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Analysis of Cogging Torque in Interior Permanent Magnet
Motor by Analytical Method

Gyu-Hong Kang, Jung-Pyo Hong and Gyu-Tak Kim

Abstract - This paper deals with magnetic field analysis and computation of cogging torque using an analytical method in
Interior Permanent Magnet Motor (IPMM). The magnetic field is analyzed by solving space harmonics field analysis due to
magnetizing distribution and the cogging torque is analyzed by combining field analysis with relative permeance. In reducing
cogging torque, the inferences of various design variable and magnetizing distribution are investigated. It is shown that the
slot and pole ratio (the pole-arc / pole-pitch ratio) combination has a significant effect on the cogging torque and presents
a optimal flux barrier shape to reduce the cogging torque. The validity of the proposed technique is confirmed with 2-D Finite

Element(FE) analysis.
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1. Introduction

Permanent Magnet (PM) motors have been used in a
wide variety of speed control application. In Interior
Permanent Magnet Motor (IPMM) used for variable-speed
drives, the separation of PM caused by the centrifugal
force at high speed can be avoided since the PM is
mserted into the rotor core [1]. The IPMM generates the
reluctance torque due to saliency of the rotor. Due to this
nature, IPMM 1s studied by many researchers recently.

The components of cogging torque that produces both
vibration and noise are due to the interaction between
PMs and the air-gap permeance harmonics. The [PMM
has some advantages, such as high torque and power
density, to reduce the magnet requirements. On the other
hand, the IPMM has significant cogging torque due to the
unique [PMM structure and the identical sizes of effective
and mechanical airgap. The field and cogging torque
characteristics are quite sensitive to the geometry of the
rotor and the stator due to the small air-gap [2]. For this
reason, 1t 1s necessary to have numerical methods which
can consider geometric details and the non-linearity of
magnetic material. To 1mprove the accuracy in the
computation, it is usual to take significantly long time for
the optimization of many design parameters [3-4].

In this paper, we develop the analytical method to
calculate magnetic field and cogging torque of IPMM [5].
In the case of IPMM, the actual pole ratio is different to
the effective pole ratio. The difference is due to the
leakage and fringing effect in link part that is working for
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flux barrier. To overcome the problem, this paper presents
analysis method to account equivalent magnetizing
distribution in accordance with leakage and fringing effect
in flux barrier. By using the analytical method, the rotor
shape to reduce the cogging torque under the constant
magnet dimension without skewing can be proposed. The
results of the proposed analysis and the design of the
rotor shape are verified by comparing with the 2-D Finite
Element (FE) analysis.

2. Magnetic Field Analysis

In this paper, the analytical method to calculate the
air-gap tlux density distribution and net lateral force
acting on the teeth i1s proposed to predict the cogging
torque [4-6].

Fig.1 shows the topologies of IPMM studied in this
paper. The IPMM consists of an inserted PM and its
stator surface 1s assumed as smooth. In IPMM, flux
dispersion 1s developing in airgap because the magnet flux
passes the iron core and leakage flux in the flux barrier
parts. Therefore, the analytical methods require the precise
characteristics of magnetization distribution.

The equivalent magnetization with fringing and leakage
effects is shown in Fig. 2. The effects of flux dispersion
and leakage are considered to increase pole angle and to
decrease residual flux density of PM. The area of
magnetization 1S constant.

The magnetization M considering fringing and leakage
effects represented by a Fourier series expansion is given

as follow [3]
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Fig. 2 Magnetizing distribution of IPMM

The flux density in the flux barrier 1s assumed as
entirely saturated to B,. In this paper, the B, 1s set to

about 1.8(T) and the coefficients of equivalent
magnetization calculation are given by
b = 3)
b = (=5 (4)
h = a, j’ (5)

where,

o, = b, 5,
flux, I 1s stack length, S 1s magnet area and ¢, 18

¢, = B,-v-L:¢, 1is magnet

leakage flux in flux barrier.

The magnetic field 1s obtained from equivalent
magnetization and the radial component of flux density 1n
air-gap 1s obtained from Poisson equation [3-4]. The

airgap flux density and the flux linkage of phase are given
by
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where, R, 1s radius of rotor including permanent magnet
and /., 1s magnetizing length of permanent magnet.

From the airgap flux density, the tlux hnkage of a

phase are as follow.
7/ p
A= N | "By(r,0) rdo (12)

where N 1s turn number of a phase, /. 1s stack length

and » 1s integral path.

3. Computation Method of Cogging Torque

Cogging torque arises from the interaction of the mmf
harmonics and the airgap permeance harmonics [5-6].
Therefore an precise analysis technique of airgap tield
distribution considering slotting effect 1s required for the
calculation of the cogging torque. In this paper, effect of
slotting in  airgap flux density distribution and
characteristic of cogging torque are analyzed by
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combining relative permeance.

3.1 Magnetic field analysis considering effect of
slotting

The magnetic field is obtained from equivalent
magnetization and the radial component of flux density 1n
air-gap 1s obtained from Poisson equation [1].

The calculatton of the flux density in the slot-opening
region 1s using relative permeance. It 1s assumed that the
fluxes pass on each side of tooth circularly. The
calculation of flux distributton 1n slot opening region
taken nto account relative permeance 1s shown in Fig. 3

[3].

Fig. 3 Computation process of flux density in slots
region by relative permeance

The relative permeance P is given by

_ Kpm T I
PO = R TR, T R (13)
7/3
Rsz'(-x) — #0
(k — 1z, ‘;” <x< (k—Dr - ‘20 (14)

where, = 1,2, -+ Q.
is the slot pitch and 7,1s the pole pitch.

Q). 1s the number of slots, r,

The flux density of slot opéning region is given by
Bsf (xl) — P(.?C) Bg, (15)

The flux density 1n teeth region is calculated by the
reciprocal of relative permeance in order to compensate
the reducing of flux density in slot region. The flux
density of teeth region 1s as follows.

B I (xl) — Bg’ (16)

1
P (x)

3.2 Calculating of cogging torque

For cogging torque calculating, airgap field is analyzed
by space harmonics field analysis of magnetization and
cogging torque 1s computed by net lateral force acting on
the teeth. In order to -calculate cogging torque by
analytical method the following assumptions are made :

1) In analysis model, the shape of slots i1s rectangular

2) the airgap permeance 1s calculated according to an
assumed field pattern 1n which the flux crosses the airgap
straight as shown 1n Fig. 4.

3) The calculation of the flux density in the slot-
opening region 1s using relative permeance.
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Fig. 4 Assuming flux distribution in slot region

In Fig. 4, S, 1s slot opening width, x, is coordinates
of slot opening region and y, 1s coordinates of teeth side.
The flux in the slot opening region i1s assumed that the
fluxes pass on each side ot tooth circularly [5].

The net cogging torque, at any magnet position, i1s then
calculated from flux density in slot-opening region [5-6].
The calculation of flux distribution in slot opening region
taken into account relative permeance 1s shown in Fig. 4.
The flux density of slot region and net cogging torque are
given by

0. /2 [ By “— B
T, = ;1 [ fﬂ ( 5’2#0 b )

- (R4 7)) dr,

(17)

4. Analysis results

The appropriateness of the presented analysis method in
[IPMM 1s venfied through comparison with 2-D FE
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analysis. The specification of analysis model is shown in
Table 1.

Table 1 Specification of analysis model

Stator Symbol Unit [mm]
Inner diameter D 91
Slot number S 36
Slot opening wi_gth Wy 5.8
Teeth width | Wy 2.14
Slot depth . 30
Stack length L 87
Ailrgap g 2.2
Pole pair b 2
Rotor Symbol Unit [mm]
Outter diameter D,, 87
Width of flux barrier W I
Pole angle a, 135°
Flux barrier angle a s 148"
Permanent Magnet Symbol Unit [mm]
Residual flux density B, 1.12
Width w,, 47
Magnetizing length n,, 9

The analysis model has 36 slots, pole angle «, is 135
(deg. elec.) and flux barrier angle o, is 148(deg. elec.).

Fig. 5 shows the comparison of the flux density
distribution between the proposed analytical method and
2-D FE analysis. In analytical method, it i1s shown that the
slot etfect consider by relative permeance and smoothing
airgap which 1s considering carter's coefficient. The
characteristics of flux density distribution agree with the
2-D FE analysis, however, the flux density in the flux
barrier region and the slot area has a little difference. It
1s due to saturation degree in the core.

1.0
0.8 1
=,
> 0.6 -
W
C
S 044 4
X 3 Analytical method
LL 07 / —e-— smoothing airgap
| ——— relative permeance
/ ---------- FE analysis
0.0 ~ | ' ] ' l

y j ' T —
0 30 60 90 120 150 180
Electric angle [deg]

Fig. 5 Characteristic of airgap flux density
(mechanical airgap center)

The magnetic field energy variations towards leading
and trailing edges of the rotor poles can be significant as
the rotor goes past the teeth and slots. The variations of
magnetic tield energy develop cogging torque and
consequently the resultant torque pulsation is increased
significantly [2]. Fig. 6 shows the Equi-potential
distribution from FE analysis for calculating cogging
torque then moving line technique is applied and the.
cogging torque by using analytical method and 2-D FEM
are shown m Fig. 7. The results of proposed method are
in good agreement with 2-D FE analysis.

The IPMM generated by electro-magnetic torque and
reluctancewhich is due to the difference of d-q axis
inductance. Fig. 8 shows the components of torque in
[IPMM by the proposed analytical method and the
comparison of the total torque including reluctance and
cogging torque are shown in Fig. 9.

Fig. 6 Equi-potential distribution by moving line technique
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Fig. 7 Cogging torque characteristics of analysis model
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Fig. 9 Comparison of total torque

>. Minimization techniques of cogging torque

Cogging torque minimization techniques such as
designing the air-gap length and slot opening width,
shifting magnet poles and skewing either the stator teeth
or magnet have been analyzed for various electromagnetic
PM machines [7][8]. Skewing is the most common
cogging torque minimization technique. Skewing reduces
the harmonic content in the slots by uniformly distributing
the magnetic field. With respect to cogging torque, similar
results occur whether the stator or the rotor-mounted
permanent magnets are skewed. In the case of buried PM
machines, the methods of cogging torque reduction is
presented by skewing the magnet and curvature of polar
picce or varying the airgap length in one pole. It is
prevent the sudden change of flux density levels at the
rotor pole edges lead to significant cogging torque and
improve the induced EMF waveform [2][7]. However,
these increase the complexity and the constraint of the
machine construction in IPMM. Therefore, in this paper,
the reduction of cogging torque is achieved by changing
the rotor shape while keeping the constant magnet
dimension.

5.1 Inference of parameters on cogging torque

The cogging torque characteristics accordance with
vanation of design parameters are shown in Fig. 10~12.
The cogging torque characteristics of IPMM are quite
sensitive to the geometry of the rotor and the stator due
to the small air-gap [2]. Fig. 10 shows the changing of
cogging torque according to pole ratio and slot number
combination. In slot to the number of 36, cogging torque
1Is minimized at the pole ratio of 0.8. The characteristics
of cogging torque by the changing of teeth width/slot
open width 1s shown in Fig. 11 then slot is the number of
36. The larger ratio of teeth width/slot open width the less
cogging torque is generated. Fig. 10, 11 shows that the
cogging torque depends on not only the slot number and
pole ratio combination but also teeth and slot width

combination.
The characteristics of cogging torque by the changing of
airgap length is shown in Fig. 12.
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Fig. 10 Cogging torque characteristics according to pole
ratio and slot number combination
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Fig. 12 Cogging torque characteristics according to airgap
length

5.2 Shape design for reducing cogging torque
Certain design parameters can have a very significant

etfect on the cogging torque, in particular the pole ratio
and slot number combination and skewing either the



6 Analysis of Cogging Torque in Interior Permanent Magnet Motor by Analytical Method

magnets or the teeth. However, skewing increase the
complexity and the constraint of the machine construction
in [PMM. In this study, the flux barrier angle is chosen as
design parameter for minimization of cogging torque. The
varying of flux barrier angle produces varying magnetic
strength and magnet length, prevent the sudden change of
flux density levels at the magnetic pole edges and can be
some reducing the harmonics component of EMF. Above
all, the realization is.very easy. The design concept of

¥ _ . .
rotor shape for varying the flux barrier angle is shown in

Fig. 13.

The cogging torque is calculated from Maxwells stress
tensor by using flux density in slots region that is
calculated by relative permeance [5].

flux barrier

Fig. 13 Rotor shape design method for reducing cogging
torque
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Fig. 14 Cogging torque according to flux barrier angle

The cogging torque characteristics for different flux
barrier angle are shown in Fig. 14. For the flux barrier
angle of 140 (Elec.deg.), the peak value of cogging is
minimized. It can be seen that the small variations of flux
density distribution greatly affect on the cogging torque.
I'ne design results by analytical method are compared
with 2-D FE analysis in Fig. 14(b). Results of the
proposed design method for reducing the cogging torque
are In good agreement compare with FE analysis.

The difference of d-q axis inductance is lead to
reluctance torque. Fig. 15, 16 shows the d-q axis
inductances according to flux barrier angle. As the
variation of d-q axis inductance by the changing of flux
barrier angle 1s generating hardly the reluctance torque is
not almost change. Fig. 17 shows the total torque
characteristics comparison initial model and improved
model.
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Fig. 15 d-g axis inductance torque according to flux
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Fig. 16 Difference of d-q axis inductance according to
flux barrier angle
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Fig. 17 Total torque characteristics according to flux
barrier angle

6. Conclusions

The magnetic field and the cogging torque in the IPMM
1s calculated by the analytical method which is based on
the spatial distribution of magnetization. In the case of
IPMM, however, the actual pole ratio is different from the
effective pole ratio. It is due to the leakage and fringing
effect in link part that is working as flux barrier.

In this paper, we proposed an equivalent magnetizing
distribution for leakage and fringing effect in flux barrier
and the slotting effect is analyzed by coupling magnetic
field analysis and relative permeance method. By using
the analytical method, the new rotor shape is proposed to
reduce the cogging torque under the constant magnet
dimenston without skewing. It is also found that the small
variation of flux density distribution greatly affects the
cogging torque. The results of the proposed analysis and
shape design are verified against the 2-D FE analysis to
give excellent aggreement..

T'o improve the accuracy in the computation and shape
optimization for this system, the cogging torque should be
analyzed by correct analytical method.
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