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Research of Air-gap Magnetic Field in Contra-rotating PM Motor with Different Magnetization Manners
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Abstract : Based on the effects of magnetization of permanent magnet( PM) on the magnetic field distribution, an analytical method was
presented to solve the slotted air-gap of a surface PM contra-rotating motor( CRM) with three common types of magnetization field pat-
terns, Radial, Parallel and Halbach magnetization. This analytical method is very effective for forecasting the magnetic field distribu-
tion and in agreement with the results of finite-element simulations. According to the analysis of the differences between the fields of the
machine with different magnetizations, the accurate 2D finite-element analysis model was established in both internal and external rotor
CRM. The testing and simulation results showed that the external rotor CRM with radial magnetization has a greater flux density and
trapezoidal wave which is suitable for brushless DC motor, and the internal rotor CRM with parallel magnetization can improve the sinu-
soidal waveform distribution and has a greater flux density. The air-gap flux density of Halbach magnet motor has the most sinusoidal
waveform distribution which demonstrates that Halbach magnet is suitable for multi-polar PM motor.

Key words:radial magnetization ; parallel magnetization ; halbach magnetization ; contra-rotating PM motor ; air-gap flux density

X KRR AL N AN T AR IS O SR IR e, BRI AR A Bkt s HLMERE AT RCR
PN F 17 ERVINIDIE S <0/ il L Bt A L A ARG 2 W AL RE R R R 2 —, &
()RR P 2 e FRR AT LR S PR RE X T B MR R BRRE  A J F HLBE  EEE
XPFAEDE R GBCR SUE AR AR A G E.  BR . RG340 A 55 LBt 1 22 31
FUR, WA ) ST SR AR I e AT EE 380K A R TR B RRME T3 B DX A R I DX 4k
I Halbach ffA , b3k 3 e 7y BEATX HUAT TS, 45RES% (BT AL B A2 5 2%, 1B A R g A7 12 ik
AT CE BTSSR AT RE NI B R KBRS TSR R BRGS0 , ELAS RO MR , £
RLERD BRI Al A LR BE AL AL FR LSS T T

IR 1382013 06 - 18 FUATERIE A TSR

SRBY 4 T I H ) (2011GZ013) SRR B HLPERE RS A 51
YEB R ZEUETF(1983—) 5B {H2. BF9E07 16 To Rl 007 o R FERATAT SR FBLIERE RSO , B XT L I)

LK HA5 . E-mail ; liyansheng@ aliyun. com *ﬁ Halbach ﬁZZZMSEEHL E’Jﬁﬁ%ﬁ?ﬁo iﬁk [ 4 -5 J %FH



514

ABRIGIEE KBTS T I8 T80 19 Halbach BRI AL
FEWRFEHL I . SCHRL 6 1R AT BROTIE 00T 1T 3
M FeHs 7 A ok LR S (R # AT 7
LTINS SCHRLT LRI i it OBt -
A R, A 2205 1B A RS ) 7 o 1A M8 ) 52
Wi, AR A R SRR AE—RE 22 . SCHK(8 -9 ]
e T RTS8, R 3 BRI L 1 5 PR, 2 R R
RESN BRGSO AR 18] o3 B, Toik DD ) o, ST
WKL 10 Uit L% — oo BUBHE IR D7 R O A, 48t —
Fol BT 5 BB G oS B4R o) SRR P P LB
W B AT 7k 207 VR T SRR B 69 U 1) o3
o SCRRL TR A SCRR[10 ] B9 J5 #0F 58 T Halbach
RUK G r ML BRGS0

VEEALE ST HoAs 1) SEfl P17 SE G A Halbach
AR Ao B2 oA K6 b, 3R T — MR T AR
BT PRSNGSRS MR BT X F
PUBRRES I IR RSE R AT ik A FROGEE
FRESSIISE T AR FERE 7 2T N SR BERR 2 Fhoor i
R A, W T 3 Aloers 7 XrE G

1 3 MEgER TR

78 1) 700 S 418 0 A A T 1) W 2 A8 1) P 1)
A, w15 JE L 25 A Ak 7 e A BE AR ] 5 AT SR 2
FEWENREALTT 1P AT FRESN 02, Hodr e Ze i
ATy ) BE 5 4% ) S8 04 AH 4, 4 TR 300 SE 3 0
Halbach # {4 (%) 6 50 B 4% th Z2 He 4L, sk se il Ty
ARIE] 3 FpREIARZE R anSCERI6 T 1 R,
TG RIREACTR R 1t MLERR A BRI 3RoR A «
M=M +M, (1)
Aorf, M,FT M, Rt A B 2R i (AR ] D[] i o
HRHE 3 Fh ey =B KRR RE AL 4340, AT 1 %)
B # A5 B i A2 1) RN DT 1) 3 it FH R B 2
L1 5351 R G A4 1) FERE AT FEmE AR 3 Bk
{41 Halbach & {ABS G (058 BEAR ) BN ) 34k
XoF K TG AR 1 A 5 BE A ) AUTD ) 3 1 946 4T Fou-
rier PRI, Al A5,

{M, = 2 M, cos(npd) ,
n=1,3,5,
N (2)
My = % M,sin(np6)
n=1,3,5
orp AR 10 FEREET Fourier 2550435114 «
4B nmo
M - r . m

M(‘?n = 0

ZEIETY 55 AN [E) T m Ty = T i i R R LB R S M RE I 5T 141
M. M04
g 9
-2p 0 w2y 3n/2p -2p O]  w/2p 3n/2p
() 0m) 7e b
M, M4
T : 9 _B n/2p 4
-/2p 0 n/2U7’:/2p -2p () 3n/2p
(b) VAT 75 H

‘\ ‘
-2p 0 H/Zv&'r&p -2p 0

(c)Halbach i1k

n2p J/‘ .
U 3n/2p

1 FAREFE#AXRELEENZ@MYESE
Fig. 1 Component waveforms of PM with different
magnetizations

K, B, MK AT, wo WEAHESR, o, Ft
IAREL, FATICHEI Fourier RE73510 -

B
{Mm = Jam(Aln + AZn) ’

Mo 4

B, (4)
MGn = 7am(A]n - AZn)

M

0

KR4, =sin[(np +1) ?]/(np +1) Trzip'";

. T, ™oL, .
h = {S‘“[("p BRI
I, np =1,
Halbach fg{& | Fourier 2% 514 .

M, = Biﬁin(cb) +sin(3¢ +B) —sin(d +B) N
Mo T np +1

sin(g) +sin(3¢p - B) - sin(ep -B>]
np — 1 ’

:ggﬁm@m+ﬂmm¢+ﬂ)—ﬁm¢+ﬁ>_

M
T np + 1

sin(g) +sin(3¢p —B) - sin(ep -B)]
np — 1

(5)
KfL 2% p = (np +1) %am,go = (np - 1) %amo

2 X KHRNSRRIAETIEE

R X 7 v AL Th A S G SR B G &R
SRR IX I Y Laplace J7 72 FlKCRE A4 X 3 (1)
Y Possion )7 2" , T 45 B S B G 373 00 A0 AT 2 3k



142 PO A2 4l (R i)

5546 &

=, HAR W 5 Y] 43553000
B, = 2 K(n)f,(r)cos(nph) ,
,,=1,i,5,»-< (6)
Z K(n)f,(r)sin(np@)

n=1,3,5-

B, =
A
Hoap = LI, REK(n) f, (r) Flfy (r) 5390000«

@) e g) ) m (%)
2u p +1 N s -1 N\’ 2’
- 1R ()]
[i(r) =1+ (R/P)f(r) ==1+(R/)7,
Honp # LI, RZEK(n) f, (r) ML) BHUE
H X K R TR LI FR AL R 25 A8 D, B
FIRALS R DO INES (G IDSE
M, np

K(n) =% mp
) = Gy <1

0. a5 e (8]

SR
fl(r) _ (];S)np—l (RRr:)m

w0 == () )

IR S - X e ALY R BM
_MOM np
Mo ( p) 1

X

np+1

p+1

(R'n)n
+ .
.

K(n) =

T+ 1)

2np 2np

r “1—“;;1[(,’:;) (%)
fo = ) T

o == (B ()

Hrr, pw, R BERABNI G 25, R, NEFHME R,
W AN R, WG TN, RECM, = M, +
npM,, ,Q, MREANEY FERE )T XsE . T Halbach @
TR 3 VAT FR s 0 /K BGRB[G4k 7 ) §F 123
AL, T LA Q, "R A

np, FEIA S 5

s (np - )% + ! , “‘FATFeHEA Halbach RZ{4
np Mn np
(7)

3 AEXEE KB SEREIA TR

XA R K R, HE AR N B T
SIAERS T AE o o 1 7 S A A e R o
BT REAL Jg JOFRAE R B4 ) I R, 40 2 (a) Bz S
ST JCRRA TR, 1 ~ 6 AR JA] LA, Al 1T B
ﬁ;&ﬁﬂ‘ﬁﬂ VL, O, SEREEE A, 60, SR R, 0, S L

e it 4 FhORMAAS L R ORI TR A o K
bﬁ?%ﬁ@ﬁﬂ AAE 2(b) PR

(@S BERMERT

\\,

)

R

S

(b)K Sk AR Y

2 AREALIRRREEEE
Fig.2 Slot opening in the S and K plane

15 4 PR AR, Z W T A dedn &, H
SN
s =¢€,
z =j&[ln 1+gq —lnb+q -
1T 1-g¢ b-q

blarctan/j] +1In(R)) +j6,, (8)

2

= i Cln(w) +In(R) +j 2,
o ° 2

kE=c¢e
2, A bR R AR IR Z T S A S B R ¢
= Jw—blw=a,b =2 + /(b2 +1] ,
a=1/b,by =6, -6,,8 =In(R/R,),

To A K RGBS RE S, BDFE K B80T B, 1Y
R AE SIS W

B, = B, + B, (9)
W 4 AR AR, 15 BT AR F LAY SR
% B, H:



ASAETF 45 AR R SR 2R AR BL R B P RE S 143

$1
_ ok Ik 9t dw 9z "
B“_B"<as) "Bk(azaw 0z 83) (10)
B () RAF(10) i TH1E.
k w—1 *
B =B\ =B, |—————| (11)
‘ ' k[s /w-a /w—b]

A, AT = A, + A, N BCRBE T R R, SR
R P T IO B 8 O A2 1) AT )

Xt A BB T R R A T A L O, T AR
B AN S B = R AT A

Ao = Ao + D A,c08(nQ.6),
{ n=1 (12)

N
Ay = Y A,sin(nQ.0)
n=1

K, Q. AHEMUEE, A, A E I 2R %L
ZEAEC(6) AN (11, A Fl X e i R F LB
2 B 1) RN D] ] 43 RT3
B, = Re(B,A*) = BA, +B,A,,
{Bsﬁ =Im(B,A") = B,A, - B,

4 BIRENIOTE

KT B R AT ALY (9 IE A, ST 3 RGO
T N SRR 5~ X6 Bt 73 i v BIL R 0 35 1) i
By  AHCSE R 1 s, B TR iRAa R, HE
UE N KRGS - X i R BIL Y S AT S

x1 HNEESH

(13)

Tab.1 Parameters of prototype
5 PR GRS FRETY SN K REAR A
WA e
AT EL 2 2
R %k 0.85 0.85
KB 752/ mm 67.2 110
KRGS T A2/ mm 26 85
HLAX M/ mm 130 81.8
HLAX P 42/ mm 70.4 22.2
TR AR EE B/ mm 5 5
PR/ mm 1.6 1.6
Bt K E/mm 65 65
5 0, 24 24
1583/ mm 2 2

B3 2 a0 (12) 5K AT 1 XN B BB &
PR SRR MRS . P 4 J2 i3 (9) SR AN TR 7E
Jr AN O XL R4S - = (R/R,) /2 4k
(R A 1) AT i)

1.25 03
_110 L 8%
~ < 0.
oos[TTTVTVVTVT & 08
¥ 0.80 # 01
0.65 .02
0.5 -0.3
0 30 60 ?0 120 150 180 30 60 90 120150 180
FAEE /(%) FEE /()
(a) 4, (b) KA,

B3 | NBRTEHNSEESTIHS T
Fig.3 Component part of complex relative air-gap perme-
ance in a pair pole

1.0—— — 03
£ 06 E 0.2
= 0.1
g 02 o
R . R
IE 0.2 = 0.1
& 0.6 R 02
Ao 03 ..
30 60 90 120 150 180 307 60 90 120 150 180
1% /() » FRE ()
() #2217 74,
1.0 03
£ 06 § 0.2
= 0.1
gl 0.2 e 0
R R
=02 S 0
¥ -0.6 B .02
) A ———— 03
0 30 60 90 120 150 180 30 60 90 120 150 180
FAEE /(%) R I(C°)
(b) VAT 7
10— 0.3
£ 06 g 02
a Q0.1
g 02 o,
R 02 K
= = -0.1
& -06 = .02
) SR o S 0.3
0 30 60 90 120 150 180 0 30 60 90 120 150 180
AR /(%) FAEE /(%)
(c)Halbach {4

4 AEFEHAXNTEENEBNSERE ST
Fig.4 Radial and tangential component waveforms of the
flux density in the middle of the air-gap of a slotless

surface PM motor with different magnetizations

it 3 (13 ) R JoAE i AL R 2 5 S B
i REORSRe , 45 2 AN [7) 78 1 7 3 A ) e R L
BRG] [ 3 i o A AL S R

N T X FESR AT SRE A FROCIA T B R o 46
R FIABOEIE L ER A A Ky, T i (14) 75

(B,)*
(14)

b, B, B AE m) J0R ( BE IR EL, B, W n
YU R (L.

R 2 SRR FI7 A N K RE R e B L
3 FhFem 77 3T A BB 2 A 1] 7 1) M {EL A
38 A R g



144 PR 2z 2= (TR RR) 546 5
i, Lop WL ey o 8; P = AT WG BT, 43 5 EE ST AN [R) F8 007 1) 1 2 Fhoxd i e LA
SO0 s 3 S b e WA, BRI 5 AT SR Halbach 4R
s ‘ T oA S L HLRES A S0 . T 6 R T SR S AR
= = -0.11" * N . N N N
€06 e = o T X AILTE 3 A Ferd Jy s B RE S RE S 260 Ai o
g0l v 03 . . — A e
30 60 90 120 150 180 30 60 90 120 150 180 Z ﬂ N\ > 7
FIE /) . FIE ) \\\{\!/ ,
(a) 1217 76 b XN
10 AT 031 itk =41 i }= %& =
Vhpe —EIT A —MENTIL =T IRGIA ‘ S\r= )
Sosl N~ 1] 302 G NS
R-02 . ] <§ o ! ) \\2
G060 Ny aaf = 02 (a) 1 7S _
-1.0, i 03 A ==
0 30 60 90 120150180 30 60 90 120150 180
1l /%) - FaF /(%) \ (/@
(b) FAT Sl )\ R
1.0 —————— ))
o MR M TG =D
206 =tk A s .
02\, £ S 0 i
I ' = oMV [MAL
= 0.6 = -0.1p o - >
& R-02 (c)Halbach fif
%3060 90 20130180 00730 60 90 120 130 180 ) . ‘
FHRE /(%) MBS /%) B o6 WNkEEEFBIEI MREAR#ENESH
(c)Halbach fii{A Fig.6 Magnetic field distribution of internal rotor mo-

BS5 BTEMBERITERBEENEBINERRE T
FRTHSEEES MR
Fig.5 Radial and tangential component waveforms of the
flux density in the middle of the air-gap of a slot-
ted surface PM motor obtained by analytical and
FEA method with different magnetizations
®2 AEAZEARTETEMBERTETESEE-ER
E5ERERIEEMR TR
Tab.2 Comparison of the value of radial component wave-
forms of the flux density obtained by analytical and
FEA method with different magnetizations

SRAE Tk FeREA HEPRE/T mEAER
2 ) FE R 0.925 0.266

I TH=RTS AT 0.939 0.178
Halbach 0.882 0. 166

2 ) FERE 0.917 0.272

HRITH: AT SR 0.955 0.176
Halbach 0.862 0.171

2R S5 RITEA L TR T A 5
PR AEAR 1) FERENT A 22 0. 9% , A7 78 Wk I AH 22
1.7% ,Halbach REFRIAH2E 2. 3% 5 T A AR 3 43
BIAHZE 2.2% 1. 1% F12.9% , W] W, A0 E it
BN FEhE 7 T A BR R AR ) 1 S A
A PRITHE T 45 SR 2T A T .

5 FERET X KRN SREEZ BRI
TRAUE N SR GRS X e L 2 A RO kg

tor with three different magnetizations

\_‘
(c)Halbach # 1%

7 ANKEMERFEYE S MAMARXE#E ALY
Fig.7 Magnetic field distribution of external rotor mo-
tor with three different magnetizations

6 B < B X KRG S 1 X e HLBIL, A2 1) 72
GG NG PR A1 ) N T R AR 2 A5 N, TR AR 1
DO RE K 2 TR s T4 T FERERE R 335 W 45
Vi ; Halbach 1 1A % %% F5c 34 50, 0350 WG 165 A B s o
R [ Wl i 745 ) 8 0 ) e K, P47 F8 B IR 22, Hal-
bach BEAR /o

BT R B X AP KRG S 1 X e UL, A2 1) 72
TS W A R %% PR A ) N AR A0 3 N, FR AR 5
R R P Y R AN el LA N I B SN



514

ASAETF 45 AR R SR 2R AR BL R B P RE S 145

/I s Halbach 814 (4 7K AR B~ 0 3 1 ik o g SRS
I H AR s e/ o

P 8 3l R F A AT Sk T N MK i AR e
TR AL B R A 1] 8 0 A1 B A U I

Xt o
1.0 T T T - —
0.8 %% AAAA 1R[R) 7R @
0.6r" % ocooo VAT 4 1
8421 ﬁpﬁ oooooo Halbach 'A'.éug& 1
= e Y B
S oo i
-0.2r & i) m;.f
i By o
0.6} £ i h oh
-0.8F T
-1.0 L L 8 L L
’ 30 60 90 120 150 180
FAEE/(°)
(@) PN KRG PR -] 2 FRLL A BRI 25 428 1) ) ik
1.0
wi% [ 7uhh w47 7/~ Halbach
0.8
= 0.6
£
E 047
“ Mk
1 3 5 7 9 11 13 15
IR AL n
(b) P AR AR T AL A B AL 2 8 i 15 o
NN L Byl
! 0000 VAT M
r oooooo Halbach
10 : : : . .
0 30 60 90 120 150 180
FAEE /(%)
() ARG T~ FAML A BRRE 25 478 7] ) ik
1.01
27 78 il w 4T 5 1 m Halbach
0.8
£ 0671
E 047
0271
0+

13 5 7 9 11 13 15
WHBREL n
(d) AP LA T RONL R E5 1E 1%
E8 ARFEHANA SN KEEEEFRENSIEEE ST
Fig.8 Comparison of the radial component of air-gap
flux density in PM motor with different magnet-
izations

%3 JEAT XA 8 AR SERE T AT AR
DRI~ o Bl P ML B G 2R 7 1) 3 ) i M 1 1 W

AR
R3 TRFEAX TR IR FERISE#ZES
i IR A I R X b
Tab.3 Comparison of the value of radial component wave-
forms of the flux density of internal and external
rotor motor with different magnetizations

LML FemErE BEUEMEE/ T AR
12 1m) FE R 0.925 0.266
AR S
VAT A 0.939 0.178
wpempL O
Halbach 0.882 0.166
12 1m) FE 0.729 0.363
SRR T
FAT 0.662 0.314
S L i
Halbach 0.693 0.207

e 3 R AR N AR R ARG X AL, S A )
FEREAR L, SPAT SRR A SR D IRAE AR = T 1. 5% , Hal-
bach BEIARIE/INT 4. 6% 5 47 FoRERT I Y B g A8 23
Wi/ 33. 1% , Halbach @K W/N T 37. 6% o X T-4h
TR A X B b, S48 [ FERE AT LL, P4 T FRRG A
HP IR /N T 9. 2% , Halbach BEAIS/NT 4.9% ;
VAT FE R e U 1) W AR SR8 /IN 13. 5% , Halbach 7
KU/ T 43% .

AT UL, PN R R AR - Xt B AL R FH VA7 7 i It
T B s e K, A7 I W AR 2 = o) P rL MR R AR 1) 72
TE AR A5 0K ) 1 % W AL, 17 Halbach % {4 32 21 74 4%
OrHOBCR L LR B 2 S R /N, 2 FhE
TFHEFXF AL 5 ) 70 0 S Bt s 28 D T W A
RIK, PATFRREK 2, Halbach 2/,

6 & it

P T T R BB S pR O A K RE AR
RGN TG AA 3 5 % H K v HILAE AR 1] - AT N
Halbach B4 T BB 00T SR . 3T R
WS 1 3 Fh gy 20 2 BhaS X e i LR 300 A
AR, 15 LT 458

U) b3k 55 3 Fhse g I A OB A
T A i) 233 o0 A S FROGIESE R A% E A,
Je— M R ALBET AT B AL R RE 00 A RO0T
%o

2) ST REAR B 5 b g o s AL AL e AR 1) S0 T
WERED AT T 77 35 A BB 4, SREAS B 80 s 9 1l
(L 5 PN R BE A 0T B T G PR BL I %47 T8
BE R H8 fo “B  1A) IE 5 O A AR, B AR B
i 8 WAL ; Halbach AR F) /< B % 8 L IR (LA /)N
WEIE 5% o AR e, W I /N



146 PO A2 4l (R i)

5546 &

PR, Ve B A9 FERE 53X 0T 38 0347 4 B 7

RE 4 i N AN KRG 1 X LR g MR o

B2k

(1A 754, THEdE. Kb e asitie (s i) [M]. P54
PEIL Al R i it , 2005 .8 - 12.

[2]Zhu Deming, Yan Yangguang. Two different magnetization
manners in surface-mounted permanent magnet machine
[J]. Journal of Nanjing University of Aeronautics & Astro-
nautics ,2006,38(3) :304 —306. [ AL , =015, el =
KGR PR FER T[] B AR A A R R 2244,
2006,38(3) :304 —306. ]

[3]Shen Jianxin, Fei Weizhong, Chen Ligen. Influence of air gap
field distribution and surface PM magnetization in brushless
DC motors [ J ]. Small & Special Electrical Machines, 2006
(6):7 -9. [ VLaH, Pefhirh , BRAIR. BRREZBOE Sl
FUFERE T 20 JC R B R S AL PR RE RS [T ] SRR
H1,2006(6) :7 -9. ]

[4] Xu Pengfei, LI Tiecai. Simulation of new type of passive
magnetic bearing using Halbach magnetic field[ J]. Electric
Machines and Control,2007,11(5) :538 —539. [ % &5,
A K Halbach 37 i 5 B 0% sh g s 5 5 [T ]
B LS ] 2547 ,2007 ,11(5) :538 —539. ]

[5]Xu Yanliang, Yao Fuan,Pang Jiancheng. Halbach array per-
manent magnet machine and performance comparison with
the normal array one ( I )—Halbach array structure and
comparison of different magnet array machines[ J]. Transac-
tions of China Electrotechnical Society,2004,19 (2):79 -
82. [ #RAiFE, WA %, b5 7 AL Halbach i {4 45 #4 Ha 3 4L
L ARG R S5 A v shALAY L Ae i 5 ( 1) ——Ré Ak
M RA SRS OB XS LUAF SR [T ], B THOR
#%,2004,19(2) .79 - 82. ]

[6]Li Yansheng, Dou Manfeng, Zhao Dongdong. Analytical mag-

netic field of magnetization manners in surface-mounted PM

motor[ J ]. Electric Machines and Control ,2011,15(12) ;27
=31 [ZRET), Sl , XA A EN ST RE Jr = R =X
JKEEHRALRE S w43 A ()] AL S %4k, 2011, 15
(12):27 -31.]

[7]1Zhu Z Q,Howe D. Instantaneous magnetic field distribution
in brushless permanent magnet dc motors, Part III ; Effect of
stator slotting[ J ]. IEEE Transactions on Magnetics,1993,29
(1):143 - 151.

[8] Wang Xinghua, Li Qingfu, Wang Shuhong. Analytical cula-
tion of cogging torque in brushless DC motor[ J]. Proceed-
ings of the CSEE,2002,22(10) ;104 - 108. [ T 2448, i IR
e, B K% TC I B B REL A A A At A 7
I i ER YL TARAEH ,2002,22(10) :104 - 108. ]

[9] Wang Xinghua, Li Qingfu, Wang Shuhong. Analytical cula-
tion of no-load air-gap magnetic field and back electromotive
force in brushless DC motor[ J]. Proceedings of the CSEE,
2003,23(3) :126 - 130. [ 2448, Jil KF , T HE 8. sk
TC B H AL RSB 37 RN SR 4R S v B e BT B
[J]. PE LT FE247,2003,23(3) :126 - 130. ]

[10]Li Yansheng, Dou Manfeng, Fan Xin. Analytical calculation
of air gap magnetic field and cogging torque in surface-
mounted PM motor[ J]. Small & Special Electrical Machine,
2012,40(12) :9 - 15. [ Z=4E T}, SE 0, B 4. R M=k
WDV G 7 B R e JE e i S [T ] IR s L,
2012,40(12) ;9 -15. ]

[11]Li Yansheng, Dou Manfeng, Zhang Chunlei. Analytical cal-
culation of air gap magnetic field for Halbach array PM mo-
tor[ J]. Micromotors, 2013 ,46 (3) ;6 - 13. [ Z= % F}, 553
W , 5K 4575 Halbach #LR% A9 1) 7K 1% HL ML S B G 0 e
)], EHL,2013,46(3) :6 —13. ]

(g & #5)



