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Torque ripple is necessarily generated in interior permanent magnet synchronous motors (IPMSMs) due to the
non-sinusoidal distribution of flux density in the air gap and the magnetic reluctance by stator slots. This paper
deals with an asymmetric rotor shape to reduce torque ripple which can make sinusoidal flux density
distribution in the air gap. Meanwhile the average torque is relatively increased by the asymmetric rotor.
Response surface method (RSM) is applied to find the optimum position of the permanent magnets for the
IMPSM with improved torque performance. Consequently, an asymmetric structure is the result of RSM and
the structure has disadvantage of a mechanical stiffness. Finally, the performance of suggested shape is verified
by finite element analysis and structural analysis is conducted for the mechanical stiffness.
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1. Introduction

Interior permanent magnet synchronous motors (IPMSMs)
have many merits such as high torque density, high
efficiency and a wide speed range of operation which can
be achieved by flux weakening control. Therefore,
IPMSMs are widely used in automotive application where
space and energy savings are critical. These days wound
field rotor synchronous motors and spoke type motors are
studied, because the price of rare-earth material is not
stable. However, these motors have lower efficiency and
lower torque density compared to the motors using rare-
earth material. The total resultant instantaneous torque of
a synchronous permanent magnet motor has two compo-
nents: an average torque and a pulsating torque which
causes torque ripple. There are three reasons for torque
pulsation. First one is the field harmonic torque due to the
non-ideal spatial distribution of flux density in the air-gap,
in other words, non-sinusoidal flux density in IPMSMs.
The second source of torque ripple is the cogging torque
caused by virtue of the reluctance torque which exists
between permanent magnet and stator slot. The third one
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is the reluctance torque generated by unequal permeances
of direct and quadrature axis. This torque is produced by
the self-inductance variations of the phase windings as
magnetic circuits of direct and quadrature axis are un-
balanced. Researches of reducing torque ripple have been
carried out for a long time and can be classified into two
categories which are the points of view of design and
control [1-15]. In this paper, a method to reduce torque
ripple is suggested by the point of view of motor design.
Conventional methods for the reduction of torque ripple
such as the pole-arc to pole pitch ratio, slot/pole number
combinations, skew [3, 4], and rotor shaping [7, 8] are
studied. Modifying rotor shape can make a sinusoidal flux
density distribution in the air gap which results in
reduction of the noise and vibration [7, 8] and stator iron
loss, and also improve efficiency. The most important
point is that torque ripple can be reduced by modifying
the rotor shape, but an average torque can be also
decreased. However, this paper suggests the method of
reducing torque ripple and increasing the average torque
at the same time by adjusting saturation of rotor core. The
distribution of flux density in air gap can be sinusoidal by
controlling the saturation of rotor core with the conside-
ration of armature reaction. Response surface methodo-
logy (RSM) is applied to find out the optimum location of
permanent magnet. Consequently, the characteristics of
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final model are verified by finite element analysis and
compared with original model. Structural analysis is
conducted for checking a mechanical stiffness.

2. Fundamental Theory

Armature reaction is one of the factors which cause the
non-sinusoidal distribution of flux density in air gap. Fig.
1(a) shows the flux density distribution due to the rotor
field alone, while Fig. 1(b) shows the armature magneto-
motive force (MMF) distribution due to the induced
current of stator. And the resultant flux distribution is
shown in Fig. 1(c). As shown in Fig. 1, the armature
reaction causes a decrease of the resultant air gap flux
density in a half of the pole and increase in the other half.
Therefore, the flux density which is enhanced by the
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Fig. 1. (Color online) (a) Flux density distribution due to the
rotor field (b) due to armature MMF (c) Resultant flux density
distribution.
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armature reaction should be reduced in order to make
sinusoidal flux density distribution in the air gap.
According to the ohm’s law for magnetic circuits, the air
gap flux density is expressed by
F
B=—, 1

where B is the flux density, F is the resultant MMF, S is
the cross section area, and R, is the total reluctance of
magnetic circuit, which is given by

R,=R,+R.+R,, )

where R, is the reluctance of air gap, R, is the reluctance
of iron core and R, is the reluctance of the permanent
magnet. Reluctance is given by

- L 3
R= )

where / is the length of magnet and u is a permeability.

Flux density can be reduced by increase of reluctance
as MMF is constant. Applying salient pole shoes is an
effective method to increase the air gap reluctance of
particular parts, which reduces the torque ripple and
cogging torque. According to equation (2), the total
reluctance has three components and the reluctance of
iron core is small due to the great value of permeability.
In this paper, the part of rotor core where the flux density
is increased is designed to be saturated. As a result, the
permeability of the part decreases which results in
increase of the total reluctance. Afterwards, sinusoidal
distribution of flux density can be obtained and torque
ripple can be reduced.

3. Optimization of Rotor Configuration

3.1. Original Model
The original model is shown in Fig. 2. 1/3 model of 6
pole/36 slot motor is used for the analysis and the

optimization. Dimensions of the motor are shown in
Table 1.

Fig. 2. 6 pole/ 36 slot motor.
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Table 1. Dimensions of original model. Table 2. Range of variables.
Value Unit Variables Range Unit
Pole / slot number 6/36 - x -1~0.8 mm
Stack length 90 mm y 0~0.6 mm
Stator outer diameter 116 mm a 0~12 degree
Rotor & stator material 35PN230
Table 3. Result of RSM.
3.2. Optimum Design Variables Range Optimized value Unit
RSM explains the relationships among several design x -1~0.8 -0.1 mm
variables. Values or range satisfying torque performances y 0~0.6 0.6 mm
are calculated by RSM. The objectives are to minimize a 0~12 12 degree

torque ripple and maximize average torque. Design vari-
ables are three directions for the position of permanent
magnet which are shown in Fig. 3.

Three variables are x axial displacement, y axial dis-
placement and rotating angle on the basis of center of the
permanent magnet. Minitab, which is a statistical tool, is
applied to conduct RSM.

The formula is expressed as follows

S =W ripple(x’y’ a)—w, 'fuvg(x’ya a) . 4)

Optimization is conducted by minimization of f,., which is
the sum of torque ripple and average torque with negative
value.

where, w; and w, are weighting factors, f.;,,.(x, y, a) and
Javg(x,¥, @) are the values of torque ripple and average
torque respectively according to the position of permanent
magnet with variables of x, y and a.

The moveable area of permanent magnet is restricted to
the minimum thickness for ribs of the motor and the
range of variables is shown in Table 2. In other words,
size of permanent magnet, pole arc and the thickness of
rib are fixed as shown in Fig. 3. The optimum solution
and the tendency of objective function can be achieved as
15 models are analyzed which is provided by Minitab as
shown in Fig. 4, Fig 5, and Fig 6. Central composite
design is applied to decide 15 models for the RSM. The
result of optimization is presented in Table 3.

As shown in Table 3, the optimized values for x, y and
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Fig. 3. Variables and constraints of RSM.

o are —0.1 mm, 0.6 mm, and 12° respectively. Optimum
solution is also shown in Fig. 6. Minitab which is used for
the RSM in this paper, calculates an individual desir-
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Fig. 4. (Color online) Tendency of average torque with
changing factors (a) x and a (b) y and a (c) x and y.
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Fig. 5. (Color online) Tendency of torque ripple according to
factors (a) x and a (b) y and a (c) x and y.

ability for each response and they are combined to provide
a measure of the composite desirability of the multi-
response system. Individual and composite desirability
assess how well a combination of input variables satisfies
the goal defined for the responses. Desirability has a
range of zero to one. One represents the ideal case and
zero indicates that one or more responses are outside their
acceptable limits. In other words, as desirability is close
to 1, favorable results can be obtained. The letter d
and the letter y on the left column mean the individual
desirability and the response value for each response
respectively.
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Fig. 6. (Color online) Optimum solution.
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Fig. 7. Rotor shape of (a) original model (b) optimized model.

Core between the air gap and the permanent magnet is
thin on the right side and thick on the left side for the
optimized model as shown in Fig. 7. The position of
permanent magnet for the optimized model is changed
from the original model. The area of the optimized model
is thinner than that of the original model, which makes it
easier to be saturated.

4. Characteristics Comparison

4.1. Current Angle 0°

Both original model and optimized model are analyzed
under the same current condition which is described in
Table 4. Current angle 0° model is analyzed to verify this
method. EMF, which is an in-house code for finite element
analysis, is used to analyze the performances of this two
models, such as flux density distribution, flux linkage of
each phase, and saturation of motors, etc. Comparison of
average torque and torque ripple are shown in Fig. 8 and
Table 5. As shown in Table 5, the torque ripple decreases
from 16.81% to 9.91%. Meanwhile, the average torque

Table 4. Analysis condition.

List Value
Driving type Sinewave
Current magnitude [Ays] 140
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Table 5. Result comparison.
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Max. Torque

List [Nm]

Min. Torque
[Nm] [Nm]

Torque
Ripple [%]

Avg. Torque

Original model 22.71
Optimized model 25.31

19.21 20.83 16.81
22.73 2331 9.91
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Fig. 8. (Color online) Comparison of torque ripple and aver-
age torque.

increases from 20.83 Nm to 23.31 Nm. The proposed
method is verified by these results with increased average
torque and decreased torque ripple.

Figure 9 and Fig. 10 show the flux density distribution
in rotor core and air gap, respectively. As expected, the
thin part of core between permanent magnet and air gap
in Fig. 9 is saturated compared to the thicker part of core.
The total harmonic distortion (THD) of original model
and optimized model are 25.63% and 26.77%. Although
both torque ripple and average torque are improved by
this proposed method, THD is similar. Figure 11 shows
the line to line induced voltage and the THD of two
motors at 1000RPM, respectively. The induced voltage
for the optimized model is 32.58V,,, which is reduced
from that of original model, 32.72V,,.

(b)

Fig. 9. (Color online) Flux density distribution in rotor core
for (a) original model and (b) optimized model.
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Fig. 10. (Color online) Flux density distribution in air gap for
original model and optimized model.

4.2. Characteristics According to Current Angle

Since this method is proved to be effective as current
angle is 0°, however IPMSMs are generally driven by
current angle which is greater than 0°. The validity of this
method under other current angle conditions are necessary
to be verified as well. Accordingly, the two models are
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Fig. 11. (Color online) (a) Line to line induced voltage
(@1000RPM) (b) Total harmonic distortion.

computed by the current angle in the range from 0° to 80°
with the same current magnitude, which is 140 A,,s. The
results are shown in Fig. 12. As the current angle is
between 0° and 75°, the torque ripple decreases while the
average torque increases as the angle is between 0° and
50°. In other words, this method is effective for this
model in case the current angle is in the range from 0° to
50°. The appropriate current angle can be obtained by the
suggested method.
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Fig. 12. (Color online) (a) Torque ripple according to current
angle (b) average torque according to current angle.

S. Structural Analysis and Comparison

In this paper, a structural analysis is conducted for ex-
amining mechanical stiffness of two models. ANSYS,
which is a finite element analysis tool for the structural
analysis, is used for this paper. Boundary conditions are
shown in Fig. 13 and speed of analysis is 4500RPM. As a
result, the maximum stress of original model is 13.5 MPa,

(a)
Fig. 13. (Color online) Boundary conditions for (a) original model (b) optimized model.

(b)
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Fig. 14. (Color online) Result of structural analysis (a) origi-
nal model (b) optimized model.

but that of optimized model is 28.9 MPa. The stress for
optimized model is approximately twice greater than the
value for original model. Therefore, structural analysis is
necessary for designing asymmetric model.

6. Conclusions

In this paper, optimum design of rotor is conducted to
improve the torque performance of IPMSMs which is
verified by finite element analysis with an asymmetric
structures of permanent magnet and barrier. Increased
average torque and decreased torque ripple can be
obtained by applying the suggested method. However, the
structure of the optimum model has a disadvantage of a
mechanical stiffness. The asymmetric structure model,
which is suggested in this paper, can be applied to various
field as the trade-off between the torque performance and
the mechanical stiffness is considered.
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