s ed
common practice to adopt similar PM and iro
accoundifférerttme characteristics of PM and ir
to | argdeerevheanr noornigage ifm ukxheleasi ty. Thi s <c¢haj
met hod with a wvariable rotor profile and p

optimi z&eineni by AGdAci taiml vy, any optimizatio
Simul ated Annealing (SA), GA, and so on, <can
verify tHewawdl yssesa r andomf daepapr!cihe dneatsh oadn, a
t o s ollwibrad to mwtni npirzoab| ems wamdNSYS Maxkegt bt @d c
which makes it suitablTéhuand i donvse na ddorptt ietslo i b
demonstrated that for a fixed quantity of P
combi watihompti mal PM and iron pole arc spans
out put torque and | ower torque ripple when

demonstrates that since thRM fgalxe diesnts @ we ri me

magnetic potenti al produced by magnets whil
iron pol e, di fferent PM pole and iron pole
har monics in a CPPM machine andpeordoeqmaarmrtelsy
optimized and more conventional CPPM machine

on -sll2eptd 18 prototype motors.
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2022.
31 I ntroducti on
Commonly, the PM pole arc span of CPPM machi
conventional PM machine in an attempt to inc

the flux | eakage at sides of eacnhd mahgen eatd dii st |
materi al in this wider pole can | ead to on
commensurately trade favorably within the I
optimize the potenti al cosehnt savhngbi sfchdppe
are optimized to maximize output torque wit

i mposed fixed PM volume design constraint.

Anot her featMmacbdif nmanysCPRat unbal anced f 1 u
by the different nature of PM and ir-@gappol e:
field and hence induced EMF, and tend to | e;

turn contributing to increasbdl9bbrpati @f8cand

Rotor pole shaping is an ef-bedeéei veamkaEBFtba
and hence torque ripple. This technique has
been employed in variousMtmpebki oésmatctbi aeki e
ripple [Jah96] [ Wanld4al] [ Wanl4b] [ Wan1l9al] [V
machi neesnd paonlgel e optimi zati ogapWhREVYAGLO]indew
rotors [-LnilBedap aionCfthfuelregnt dARM and 1 ron pol e

been investigated.
However, the fundamentally different natures
into account in these previous design studie
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gownwerd | argely by the magnetic potenti al o f
governed-gbhy mhgnatrc reluctance. Therefore,

di fferent shapes for these twoceodievitderd. i s

Taking the spesclidpiodt¢8ec &P® MofmaahilRe as an exa
bet ween PM and iron poles for consequent pol

where the even order har moonbal ancdéd uxhavi &d

arrangement of this chapter is as follows: F
3.2. Then, the pole shaping methods wil/|l be
3. 3. I n sectiond3perfohemaRES anddecperi ment
compared. Finally, conclusions are highlight

32 Principles of Shaping in CPPM Machi

321 Ai-Gap Flux Density for CPPM Machines

The flux path under one pole pair is adopted
CPPM machines can be illustrated-gai sdpotwme i s
Figl Cleardap néei anrcan be divided into two
pole and that wunder the iron pol e. Supposin

l ami nations are quwf faippiremnxti Imatkhreilgh ttrheatt elde ias

reasonabl e assumption. Then, t he magnetic fi
definition, be obtained from:
Ol 6 Y'Y O (3.1)
O 6 Y'Y (3.2

wheBreganBl r@are the flux densitiesSiamgtare PMheol
correspondi Hg scthes coarcredsw st yheft magaiaess of
t he magneti c péjamiEdsbrie itthye orfo tao rReva@R I dnne f un.

the flux redaptwmmdcers RM and i r da sp otlhees , margensep

103



potenti aRpvciam oPteattare.ated as a constant value

PM pole Iron pole

magnet is considered to be the same as that
Stator
v Rews . Rion 0
: il :
Lo s
; Fr r
Rdtor

FigL | deatiaedpath of one pole pair

Il n pole shaping, onllLypatniddy aoy owi phofidéer 6 uoi

and can be expressed by harmonic series:

Thee 6 1 d— o Al o

o ] ] (34)

v Dee 0 | &— 0 Wwé w—

Vi
wh eAnea nAhcar e the amplitudes olLf@gpfsoirmattéhned ac m® nc @
anAlsanAcare the amplitudes olffi6fsoirm-ttdhned ac on® né @ m

Consequently, gape flrasgsuldteaarstit gi rdue to the r
expressed ag3lt@3k product of

. (@)="] 0]
|’|O
VY,
. (35)
o) -
P 0 0 Dee

Base@®@5ont he f ungamefnitweX dcdenmrsity i1 s derived i

thicknedscandhgndgux | eakage at the sides of
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constraint of a fixed quantity of PM and in
segment as a feature to reduce the fhaer | eal

slightly from that established in [Lil8b].

't can al s(B5preowieccens tdharnel ati onshg p baerntdveteme
rotor shape. As Ban@5ne sapp & eeMmavrddéopam beé ad

to larger flux density under two pol &®, whic
is in the nwmner atmon hwhidleewomi nator, which me
PM pole is driven by the magnetic potenti al

reluctance under the iron pole. Therefore, [
irpaoal e shapes, the flux densities under two
even order harmonics in spagiaal w®»ar wati omeol
di fferent PM pole and iron poharsoapes ame h

torqgue ripple.

322 Effect on EMF and Torque Performance

The-lwad, ciorpceuni t ,Usdoaarc kb &aMdFer i ved by:

: Q
BT
(3.6)
r 0 6 0Q0
wheyties the PMBftl uxi-¢aphkilgex r dtedn si tt reatctriosma |
area of toodgap Napgds dathet mainmbbierr of turns per ¢

The unbal anced positiveagpnd | ueg atdimsat thyea weafladtr
even order har moni cs, which will i n turn con

l inkage and hence the even order harmonics i

i n-gaipr can result in the monprrsed Ni dr uxf | e nkm
Further more, the dominant third order tor gqu
sinusoi dal current.
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As for the cogging torque, it has been cal cu

. “0 , | , €0 0 O 6 i &0 |
Y | —Q VU Y Y T + o + T o, oxw (37)
T €0 o O o WE &L |
wheMces the | east conmgeond mul ti ple between
0 06 00 (3.8)
Therefore, the cycle numberveosfeldt@elet rd cgmdi nagn g

conventional CPPMdgp, i swht bk mel di pFereht from
when there are odd number of sdlodpsdI8en CdPM s

machine as analyzed in this chapter.

Aprat fromlikbedspal e arc widths optimization
in chapter 2, decreasing tdgapamppg!l gttneceal 6fy f

reducing the cogging torque amplitude.

33 Proposed Optimization Met hod and Re

331 Propdoacel

I n order to optimize the rotor dimensions tc
al so reduci ngcAbasgdesmhapiphge, mat hod with vari
arc span hasThepnegiepl oymednce accurately, F
section and the GA3YpPphowms zersdilsematoipt eadf. t he
outer profialngds iofont ipowl B8 are different and

curves whichepassal tdisocgkte points wuniforml
pitch to form a smooth surface, noting. that

The key paramet er s f olra bBlIndeusieeo nhahceh if neeast uarree olfi

the rotor surface somet iRm&s waaxtcadnaa kest siheée s
gap |l ength smaller than 1limon dal laggadi @i nthersse
to rotor poles Bnd lan cofylcdmbewmrncdhsr ddi part of

poles can be removed by this operation.
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ASs

respeagiisvetilhye pol e
| engtlhvwi and he

P M

t hi

a Rd ss pare osft aiLkgos

ckness.

Fi®2 Proposed
107

shaping

met hod.

yze

posi:

Tab3leKey Design Parameters of Anal
Par ameter Val ue Uni t
Stator oute 100 mm
Stator inne 57 mm
Stator st ac 50 mm
Ai-gap 1 mm
Yoke widt 4. 2 mm
Toot h wid 8 mm
Rotor inner 36 mm
Magnet vol 14700 m n?
Remanence o 1. 2 T
Number of r 8 -
Number of s 12 -
Stator turn 46 -
Rated curt 10 Ap k
Rated spe 400 rpm
show@2 i f &kt ht peint in iron pole, the
— "Qp — ROy 6
¢u p (3.9)
Y D 0 Y Y O
wheNpogs the number of

gdanRidetevenli ntthé hlralahgp e
i poregerairrad



Similarl ¥t hapofot thePM pole, thedwmanndgghe and

and expressed by:

¢l p 81D

whedh®# s the pole arc span of PM pol e.

332 Determination of Poi nt Number for Defini |

Any integer number can be selected for the ni
smal | number of points wild.l inevitably affec
while | aoge poumbeasr wi | | causeptliaonndse eaanp utt @t f

into |l ocal optimumfiaedgtul tee €ansahplenmnluynbet ¢
and 7 points in h&l B3aproel ea ndanlcyasesdi.d hdwh!l i ng

opti mum, the GA optimization process is al w;
factor s, initial valuescoaddngatoabh& eobdnage s
results cant lsea mel dti tgaud ei. ntWhhen t he Pareto Fr
does not move, the rkegpt it sTihzea do.pbte ntirzesat tireodm arsc
om computer mwi-Wlh3 5 nGRU aXnedo 16 @B wmemo rtya,k evsh iac
one week fomMheadch memodaln dPpecicadluicernt oovo mhwet

optimization goal being maxi mum torque only
the optimizationFirgdanit&watd shewn orrmque per
opti mi zed modreil®s, -croemsppdercetd hicenl lyd Bedsmmbed. t hat
3.6, Pareto fromtieen hawhigdlveiss opti mal feasi bl
torque and torque ripple, liBi&sedttosfrchdanodu
torqgue ripples and average torques for the

same, whi ch means t WNast4 baontdN,swWihteha mo t.e | Fsoerlie € b

accuNaxEFdy, s chosen for example in this chapte
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(apo2nts in half pole

(bpodnts in half pole

(© ploints in half pol e
Fi 3 Model s with different point
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Fi 35 Opti mizati on
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333 Optimizati on

The stator parameters are kept constant for
parameters for thdad3leda®ha me spcalsep anrsshbed bpDpt
to obtain the opti mal model . Since the cont.
torque is very modlg=sOt cionmn ttrhoed s es tmaact heignye si,s aanp
resul ts arfki 7 hHisg8r aA edonwenti ona?t( eSPeM trroitcoarl
pol e arc sparmiBs(a)l.l et rgaitredpli acing the alt
machines with iron pol es, the conventional 4
obtained, which serves &bs87 buyseflunl tbha sse lpianret
which is designated as CPM1, the PM pole an
magnet volume is exactly half of that of t he
magnet as r@MMIp,oltehearic Bip@&8 ai)s d mt iombitzaeédr, t h
out put torgbBe87dsc)showhn cihn i s degiogmat edtas nG
same circular outer profile on each pole wit
reali zed by a corresponding reduction in the
variable pole arc andzeadl ¢ oshdpiang BPMS8| wi $ |
maxi mum torque only, and CPM4 with maxi mum t
The blue pdii®8b) sanpdn(ch are sel ectkidg7and t h
(d) and (e), respectively.

(a) SPM (b) CPM1
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Fi 38 Opti mi zation results.

It can be seen that when odégi gheaPMiavesi s h

output torque and has a | arger( éIMe atrrci csgla)n. |

al so observed in [Li1l8b].

However, when introducing the flux gap at t

reduce etahkea gfel,uxt he opti mum pole arc ratio teil
Fig8(b) for CPM3. 1t is evident that for CPM
of maxi mum tor que, the optimized PM pole ar.
CPM1, buvergmaiose to the pole pitch. Me an wl

to only a modest degree of shaping of the PM
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For CPM4, which is optimized for maxiipmulme .t or
the PM pole arc and iron pole arc have al mos

Because -gami fhuxadensity distributions wunder

order harmoni cs, resul ti md yi nbel caw hti eerveewe bryi g
PM pole arc and iron pol e. Furthermore, as n
pole is governed by the magnetic potenti al

reluctance under thesiingonhpol @, fiferieesat uP§up,)
are required to achieve a | ow torque ripple
profile of CPM4 inevitabdagp |lleardgt i ot marnd aCRM3
the reducuat putFii t§8ir g uex peact ed.

334 Torque Performance Compari son

As one of the-loadpooengque of pphe, the | ower c
lower torque ripple. Apart from the rotor si
cogging torque [ZhuOO] [ZhuO9a]. But only th
It i s expected that the numkdroronf i oy @alne | @fct1

for the -ahapdlB8e dCRARPM machine is 3, while it

seenFii@@andab32 For CP M4, a | ower cogging t
suppressing the amplitudes of harmonics in f
torque fTeracCPdMdady small enough, i tl oiasd ntootr gaune

ripple further by adjusting the sl ot opening

The rated torque performanceslhafbd3ranBlnligy zed m
where tofMqguyuiase rtilpeplreati o of peak to Tpwwaakd t or g

PM util i Hravit s ochefrianead as the torque per uni-t

- Y To (311}

wheVrgi s the magnet vol ume.
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Clearly, CPM3 has the | argest output torque
gap i n the rotor and rgealpatlievnegtyh ,h s nmahlilcehr ceagnu
|l eakage and i mprove tawerfdge tdeerngud yi.s Ad malolu
machines in comparison with the SPM, they a

rati os.

The-load torque ripple for CPM4 is the smalle
from the momalclserofharl ux density for CPM4, e ¢
har monics, which | eads to the smaller odd nu
ripples Bs@lsthm)w.n litn i s worth mentiTemnomgi sthat
of three componentTsy P®#®I 8&g tT b aaenido acroggigel gnuge t o
[ Li u0O5] [ Chu9n8]PM MtamrlPuag .r iBppl e and reluctan
to the 3rd order total torque ripple. Consedq
the back EMF can only eliminate the 3rd orde

3rodr der torque ripple is stildl evident .
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0-
(b) Spectra
Fi 8. Cogging torque.
Tab32eCogging Torque of Analyzed Mach
Mac hi SPM CPM1 CPM2 CP M3 CP M4
Tcog MNmM 988 613 1166 653 164
Tab33eTor Rup wlfeAnal yzed Machines
Mac hi SPM CP M1 CPM2 CPM3 CP M4
Tavg Nm) 6. 7 5. 44 5.61 5.83 5.45

dp m( N m?9) 228PFP1 370PFP1 381PF1 397PF1 373PF1

Tri pb1%) 24.9 38. 2 47 .1 37.9 16. 4
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(b) Spectra

Fi3gLORated torque.

Frorm®ll it can be seen that CPM4 can achi ev:
wor king conditions. It is also clear that CP
under ocvoenrdlicta do n , the output torque of CP M4

mainly results fromaphlkehgrheduequovahenpohe

The variation of average tFOrgda@el wi chncber ¢ot

only CPM1 has a relatively obvious i mpr ovemg
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ess than 0. 08Nm. It is clear
all the machines, whofhxi s
2 i CPM1 180
i —+—CPM2
20 - S CPM3 —o=fAT 150
. | CPM4 === - S
= g - - 120 o
< 15 - : - Torque =
@ | % §=?
= L P 90 &
S 10 A i o
= B e S - 60 T
Y e 5
] =
5 : Yl
' Torque Ripple
o II 1 1 1 1 1 1 0
0 10 20 30 40 50 60 70 80
Current (A)
Fi®lL1Torque performance u
8
7_
6_ P sl oY
~ 4
S 3 - —%— SPM
[ CPM1
2 1 —+— CPM2
Y AL CPM3
CPM4
0 1 1 1 1
-90 -60 -30 0 30 60 90

3.4

The-l nad
FEM and
for key

contribugeohoofQuee

Current Angle (Elec. Deg.)

Fi®lL2Variati on

Resul ts

-aaoddoperformaocobesesfatbeaeral yzed

of

FEM and

experiments
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341 FEM Anal ysi s
3411 0peti rcuit Flux Density Distribution

Neglecting the slotoapgening densittayodiapt hebao

periphery for all/l the CPPM maé€hBhal degi whs h:
the corresponding harmonic spectra. I n comp:
CPM4 can reduce the even order harmonics 1in

domi nant 8th and 16th oedeti hat moaf cshewpraocp
met hod model . It is worth noting that the an
hi ghest, which contributes to the highest ou

source of t he i St b acrkd eErMFh avri rhd n ino t contri but e

15 :

—s— SPM -CPM1 —+— CPM2
----- CPM3 - CPM4

15 1 1 1 1 1
0 60 120 180 240 300 360
Rotor Position (Mech. Deg.)
(a) Wavefor ms
15
&= SPM
ECPM1
1 1 aCPM2
E = Even order @ CPM3
= .
S5 harmonics 85 CPM4
0.5 1
0

(b) Spectra

Fi L3 Ai-gap flux density.
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3412 Axi al FIl ux Leakage

For CPPM rotors, the wunipolar magnets in th
axi al end shaft flux | eakage, while that for
resulted from bipolar magnexksainfihe teb@dage
by 3D FEM and the end shaft flux density v
condition Fargea4s howhntsh aatb vtilopawsend shaft flux d
i's extremely smal/l, whil e that of CPPM machi

that CPM4 has the |l argest axial flux | eakage

thegapxfpath so that | argomer willdx |reeldu cttoa nhciec
|l eakage.
Radial flux densities of the end shaft surfa

il 1l ustFi @12 dObwni ously, SPM machine can achi ev
for CPPM machines are wunipol ar which wil |

components. This canstbheggeor eece dr dotyp twisd hig @atxu ra

Wector Plot : T
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(a) SPM
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(d) CPM3 (e) CPM4

Fig®L4Openi rcuit flux density vectors o

(a) SPM
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