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Study on the Method to Reduce the Cogging Torque of
Power Adaptive Motor *
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(1. School of Mechanical Engineering, Hebei University of Technology, Tianjin 300000, China;
2. Department of Electrical and Mechanical Engineering, Tangshan University, Tangshan 063000, China)

Abstract: In order to reduce the cogging torque, improve the motor power output performance, put forward a
method of matching pole arc coefficient of the adjacent pole. Used the Maxwell stress tensor method and Fourier
decomposition solve the cogging torque analytical model of the power adaptive motor, and combined the different pole
arc coefficients, analysis results showed that the reducing of cogging torque was about 35% . Then, unequal pole arc
coefficients were globally optimized by the global optimization algorithm, showed that the cogging torque was further
optimized. Finally, the prototype was produced on the basis of the results of theoretical research and given a prototype
test, the results showed that: compared to the cogging torque measured data and the results of optimization, the
overall error was about 5% , and the overall trend curve matches the optimization. Therefore, in this paper the method
of weakening cogging torque of the power adaptive motor was effective and feasible.

Key words: power adaptive motor; cogging torque; weakening method; prototype test

0 7 = ARl A O 5 R R ARG S A B P 7 2 [ )
a 5T b R AR P R A T S

i HE A B AU AR A ) B AL JEAY AEL AL 7 A M s R 30, T 2 0 2 e 2 4 v
Rl VoD NG R TR R R ) R S D S RV SO VIN DL U o 2 R A - L R R (U E R
AVBT RIS AL, AL EROE ] TR PR R AR ETE R R, DN A 80 3 Ak
RN E R S A LR R AR LA — Bl SR R 1R 3 P T L L M R LA

w LI E S A SRR AL G T H (51605135) s REITRHE AR 5191 H (141CTPJC00532) 5 ik R4 11l i B (15211829)
YEHE RIS 45 % (1989—) 55 ML AIF T A, BIFSE 5 o b 3ol i 28 Pl sl v 4 D RE S P L ML B Lo ML
KEM(1957—) , 5 BiL, 0%, 1L 2E I, AFFE 07 B A AL — R R E B TS & EV i 3K 8 SURFOR SRR o



B HLHIEH) %9 2017 44 (12)

W S5k | EMCA

B S ARSI R e 307 1 R 553 4
AT THFFE . SCRR[4 1 FEIE S b 2008 1 HU KA
ARAFAE 45 FEURX B O 0 TR B3 Al , T2 B Ak B XGE
TR R R TS A R R 25 0 SCHIRL S T3 o 1
ST ABREOGS O A ) 55 1A M e, W S e ad T
S22, RISk b 0 2 i E TR IS 7 3%
DRI 5 B 1 HIVE L 52 2 BR 1 . SChk[ 6 ]
SRR FHAS S5 43I 28 80 DG T it A 40F 5 1 555 14 Al
i ABBA BEATIR AT AL R

TE AT SRR 7K R AL DA R e BT 52 ) i
b RS T 3 22 O IV D 5K R i 1
PC 125 AL ML A A P AL A BT AR, 328 FAS S5 AR O
FAGVTHCE T 877 %, Xk 52 B A HL I3 A 14 145
FEAE AT HEAT AT 23 M, DE B3 25 9 4 08 B
PRI ZR B, XoF A7l e R ) ) 580 e 30— O R o
N T AP AR B I 2R B A e 4, AR SORE g
FERE AT BROCIE AN A £, X4 928 2 DG e ik
FraJm S0, LUEA RO H s R . i)l
o F A4 T AL AL 15 0 3 S 2h A A HLRE AL
PEAT LRI I ARl e R R S R O AT B a4k
B Bk A PSSR AL

(R SO T & g bR
v

1.1 {EEREREITEE

18 22 se =6 Iy sk ik P R A R, B
S ER 1 T T AR e HL A B Y 2R AT % B oy
BT BRI LU C S S HOR B N 1
IR

T

7k

BRI RS S - R, % THMESR,,
NHER AR R, NRET AR b, N HUAKAEHE 11585 A
K BERAR IR BE 5 ¢ N BRIENE ;0 BB L .

AT I 0 AT i I S AR B LB 3, SR A X

BRI B o Ok TRT AR A AR 150 0 B B
SRR TR, AR M BT 4 5) FERG , 2R W
T LS T, A A 3 TG ) 25 H AL 1) 345
Gt BIVRT FE 46 P T A . e
¥R AT RO 5 4 B 56 220 W 2 5 L AR
(RS | D 6308 % 2 O i B RS9 B O+ H TE
SBRREGNUK B RESTE AR I T R R
B, = u.H,
{Bp = poi H,, + oM
Kb B,—— BRI 0L % R
B, —— JR R0 5% R
pwo—— ARy = 4w x 1077 H/m;
. TG RAR X G 5 5
H,—— SRR R i
H —— JRREARRE ) 50 FE OR
M—— FRREVRREA D BE R
TERRAB TR T, 7K % VA B Ak ik 2 % 5 M AT 3%
A

(1)

M=Mr+M0 (2)
A M, R M—— K REVRRE Ak 5k 1) A% 1] AN
53 o

XF M, R0 M, Gy A T R

°° 4B, nma,
M. = sin cos(np
u=1§5,4.. N, ( 2 ) (npf) (3)
M, =0
2ol B, —— K RARIATB R M =B/,

o, — W IR EL
p—7K R AR AB AR X HK
TN RERRIATE TR S AT G i R
To., Lo 13

4
or* r ar 98’ (4)
REb A KR K SR A B A AR
Ve, 19, 10¢,
or’ roor 9
* 4B
Z : Din(m‘ra,) cos(npd) (5)
0= 1305, NTTT LM, 2

X o ——BRHER
@, IKMEARREFRF
WRYEREAR SN 700 B B R R, &5 B LG
Wil FoctE, (1) ~ 2 (5) IR 2 Bl U %
LA 5 o A A e R



W5kt | EMCA & AL D FEH) 28 2017 44 (12)
© 4BrK nma, r np-1 Rm np+1 Rm np+1
r,0) = sin cos(np@) * || = — —
%A ) ngnwm ( )(p) () K&) (&) +(r) ] (6)
® 4BK nmo, np PR Rm np+1 Rm np+1
oo 5, el ) o ([ () )]
K: B, —— &R B % o— AT
B, ——Y)In) B8 A—5AZEZSH r MRS
K = Ki(r =
Z(RT)I _(np+1)(3r) 1+np_1 _48[0.5+ (ib, /1)’ ] (16m'bw)
R, R, ' 0.781 25 - 2 (ib /7,)> 7
o v e (Y RS A "
K R, pe VR, R, Ko 1 —— BT, 7, = 20R /Z;
(7) 5 AR RSH r HOCH REL
R, <r <R, (8) R 22 5 30 5 Je , S K 1A 1 FL G PR

TE T EIE 0 T 2 F AL Al e T 5 B A
FEXT S BRRE A IR0, I 5 ASBRA ST G S A
) 2 b, X 52 g 4 3 E B R e AL R R 3
~H

B,\(r,0) =B,(r,0) - A
{ o
e)\(r 0>= (I‘ 0) cA
e B ——% I8 E A A 5 i () 5 1) B
W
—— % L& R MR 5 ) ) V) 1) A< R
R

SBRAR TGS A $8 B BUR I
A(r,0,1) = i?\i(r)cos(iZ)(e -t + ;)

(10)

AT Fh A UG R 5 T AR DD ) E R T & N AR
AR M I IR R 7 5 e A A O T
mFﬁﬂA%E%m%%ﬁ%ﬁﬁﬁ%ﬁ*%ﬁ
Tl A X 7 PS40 50 R o TET D b
T, BB AR R RE S A R B, 2 TR
R 1 B 5, BRI AR T BB S N
BEABMN TR R E , iz AR 2 B Lg%
gt ) @ TR b TR ARG B ) R

Boo =By |,n (r,0,) = A, (r,0,,0)

{B b = Ban }

[on (7,0,) = AL, (7,6,,0)
(12)
K. 6, .0,— P,
TERGABAR T, B2 s = iy vkt i

O P / 0 B A
LR D) 1\ 2ar i
%“mﬂ@?3¢“”‘hﬁz”¢“
(=) 7, 1
W B IR -R 6, +[j+—| TR ->|do, 13
sy [ (e 5) - 5] o) (13)
ﬁ¢l——m¥%ﬁﬁﬂkﬁ, kAR
j=1,23,- 1.2 FRERMEBRCEBFHE
$QM%ﬁﬂLm%$%m% HH AT K R HLREH S — B AR .
T<n—zTu> (g RO R o LR I A

fU@T&ﬁ%kHLﬂ%K%MMuﬁ
R, D BIF ST i v B A A e R B 1 55 7 1 B T
LR [T L S VR A R A A A5 280l ] A Sy L AL

AIBEAE RS AT Ak o RS AHSRAS [R) S5 A R 14
AR B PR, A R0 1) 355 36 E D R B ML 47
LA . R (6) T LA Hi 7R A Tk i 2% B,
X AT R RELA 5 R AR, R FH AN 25 A 5%



B AL HIEH) 29 2017 ,44 (12)

W S5k | EMCA

TS, X 30 A T 18 7 JEE
X

B, AT R EIT, ik

©

B
Tro + mZ‘lBl_mcos(mpG) (15)

B(6) =
/ﬂ\:l:':l:

B, =a,B’ (16)
B _B sin(arlmﬂ-) F(=1)" a'z‘sin(a"zmw)]

"omm 2 o 2
(17)

oy T, 20 SR ARSI R A PO I 2R

ay + oo

o, = > (18)

Higrhe R W, ik

wl, =
W, =—(R>-R) Y G,Bricos(mZa)
T WZ‘I !

(19)
AP L ——HUAX A )
a— R T HIRALE A 5
G,—5 a TR FRE.
A (19) Al g, X T (17) , A mZ/p )

(LI 2R RO D Rl e A R, EL IR T TS E 2
FREL ML HE R (T ) A R, 3 ) A i LSS
BRI 1 R,

&1 BIENSY

SRR ZHE
JEFHME/mm 190
FE T A/ mm 168
FEF K/ mm 330
AKX 4%/ mm 150
AR K B/ mm 152

TGS AR X 4L 3
TR A [ 2/ mm 8
TR Bl 1] 1/ mm 152

eI K 0.7

o g 2 /T 1.21
ik 30

] i HME/ mm 138

e lm i A2/ mm 98/60

P ]S o 3 T 2 25 AL AT A R A
2 10 kCh SR80 U BL 280, D A %

S U/ IME, W Brlokﬂ%ﬂ@g A
sz» . [ %
IOIMT[SIH(ZIO.ZMT) +

2
o, .
(- 1) zlsin(azlekTr) ] —0  (20)

(&%)

XF2(20) AT R AL B, 1R BB o, T o, 72

AT B AZ A L 258 B o SR, ANIET 2 7

2 (R REL B o LKA

MNP 2 TR B o, B o, 72 AR LI R
BB, o W EURTEREAR 23 R iksh, HRl
Y1 P ) 90 )y B A, DAL 0 3 o SRR e 1 PR I R R
By B Fie/MELA H1) 553085 PE 27 23 Fi AL B9 147 M e R
AN 735, I 2 bl DUALE 3257 R 1 2
BTN KA B, o o F R LR Bsh Y,
Bk 1 IR EE M B R AT AE AR L (20) Sy
T oy Ml FPCECA & o Bt R AR iU 2 4
FRATRERY o, F1 au,p B9 DC TAC AL, A JIE P 2 38 FL AL
EIES S UM S I IR NS

1.0,
0.9}
0.8}
0.7
~ 0.6
2 0.5t
0.4;
0.3}
0.2}
0.1¢

% 02 04 06 08 10

Gy

CIRI TS 4 QU

P 3 PACHE 1 3 P 3 m LA TR 5 C e )
A ARE ARG % B HLAE S5 A B rp B B A ARG
ARy =0.7 LR B K i LBt A i —
PRI P 21 B T 2 A HLA IR AT e 1Y
FEEE, ik 3 iy B LT s . R IE 3 3k
H(0.58,0.75) #EATIL L, Hy b 3R O R % JE A 3158
AT RS A T AL P, 15 B0 R L X LA, G



WrFsE 5l | EMCA

& AU H I L 2017 44 (12)

— W F# % (0.7)
e G ST AR
FHHEILRAL(0.58, 0.75)

Py L HE (N - m)

1 L 1 1 1 L 1
1 2 3 4 5 6 7
(10 5)

P4 B BRI A AR I S 0 e

Kl 4 Fis

T 4 BTN R BT RIS 1 G S
FEATT 53 B B I 2R BB VG TG T 5K A5 1 D47 R B R A X
L, AT LA HR il B 0 B A I 3R VG TG T oK A 1Y
TR B B I 55 . BT 4 vha] LUA L fi#
et B4 R SEFEIE(E  5.85 N-m, 5 AL
AEHTAIE(E (9.16 N-m) AL, 55 T 36.14% , [A]
IF, AT UL AR 1 147l i 4 B AR R I AR
XS , ek PTG A AR T i AR H A L
YRRk 8 SRR B

H T BT D A A 2% 1 P D) 5 F LR S B
TAE R 2 K2R, B LAAS 21 A4 B 9T 2R Z e
MR BECR UL R R I 59 B 2 . R A DR o A
/N GERC TR AL R I O 3l ) VERE , AR SCE
— 20 R A R DA S 2 0 1A Rl e FE R AT AT, B
B AR B R A 5
1.3 EFRUEENAERINRECTERLL

B ALE Y (Genetic Algorithm, GA ) J2A8 4 H 4R
SR, AR AR A 2 A
I BEALE R S — M4 s S5, . GA B A
&R IR FHA BRI R A S b AR it
SR, TR GA 3 TSR A2 v ML I 28 8010 e
HEVCECRIE, GA HEFARE A 5 frs >,

HURR RS Ry 40, 22 AR 0.7, A8 S HER

Wi, Pk
VIR

FEETAT

K5 GA e

0.1, L ACKH 100 4, 12 ] MATLAB #( iz
1 GA BIF MBI YGE HAR, ik 6 Frs.

50
45
40
35

JSEJEE

v b P
Mownmoltho

T i JiF

=

)

0 10 20 3040 50 6070 80 90 100
R

K6 IR RE AR AL £k

=

P 6 et FEAI A dek P rh R B 0 A 4R
FEME AR ASARAE DL o TEdR ), FhRE S LA
N TR K I B 2R B2 R, 8
AT RIES W EAR U B A B 8 B LA A3
FEE N 3.921 6, LA M (0.614 7,0.821 3)
PRI, 285 GA A5 21 9 A S5 I 3 R DL il 45
RH(0.615,0.821) o HFiZALALEE RACA Lk i
A, EAT Hicdhe A B A 3 35 I6C 2 3 A AL A A O
XF I AnE 7 Fs

10 — il & #0.7)
L\ T R055,075) -

,-f';--{\x__ e (AR A BT B 2 B
: “ih PEAL(0.615, 0.821)

[
i, 5
e /_/"
-.}.\ 7/

P /(N - m)
(=]

3 4 5 6 7
(107 5)

K7 AR RRE BC G fh B DA e 1 s 0 e

b1 2

HITEL 7 AT, G A GA b AS 2 4 9 2 R DL i
PEAT T, 1 C 2 3 e ATL A A e ok — 254 B
55, [R) AR 21 T B e A AH AR REAS AR I ZR ER VLT,
T8 B )R A HLAS A BT SR T AR S5 S8
AT LA, AN R 4 W (B AR s T
1717 ELAE— 1 Ji] 300 P9 A7 R P R ) R A A -
¢, A M Tz AR Sh, AR 13RS S 3h
KA AIRBN SR o 53 AR 245 A2 %01k
BURPTRAF R A R AR {0 3.91 N-m, 5 GA
REIEER (3.921 6) FEA— 2, Bk T iz sy
T B SN 5 [R] Bt 55 A A DI A i 80 147 A8 2 A e (.
(5.85 Nem) # bt , FH-UCHI S5 T 33.16% o Ik, %
FHAS S oI 2R 5 VE I 174 B 35 0 3 T ) 5 i WL D A
FRAE AT S5 2 AT AT I



B AL HIEH) 29 2017 ,44 (12)

W S5k | EMCA

2 K B

ARG AR R FRe A A 2R B i B DR v
HUARSCAS A BT 28, Tl M BE ) R A MU HIL

Dy E 3 T 5y 25 R AL EAT M AR R AR AL ]
P AR AL S W 8 fin . IE-F 5
# R RS TG BC T AR A AUAE AL L LR A TR B
HLEIVR A SR R SR A R HLIIN R T I 2
HL AL RS RERLE il 2 TSR &R 3 A 2 AR
G

K8 EECIR LA B

JARARXE RGMRENLIZFT7E 300 r/min, 3%
FH R AR R R, AT R A B, 22 5 TS 2
AR HURENL A A R A S ], el 9 i

PR 4% /(N - m)

| L |
cJ\-&-a«lM-‘-‘._.-—-IJ £ L
’{;‘7
\

1 2 3 4 5 6 7
1107 5)

PO LA e 0 T £

P9 45 1 240 T 2 A AL £ 280 sl i
SRR RS AR 0, 5 2 i 9 AR DT e e 1k
Je BT SRA B A7 R e R A2 e ot 2 R AR A, 9030 1
ARSCHSWTFE I TEBR 1, D6 HTAS 25 5 53R KL
D PR 7535 AF 5 1 559 A7 R 0 R A 8y, U 1 P
iz GA XA AR ZIL e 17 42 Jm AL RE 8 it —
Aol IN VR R 2 R ) W AL, B AR B0 D R e iR sh . 1
P9 rp A S5 E D 2R F LR AIL B S B D Al e AL e
{H4 4.08 N« m, A L& T 08 Ak J5 14 1 5% o 1 (e
(3.91 Ne-m) ERZEAIAE 4% , [A] f 147 48 5 %0 5200 ik
L BN B2 1 SR A 2y, Xt ph 2 C D R E
HURERILISS A HUAREE #5360 1) F A | R X S 1z 25 It

L A
3 4 i

TEIAT WFFE K B BE Rl L, A5 SCH A B 2k %
18 FE D AR LRI ST ) 147 M e SR AT I T
H TR AR IR AR AR I 2R B UE BE 2 5 R 1 55 2% R
WA M 5 B T 0k, I 20 3 A A A5 B 47 St Ak
R TR AT . AEBLATHR T, s A
FL XA AR IR RO AT 2 Jm LA, i
BRI Mt — 2D AR B HI 55 . ), BEAL
T BTG AR P RS 2 5 A T 1A R e i A
P e HA — 2, AFEA SCEIE IS4 = 1, B
I TARELA A M FE AR FEAR AT 5 BB B SEARIE

ARG LR S5 AR, AR SO e 2 A e LA
R RTS8 07 36 I T A7 HHCRB L 9, [R] f 4
K P AL R B AR T T R B S SR At T A £
ARG EE S o

(& % x K]

[ 1] SCEW, E85, MR, . Sl 58 40 i 3 4ol e
DR LRI AT PR [T ] b AL T A, 2016, 27
(19) : 2687-2692.

[ 2] BESPIE, 5, BRHZLAR, 55 55 718 101 0 3% 10 7Kk i
UL R I 55 vk [ ] THOR 224, 2013,
28(3) : 99-106.

[ 3] Emeie, SO B THE AR Ak i i 3R 22 R 3 %
T L F AL AR R I 55 75 1 [0 ] TR 27
#2,2013,28(6) ; 40-45.

(4] 308, EHM, TIEW, 55 7S 0 0o R =X
KRG R AL FEAEFE [0 ). b [ AL T R 24l
2004,24(9) . 188-191.

[ 5] TOUZHU L, GORDON S. Reduction of cogging
torque in permanent magnet motors [ J ]. IEEE
Transactions on Magnetics,1988,24(6) : 2901-2903.

[ 6] BIANCHI N, BOLOGNANI S. Design techniques for
reducing the cogging torque in surface-mounted PM
motors [ J ]. IEEE Transactions on Industry
Applications,2002,85(5) : 1259-1265.

[7] HE G, HUANG Z, QIN R,

prediction of electromagnetic vibration and noise of

et al. Numerical

permanent-magnet direct current commutator motors

with rotor eccentricities and glue effects [ J ]. IEEE
Transactions on Magnetics,2012,48(5) : 1924-1931.

[ 8] HE G, HUANG Z, CHEN D. Two-dimensional field
— 79 —



STty

EMCA

& AU H I L 2017 44 (12)

analysis on electromagnetic  vibration-and-noise

Conference , China, Harbin, 2008 ; 1-6.

sources in  permanent-magnet direct  current [16] ZHU Z Q, HOWE D. Instantaneous magnetic field
commutator motors [ J ]. IEEE Transactions on distribution in permanent magnet brushless dc
Magnetics,2011,47(4) . 787-794. motors, part IV: magnetic field on load [ J]. IEEE
[9] fhabmg, Z=8, Rmese, 45 38 W =07k wf i ML FS 1 I Transactions on Magnetics,1993,29(1) ; 152-158.
DA HABRREA AT )] T EOR %41k, 2013,28 [17] HE G, HUANG Z, CHEN D. Two-dimensional field
(3): 114-121. analysis on electromagnetic  vibration-and-noise
[10]  SkH, F 55 A0 I T 255000 W 1 0 7K 1 i Sh L3S 1 sources in  permanent-magnet  direct  current
T e AT A [T ] B TR AR, 2009, 24 commutator motors [ J |. IEEE Transactions on
(5): 7-12. Magnetics,2011,47(4) . 787-794.
[11] WILLIAM H H. TRER 2= [ M ] & 4, Ji SR A, [18] ZHU Z Q, HOWE D. Analytical prediction of the
G Tl i, 2004, cogging torque in radial-field permanent magnet
[12] ZHU Z Q, DAVID H, CHAN C C, et al. Improved brushless motors [ J ]. Magnetics IEEE Transactions
analytical model for predicting the magnetic field on,1992,28(2) . 1371-1374.
distribution in brushless permanent-magnet machines [19] WANG X, DING T, SHEN N, et al. Optimization of
[J].IEEE Transactions on Magnetics,2002,38(1) : the different pole arc combination to reduce the
229-238. cogging torque in PMDC motors[ C] // Biennial IEEE
[13] ZHU Z Q, DAVID H, EKKEHARD B, et al. Conference on Electromagnetic Field Computation
Instantaneous magnetic field distribution in brushless IEEE , 2006 367-367.
permanent magnet dc motors, part [: open-circuit [20] WANG X, YANG Y, FU D. Study of cogging torque
field[ J ]. IEEE Transactions on Magnetics, 1993, 29 in surface-mounted permanent magnet motors with
(1) 124-135. energy method [ J ].Journal of Magnetism & Magnetic
[14] ZHU Z Q, HOWE D. Instantaneous magnetic field Materials,2003,267(1) . 80-85.
distribution in  brushless permanent magnet dc [21] ®&ENG,mFESL. h/ANRERYE T TN IM]. Ik
motors, part III; effect of stator slotting [ J]. IEEE A EE S H e, 2014.
Transactions on Magnetics,1993,29(1) . 143-151. [22] FAZLIPOUR Z, KIANINEZHAD R, RAZAZ M.
[15] ZHU S Z, JIANG S Z, ZHU Z Q, et al. Comparison Genetic algorithm based design optimization of a six
of alternate analytical models for predicting cogging phase induction motor [ J ]. Journal of Electrical
torque in surface-mounted permanent magnet Engineering & Technology,2015,10(3) ; 1007-1014.
machines[ C] // IEEE Vehicle Power and Propulsion Wk H . 2017 -05 -03
REL LT RETETLTL T TETETLTL LT TETETLTL T TETETLTL LT RETETLTL T T TETLTL L TR TETE LT T
(L% 24 W)
[ 6] {5k, s, 2= 5T DSP 1) 52 i 5 b o ML = o T AN, 2007,33(4) : 36-37.
JEE RGBT ] BT8R, 2010,24(5) [10] RZ5.ADT606 7rHL ) 7 5 Z HOR AR h R 5K
196-199. LT A, 2012(11) - 68-69.
[ 7] ‘e, 68, 5K, 45 2k T TMS320LF2407 (4 r (11] SCIpese, FRTbR, 5 e e, 45 18 o 0 0 e 00 )
PR Sl il [ ] AL — 1446, 2009 (1) = 54- S [ 85053 A K X SR [T ] H TR A R
56. 2012,27(2) : 185-188.
[ 8] kb, skAr L, E RN, 45 08T =22 TPM i [12] WM, FAAR, & Th K RE R AP i MUK Sh 88 1 ¢
SMEIE DL [T ] BT e AR R R, 2012, 14 HURR BT[] A s LR 50, 2011, 30
(8). 18-21. (3): 106-109.
[ 9] HBUUR, ESE.—F DSP & Jr 4 Fil g i 5[ T]. g Whke H 391 : 2017 -03 -13



