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This paper proposes two approaches to minimize torque pulsations including cogging torque and electromagnetic torque ripple for
spoke-type interior permanent magnet (IPM) motors. The first approach is an improved skewing method, in which the rotorpermanent magnets (PMs) are skewed by being symmetrical in the axial direction within one magnet pole pitch for not only reducing
torque pulsations but also maintaining maximum available torque and eliminating unbalanced axial electromagnetic forces. The
second one is a sinusoidal PM shaping method with the aim of achieving the same advantageous effects as the proposed skewing
method. Both of the proposed methods adopt stepped rotor-PM schemes and the effects of the rotor-PM step numbers on motor
performance are investigated. To highlight the advantages of the proposed approaches, a spoke-type IPM motor with conventional PM
configuration is adopted as the basic model. All the motor characteristics such as back electromotive force (EMF), cogging torque, and
electromagnetic torque are predicted by a three-dimensional (3-D) finite element method (FEM) with the aid of JMAG-Designer.
Index Terms—Cogging torque, electromotive force (EMF), finite element method (FEM), interior permanent magnet (IPM) motors,
sinusoidal PM shape, skewing, spoke-type, torque ripple.

I. INTRODUCTION

I

permanent magnet (IPM) motors are increasingly
popular in various industrial and domestic applications due
to the advances in permanent magnet (PM) manufacturing and
technology. In particular, the spoke-type IPM motor offers
superior performance in terms of relatively high torque
(power) density and high efficiency benefiting from the
concentrated flux from rotor PMs [1]-[2]. However, the
undesirable disadvantages of such motors are the serious
distortion of airgap flux density distribution resulting in
numerous harmonics in the back EMF, and high torque
pulsations including cogging torque and torque ripple [3].
In general, torque pulsations cause unacceptable vibration,
acoustic noise, poor position and speed control, performance
degradation and even running failures. Accordingly, torque
pulsation minimization must be considered when designing for
electric motors in practical applications, where design-based
or control-based techniques are commonly utilized [4]-[6].
However, the available techniques for spoke-type IPM motors
to minimize torque pulsations are very limited and less
researched due to their rotor-PM configuration. As one of the
most widely used techniques, skewing, which can be either
continuous or stepwise, is effective to minimize cogging
torque and improve the back-EMF waveform. However, the
conventional skewing method is generally employed in
surface-mounted PM (SPM) motors and has the disadvantages
of reducing the maximum available electromagnetic torque
and yielding an unbalanced axial electromagnetic force [7].
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In this paper, two approaches are proposed to minimize
torque pulsations including cogging torque and torque ripple
for spoke-type IPM motors. The first approach is designated
as an improved skewing method in which the rotor-PMs are
skewed by being symmetrical in the axial direction within one
magnet pole pitch to reduce torque pulsations, maintain the
maximum available torque and to eliminate unbalanced axial
electromagnetic forces. The second approach is a sinusoidal
PM shaping method with the aim of achieving the same
advantageous effects as the proposed skewing method. Both of
the proposed methods adopt stepped rotor-PM schemes and
the effects of the rotor-PM step numbers on motor
performance are investigated. To highlight the advantages of
the proposed approaches, a spoke-type IPM motor with
conventional rotor-PM configurations is adopted for
comparison based on a 3-D FEM by JMAG-Designer.
II. MOTOR MODELING FOR THE PROPOSED APPROACHES
A. Basic Spoke-type IPM Motor
To highlight the advantages of the proposed approaches, a
conventional spoke-type IPM motor is adopted as the basic
model as shown in Fig. 1. The stator has six slots with
concentrated windings as shown in Fig. 1(a). The rotor is
inserted with circumferentially magnetized NdFeB magnets in
a spoke-type array as shown in Fig. 1(b). The specifications
for all the investigated motor models are listed in Table I.
B. Proposed Models with Improved Skewing Method
The cogging torque in PM motors, which is present even
without powering the motor, arises from the interaction
between the rotor PMs and stator slotted iron structure, which
can be predicted by the equation as
Tcogging  

W


where W is the stored energy and α is the rotor position.
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Fig. 1. Basic model. (a) Stator and windings. (b) Rotor with magnets.

Fig. 2. Proposed models with skewing method. (a) Skewing model 1. (b)
Skewing model 2. (c) Skewing model 3 with symmetrical PM configuration.

TABLE I
SPECIFICATIONS OF THE BASIC MODEL
Item

Unit

Value

Magnet poles/Stator slots

-

4/6

Stator outer diameter

mm

88

Airgap length

mm

0.5

Motor axial length

mm

54

Remanence of magnet

T

0.47

Thus, the total cogging torque can be modeled as the sum of
all elementary torques produced by the interaction between the
edges of each magnet and stator slot [5]. Then the resultant
cogging torque is at a minimum when the skewing angle
between two adjacent steps is equal to
2
 skewing 
(2)
nN c Q
where n is the number of skewing steps, Q is the number of
stator slots, and Nc is the period of cogging torque given by
Nc 

2p
HCF ( 2 p,Q)

(3)

where p the number of magnet pole pairs and HCF is a
function of the highest common factor.
Fig. 2 shows the skewing models investigated here. The
skewing model 1 (M1) is obtained by (3), as shown in Fig.
2(a). To prevent the torque performance from degrading, the
skewing model 2 (M2) and model 3 (M3), which are shown in
Fig. 2(b) and 2(c) are obtained using (3) and the constraint
nskewing m   p
(4)
where θp is the angular spacing of the magnet pole pitch and
θm is the angular spacing of two adjacent magnets, which are
illustrated in Fig. 2(a) and (c), respectively.
In particular, the proposed skewing model 3 adopts
symmetrical rotor-PM configurations in the axial direction to
eliminate unbalanced axial electromagnetic forces. It is noted
here the PM stacks A1 and A2 keep the same magnetized
direction in the skewing models 2 and 3 for maintaining the
same magnet pole numbers and electric frequency.
C. Proposed Models with Sinusoidal PM Shaping Method
It has been found in [7] that the PM shape in SPM motors
substantially affects the back EMF waveform and cogging
torque, which can be adopted to minimize torque pulsations in
spoke-type IPM motors. The design criteria for the proposed
models with a sinusoidal PM shaping method is illustrated in
Fig. 3. By means of a unit circle in Fig. 3(a), a sinusoidal rotor
shape can be created as shown in the developed view of Fig.
3(b). Taking the middle line of the stack step as a benchmark,
the sinusoidal model 1 (M1) is created as shown in Fig. 4(a).

Fig. 3. Design principle of the proposed models with sinusoidal PM shaping
method. (a) Unit circle. (b) Developed view of the rotor shape.

Fig. 4. Proposed models with sinusoidal PM shaping method. (a) Sinusoidal
model 1. (b) Sinusoidal model 2.

The height of each step can be expressed as
2i -2
h1i 
i=1, 2, 3…
(5)
m
where m is the number of stack steps.
The angular width of each step is approximately obtained as
180  2 arcsin( h1i )
1i 

(6)
180
Thus, the angular spacing of each step is approximated by


 1i  2 arcsin( 1i sin 0 )
(7)

2
Using the bottom line of the stack step as a benchmark, the
sinusoidal model 2 (M2) is created as shown in Fig. 4(b). The
height of each step will be
2i  3
h2 i 
h21=0; i=2, 3… (8)
m
The angular width of each step is approximately obtained as
180  2 arcsin( h2 i )
2 i 

(9)
180
Thus, the angular spacing of each step is approximated as


 2 i  2 arcsin( 2 i sin 0 )
(10)
2

The height of the first step in both cases λ11=λ21=π and the
mechanical angle of the first step γ0=66o is noted here. The
two types of sinusoidal models also adopt symmetrical rotorPM configurations in the axial direction and the PM stacks A1
and A2 keep the same magnetized direction.
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Fig. 5. Comparison of phase back EMFs.
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Fig. 6. FFT analysis of phase back EMFs.

III. 3-D FEM ANALYSIS RESULTS
A. Comparison of Motor Characteristics
The 3-D FEM by JMAG-Designer is employed to predict
motor characteristics accounting for the axial interactions
between the rotor-PM steps. The comparison of phase back
EMFs are shown in Fig. 5. Fig. 6 shows the corresponding fast
Fourier transform (FFT) analysis. It is found that both of the
skewing and sinusoidal models are effective to minimize the
harmonics of back EMFs when compared to the basic model.
However, the skewing model 1, designed without the skewing
constraint, has a lower rms value of back EMF due to the
reduction of the useful PM flux linking the stator windings,
resulting from the interactions between two adjacent PM
poles. The numerical results are listed in Table II.
Fig. 7 shows the comparison of cogging torques. It shows
that the skewing models 1 and 2 demonstrate optimal cogging
torque minimization but unbalanced axial electromagnetic
forces. The unbalanced forces inevitably result in additional
vibration and acoustic noise as well as damage to bearing
systems as result of their axially asymmetrical structure, as
depicted in Fig. 8. The skewing model 3 and sinusoidal model
2 exhibit competitively compromised performance as shown
by 62.1% and 69.7% cogging torque suppression, respectively,
compared to the basic model, as listed in Table II.
The electromagnetic torques, obtained by feeding the stator
windings with sinusoidal current excitations with 3 Arms/mm2
at 4800 r/min, are compared in Fig. 9. In contrast to the
skewing model 1 which has a degradation of average torque,
all other proposed models maintain the maximum available
torque with highly decreased torque ripple. The torque ripple
of the proposed skewing model 3 and sinusoidal model 2 are
reduced by 40.0% and 43.2%, respectively, when compared to
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Nm
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0.007
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0.020

Nm

0.6531 0.6059 0.6857 0.6537 0.6767

0.6753

Unit

Number of 3-D
mesh element
Back EMF

Million
V

THD of EMF

%

Cogging torque
Torque
Torque ripple

%

25.26
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14.36

Power

W
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339.44

Iron loss

W
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%
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TABLE II
FEM ANALYSIS RESULTS OF THE INVESTIGATED MOTORS
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Fig. 7. Comparison of cogging torques.
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Fig. 8. Comparison of unbalanced axial electromagnetic force.

that of the basic model. Fig. 10 describes the harmonics of
electromagnetic torques, which shows that the dominant 6th,
12th, and 18th harmonics are highly suppressed in the proposed
models. Furthermore, due to the harmonic minimization in
back EMFs and torques, all the proposed models experience
lower iron loss which results in higher efficiency compared to
the basic model, wherein the efficiency is obtained as in [7].
B. Effects of the Rotor-PM Step Numbers
The effects of the rotor-PM step numbers of the skewing
model 3 and sinusoidal model 2 on motor characteristics are
explored by 3-D FEM accounting for the axial interactions
between the rotor-PM steps. Fig. 11 shows the magnetic flux
density distribution. As illustrated in Fig. 11(a), the skewing
model 3 with 5 steps exhibits saturation between two adjacent
steps in the axial direction, which could lead to severe
distortion of the airgap flux density distribution, degradation
of output torque and aggravation of torque pulsations [8].
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TABLE III
THE EFFECTS OF THE ROTOR-PM STEP NUMBERS
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Fig. 10. Comparison of harmonics in electromagnetic torques.
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