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Cogging Torque Analysis According to Unevenly Magnetized Magnets in PM Motor

oss -dAMY -0 SsEH -5 A
(Dong-ho Lee - Chae-lim Jeong - Seung-Tae Lee - Jin Hur)
Abstract - This paper investigated the effect of unevenly magnetized magnets to the cogging torque. First, through qualitative
analysis of cogging torque, the generation of slot harmonic component is explained. Second, it is found that the slot harmonic

can be suppressed by locating the magnets under specific condition even if the magnets are irregularly magnetized respect to
each other. Finally, it is verified with the experimental result.
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Table 1 Magnet management tolerance

TDK #F Hitachi #

e I e I T i
Nfg{?gc 1290 + 30 NMX-43SH 1295 + 35
Nzgfgc 1285 + 30 NMX-41SH 1275 + 35
Ngé)[il;:c 1250 + 30 NMX-39EH 1235 + 35
Nggﬁ)l;:c 1200 + 30 NMX-36EH 1195 + 35

2. I2ET BA

FLEAY Xz 70 tigh 240 oA 3dEA9]
dol sl &2sl & Eert At o Yeled 7He
HO mAg AEYA EME 0128 siAolr), WAl
g2 "AoIRo mEH, IR U AEERl] 228
& o QoW Tol e FRPIA e A 5 Atk 137
ol 7t8 AEsoz [ g Hiele 4 i, I8 o)
Hz2ol B2 2eolME ool 7iHte Fo] EAE Atstil 24
SHH[14] - [16]. A AER A HAo] MEW odeos A8
Sh= AA1A 2 ol ol =&ET 4 QUTHIT.

lm oo 0
I ok
0%

0 F

1
fi= /L_OBTgameap @
2m
£= [ 160, @

71X, f= 09EoR HEdh= g9 WEolA, pe &7
O] BRIE, B,y BiyopyS 22 RET ASHES} 6
T, FEe 0%% 2 Zgshe §, RS HAY 380 Alkly
Aol XSS onjsitt.

a8 22 119 RAJol Exg o] 1EAY &b 1 R
AP weh AR50] Waksle AS *d_%uo HEZH TA]
gt Zojtt. o] wf AAol F Tied AFE Vo WMshe
AApIE e ofgier Zol F3g 4 L

]
o
Da)
I
fr g o

F :F‘tlf'ftiF;I'it]}Lt (3>

= romao ~ [ 106 ma,

a9 2@9] BR= F,.,% F,,,0 327170 22 Zejolt.
o] 8%, A IZo)A dhdcte €o] AR AIEoOA HET

= [ARP] g 0o ot v, 07 20)9 e A9 ¢

i,

200

Left side Right side

|
-T 0 T
(@)
Left side Right side
F <
-

(b)

I8 2 A9 QIR0 mE AR Rt WAP] 9
@ Fep= £ 0) Fyop # F

tright tright

Fig. 2 The distribution of magnetic flux and the magnetic
force according to magnet position
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Fig. 3 Cogging torque of one pole (a) diagram of 1pole
rotation (b) Cogging torque harmonic component due
to 1pole rotation

SiM WMsks IZEIE 24 Xy
% 3(b)eF 20| LIERITH

0%z
Mo
&
44

Foto] AleH
714, 2 axu desl 37
AA gt EA0] disl gt oto] LERAQICE B -2,
@9 zdo 71E9 = 3 &2 A7 A7IE 7R =0] o
Lt O F7HThE, o 371 & S0k Sdste 3dEAE 1Y
39 mWEd 1 A= il T OEA EA sHA Hoh
Ol A&sto] ol 719 S0 e2E 7K HE9 IdE
a5 ] geletd A @)t do] 58 5 Atk

2

0

e

t0

ng = Tpl + Tp2+ Tps +ot TpP
=RL,[Y] F,sin(kSH)
k=1

+ Y Fysin (kS(0+ (ny,—1) =) ®)
k=1

2m
P
— . 2
+ Zﬂ3k51n(k5(0+(n3—1)%)) +oe
k=1
2
P

+ Y Fpsin(kS(0+ (np—1)
k=1

YTA HSV|e| BRUSPI AstE A0l E DYET B4

Trans. KIEE. Vol. 67, No. 2, FEB, 2018

A@O0IM, T, = & A9 SolM Ldske EA0|,
Fyy..pe 2 S0IA Ddste kxb dxu g "R |olal,
ny.. po =9 SAE Auigith 2t S0k Ydsks EF9 914

A= 360[°] (= 2n[rad))S 248 L 3+ 2Tk

2 1%y}

0%

2 54

3. FZEHY

[

Ol BolA= AZoIA AFSt A9 SRSt A7Io] ot
FZEFS 21 Xupt ddlcte HEE BASIT IZEAY
&2 1xuieh AR 360°9 SRE & u &2 JsuEo
FIrE JHKE EILES ESITH A @)ollAl, 2 2] ZojlA
dSH= EF9] IRIIZRIHE=1) AR0] g
sl &% JisErE BiELY] iR ol
g 4= Qal ol Zol BHE = ATk

Axtel S72H(e)oll
S% Xy Ede

Ts‘lot = RLstk [F’th sin (So)

+Fﬂlsin(5(0+(n2*1)2%))

+F;3151H(S(9+(n3—1)2%))+... M

+Fﬂjlsin(5(9+(np—1)2%m

nhel, SRl RS0 AR FUe Zbrtol SlaiN RRAS
Uw(B)7 BYSICH, £, RE F,7HK 2 3ol ols) A
L E@A] slo] 22 Aola 1 AkEel o8 AE Aol
Z o] ‘00 EA Hr} o= 229 A7 240 B}
H= ZEo] olZW ol 340 s240] FROME S

= A9l MEjoliE SEIET 237} BAEH]
QEC) SRT 7 RS0 AR ERYs ASUEE A
|rpE, o) o8] MM S0l AR oHEsl AiE 4 gl
sEnFE Bdv wdeh] Bk o] sde EHr d@mom
BM5] sl 2 7R oNE ARSI 18 49 (~0=
22t 19700] R4S JE 82, 102, 1420 AEY] BAS
LIERAC) o] REISS 29| Srg 2571 M 2, 247 12
ol TieIA 3% BRAs e AEsith 18 5= 1 27
24, 7+ Ddo] mel wusks S2nxT AT olE =3
HA DAEAES OEQ ASel BRd A 290t
71 HOlZED) 2o 22 Aot 2o) Srlgt 25, 121 1
Kol FAT T 2] fRo] BRAst o] o5 ws=
Z1Zxuke= VA HY B0l I =717F 0185 [Nmpk-pil 2
Uit Tt 27 50 Adold BEol, Umxl E30] ol
OB BHElE Blo] SENET BEA(T, )R 953 2 ()
o ZAeE 1 gzl mmsith ST (M9t (o] ALl
sznxwol gol A% Sollt BZEI0] 90| AzRls
AS 8018 % Q). o= 340 Srlo) wet 2 Jojx 2
Si= B30 Qb Bol57] ROl ARl Zak Z
Zo) ol Wt =30 BTN 1 310 Akl

g
Iy
=)

% (3

iy ox o

e

201



H7|etsl==R| 673 25 20184 29

=0 =30
,P4 " P2\3
I P5 ‘:if::-.P.]_' ________
\Pé s P8/
-
(a)
<0 =30

(b)

38 4 oAl BE (2) 83 128%F, (b) 103 128%, (0 14=
12&6%

Fig. 4 Example model (a) 8pole 12slot, (b) 10pole 12slot,
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Table 2 Analysis result of cogging torque of example model
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Fig. 5 Cogging torque and slot harmonic torque component
(a) 8pole 12slot, (b) 10pole 12slot, (c) 14pole 12slot

Case Tlpole ;'LEO]- B3 '?'Vé}i} nlot Toog ideal cog uneven ng Inc. ratio
[Nmpk-pk] (‘] [Nmpk-pk] [Nmpk-pk] [Nmpk-pk] [%]
(a) 4.826 15.00 0.185 3797 38.12 0.40
(b) 4.826 6.00 0.185 3.22 3.50 8.70
(©) 4.826 4.29 0.185 1.38 1.68 21.74
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Fig. 6 IPM 8pole 12slot model for experiment
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Table 3 Specification of experiment model IPM 8pole 12slot

Item Unit Appearance
= - 8
&% & - 12
SIFAL 2 mm 410
TR A mm 75.0
Bz 20| mm 720
= mm 0.6
USRS IS Turn 20
A B, T 1.2

470 BE les 53 Zi)
Table 4 Gauss measurement results of magnet surface
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Fig. 8 Magnet position (a) Rotor A, (b) Rotor B

Magnet No. Galé;?T;wg' Magnet No. GalérssTivg’ Magnet No. Galé;?T?‘lg' Magnet No. Galzf;T?Vg’
1 228.7 9 2239 17 2234 25 221.1
2 226.3 10 231.3 18 222.2 26 220.1
3 2295 11 2284 19 222.3 27 2216
4 230.7 12 228.6 20 222.1 28 2215
5 228.1 13 224.1 21 222.8 29 2234
6 230.1 14 226.0 22 226.6 30 226.8
7 226.2 15 228.5 23 222.3 31 2216
8 229.0 16 2285 24 2244 32 2205
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E 5 AR AQ B RHA HEX]
Table 5 Magnet position of rotor A and B

EIESINIEN SIFAL B
Magnet position & No. Gauss avg.(mT) Mezgnet position & No. Gauss avg.(mT)
N1 & 32 2205 N1 & 26 220.1
N1 & 23 222.3 N1 & 25 221.1
N2 & 17 2234 N2 & 27 221.6
N2 & 29 2234 N2 & 18 222.2
N3 & 07 226.2 N3 & 19 222.3
N3 & 05 228.1 N3 & 21 222.8
N4 & 12 2286 N4 & 13 224.1
N4 & 06 230.1 N4 & 14 226.0
S1 & 10 231.3 S1 & 02 226.3
S1 & 08 229.0 S1 & 22 226.6
S2 & 15 2285 S2 & 30 226.8
S2 & 24 2244 S2 & 11 228.4
S3 & 09 2239 S3 & 16 2285
S3 & 20 222.7 S3 & 01 228.7
S4 & 31 2216 S4 & 03 2295
S4 & 28 2215 S4 & 04 230.7
By + By + By, + By, 1802.6 By + By + By, + By 1780.2
By, + Bpy + By + By 1802.9 By + By + By, + By 18954
Difference (mT) 0.3 Difference (mT) 45.2
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Fig. 9 Cogging torque measurement set up (a) Manufactured motor (b) Cogging torque measurement
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