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Influence of Design Parameters on Cogging Torque
In Permanent Magnet Machines

Z. Q. Zhuy Member, IEEEand David Howe

Abstract—The influence of various design parameters on the T.
cogging torque developed by permanent magnet machines is inves- .
tigated. Itis shown that the slot and pole number combination has a rotor position
significant effect on the cogging torque, and influences the optimal —»
) 0 2n
value of both skew angle and magnet arc, as well as determining the l \/N
optimal number of auxiliary teeth/slots. A simple factor, which is ¢

proportional to the slot number and the pole number and inversely
proportional to their smallest common multiple, has been intro-  Fig. 1. Typical cogging torque waveform.
duced to indicate the “goodness” of the slot and pole number com-
bination. In general, the higher the “goodness” factor the larger

the cogging torque. since the leakage flux paths between the edges of north and

south poles have minimum length, effectively only crossing the
airgap, while case b) corresponds to an unstable equilibrium
position, since the leakage flux paths include the slot openings.
The positive and negative peaks of the cogging torque occur

approximately when the interpole axes align with the edges of
|. INTRODUCTION the slots.

OGGING torque results from the interaction of perma- The electromagnetic torque can be calculated analytically or
C nent magnet mmf harmonics and the airgap permearf@émerically in a variety of ways, such as by the Maxwell Stress
harmonics due to slotting. It manifests itself by the tenden@pd co-energy methods. However, they require very accurate
of a rotor to align in a number of stable positions even when ti§éobal and local field solutions [S]-[7], particularly for the de-
machine is unexcited, and results in a pulsating torque, whit@fmination of cogging torque. In other words, a high level of
does not contribute to the net effective torque. However, sinBiesh discretization is required in a finite element calculation,
it can cause speed ripples and induce vibrations, particularlytilst & reliable physical model is essential to an analytical pre-
light load and low speed, its reduction is usually a major desiglition. The authors have employed a variety of analytical tech-
goal [1]-[4]. niques to predict the cogging torque in permanent magnet ma-

In the paper, the effect of the slot and pole number comtihine topologies in which the magnets are mounted adjacent
nation on the cogging torque is investigated, and its relatiol® the airgap [8]. Most recently, they extended an analytical
ship with various other design parameters, such as the widthegdel to solve for the magnetic field distribution in the com-
the stator slot openings, the magnet arc and the skew angle?@@d magnet/airgap/slot regions, albeit with the assumption of
well as with design features such as auxiliary teeth and slotdg§tangular shaped slots. It provided a very reliable analysis tool
considered, with respect to machines in which the magnets fgPredicting the cogging torque, and underpins the investiga-

Index Terms—Cogging torque, electrical machines, machine de-
sign, permanent magnet machines, speed ripple, torque, torque

ripple.

mounted adjacent to the airgap. tion described in this paper. In general, it is capable of quanti-
fying the effects of the following design parameters:
Il. ANALYSIS TECHNIQUES a) slot number and pole number combination, including aux-

) ) ) iliary teeth and slots (optional);
_Cogging torque is produced predominantly as a result of ) 1ot gpening width, airgap length, and magnet thickness;
fringing fields in the magnet interpole and slot regions [5], a c) magnet pole-arc to pole-pitch ratio:

typical cogging torque waveform being shown in Fig. 1. It can ) magnetization distribution, which may range from regular
be shown that in a motor having full pole-pitched magnets the * trapezoidal;

instantaneous cogging torque is zero when a) the interpole axe§) skewing of slots and/or magnets, and the stepped
align with the centers of teeth, and b) the interpole axes align equivalent;

with the centers of slots. However, since a permanent magnef) disposition of magnets.

rotor would tend to rotate to a position of maximum stored

S ... __Throughout, the calculations are for an internal rotor machine
energy, case a) corresponds to a stable equilibrium positian

‘which the radii of the stator bore, the rotor, and the rotor
hub are 73.27 mm, 71.97, and 62.87 mm, respectively, the axial
length is 95 mm and the stator slot openings are 3.8 mm. The

Manuscript received November 9, 1997. , _ ___magnets are bonded NdFeB with aremanence of 0.56 T. Typical
The authors are with the Department of Electronic and Electrical Englneermaqh Ivticall dicted. fini | lculated d d

University of Sheffield, Mappin Street, Sheffield S1 3JD, UK. alytically predicted, finite element calculated, and measure
Publisher Item Identifier S 0885-8969(00)11017-4. cogging torque waveforms are shown in Fig. 2.
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Fig. 2. Comparison of analytically/finite element predicted and measur&dg. 3. Variation of cogging torque with slot and pole number combination.
cogging torque.

A c B A C B

I1l. CHOICE OFSLOT AND POLE NUMBER COMBINATION WW

The cogging torque can be expressed in the general form:

& . © . & © & Of
oo ) (0 = ©) 5 ©
T.= > KuTisiniN6 (1)
i=1,2,3, I N i S ‘
where the fundamental order of the waveformi,, is the
smallest common multiple between the slot numBeiand the @
pole numberRp; 8 is the mechanical angle between the stator N ~
and the rotor, and(,;, is the skew factor given by: g A E g 8 E g c E‘
i /NC SK S
K. = sm.(L Tsk [ Qs) @
ZNcWask/Qs l I
N S
whereca,;, is the ratio of the total circumferential skew to the ‘
slot pitch. (b)

In general, the larger the smallest common mUIt'NLeand_ Fig. 4. Typical stator winding topologies in brushless permanent magnet
the smaller the number of slots or poles, then the smaller will btors. (a) Overflapping concentrated winding. (b) Nonoverlapping
the amplitude of the cogging torque. However, in order to aid tl§gncentrated winding.
selection of@Qs and2p, the factorCy is introduced to denote

" » P TABLE |
thg good_ness of slqt and pole number combinations from the FACTOR C'y- FORTYPICAL BRUSHLESSPM DC MOTORS
point of view of cogging torque, where:

_ 2pQs k 1 2 3 4 5 6
Cr=—- 3) .
N. non-overlapping  k(Qs/2p)  3/2 6/4 96 1218 15/10 18/12
. . . winding Ns 6 12 18 24 30 36
Although there is no formal basis for relatidg- to the am- C . s 3 4 s p
plitude of the cogging torque, it has been found that the large L

: . k 1 2 3 4 5 6
the factorCy the larger will be th_e cogging torque. overlapping (©0s/20) 62 124 18/6 248 30/10 36/12
In order to demonstrate the influence of the slot and polr  winding Ne 6 12 18 24 30 36

number combination on the cogging torque, it is assumed th Cr 2 4
the magnets have a pole-arc of 2&dec. and are fully radially
magnetized throughout their volume. Fig. 3 shows the variation
of the peak cogging torque for typical slot and pole number corh; and that the level of cogging torque in motors with nonover-
binations which are used in brushless DC machines with ovéapping stator windings (for which typical values@f,/2p are
lapping and nonoverlapping stator windings, Fig. 4, for whic®/2, 6/4, 9/6 etc.) is usually about half of that in a similar motor
the usual@;/2p combinations are 3/2 and 6/2, respectivelynaving overlapping windings (for which typical value<f/2p
However, other common combinations can be consideredas 6/2, 12/4, 18/6, etc.). This is due to the fact that when half
simply being scaled by an integer factgias shown in Table I. It of the edges of the north and south pole magnets in motors
is obvious, from both Fig. 3 and Table I, that, due to the periogquipped with nonoverlapping windings face slot openings, the
icity of the field, the cogging torque is proportional to the factoother edges face the centers of teeth (approximately), whereas

6 8 10~ 12
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Fig. 5. Variation of peak cogging torque with slot number in 2-pole motor.

TABLE 1l
FACTOR C' FOR TYPICAL 2-POLE BRUSHED PM MOTORS

O, 3 4 5 6 7 8 9 10 11 12 13 14 15 auxiliary slots

No 6 4 10 6 14 8 18 10 22 12 26 14 30 E_L_J—\il

Cr 1 2 1 2 1 2 1 2 1 2 1 2 1

with overlapping windings all edges of magnets would face slot
openings. _
Fig. 5 shows the variation of the peak cogging torque witHY 7
armature slot number for a 2-pole brushed permanent magnet o
motor, Table Il shows the variation of the facto} with the ©099ing torque, for any combination of slot and pole number,
number of slots. It will be noted that all motors with an od&-
number of slots exhibit essentially the same amplitude of cog- N -k
ging torque. Similarly, for motors having an even number of
slots, although the cogging torque is then about twice the am)-

whereN = N./2p. In practice, however, due to fringing of the

plitude. Again, the reason for this is obvious, in that the edgﬁ?agnet flux into the slots, the optimum valuecf should be

of the north and south pole magnet_s in mo_t(_)rs ha_lvmg an even .o cod slightly by a small factés, i.e.,
slot number all have the same relative position with respect to Nk
the teeth, which is not the case for motors having an odd slot  «,, = v L

+k27 k1:1727"'7N_1 (5)
number. Thus, an odd number of slots is preferable for mini- . .
mizing the cogging torque. wherek, typically ranges from 0.01 to 0.03 depending on the

airgap length, and; is re-defineda¢; = 1,2, ---, N — 1,
sincek; = N is unrealistic, whilek; = 0, i.e. the magnets
IV. USE OFAUXILIARY TEETH AND SLOTS have a full pole-arc, is no longer an optimum for minimum
_ cogging torque. Clearly, in order to maximize the airgap flux,
A knowledge of the influence of the slot and pole numbey,q thereby the excitation torque, the optimal ratio of pole-arc
combination makes it possible to reduce the cogging torque Wpole—pitch should be as high as possible. Hence, in practice
introducing auxiliary teeth and/or slots [9], Figs. 6 and 7. Hov%1 = 1,i.e.a, = (N—1)/N+ky,is usually the preferred value.
ever, the total number of slots should always be chosen so aEHhation (5) shows that the optimal ratio of magnet pole-arc to
reduce the value of’y. pole-pitch depends on the slot and pole number combination.
For example, for the most widely used combinatichg'2p =
9/8, 6/4, 12/4 for 3-phase brushless permanent magnet motors
the possible optimal ratios of pole-arc to pole-pitch are given
The magnet arc is a particularly important parameter in regardTable 1ll, while the corresponding variations of the ampli-
to the level of cogging torque, and it has been found that, wharde of the cogging torque with the pole-arc to pole-pitch ratio
magnet fringing is neglected, the optimum ratio of pole-arc fre shown in Fig. 8, assuming that the other motor design pa-
pole-pitch,a,,, for minimizing the fundamental component oframeters for the different slot and pole number combinations

Introduction of auxiliary slots.

) k1:071727"'7N (4)

V. OPTIMAL MAGNET POLE-ARC
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TABLE Il
OPTIMAL RATIOS OF POLE-ARC TO POLE-PITCH (k2 = 0)

magnet pole & stator slot number Os/2p 9/8 6/4 12/4
smallest common multiple, N, between 72 12 12
Qs/2p
fundamental order of cogging torque
waveform (Ne) 72 12 12
Cr 1 2 4
k ap=(N-ki)/N
1 0.889 0.667 0.667
2 0.778 0.333 0.333
3 0.667
4 0.556
5 0.444
6 0.333
7 0.222
8 0.111
26 T T T T T
b o... P angn Gn gl SO SUS SRS
9 o Qf2=12/4 ]
200 % / ]
£ [ 4 ]
2 s b 4 X
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Fig. 8. Effect of pole-arc to pole-pitch ratio and slot and pole numbe
combinations on amplitude of cogging torque.

remain constant. The corresponding cogging torque wavefori
are showninFig. 9. It should be noted that in passing through t
optimal values of pole-arc to pole-pitch ratio the cogging torqt
waveform undergoes a phase reversal. It should also be na
that since the results in Fig. 8 are derived from a 2-D analytic
model which accounts for fringing flux, the optimal valuesgf

are slightly higher than those given in Table lll—which assume
thatk, = 0. Obviously, the larger the value 8f = N../2p then

the greater is the number of possible optimal ratios of pole-arc
pole-pitch, while, as described earlier, in general the higher tl
value ofC- the larger the cogging torque. Of course, the choic
of slot and pole number combination and the magnet pole-¢
to pole-pitch ratio also depends on other performance facto
such as the phase emf waveform, while the choice of the ra

of magnet pole-arc to pole-pitch sometimes also depends on
motor topology.

VI. SKEWING

Cogging torque (Nm) Cogging torque (Nm)

Cogging torque (Nm)
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Fig. 9. Effect of pole-arc to pole-pitch ratio and combination of slot and pole
) ) ) numbers on cogging torque waveform.
It is well-known that skewing either the magnets or the teeth

can reduce the level of cogging torque, as will be obvious frogtot pitch, (1) and (2) indicate that this is not always essen-
(1) and (2). Although it is common practice to skew by ongal, since the fundamental and harmonic orders of the cogging
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torque are integers of the smallest common multiple betwe
the pole number and the slot number. As long as

oV _ any integer
Qs

(6)

i.e., if skewing is restricted to less than one slot pitch, the optim
skew which eliminates the cogging torque is:
kQs N.
sk — k:1727"'7_ 7
ETN, Qs ")

For example, for),/2p = 12/4 the only optimal skew is
one slot pitch, sincéV./Q; = 1, i.e.ay, = 1. However, for
Q)s/2p = 6/4 the optimal skew can be either one slot pitch c
a half slot pitch, sinceV,./Q, = 2, i.e. s = 0.5 or 1. As for
Qs/2p = 9/8, there are eight possible optimal values of skev
sinceN./Q, = 8, i.e. oy, = 0.125, 0.25, 0.375, 0.5, 0.625,
0.75, 0.875, 1.0. This is illustrated in Figs. 10 and 11, whic
show the effect of skewing on the amplitude and waveform
the cogging torque. It will be noted that the cogging torque r
duces most rapidly wherny,y. is increased from 0 to 0.15.

VII. STATOR SLOT OPENING

The stator slot opening can also have a significant effect
the level of cogging torque. For example, Fig. 12 shows tt
variation of the peak cogging torque with the stator slot openit
for slot and pole number combinatiodg; /2p 9/8, 6/4,
12/4, respectively. For all combinations, the cogging torqu
increases with the width of the slot openings, the coggir
torque in a brushless motor with a nonoverlapping windin
being only about half that in an equivalent overlapping windin
motor. Again, itis evident that a low value 6f always results
in a low cogging torque.

VIII.

Certain design parameters can have a very significant effi
on the cogging torque, in particular the slot and pole numb
combination. It also affects the choice of the optimal magnet
pole-arc to pole-pitch ratio, and the optimal skew.

A simple factorCr = 2pQ),/Nc has been introduced to in-

C ONCLUSION

dicate the “goodness” of a slot and pole number combinatioised to aid the selection of an appropriate number of auxiliary

Cogging torque (Nm) Cogging torque (Nm)

Cogging torque (Nm)

Fig. 11.
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Effect of skewing on cogging torque waveform.

from the view point of cogging torque. It can, therefore, bteeth and slots. In general, the higher the valu€'pthe larger
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