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Abstract

Air gap flux density is obtained strictly from air gap permeance and MMF distribution using the design parameter
of BLDCH when the stator slot s conslidered. Then the theoretical equations representing the cogging torque and
BEMF are proposed. The effect of skew Is described analytically, and skew effect on air gap permeance and MMF is
studied, Consequently we vs;rlfled analytically that skew of slots and magnets influenced on the reduction of the

cogging torque and BEMF ripple, and the shape of BEMF.

I. Key Polnt of the Work

(1) Exact air gap flux density distribution is obtained from the air gap permeance and MMF,

(2) Energy stored in the air gap is calculated using air gap flux density, and the equation of cogging torque is
induced frol it.

(3) Flux linkage in the coil of the stator is computed, and BEMF induced in that coll is determined.

(4) The effect of skew is expressed by the function of the space angle, and the effect of slot skew on permeance
and that of magnet skew on MMF is analyzed.

(5) The change of air gap flux density is investigated when the slots or magnets are skewed.

(6) Finally the effect of skew on cogglng torque and BEMF is discussed.

I. Maln Equations and Figures
(1) Let f be any function of 6 In case of no skew. Then the function fs which appears when the slots or magnets are

skewed with skew ratio Sk is as follows[8]. Sk = 1 means the skew of 1 slot pitch. (Fig.1)
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(2) Fourier series of air gap permcance per unit square (PFw) obtained from the relative permeance function w.r.t. 1

slot[5] and Fourier series of permeance with slot skew (Pas) are glven by Fig.2 and the following equations.
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Os: mechanical angle ugasured from the center of the slot
Qs number of the slots
(3) Air gap MMF Fm on the magnet surface is obtained from the flux density on the stator surface of slotless motor

where the radially orlented magnet is attached to the rotor surface[2]. And Fma is MMF with magnet skew. (Fig.3,4)
© 8
Fu(0s) = I -~ Kn cos(nfs), n = (2m+1)P
8=0 o

Kn weans Fanp In reference [2].
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(4) Air gap flux density Bw is defined as air gap MMF multiplied by air gap permeance per unit square and expressed
by the following equaiton., Bms and Bmr are flux densities In case of slot skew and magnet skew respectively.
(Fig.5,6)
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(5) Cogging torque in the motor is the rate of change of energy stored in the air gap to the rotor angular position
when the stator circult is opened, and it is obtained from the flux density considering the rotatlon of the rotor.
Vhen the slots or magnets are skewed, energy Wa and W are obtained considering Fig.7,8 respectively. In conclusion

they are led to the same result. Therefore cogging torques in both case are same and are expressed by Te and Fig.9.

2n(Li/2 [ratg 1
= ——— Bm?{6s ~ Or) r dr dz d6s
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- 2 nk7 Cw GoGnkKomKni sin(n0c)* - 5 (nm/4) Cw GnjGnkKnmKni sin(nOr)**
Cw = (1/2p0) g Li (ra + g/2)
nm = (20+¢1)P, np = (2141)P, nx =kQa, Nnj = JQs

Above summation contains the terms which satisfy the follewing.
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(6) BEMF e is the time rate of the change of flux linkage A of the coil. Considering the coil distribution of the
tested motor(Fig.10), it is as follows. Skewed slots and magnets have the same effect on BEMF as in the case of

cogging torque, (Fig.11)

Tn/18 n/3
A=NPre Li ” Bu(Gs - Or) dOs + J Pu(0s - 6r) d0a
0 n/18 .

e=di/ dt = o (& / dor)

@®
=~ C°L§0 4GoKnm sln[ i

) s =2) st
5 cos % sin(nudr
+ 2 Gnk](n.[sln[ i ] oos[ L
Nk=Na 3

2nm GnkKnm n m
+ L ———— sin s cos " sin(nwdr)

u?t 7
18} sin(nadr) + sln(n.er)]

Dx*Na 1
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H. Conclusion

In this paper we researched the change of air gap permeance and MMF in case of slot skew and magnet skew
respectively. And it was proved more precisely than the previous papers with the accurate air gap flux density for
a basis that cogging torque is the sum of the space harmonics which are caused by the slot. And we also verified
snalytically that the slot or magnet skewing affects the reduction of cogging torque and BEMF ripple and the

formation of BEMF waveform in the same degree.

Appendix

List of physical values of tested motor
P=3i Br =0.98 rr = 0,0495; va = 0.0097; a = 57.88 [Deg);
e = 36; tm = 0.03; rm = 0,0545; Ls = 0.0037; @ = 3000 [rpul;

N =23, g=0.001; rs =0,0555 Li

0.0305;

where SI system of units is used except for a, @
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Fig.2 The stator slot and air @ap perseance
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Fig.11 BEMF wavefors

Fig.3 Arrangement and dimension of the stator,
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Fig.9 Cogging torque




