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Abstract: Minimization or elimination of cogging torque is a significant issue in permanent magnet (PM) motor design
process. There are some design techniques to reduce or eliminate this unwanted torque components in PM motors.
This paper focuses on two different design techniques, varying magnet pole-arc and step-skew, to reduce cogging torque
component in radial flux PM synchronous motors. Different design points which consider pulsating torque components
and back-EMF harmonics are obtained via finite element analysis (FEA) for a low power industrial PM motor. A
prototype motor is manufactured for one of the desired designs and is tested experimentally. Good agreement is attained
between the analysis and experimental results.

Key words: Permanent magnet motors, servomotors, finite element analysis, cogging torque, torque pulsations, torque
ripple

1. Introduction
Permanent magnet (PM) synchronous motors are widely used in industrial applications including home appli-
ances, defense, automotive, servo and robotics due to their high torque/volume-current ratios, compact designs
and linear torque speed characteristics [1, 2]. However, one major disadvantage of such motors is pulsating
torque if it is not managed during the design stage. This causes many complications such as mechanical vi-
bration, noise, and related problems in the drive systems, which cannot be tolerated in many applications
[3–5].

Torque output of a PM motor includes four main components which are namely average torque, reluctance
torque, torque ripple, and cogging torque. Average torque is produced by interaction between the field of the
rotor and stator current while reluctance torque is caused because of the saliency of the rotor. Furthermore,
torque ripple is generated by the field distribution and generated magnetomotive force and the cogging torque
is caused by the interaction between magnets and stator slots. If the designed motor is surface mounted PM
synchronous motor, reluctance torque component does not arise since there is no difference in d and q-axis
reactances. Thus, there are two options to improve the torque quality of surface mounted PM motors: reducing
both torque ripple and cogging torque [6].

There exist various methods to reduce or eliminate cogging torque components in PM motors [3–12]. All
of these techniques are mainly classified into two main categories: optimization of motor design parameters and
∗Correspondence: metin.aydin@kocaeli.edu.tr
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current injection. There are various design techniques for reducing cogging torque including magnet shaping
and sizing, teeth pairing, minimizing slot openings, adding dummy stator slots, shifting magnets, skewing
either stator slots or rotor magnets, selecting coreless and slotless designs [6]. The key design parameter in
minimization of torque pulsations is optimizing the magnet geometry which affects both torque ripple and
cogging torque components of the motor as well as back-EMF harmonics.

Two different design techniques of minimizing torque pulsations were used in this paper and the best
design parameters are found for each design based on cogging components and back EMF harmonics. In the
first part, an 8-pole PM motor is designed for a specific application without paying too much attention to torque
quality. Both design practices of varying magnet pole-arc and step-skew are applied to the designed rotor in the
second part of the paper. All of the design studies are carried out using Flux FEA software by Cedrat1. Torque
components of each method and subsequent back-EMF harmonics are all investigated in detail and design with
minimum cogging and minimum voltage harmonic content is completed and summarized. A prototype motor
is built based on one of the optimized designs and experimentally verified. Important conclusions are drawn
about optimum rotor design with better torque quality and low back-EMF harmonics in the last section of the
paper.

2. Definitions of cogging torque and torque ripple for PMAC synchronous motors
A well-known electromagnetic torque equation developed by a PM synchronous motor is given by

T =
3

2
p(ψmiq − (Lq − Ld)idiq), (1)

where ψm is magnet flux linkage, Ld and Lq are d-q axis inductances, p is pole-pair, and id and iq are d-q
axis currents. Since Ld = Lq for surface magnet motors, the torque equation becomes

T =
3

2
pψmiq. (2)

This equation assumes that there exist no cogging or ripple components at the torque output. However,
it is inevitable to obtain pulsating torque free motor unless the motor designer takes extra precautions during
the design stage to lower or eliminate the pulsating torque components.

Cogging torque occurs as a result of the interaction between magnets on the rotor and slots in the
stator. No current excitation is involved in this torque component. Due to its periodic behavior, cogging torque
component can be described by using a Fourier series as

Tcog(θm) =

∞∑
k=1

Tksin(kNcθm + φk), (3)

where θm is position of the rotor, Tk is the amplitude and φk is the phase angle of the k th harmonic, Nc is
the least common multiple of the rotor pole number and the stator slots.

Electromagnetic torque ripple caused by the interaction between stator MMF and rotor can be given by
[13],

Trip =

∞∑
n=1

T6ncos(6nωt), (4)

1Cedrat Flux 2D Users Manual. Lyon, France: Cedrat Technologies SA, 2009.
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where T6n is harmonic torque components.
The torque ripple factor (TRF), which is an important torque quality measure in PM motors, can be

expressed as the ratio of peak-to-peak torque ripple to average torque

TRF =
Tpp
T0

=
2

T0

√√√√ ∞∑
n=1

T 2
6n, (5)

where Tpp is the peak-to-peak electromagnetic ripple torque of the motor, T0 is the average torque and T6n is
harmonic torque components.

Since almost all practical stator windings and PM field distributions have some winding and flux density
harmonics, back-EMF waveforms are not perfectly sinusoidal and contain high-order harmonics. As a result,
ripple torque exists even with a sinusoidal phase current source. To eliminate this problem, special fractional
slot-pole configurations are commonly used in PM motors. However, for integer slot PM motors, some simple
and cost effective design methods can be used and torque ripple can be lowered or eliminated at the motor
output.

3. Designed permanent magnet motor

FEA is a popular tool in the design of conventional and unconventional electric motors and the development of
the available FEA packages has allowed engineers to design PM motors rapidly and efficiency [14, 15]. A design
study of an industrial PM motor with 380 V terminal voltage and 4.25 Nm torque at 2500 rpm is carried out
with no attention to torque quality. The designed surface mounted motor structure is shown in Figure 1. Motor
no-load and on-load flux density variations with flux lines as well as airgap mesh structure are all displayed
in Figure 2. Improved mesh density in the motor airgap is achieved using Flux FEA package to increase the
accuracy of the finite element calculations. The main parameters of the designed motor are also provided in
Table 1. The motor is designed to deliver minimum cogging torque. Therefore, magnet pole-arc is varied in
order to find out minimum cogging component. Magnet pole-arc ratio, also called magnet width, is changed
from 90 to 165 electrical degrees, and cogging torque simulations are conducted. As seen from Figure 3, peak
cogging torque has a minimum value of 0.11 Nm for the magnet pole-arc of 126.25 electrical degrees. This
value of cogging torque is nearly 90% lower than the cogging for the pole-arc of 110 degrees electrical and
87% lower than the cogging for the magnet pole-arc of 145 degrees. However, the real drawback of proceeding
with such design point is the back-EMF harmonics generated. Figure 4 shows the line back EMF voltages and
associated harmonic spectrum at 200 rpm velocity. As seen from the FFT analysis, the line back-EMF voltage
has high order harmonics with 5th and 7th being the most significant ones. This could not be acceptable since
it generates issues in the drive system. These harmonics will be reflected in the current drawn and will result
in extra heating in the stator. In addition, the harmonics will limit the maximum speed of the motor and affect
the utilization of the DC bus. Therefore, special attention needs to be given to the elimination of back-EMF
harmonics during pulsating torque minimizations.

4. Applied design techniques to reduce torque pulsations

Various design techniques are available to obtain pulsating torque free PM motors [4]. Modifications completed
in the stator structure causes manufacturing difficulties and associated cost not to mention additional leakage
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Figure 1. Designed PM AC motor with surface mounted magnets.

Figure 2. (a) No-load and (b) on-load flux distributions-lines and (c) mesh structure of the designed motor.

Table 1. Parameters of the designed PM motor.

Number of poles 8
Number of slots 24
Rated torque 4.25 Nm
Rated speed 2500 rpm
Airgap 0.5 mm
Slots/pole/phase (q) 1
Magnet type N35SH
Lamination M270-50A
Stator OD 91 mm
Stack length 43 mm

components. Thus, design modifications accomplished on the rotor are generally preferred due to simplicity
and low cost.

In this study, two different rotor side design techniques are applied to the rotor design and compared
with each other: varying magnet pole-arc and stepped rotor. First, a magnet design is completed to obtain
minimum cogging torque during the design process of the motor. Then, varying magnet pole-arcs where different
magnet pole-arcs are utilized for both N and S poles (αN ̸= αS ). This is not very well investigated topic in the
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Figure 3. (a) Cogging torque and output torque variations for standard rotor with equal magnet pole-arcs (αN = αS =
126.25 electrical degrees), and (b) cogging torque peak values for different magnet pole-arcs.
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Figure 4. Line voltage and FFT analysis for conventional rotor with equal magnet pole-arcs (αN = αS = 126.25
electrical degrees).

literature and will be investigated thoroughly in this section. The second method investigated in this study is
stepped rotor, also called step-skew, where the rotor is comprised of stepped segments so that a magnet skew
is introduced. This method will also be applied to the design and investigated in detail. It should be indicated
that both of the design techniques are examined with 2D-FEA.

4.1. Rotor with varying magnet pole-arcs

Using different magnet pole-arcs in rotor is a simple and effective method to minimize torque pulsations in PM
motors. Both magnet pole-arcs of N (αN ) and S (αS ) poles are changed independently in this technique as
displayed in Figure 5. Figure 6 shows the peak cogging torque levels as a function αN and αS , which are
adjacent pole-arcs, and shows 2D cogging map. A total of 256 cases with 15616 FEA simulations are conducted
to be able to find minimum cogging torque levels by varying both αN and αS independently. The analysis took
roughly 29 h with good quality mesh structure. The figure clearly shows how the magnet pole-arcs should be in
order to minimize the cogging torque. A large plateau of low cogging is observed from the plot and minimum
cogging point is obtained for magnet pole-arcs of αN = 117.5 degrees and αS = 146.5 degrees. Peak value of
cogging torque becomes 0.11 Nm which is roughly 2.75% of the average torque of the motor.
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Figures 7 and 8 show 3D and 2D graphs of 5th and 7th harmonic variations as a function of magnet
pole-arcs αN and αS respectively. Similar to peak cogging torque graph, the 2D maps are symmetric along
the symmetry line. These 3D and 2D plots can allow the designer to find out the design point with either
minimum cogging or perfectly sinusoidal back-EMF. When the graphs are examined carefully, it is seen that the
intersection of the 2D cogging, 5th and 7th harmonic maps must lead to the optimum design point. Although
the design points for minimum cogging and sinusoidal back-EMF are close to each other, the designer must
reach a compromise between cogging and sinusoidal back-EMF. In other words, a decision should be made
between the manufacturing cost and performance.

Figure 5. Definition of rotor with varying magnet pole-arcs [αN describes the pole-arc of (N) magnet and αS describes
the pole-arc of (S) magnet].
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Figure 6. Variation of cogging torque peak values for varying magnet (N and S) pole-arcs: 3D variation and 2D map.

Figures 9 and 10(a) shows cogging torque variation and line back-EMF waveform of both design points. If
the motor is designed for optimum cogging point with varying magnet pole-arc, peak cogging is found to be 0.11
Nm. If the design point with harmonic free back-EMF voltages is desired, then the other point must be selected.
In addition, as seen from the FFT analyses of both waveforms, 6.0% of 5th harmonic level is observed clearly
for the minimum cogging design point. Moreover, Figure 10(b) displays the airgap flux density comparison for
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Figure 7. 3D graphs of 5th and 7th harmonics for varying magnet pole-arcs.
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Figure 8. Variation of 5th and 7th harmonics for varying magnet pole-arcs (2D views).

both varying pole-arc design and the original design. Varying pole-arc can help reduce the cogging component
dramatically, but can generate subharmonics at the machine airgap which may produce torque ripple at the
output. Therefore, careful design strategy hast to be followed if this approach is utilized.

4.2. Rotor with step-skew

Step-skew is one of the effective methods to minimize or eliminate cogging components in PM motors. Although
it causes manufacturing difficulties and associated cost, it is frequently used in high performance PM motors.
The second design technique used in this paper is stepped skew and displayed in Figure 11. Both 2-step and
4-step skew rotors as examples are given in the figure. Using this approach, rotor stack is divided into a number
of steps to create skewing effect. Both 2 and 4 stepped skew rotors are applied to this design, and FEA analyses
are performed to investigate it.
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airgap flux density distribution for both designs obtained by FEA.

It is found out that the peak value of minimum cogging torque for 2-step skew rotor is 0.05 Nm. At that
point, magnet pole-arc is 155.5 electrical degrees as displayed (Figure 12). At this magnet pole-arc if the rotor
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is unsegmented, peak value of cogging torque becomes 0.8 Nm. If 2-step skew is applied in the rotor, cogging
torque is reduced by 96% and becomes practically zero. Back-EMF line voltage and its harmonic content are
both shown in Figure 13 for 200 rpm angular velocity. As seen from the FFT analysis it has high order harmonics
with low harmonic content.

Figure 11. Example for step-skew structures: (a) 2-step-rotor and (b) 4-step-rotor.
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Figure 12. Cogging torque peak values for different magnet pole-arcs and 2 segmented rotor (αN and αS ), and cogging
torque variation for unsegmented and 2 segmented rotor (αN = αS = 155.5 degrees).
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Figure 13. Line back-EMF voltage and FFT analysis for 2 segmented rotor (αN = αS = 155.5 degrees).
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The same analyses are carried out for a 4-step skew rotor which is shown in Figure 11(b). Figure 14
shows the peak value of cogging torque as a function of magnet pitch. It is seen that the peak value of the
cogging torque becomes 0.025 Nm with 140 electrical degrees of magnet pole-arc. Back-EMF phase and line
voltages are also shown in Figure 15 at 200 rpm rotor angular velocity. As seen from the FFT analysis, line
voltage waveform does not include any high order harmonics. Although the manufacturing cost is increased,
the low speed motor performance is dramatically improved with the step-skew rotor.
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Figure 15. Line back-EMF voltage at 200 rpm and FFT analysis for 4 segmented rotor (αN = αS = 140 degrees).

5. Pulsating torque component and minimization

Motors with small value of the cogging torque and back-EMF waveforms with harmonic content demonstrate
the quality of a PM AC motor. Although magnet pole arc giving minimum cogging is used in the original
design point with the same pole-arcs and without stepped rotor, attention has to be paid to induced back-EMF
waveforms which has to be harmonics free in order to eliminate torque pulsations. Thus, each rotor design
studied in the paper is tested for output torque quality using 2D FEA with the same stator and phase current.

Electromagnetic torque output plots for all of the rotor designs are shown in Figure 16. Design with
varying magnet pole arc has better torque output than the original design. Torque ripple of the designed motor
is about 23.4% and the torque ripple of the rotor with varying magnet pole-arcs is about 6.1% of the average
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torque. 2-step rotor or step-skew rotor has a torque ripple approximately 6.5% and 4-step rotor has minimum
torque ripple with 3.5% of the average torque.
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Figure 16. Torque output of standard rotor with equal magnet pole-arcs (αN = αS = 126.25 degrees), varying magnet
pole-arcs (αN = 117.5 degrees and αS = 146.48 degrees), 2-step rotor (αN = αS = 155.5 degrees) and 4-step rotor
(αN = αS = 140 degrees).

6. Comparison of applied methods and prototype motor
Cogging torque variations for all of the designs are shown in Figure 17. As seen from the figure, segmented
rotor structure with 4-step skew offers the minimum cogging torque. At this design, cogging torque peak
value is 0.025 Nm which is 75% smaller than the design with varying magnet pole-arc. Furthermore, all four
designs are compared in terms of line back-EMF voltages and harmonics obtained at 200 rpm and illustrated
in Figure 18. The design with 4 segmented rotor provides very low harmonic content while the other designs
have nonsinusoidal back-EMF waveforms arising from either varying magnet pole-arc or 2-step skew.

Torque output comparison is also shown in Figure 19. Design with varying magnet pole-arc, 2-step rotor
and 4-step rotor have better torque output than the standard design in terms of torque ripple. Standard design
has highest torque ripple/average torque ratio with the value of 23.4% while the others have less than 6.5%
torque ripple. All of the average torques and torque ripple values are summarized at Table 2. In addition,
Figure 20 shows the comparison of torque-current loci of the designs including the prototype motor.

Table 2. Parameters of the designed PM motor.

Average
torque [Nm]

Cogging
torque [%]

Torque ripple or
TRF [%]

Magnet
volumes [mm3]

Original rotor 4.25 2.3 23.4 13
Varying magnets 4.66 2.4 6.1 13.4
2-step rotor 4.66 1.1 6.5 15
4-step rotor 4.47 0.58 3.5 14

Although the best design seems to be the 4-step skew rotor, because of the manufacturing costs of
segmentation and difficulty in manufacturability, rotor with varying magnet pole-arc with single segmented
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dard rotor with equal magnets, varying magnet pole-arc,
2 and 4 segmented rotors.
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Figure 19. Torque output comparison of standard rotor with equal magnets, varying magnet pole-arc, 2 and 4 segmented
rotors.

structure is chosen for building prototype motor. Manufactured motor and its varying rotor magnets are both
illustrated in Figure 21.

7. Experimental verification

A test setup is prepared for measuring cogging torque component and back EMF waveforms. Cogging free
driving motor and its drive is one of the main components of the experimental set-up. High resolution torque-
meter with high sensitivity is also required to measure low cogging torque values accurately. Figure 22 shows
the set-up used in this study.

The drive motor is rotated at very low speeds such as 1 rpm for cogging torque measurements and high
speeds for back-EMF measurements. Experimental cogging torque data for 60 s and comparison with 2D-FEA
are provided in Figure 23. Twenty-four cogging cycles over one mechanical rotation is clearly seen from the
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Figure 20. Comparison of torque constants of the designs including the prototype motor.

Figure 21. Prototype motor and the rotor structure with varying magnet pole-arc (built for min cogging torque point).

graph. Since this is an integer slot motor with q = 1 slot/pole/phase, cogging cycle is 15 mechanical degrees.
0.11 Nm peak cogging torque is found in FEA and good agreement between FEA and experimental results for
both peak value and the shape of the cogging torque waveform is observed in the comparison. In addition,
the prototype motor is tested to compare the line back-EMF voltages. As seen from Figure 24, 48 V peak line
voltage is observed with 6% of the 5th harmonic. Excellent agreement between predicted FEA and experimental
results is attained in this study.

Figure 22. Experimental setup for measuring cogging torque and back-EMF of the prototype motor.
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Figure 23. Experimental results of cogging torque component during one rotation and comparison with FEA and test
results over one cycle.
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Figure 24. Comparison of line voltages with 2D-FEA and experimental data.

8. Conclusion

Influence of varying magnet pole-arc and step-skew in PM motors in minimizing cogging torque component as
well as back-EMF harmonics is investigated in this paper. An integer slot surface mounted PM motor is used in
this work. Based on the analyses, rotor with varying magnet pole-arc is the chosen to build the prototype motor
and good agreements between the test motor and FEA is obtained. Although using varying magnet pole-arcs
increases the magnet manufacturing cost slightly, it helps reduce the cogging torque component significantly
for such integer slot combinations. If the rotor design with varying magnet pole-arc is performed thoroughly,
design with minimum cogging torque point can be obtained for a particular stator slot combination. Back-EMF
harmonics can also be minimized. It has also been shown that step-skew is an effective means of reducing
cogging torque component in high performance integer slot PM motors. It also helps reduce the high order
back-EMF harmonics and consequently, torque ripple. However, this method requires precise calculation of
skew angle and low manufacturing tolerances of the permanent magnets used.
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