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Abstract: One of the main obstacles during the design of permanent magnet machines consists
in reducing the developed torque ripple characteristic of this type of machine. The main
component of such ripples is a parasitic torque, called cogging torque. A technique present in
the literature to reduce this parasitic torque considers the segmentation of the poles. This allows
a decrease in the cogging torque, however reducing the air gap flux density too and thus the
torque mean. Thus, in order to keep the torque mean reduction in reasonable levels, optimization
techniques can be employed with the pole segmentation. The variables to be optimized are
the number, distance and width of the segments. The present article proposes two methods to
optimize these variables in order to minimize the cogging torque, but also maintain a satisfactory
flux density value. Some constraints are added to account for the machine construction feasibility.
The proposed methods were validated through a finite element analysis. The results proved the
effectiveness of the proposed methods, with a reduction by up to 76% in the cogging torque and
keeping, in the best case, about 95% of the reference machine air gap flux density and 78% in
the worst one.
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1. INTRODUCTION

Permanent magnet synchronous machines (PMSM) are
known for their high torque density that results in a
smaller volume when compared to induction motors of
same rated power (Lateb et al., 2005). In addition, a
PMSM have no commutation losses like the DC brushed
motor (Sincero et al., 2008). However, they present a char-
acteristic torque ripple as a disadvantage that degrades the
drive performance. The cogging torque is one of the main
contributors to this ripple (Abbaszadeh et al., 2011). It is
caused by the tendency of the magnets and slot openings
to align, resulting in a pulsating torque with zero average
value. Many techniques were derived in order to reduce
the cogging torque considering the machine design (Miller
and Jr., 1995; Wei Hua and Ming Cheng, 2008; Breton
et al., 2000; Lateb et al., 2006; Mansouri and Trabelsi,
2013; Ashabani and Mohamed, 2011; Sang-Moon Hwang
et al., 2001).

The simplest technique for reducing cogging torque is
based on making the appropriated choice of pole and slot
numbers (Miller and Jr., 1995). However, the reduction
provided is not always satisfactory and other solutions
may be necessary. The skewing of the stator lamination
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stack or magnets in rotor produces are suited for this,
but the leakage flux is increased and a reduction in the
developed torque occurs (Wei Hua and Ming Cheng, 2008).
Another way consists in using asymmetrical poles and slots
distribution (Breton et al., 2000), increasing the complex-
ity of the machine. There are several other techniques in
the literature with their respective advantages and dis-
advantages. A remarkable one is the pole segmentation
technique (Abbaszadeh et al., 2011; Lateb et al., 2006;
Mansouri and Trabelsi, 2013; Ashabani and Mohamed,
2011) that is discussed in detail in this paper and two
optimization methods for this technique are proposed.

As shown in Section II, the intensity of the cogging torque
is associated to the distribution of the magnetic flux
density in the air gap and the distribution of the stator
slots (Lateb et al., 2006). The pole segmentation consists in
dividing the poles in smaller segments. It reduces the num-
ber of alignments between the slot openings and magnets,
thus reducing the cogging torque. It is a simple technique
that can be applied to any size of PMSM (Abbaszadeh
et al., 2011). Moreover, this technique allows a reduction
in the magnets volume, but also decreases the air gap
flux density. Multi-objective optimizations methods can
be applied to the pole segmentation technique in order
to minimize both the cogging torque and magnets volume,
but keeping the flux density almost unaltered (Ashabani
and Mohamed, 2011).
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As explained before, the usage of pole segmentation results
in a decrease in the air gap flux density, and the main goal
of this paper is, by means of two optimization methods,
to reach a minimum cogging torque such that the motor
delivers a good performance. The first condition is that
the flux density does not reduce below a threshold value.
Then, three machine parameters (segment number, width
of segments and pole pitch) have their values changed and
applied into the analytic equations shown in Section II.
Their optimal value, achieved by means of an optimization
process, lead to an optimal machine design that comply
with low cogging torque, low torque ripple and low average
torque depreciation.

This paper is divided as follows: Section II presents a
detailed explanation of the pole segmentation technique,
how it reduces cogging torque and the equations used
in the optimization process; Sections III presents the
optimization methods proposed to reduce the cogging
torque; and Section IV shows the results and discussions.

2. COGGING TORQUE REDUCTION

This section presents a detailed description of the pole
segmentation technique and how it is possible to reduce
the cogging torque utilizing it. Equations are obtained and
presented here in order to facilitate the analysis and aid
the optimization process.

As the name suggests, the pole segmentation technique
consists in dividing the pole in smaller segments. This can
reduce the number of alignments between slot openings
and magnets, thus reducing the cogging torque. An ex-
ample of pole segmentation (using three segments) can be
depicted in Figs. 1a and 1b.

(a) Non-segmented pole (b) Segmented pole

Figure 1. Example of the pole segmentation

The air gap energy, W , variation can be considered equal
to the total energy variation of the machine for a surface
mounted PMSM. Thus, the cogging torque, TC , can be
obtained by differentiating W with respect to the rotor
angle, α, as expressed in (1), for the no-load machine
operation (Lateb et al., 2006).

TC(α) = −∂W (α)

∂α
(1)

The air gap energy may be expressed by means of its
energy density, B2

g/2µ0, being Bg the air gap flux density,
V the volume of the air gap and µ0 the permeability of
free space, as can be seen in (2).

W (α) =

∫
V

B2
g

2µ0
dV (2)

It is possible to describe Bg as the scalar product of
two functions. These functions are the air gap permeance
function, G, and the air gap flux density function of the
same machine, but without slots, Bsl. The first one is a
modulating function in order to represent the effects of the
slots. This modulating function has value equal to zero for
regions under a slot opening or equal to one otherwise.
Thus, (2) can be re-written as (3).

W (α) =
1

2µ0

∫
V

G2B2
sldV (3)

In this analysis, it is considered that leakage and fringing
effects can be neglected. If the machine has non-segmented
poles radially magnetized, B2

sl is constant (Wu et al.,
2012). Now, for the segmented poles machine, B2

sl wave-
form is as shown in Fig. 2. For both cases, the G2 waveform
is as shown in Fig. 3.
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Figure 2. Real and ideal waveform of B2
sl (three segments).
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Figure 3. Ideal waveform of G2

The functions G2 and B2
sl may be expressed as their

respective Fourier series, as (4) and (5), respectively (Lateb
et al., 2006; Ashabani and Mohamed, 2011). For these
equations, Ns is the slot number, p is the number of pole
pairs, θ is the angular position of the air gap and m and
n are positive integers.

G2 = G0 +

∞∑
m=1

GmNs
cos (mNsθ) (4)

B2
sl = Bsl0 +

∞∑
n=1

Bsln2p cos [n2p(θ − α)] (5)

The equations (4) and (5) can be applied in (3), and then
applied in (1). Using orthogonality properties, the cogging
torque may be expressed as (6) (Lateb et al., 2006).



TC(α) = TC0

∞∑
a=1

aNLGaNL
BslaNL

sin (aNLα) (6)

where TC0 is a parameter that depends exclusively on the
machine geometry, NL is the LCM (Ns, 2p), being LCM
the least common multiple, GaNs and BalnNL

are the

coefficients presented in (7) (Sang-Moon Hwang et al.,
2001) and (8) (Lateb et al., 2006), respectively, and a is a
positive integer.

GaNL
=

2Ns
aπNL

(−1)
NL/Ns sin (aNLws) (7)

BslaNL
=

2pB2
0

aπNL

N∑
k=1

sin

(
aNL

δk
2

)
cos

[
aNL

(
σk +

δk
2

)]
(8)

where ws is the angle of the teeth, B0 is the maximum air
gap flux density value, k represents the k-th segment, N
is the total number of segments, σk is the initial angular
position of a segment and δk is the angular width of each
segment (considered equal for all segments in this work).

One can notice that in order to reduce the cogging torque
without altering the machine dimensions, the coefficients
GaNs

and BslaNL
must be reduced. The pole segmentation

technique allows a decrease in the BslaNL
coefficient, thus

reducing cogging torque (Lateb et al., 2006; Ashabani
and Mohamed, 2011). On the other hand, this technique
also affects the first harmonic of the air gap flux density,
implying in a developed torque decrease. Therefore, when
using this technique, one must take special care not to
greatly reduce the developed torque.

In order to verify the effects of pole segmentation technique
on the air gap flux density, its Fourier series can be
obtained, neglecting leakage or fringing effects, as (9).
Thus, one can verify that the pole segmentation affects
not only the cogging torque, but also the air gap flux,
as mentioned. The air gap flux density waveform can be
visualized in Fig. 4.

Bsl = Bslip sin (ipθ) (9)

where

Bslip =
4B0

iπ

N∑
k=1

sin

(
ip
δk
2

)
sin

[
ipNL

(
σk +

δk
2

)]

Figure 4. Real and ideal waveform of Bsl (three segments).

3. OPTIMIZATION

As mentioned in Section II, the fundamental of the air
gap flux density, B1, can be reduced when segmenting
the poles. So, in order to reduce the cogging torque and
also guarantee that B1 will not have a great reduction,
an optimization process can be employed. The methods to
achieve this are described in this section.

3.1 Method I

The first method, proposed by the authors, considers
(8). One can notice that in order to eliminate (ideally)
a specific harmonic j, one must choose a δk such that
δk = 2π/jNL (Lateb et al., 2006). It is noteworthy that
the elimination of one harmonic does not guarantee that
the minimum cogging torque is obtained. So, to minimize
the cogging torque, the objective function OF1 presented
in (10) must be minimized, obtaining the optimal values
of δk and σk. Also, the value of (11) must be greater or
equal to a certain threshold value.

OF1 =

11∑
j=1

N∑
k=1

sin

(
jNL

δk
2

)
cos

[
jNL

(
σk +

δk
2

)]
(10)

B1 =
4B0

π

N∑
k=1

sin

(
p
δk
2

)
sin

[
pNL

(
σk +

δk
2

)]
(11)

For this paper, the optimal value of σk was obtained
varying the pole pitch and δk. The distance between the
segments was then calculated accordingly.

3.2 Method II

The second method that comprises a multi-objective opti-
mization, is proposed here. Three parameters are to be
optimized, being the magnets volume (VM ), a function
estimating the cogging torque peak (T ) varying α, as
described in (12), and the fundamental of the air gap
flux. There are many ways to solve multi-objectives op-
timization, like the “ant colony” (Guo and Zhu, 2012),
“genetic algorithms” (Fonseca and J.Fleming, 1996) and
“taboo search” (Baykasoglu et al., 1999). Here, the multi-
objective is converted in a single objective optimization,
using the objective function described in Ashabani and
Mohamed (2011). This objective function, OF2, shown in
(13), must be maximized and also keeping (11) above a
certain threshold.

T = max

( ∞∑
a=1

aNLGaNL
BslaNL

sin (aNLα)

)
(12)

OF2 =
B2

1

VMT 3
(13)

4. FINITE ELEMENTS ANALYSIS

The finite elements analysis was used to validate the pro-
posed methods. Three-phase Machines with four and eight
poles were considered for this analysis. Their parameters
are shown in Table 1.

The machines obtained using methods I (case 1) and II
(case 2) were compared to machines with non-segmented



Table 1. Parameters of the machines.

Parameter Value

Diameter over slots [mm] 96
Stack length [mm] 102
Air gap [mm] 1
Slot opening [mm] 2
Number of poles 4, 8
Number of slots 24
Rated speed [rpm] 1500
Rated power [W] 736

full pole pitch (Ref1) and a pole pitch, β (Ref2), obtained
using (14) (Lateb et al., 2006). This last pole pitch can
reduce the cogging torque. Tables 2 and 3 present these
pole pitch values. Ref1 was only considered here to show
why it is preferable to use non-full pole pitches, such as
Ref 2, to obtain lower values of cogging torque. Thus, all
the comparisons made here consider Ref2 parameters as
the reference ones.

β =

(
b
Ns
NL

+ 0.17

)
2π

Ns
, b = 1, 2, · · · (14)

To avoid unfeasible results, some constraints were added
to the optimization problems. The pole pitch value must
be between the values of Ref2 and Ref1. Yet, δk must
be greater than 12◦/p and smaller than 90◦/p and the
distance between segments, γ, must be greater than 0.5◦.
The B1 value must not be less than 0.90 T and the
maximum number of segments is 10.

The obtained results are presented in Tables 2 and 3 for
the 4- and 8-pole machines, respectively. One can notice
that method I was the most suitable for both machines
regarding the cogging torque reduction. Its reduction was
by up to 71.85% for the 4-pole machine and 66.86% for
the 8-pole one.

It is also possible to notice the reduction in the flux density
caused by the segmentation. This reduction is by up to
13.94% and 13.31% for the 4-pole and 8-pole machines
when using method I, respectively. When using method II,
the reduction in the flux density was by up to 5.00% and
21.67% for the 4-pole and 8-pole machines, respectively.

Method II presented the minimum volume for the 8-pole
machine, whereas method I for the 4-pole. Finally, the
angle constraints were satisfied, but for the 8-pole machine
the B1 constraint value was not. This last result indicates
that more accurate models for B1 can be explored in future
works.

The developed torque, TD, reduction can be noticed from
Tables 2 and 3. This reduction is essentially equal to the
reduction suffered by the air gap flux density. For the 4-
pole machine, the torque reduction was by up to 13.93%
and 5.01% for methods I and II, respectively. For the 8-
pole machine, this reduction was by up to 13.06% and
21.87% for methods I and II, respectively. Furthermore,
case I presented the bests results regarding the torque
ripple for both machines, since for these cases the cogging
torque experienced the greatest reductions.
The cogging torque waveforms for all cases can be seen
in Figs. 5a and 5b for the 4-pole and 8-pole machines,
respectively. It is possible to notice the reduction of the
low order harmonics achieved by methods I and II. The

Table 2. Results for the 4-pole machine.

Parameter Ref1 Ref2 Case I Case II

N 1 1 7 7
δk 90◦ 77.55◦ 10.71◦ 11.97◦

γ – – 2.14◦ 0.99◦

Pole pitch 90◦ 77.55◦ 87.86◦ 89.69◦

TC [Nm] 1.2596 1.0663 0.3002 0.3672
VM [dm3] 0.169 0.146 0.141 .158
B1 [T] 1.1460 1.1200 0.9639 1.064
TD [Nm] 4.1256 4.0336 3.4718 3.8315

Table 3. Results for the 8-pole machine.

Parameter Ref1 Ref2 Case I Case II

N 1 1 7 8
δk 45◦ 32.55◦ 5.02◦ 4.04◦

γ – – 1.41◦ 1.69◦

Pole pitch 45◦ 32.55◦ 43.59◦ 44.12◦

TC [Nm] 2.8367 2.1385 0.7087 1.2036
VM [dm3] 0.169 0.122 0.132 0.121
B1 [T] 1.1960 1.035 0.8972 0.8107
TD [Nm] 4.4324 3.8442 3.3421 3.0188

high order harmonics can be noticed in these waveforms
by a quick comparison between the waveforms of Ref1 and
Ref2.

As for the flux density and speed normalized Back-EMF
waveforms, they can be visualized in Figs. 6a and 7a for
the 4-pole and 6b and 7b for the 8-pole machines, for all
cases. Although the machines of the cases I and II have
segmented poles, their waveforms are very similar to those
of the reference machines. It is possible to notice a sag
in the flux density over slot openings not present in Fig. 4
and, as a consequence, a similar pattern is also observed in
the Back-EMF. This sag decreases B1 thus the reduction
of the Back-EMF and electromagnetic torque, therefore a
more accurate model is needed.

Figures 8a and 8b show the waveforms of the developed
torque. A sinusoidal current with a 4.68 A peak was
considered. It is possible to notice the reduction of the
torque average and torque ripple values. Since for both
machines the cogging torque has the same order as the
developed torque, the torque ripple is accentuated.

5. CONCLUSIONS

The pole segmentation is an efficient way to reduce the cog-
ging torque of permanent magnet synchronous machine,
thus also reducing the developed torque ripple. Although
this technique reduces the air gap flux density, it is possible
to mitigate this effect by an optimization process. In this
paper, two methods for this optimization were proposed.
Both methods proved to be effective in reducing the cog-
ging torque and maintaining a flux density equal to 78.33%
of the reference flux density in the worst case and 95% in
the best one. Method I presented the lowest cogging torque
values, allowing a reduction by up to 71.85% in its value.
For future works, a combination between methods I and
II may be verified.
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(a) Cogging torque waveform for the
4-pole machine.
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(b) Cogging torque waveforms for the
8-pole machine.

Figure 5. Cogging torque waveforms.
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the 4-pole machine.
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Figure 8. Developed Torque.




