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Cogging Torque Minimization in Permanent Magnet Brushless DC
Motors for High-Speed Application

Seok-Myeong Jang*, Han-Wook Cho T

and Dae-Joon You*

Abstract - In a permanent magnet brushless dc motor, cogging torque is produced by the magnetic
attraction between the rotor mounted permanent magnets and the stator teeth. This always produces a
pulsating torque ripple resulting in vibration and acoustic noise, which is detrimental to the motor
performance. This paper deals with the analytical prediction of cogging torque and the various cogging
torque minimization techniques as applied to a permanent magnet brushless dc motor.
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1. Introduction

Permanent magnet brushless dc motors are widely used
in numerous applications, such as in household electrical
appliances, computer peripherals, and servo control
systems, in which torque ripple and acoustic noise are the
main concern. Cogging torque minimization is becoming
necessary since the motor is finding its application in
torque ripple to be sensitive to various applications such as
electric power steering, robotics, and high-speed
application, etc [1].

Cogging torque is produced, in a permanent magnet
brushless machine, by the magnetic attraction between the
rotor mounted permanent magnets and the stator teeth. It is
the circumferential component of attractive force that
attempts to maintain the alignment between the stator teeth
and the permanent magnets.

For calculation of cogging torque, the airgap field is
analyzed by space harmonics field analysis of
magnetization and the cogging torque is computed by net
lateral force acting on the teeth. Slotting effect in the airgap
flux density distribution and cogging torque characteristics
are analyzed by combining relative permeance [2, 3]. The
relative permeance is calculated according to an assumed
field pattern in which the flux crosses the magnet and the
airgap in a straight line wherever a magnet faces a tooth
and in a circular path, centered about the comer of a tooth,
wherever a magnet faces a slot opening. The flux density
of the slot region is multiplied by relative permeance.

In this paper, methods such as varying the magnet pole-
arc to pole-pitch ratio, magnet strength, auxiliary slots,
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varying the radial shoe depth and skewing are analyzed.

These methods are applied to a 4-pole, 24-slot, surface

mounted permanent magnet brushless dc motor.
Back Iron

Fig. 1 Cross-section of permanent magnet brushless dc
motor.

2. Analytical Prediction of Cogging Torque

The cogging torque is defined as a torque produced by
magnetic forces in the circumferential direction between
the stator teeth and the magnets of the rotor. Because it is
superposed on the mean output torque as a fluctuating
component, it can be a significant performance index of
noise and vibration as well as smoothness in rotations of
the rotor [1]. In this section, an analytical prediction that
can be useful in the preliminary design and modification of
the permanent magnet brushless dc motor is suggested.

Fig. 1 shows the cross-section of a 4-pole, 24-slot
permanent magnet brushless dc motor, with a parallel
magnetized permanent magnet rotor.

2.1 Relative Permeance in Airgap

In the calculation of the cogging torque, the airgap flux
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density with relative permeance is required only in the slot-
opening regions. It is assumed that the fluxes pass on each
side of the tooth circularly. The calculation of flux
distribution in the slot opening region taking into account
the relative permeance is shown in Fig. 2.

In order to simplify the field calculation, the following
assumptions are made [2]:

a) The permeability of the iron is infinite.

b) The slots are simplified to a rectangular shape.

c) The magnetic field distribution is determined from the
product of the magnetic field produced by the
magnets and the relative permeance.

d) The magnetic field developed by the magnets is
obtained from a 2-d solution by assuming a smooth
stator surface.

e) The airgap permeance is calculated according to an
assumed field pattern in which the flux crosses the
magnet and the airgap in a straight line wherever a
magnet faces a tooth and in a circular path, centered
about the corner of a tooth, wherever a magnet faces a
slot opening.
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Fig. 2 Airgap representation for calculation of relative
permeance

According to assumption (e) the permeance P and the

relative permeance P can be calculated approximately
from [2]and[3]:

po Mo (1)

P )
M
g+h,/lu,
for  (k-1yr,—b,/2<x<(k-1)r,+b,/2

where £=1,2,...0,; (/5,)x=p 6 O, is the number of slots,

7, is the pole pitch; 7 is the slot pitch; g is the airgap
length; A, is the height of the magnets. Therefore, the flux
density distribution on the stator core is calculated as
follows:

B=P-B

magnet

&)

where, B is the flux density distribution considering
the relative permeance, B is the flux density
distribution by a smooth stator surface.

2.2 Calculation of Magnetic Field

To calculate cogging torque, the airgap field is analyzed
by space harmonics field analysis of magnetization and the
cogging torque is computed by net lateral force acting on
the teeth [3].

The flux density B and field intensity H in the airgap can
be related as given in the following equation.

B=puH 4)

where 4 is the permeability of the air. Since the field
intensity H can be expressed in terms of a magnetic scalar
potential, ¢ is defined as

H=-V¢ &)

The magnetic scalar potential distribution in the airspace
is governed by Laplace’s equation. In the permanent
magnet regions it is governed by quasi-Poissonian equation,
Le.,
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Therefore, the airgap flux density is represented by
Forier series as
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in which when np=1,

B =2M, cosnpf

magnet
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where, p is the number of pole pairs, M, is the
magnetization, R; and R, are shaft and magnet outer radius,
and R, is stator inner radius, respectively.
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Fig. 3 Airgap flux distribution of full-pole arc model
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Fig. 4 Airgap flux distribution of 0.7-pole arc model

where, 1 is the space harmonic order, p is the pole pairs,
and g, is the recoil permeability of the permanent magnet.
R., R; and R,, is the rotor outer radius, stator inner radius
and the permanent magnet inner radius, respectively. The
magnetization M is [2] in the following:

M= z 2M, cosnpf (10)

n=13,..

and

. I’lapﬂ
S
M =Bg —2 (1)
" P no

where B, is the remanence, and a, is the ratio of pole-arc
to pole-pitch of the magnets.

Figs. 3 and 4 show the airgap flux density distribution of
the analysis model with full/0.7 pole-arc to pole-pitch ratio.
The results are shown in to be in good agreement with
those obtained from the finite element analysis (FEA).

2.3 Calculation of Cogging Torque with Magnet
Shifting Technique

Fig. 5 indicates the magnet shift technique for
calculation of cogging torque. Fig. 6(a) is the simple stator
teeth/slot shape, and (b) and (c) are the starting and ending
point of the permanent magnet of the rotor.

(a) Stator slots

(b} Starting point

(c) Ending point

Fig. 5 Magnet shift technique for calculation of cogging
torque.

If the distance by which one pole-pair is shifted relative
to another pole-pair is d,, the resultant magnetization is [2]:

M= i M cosnl-)c+(—1)"+1 cosnf—(x—d) (12)
‘ n r T x

» P

where (7/7,)x=p@ , M, is still given by equation (6).
However, the harmonic order » is now given by n=1,23,...
Therefore, it can be replaced in equation (7) with

Ty 14

M, {cosnix+(—l)"+1 cosnri(x—dx)} (13)

The magnetic field produced by the magnets when they
are shifted is obtained. Hence the cogging torque can be
evaluated by equation (10). Cogging torque is caused by
the non-constant airgap permeance due to slotting. The
torque is produced by the fluxes that enter the teeth walls.
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Cogging torque expression results.

T = Zl f(B s~ B, ]r,drs (14)

24,

where, /, is the stator stack length, b, is the slot opening
width, and , = R; + 7,.

A comparison between the analytically predicted
cogging torque variation with rotor position angle and
corresponding result from FEA for the analysis model is
shown in Fig. 6.

3. Cogging Torque Minimization Techniques

The cogging torque is defined as a torque produced by
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Fig. 6 Comparison of analytically and finite element
predicted cogging torque waveform.

magnetic forces in the circumferential direction between
the stator teeth and the rotor magnets.

In this paper, methods such as varying the magnet pole-
arc to pole-pitch ratio, varying the magnet strength,
shifting magnet, auxiliary slots, varying the radial shoe
depth and the skew are analyzed. The machine and the
minimization techniques are simulated using a two-
dimensional finite element analysis package. In the
following sections, the minimization techniques and the
results of the analysis are described.

3.1 Magnet Pole-Arc

The magnet arc is a particularly important parameter in
regard to the level of cogging torque. It has been found that
the optimum ratio of pole-arc to pole-pitch ratio for
minimizing the cogging torque occurs without much
reduction in the back-EMF amplitude or degradation to its
harmonic contents [4, 5].

Figs. 7 and 8 show the effect of pole-arc to pole-pitch
ratio on cogging torque waveform and amplitude of
cogging torque. It is assumed that the magnets are identical
and have parallel magnetization. As shown in the plot, the
cogging torque is very sensitive to variation in the magnet
angle. Hence, it imposes tight manufacturing tolerances if
used for minimizing cogging torque.
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Fig. 7 Effect of pole-arc to pole-pitch ratio on cogging
torque waveform.
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Fig. 8 Effect of pole-arc to pole-pitch ratio on amplitude of
cogging torque.

3.2 Magnet Strength

Fig. 9 indicates one cycle of cogging torque for a
variation in magnet remanence. The magnet remanence is
varied from 0.7 to 1.2 Tesla in increments of 0.1 Tesla. Fig.
10 shows the amplitude of maximum cogging torque for a
variation in magnet remanence. As seen by the figure, the
peak value of cogging torque varies directly with the
change in magnet remanence, while the shape of the curve
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remains unchanged [4].
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Fig. 9 Effect of magnet remanence on cogging torque
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Fig. 10 Effect of magnet remanence on amplitude of
cogging torque.
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Fig. 11 Auxiliary slots for analysis model
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Fig. 12 Effect of auxiliary slots on cogging torque
waveform.,
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Fig. 13 Effect of auxiliary slots on amplitude of cogging
torque.

3.3 Auxiliary Slots

The auxiliary slots do not have copper winding.
Furthermore, they are only for additional cogging torque
removal technique in the stator. It is known that the
fundamental harmonic of the cogging is the minimum
common multiple of the number of poles and the number
of slots. With the introduction of auxiliary slots, the order
of the fundamental harmonics of the Fourier decomposition
is increased, thus, the cogging torque should reduce. Fig.
11 shows the auxiliary slots for the analysis model.

Figs. 12 and 13 present the effect of the cogging torque
of the analysis model with auxiliary slots.

3.4 Varying the Radial Shoe Depth

Since magnetic flux enters a ferromagnetic material
perpendicular to its surface, the tangential components of
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attractive force are greatest at the sides of the stator teeth.
Varying the radial shoe depth changes the magnitude of
cogging torque by altering the distribution of the tangential
components of attractive force in the area at the side of the

shoe [4].

Permanent Magnet
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Fig. 14 Variation of the radial shoe depth
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Fig. 15 Effect of variation of the radial shoe depth on
cogging torque waveform.
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Fig. 16 Effect of variation of the radial shoe depth on
amplitude of cogging torque.

Fig. 15 shows one cycle of cogging torque for a
variation in the radial shoe depth. The radial shoe depth is
varied from 0.5 mm to 1.5 mm increments. As illustrated in
the figure, there is a small change in the magnitude of the

cogging torque curve.

Fig. 16 indicates the maximum value of cogging torque
versus the radial shoe depth. The radial shoe depth that
produces the minimum cogging torque is approximately
one millimeter.

3.5 Skewing

A well-known method to reduce the cogging torque is
the skewing of the stator slots or of the permanent magnets,
obtaining the same results. The stator skewing makes the
automatic slot filling impossible. Hence, rotor magnet
skewing is more popular than stator skewing. Fig. 17
shows the ideal rotor magnet skewing.

Fig. 17 Skewing of the rotor magnet.
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Fig. 18 Effect of skewing on cogging torque waveform.
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Fig. 19 Effect of skewing on amplitude of cogging torque.
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Fig. 18 presents the effect of the cogging torque of the
analysis model for a variation in the rotor magnet skewing
angle. The skewing angle is varied from 0 to 15 degrees in
increments of 5 degrees. As seen by the figure, the peak
value of cogging torque varies directly with the change in
the skewing angle. Fig. 19 demonstrates the effect of
skewing on amplitude of the cogging torque. The skewing
angle that produces the minimum cogging torque is
approximately 15 mechanical degrees. That is one slot
pitch of the stator.
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Fig. 20 Cross-section of proposed brushless DC motor
considering the various techniques for
minimizing the cogging torque.
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Fig. 21 The cogging torque plot for proposed motor.

3.6 Minimizing the Cogging Torque of the Permanent
Magnet Brushless DC motor

Fig. 20 shows the 4-pole permanent magnet brushless dc
motor considering the various techniques for minimizing
the cogging torque in sections 3.1 to 3.5. The stator has an
auxiliary slot and the rotor magnets are skewed by one slot
pitch with 0.7 pole-arc to pole-pitch ratio. The diameter of

an auxiliary slot is 2mm, and radial shoe depth is 1mm. Fig
21 presents the cogging torque plot for a proposed motor.
As seen in the figure, the cogging torque is reduced
significantly.

4. Conclusion

Considering the effect of slotting, the analytical
calculation of the permanent magnetic field and cogging
torque are discussed, based on the space harmonic field
method. Analytical results are verified with FE results.
Moreover, the various techniques for minimizing the
cogging torque of the permanent magnet brushless dc
motor have been presentzd.
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