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Cogging torque occurs due to variations in the reluctance between the permanent magnets on the rotor and the stator teeth and slots
as the rotor rotates, and it is a major cause of motor vibration and noise. To address this issue, a skew structure is typically applied.
However, the asymmetric structure of the skew generates axial force, which acts as a load on mechanical components such as
bearings, leading to durability degradation and additional vibration and noise problems. Most studies, however, focus on reducing
cogging torque, with little consideration given to axial force. Therefore, this study proposes a motor design method that simultaneously
considers cogging torque and axial force to address these issues.

Keywords : Axial force, Cogging torque, Skew, Spoke-type motor

FZETe} £ SdS 12{dt ASEHSE ©S7| A 9+
Hoixy
A 179, $AA) SOt 388, 14502
Az
SREIStL A7 AAET, A% AEA AR 1375, 36729

(20253 1€ 139 ¥R 2025 29 129 HESFAHE Wk

20254 29 129 AANEA)

FARIE HAAL AT W), SAAA0] T G AT 1A A9} S5e) Gl walel] o) wAlsn, E7)e)
A3} 229 Q. o] HL), o} sNF3k] ) WHHOF 7 P2 MAESHARL, 270 vlthy TR s WS

gk,
Q
=

Zee ofas) Le 717 FE B 48] Uy A L W 28 BAS doith Jei gipie] A =
£ Age] 23S B0, S ojd T ololxA etk meh B Ay SEIs S8 BA 123 85
HA PES At o] FAIZ A5t

FAlo] : %8, IAEZ, 27, A5AEY 57

LM B TN FET) S APe TaT anE, 53 &

F A9 Hold A1 B4 g 34 9518 7

A AE7ie AR, 7R, A7AFERHEY) 5 TR 2ok @ ITH1-5). v @A) e A2 54 =7l 9
oM Fo3F A4S sl o, 53] aES HAE7lddl o 3L Qlo] FEe] B9 7H WEd EAIE op
@ vk FEeka Aok BES A5Vl G4 REA G s, A9e) HHY B9 Hie] 2 FAR FE 9
o S, SRR AN A gl Beshe B 09

© The Korean Magnetics Society. All rights reserved. . ;_0 =l Tr/\ - . ‘—'OL ul;qe B O] Zﬂg— S
*Corresponding author: Tel: +82-54-820-5652, =2 AR 2H7}F R& 7es 2ol FAEQ1 kS
Fax: +82-54-820-6261, e-mail: kskim@anu.ac kr v 4= 9o, oldl it AFE widsh] 9k A7 N



-2- F7]EA}

o] 3| aYs|a Urh6-12]. BAZA] thEAS] vigte s
HeEN e AE7|e HIZER AS AR A5HEE
Z1&7](Flux Concentration Motor)°]th. A&535d As7=
BTA S A A pEEEe R MR iR A wj|sie]
AES JEANA, ol Tl B A% HEE wole W
2 o7 AAEH. mEbA S ER tiR] Aol e FgelE
AoRE NEEH FE FEHS 95 T ATHI3-16]. ©l¢}
2 257 AAle JERF A tigt YEES Sola, A
719 HIE &89S EolH, A A& 7Fs s 71
g e T8 Ve FEEaL Qo 2y 2EA
(Cogging Torquey= 333 T3+ FAIZ Hol . F7

= ZE7A APt KT o 3jxAtel] g 9
TAR T 1872} 31 AsAgo = WlskE 3 Adteltt
ol A&7 FaSH Y& kA o, e A5S
ks BE3a3 Ao, HE7] AA Al olE HAasklok
ShH17,18]. FH2olle ©lE sNEstaAl 27 (Skew)E 483}
wpalo] F2 AMETH19,20]. ©] WHE IHEAS 0
o] o)A, 27 FEE <lsf = Wk v o]
Aste] S8 (Axial force)o] A7 FAZE ATH21). S8
HlolE & 7l 0l s 7hl s AsS e,
st = ek wEb HEr] A Al SAE

far rr

5
k1
il
tlo >y

J
ofy
ol
£
rTj
i)
ofy
%
)
offl -
N
fu
i
X
ol
ol
3R
A
=)
>
2
i
Y

=
T dee Sl Fske We Adsit

1. 3ZE3 0|2 4 X|ujjLA Al

AFE /FHA] e AelolA F7AK] BEY 5 &
o2 3T wFo] s, ojuf] WAlSls WE B
2 FAEIN 3. FHPEI= TR} X9} £ Aol
AZ|1AE Zol= sl WAYSHH, A1AFe] HaRl HEE
ALl gold viEdn. gubxl 5 E39) g, A
S717F FREA e EFe) g9 EAvt Wol Ay
7] Rol, AE71e) Bt IHEIE 0] I} F, FET
IS Fdske B oy, 23818 Wedt &gl €Rle]
Hil Ao Aes Askehs 44 842 gt et
A FAEAE Haslslr] Ak AAI7E s

7] Edw it BT} vR IR S7Rfe] 3] u)

A
)
At

3

tilo
r

TG A&REE A7) A A7 - 04 - WS
2 ouix wslolnz, wehq A2 FHT F Urh22-25).
A7, FHEE AR FTAR 28 A oot

__AW(a)
cog Aa

(M

A7, e IAEA, Aoy AR WSk, Aas
3771 sjHFolt). U] Wske I FRellARt 2Ays)
B2, 35 Y duATks: a8ste] 3EIE 78 5
Aot FAETE 4 AR WA w2, FrA
gt FF AR aelEtd =r, I35 ouA= 29t
2ol T 7R Fot 35 vl IR RE AR
F A €t

() = 5;70] (F(0, a) » P(6)}2dV

= _.l— .
= 2ﬂojv {B(6, a) * G(O)}2dV

@
I

Ly R, 27 ,
‘[O JSHIIO {B(0, @) * G(0)}-dOrdrdz

T
- L. s )IMB(@ @)? » G(6)2d6
2py oV N
F(o)=4B 3
9 Y (0 (3)
P(6) = %G(e) @)

A7, e = FAE, e = 1A o, Pe e
Hu|dlx, e AELE, G2 A= Ards, 6= 3
27F AR &S W 7IA, Le A AT o),
S AL 917, R, FTARS] WAeld A2l §-
R o FoR B(6, o9t GO FHol wE sk
AErk A (o= 7 T Aok

B(6, a)? = iBnN cos{nNp(0+ )} %)
n=0 !
G(6)* = DG,y cos{nN(6)} (©)
n=0

A7 N &5, Nee S50lH ARlsee] Hardos
Qe T ARl FFE 7= T AR NoF N2
HaTHRl Mol o5 8l 35 AR S TSP

g (7% 2,

L. 27 *©
W(a) = 4—;0(R,2n -S2) '[0 ZBmVLGnNrcos{nNL(HJr a)}cos(nN, 0) |doO
n=0



L A= Journal of the Korean Magnetics Society Vol. 35, No. 1, February 2025 -3-

L, o0
=—(R2 —Sgl)ZBnN G,y cos{nN, 0} @)
4#0 =0 L s

2(1ell wel, FAAe] sHzto s A(7pelr T T o
VRE slRa, A 2ol HE19) ZAED A2 78
T Aok

LS” 2 2 & .

T(a) = 4—%(Rm - Sol)r;)BnNLGannNLsm(nNLa) ®)
77 BEaE Akl E U2 WHoEE 73 84H (Finite
Element Method) & dPR] o2 §-2 ®IXH(Maxwell
Stress Tensor Method)°] B&] AF&HTH26]. WAL 33 ©l
Ao BETE 22k Wi 95 FspAlelA e 2(9)¢}
2.

cog X/ OrZr:J. B r2d¢ )
S, N 1, 1, Alole] BRI ARolv, ke 9B B
20, ra= A W WAE, e B 973 WA, 12
AR WS, B2 AR ke o] WP A
W, i AR g emo] U A

o
31

).

UEH xi]<>1 %“‘EE “*01‘%@ {% e
o 9 01 ok e olF sidsh] fk B2 ATt
gslo] ik, 718 A A=A A %‘ﬁi~ &
7;_101 37k B £F AR, AR =X (Noteh), 1187}
A} 251 (Skew) & THFRE HJ%IO] et e o

Y T e Aol TUF 52 A Aes 5%
SES ARF B2 AE71e] e A Askshs 24
7F ot B, 2 S5 AR A E—Xé =T ’“% T

g ALgslor sz £ o

5O do

fu

X A
y
o o

Fig. 1. (Color online) An example of applying rotor skew in a typical
Spoke-type PMSM.
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Fig. 2. (Color online) Motor structure with I-core insertion for applying asymmetric ribs.
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Fig. 3. (Color online) The method for applying asymmetric ribs in I-
core motors.
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Fig. 4. (Color online) (a) Motor structure with typical skew
application, (b) Motor structure with asymmetric ribs applied.
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Fig. 5. (Color online) Change in magnetic flux center axis due to
asymmetric ribs.
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Fig. 9. (Color online) Axial force of a Spoke-type PMSM with skew.
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Fig. 17. (Color online) Magnetic flux distribution according to the counterclockwise position of the asymmetric ribs.
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Fig. 18. (Color online) Analysis of cogging torque variation with
changes in skew ratio.
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Fig. 19. (Color online) Analysis of axial force variation with changes
in skew ratio.
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Fig. 20. (Color online) Example of the method for determining the
skew ratio considering both axial force and cogging torque.
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Fig. 21. (Color online) Analysis of characteristics according to motor shape, (a) Symmetric model, (b) Skewed model, (c) Skew ratio applied

model.

Table 1. Comparison data of cogging torque and axial force by motor type.
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