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Abstract

The design the magnetizing fixture is important because the
quality of magnetization depends on the design of the
magnetizing fixture. Especially, the magnetization direction
in the case of ring-type permanent magnet synchronous motor
(PMSM) is crucial because the position or the structure of PM
cannot be modified. Moreover, the uncertain magnetization of
the PM occurs fairly often in the ring-type PMSM in industry.
Therefore, this paper presents a Taguchi robust design of the
surface flux density characteristic analysis using the structural
optimization of magnetizing fixture in order to optimize the
magnetization in the PM. The validity of the analysis method
is verified by test.

1 Introduction

In the permanent magnet synchronous motor (PMSM),
cogging torque is inherently generated by the interaction
between the magnetic field from the permanent magnets (PM)
and teeth geometry [1,2]. It is a source of the noise and
vibration of the PMSM and it often works a principal source
of torque ripple. Also, it is difficult to control in the PMSM
problems [3,4]. For that reason, many methods are studied to
reduce the cogging torque in the laboratory. Earlier
researchers have been proposed to reduce the cogging torque
through a design of the stator structure, and the wave of
surface flux density is not investigated due to uncertain
magnetization in the ring-type PM. In order to enhance the
quality of the machine, researchers have been used the
optimization of the motor shape. The object of these studies
was to have the sinusoidal air-gap flux density distribution. In
other word, to change the position of permanent magnet or
the structure of stator is a procedure for making a sinusoidal
wave of flux density through adjusting the amount of flux
from permanent magnet.

The magnetization direction in the case of ring-type PMSM is
crucial because the position or the structure of PM cannot be
modified. Moreover, the uncertain magnetization of the PM
caused fairly often problem in the ring-type PM in industry.
The uncertain magnetization of the PM in the PMSM
generates the additional slot harmonics. The addition of this
slot harmonic has contributed to the considerably increase the
total harmonic distortion (THD) of the back electromotive

Item(motor) Unit Values
Number of the pole - 8
Number of the slot - 12

Rated power [W] 80

Rated Speed [rpm] 3000

DC-link voltage V] 12
Item(Magnetization) Unit Values
Number of turns [turn] 5
Magnetizing voltage V] 2000

Table 1: Specification of the analysis model
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Figure 1: Configuration of the magnetizing fixture and motor

force (EMF) and the cogging torque. In particular, variation
of the material properties influence on the back EMF which is
an important response of the motors, furthermore, products
cannot meet the required performances at times. Thus, in this
study, the method to have the sinusoidal air-gap flux density
distribution of magnetizing fixture is proposed. Besides, in
order to optimize the magnetization in the PM, this paper
presents a Taguchi robust design of the air-gap flux density
characteristic analysis using the structural optimization of
magnetizing fixture.

We investigated numerically and experimentally the uncertain
magnetization of PM due to the design of magnetizing fixture
and its effect on the air gap flux density.

Finally, the analysis result is verified through comparison of
the optimum design model and present design model.

2 Method of Analysis

The numerical procedure of this study is consisted of two
steps. First, the magnetization of PM is determined by solving
the equation for analyzing the magnetic field distribution, and
differential electric circuit equations for the capacitor
discharge magnetizer simultaneously. In the second step, the
characteristic of the analysis model is confirmed.



— Analysis
— Test

Magnetic Flux Density (T)

0 15 30 45 60 75 90
Electrical angle (°)

Figure 2: Surface flux density of the test and analysis result

2.1 Analysis model

The cross-section view of the magnetizing fixture and
analysis motor are shown in Fig. 1. The rated power and rated
speed are 80W and 3000rpm respectively. The detail

specification of this magnetizing fixture and motor are listed
in table 1. The magnetizing current was calculated by solving
the differential equations of equivalent circuit of magnetizer

[2].
2.2 Analysis theory

The governing equation for analyzing the magnetic field
distribution of the magnetizing fixture is given by (1) [5].
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where A, is the z-component of magnetic vector potential, 1/u
is magnetic resistivity, 1/uo is magnetic resistivity of vacuum,
and My, My are the x- and y-direction component of
magnetization M of the permanent magnets for orientation.
From the analysis of the magnetizing fixture, the flux density
vectors B,® , B, of each element in PM region are obtained.
The magnetization directions of the PM are arranged to same
directions as internal flux, so the magnetization directions, 6,
the orientation for every element can be determined as
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Figure 4: Line-line back EMF waveforms at 1000rpm

For the elements of part of the magnet, the angles determined
by Eq. (2) are output to a file as a database for the following
magnetic field analysis. In short, we determined the
magnitude of the residual magnetic flux density and
magnetizing direction of PM by using the magnetization and
demagnetization curves.

2.3 Reliability examination using experiments

The validity of the analysis method is verified by test. To
confirm the state of magnetization, the two tests are carried
out. First of all, the surface flux density of the motor is
measured, and then, the line-line back EMF is measured at
1000rpm. Fig. 3 compares the measured values and the
analytical values of the surface flux densities of the rotor.
Both agree very well and show that the orientation of the

ring-type PM determined by this analysis is appropriate. Fig.

B PRk EMEP GG harmonics Can e expresse

as a Fourier series as in
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where p is the number of poles and o [rad/s] is the rotational
angular speed of the rotor. E;, is the peak value of the nth
harmonic of the back EMF. The result of comparing the back
EMF between the analysis and measurement value at 1000
rpm is shown in Fig. 4. The validity of the analysis result is
verified by comparing the test result in Fig. 2 and Fig. 4.

3 Magnetizing fixture optimum design

It is significant to design the magnetizing fixture because the
quality of magnetization depends on the design of the
magnetizing fixture. The important point in designing the
magnetizing fixture is that the magnetic flux must flow
sufficiently in ring-type PM. Additionally, the air gap flux
density of the magnetizing fixture have to be sinusoidal as
much as possible. That is because the air-gap flux density of
the magnetizing fixture significantly influence on the back



Figure 5: Path of magnetic flux in magnetizing fixture

EMF and cogging torque in the PMSM applied the ring-type
PM. In this chapter, we introduce the model of magnetizing
fixture, necessity of the robust design, and Taguchi method.

3.1 Model of magnetizing fixture

The path of magnetic flux in magnetizing fixture is shown in
Fig. 5. The most important part of the ring-type PM s
between pole and pole. So, this section is magnified as shown
Fig. 5.

Fig. 6 shows a model of magnetizing fixture with an
electromagnet which is classified as a six parameter problem.
This is used to produce a square wave of the air gap flux
density. The magnetizing fixture is set to form the flux
distribution. The magnetic powder is inserted in the cavity.
And then, the current is excited to each coil.

According to the configuration of the magnetizing fixture
model, the flux distribution can be changed. Because it
influences the performance of the magnets, it should be
distributed as designer wants. In this model, the air gap flux
density of the magnetizing fixture is specified as sinusoidal
wave. Therefore, in order to be close to sinusoidal for flux
density in the air gap, optimization for the magnetization in
the PM is necessary. The sum of error between objective
sinusoidal wave and analysis result in the air gap becomes the
objective function of optimization. And it can be easily
transformed as a robust design problem to reduce variation of
the air gap flux density. Fig. 6 shows control factors. The
selected control factors are listed in Table 2. In this study,
Taguchi method is employed to obtain robust optimum design
and detail is described in following section.

3.2 Taguchi method

Robust design technique which improves quality of products
without reducing variances of performance can be a sort of
solution [6,7]. Many robust optimization methods have been
developed to minimize variances of the performances caused
by tolerance. Among that, Taguchi robust design based on
orthogonal array (OA) has been widely applied to various
fields [8,9]. In original Taguchi robust design, experiments
are performed as product of experimental point of inner array
and outer array. Inner array is orthogonal array made up
control factors and outer array is orthogonal array made up

Figure 6: Control factors used in Taguchi robust design

Nos. Control factor Units Array pattern

0 1 2
X1 slot opening [mm] | 1.0 18 |26
X2 slot width [mm] | 3.0 40 |5.0
X3 slot length [mm] | 12.0| 14.0 [16.0
X4 tooth tip [mm] | 0.9 12 |15
X5 champer length [mm] | 0.0 0.3 |0.6
X6 champer width [mm] | 0.0 20 |4.0

Table 2: Selected control factors.

noise factors [10, 11]. But, in this model, noise factors are not
considered. Instead of noise factors, outer array is filled with
flux value at the regular interval points according to electrical
angle. That’s why it is eventually related with a distribution
of the flux density. The flux is obtained from 18 points in the
air gap and we use the L36 orthogonal array for control
factors (6 variables with 3 levels) and the L18 outer array (18
points). Finally, the experiments are performed as listed in
Table 3.

In the Taguchi method, a quadratic loss function to represent
robustness as

L(f)=k(f —m) (@)
where Kk is the constant to define the loss and m is the target
vale. The expected value of the loss function is defined as

Q=E[L(f)]:k[c’+(p—m)2] (%)
where u is the mean of f and ¢ is the standard deviation of f.
The symbol f represents the response or objective function in
a general design, while the symbol y is used for f in the
Taguchi method. When the target value of a response is given,
the Taguchi method determines the optimum setting of
control factors, so that the variation of a response is
minimized, although uncontrollable factors, called noise
factors, exist. Eg. (5) can be regarded as the index to find a
robust design. Suppose that we have a scale factor s to adjust
the current mean to the target value. The scale factor s is
described as

S=__ (6)

when the current mean is adjusted to the target value, the
average loss function of (6) is changed to
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Figure 7: Comparison of the air gap flux density in the
magnetizing fixture
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To enhance additivity of the effect on the control factors, (7)
is transformed to

n =10log L (8)
-

Equation (8) is the ratio of the power of the signal factor u
and the power of noise factors . Thus, it is called the S/N
ratio. Maximizing (8) is equivalent to minimizing (7). That is,
a robust design is obtained by maximizing (8).

Taguchi robust design selects the best combination out of
inner orthogonal array using SN-ratio [12]. Finally we apply
ANOVA (analysis of variance) to expect the untested
combination except to tested combination of inner orthogonal
array.

4 Validation of optimization result

In order to expect untested combination, analysis of variance
(ANOVA) is conducted and we find optimal combination out
of all capable combinations. ANOVA is a statistical test for
heterogeneity of means by analysis of group variances and it
tests effects of each variable for response. The result of
ANOVA is shown in Table 4.The slot width and champer
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Figure 9: Comparison of the cogging torque waveform in the
motor

width are better in high level and the slot opening, slot length,
tooth tip, and champer length are better in middle level. The
optimum combination of Taguchi robust design is shown in
Table 5. To validate the result of Taguchi robust design,
additional experiments of optimal design are performed. Fig.
7 presents the air gap flux density as the electrical angle with
respected to the optimal magnetizing fixture that provides
decrease. The comparison of the equi-potential line in the
magnetizing fixture is shown in Fig. 8. Finally, the optimal
results compared with present design and total experiments
are shown in Table 6. The comparison of the cogging torque
waveform in the motor is shown in Fig. 9. Because of the air-
gap sinusoidal flux density in the magnetizing fixture, the
cogging torque and THD of the back EMF is reduced.

5 Conclusion

This paper presents a Taguchi robust design of the surface
flux density characteristic analysis using the structural
optimization of magnetizing fixture. The optimization
technique based on the Taguchi method has the advantages as
follows:

1) The robust design method to have the sinusoidal flux
density distribution in the air-gap of magnetizing fixture is
proposed.

2) Optimum design model is accomplished by the proposed
approach that performance of the motor is improved as
compared with that of the present design.

Therefore, it is expected that the proposed design method can
be improved in the quality of the product and reduction of the
cost in mass production are the expected applications of this
study.
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Control factor Outer array
Number Array pattern Electrical andgle

slot opening slot width slot length toothtip | champerlength | champerwidth | O° | 10° | | 160° | 170°
LO1 0 0 0 0 0 1 2 17 18
L02 1 1 1 1 1 1 19 20 35 36
LO03 2 2 2 2 2 2 37 38 ~ 53 54
LO4 0 0 0 0 1 1 55 56 71 72
LO5 1 1 1 1 2 2 73 74 89 90
L30 2 1 0 0 0 2 523 524 539 540
L31 0 2 2 2 1 2 541 542 557 558
L32 1 0 0 0 2 0 559 560 575 576
L33 2 1 1 1 0 1 577 578 ~ 593 594
L34 0 2 0 1 2 1 595 560 611 612
L35 1 0 1 2 0 2 613 614 629 630
L36 2 1 2 0 1 0 631 632 647 648

Table 3: Taguchi orthogonal array with inner array and out array from measurement point.



Degree of Level Sum of Meanof  |Contribution . Standard F ratio
Factor freedom square square sum (%) F ratio p-value
0 1 2 d q F(0.01,2,57)
slot opening 2 6.7309 | 7.5422 | 55479 | 24.1387 12.0693 40.5360 14.7041 0.0002 2.4609
slot width 2 6.5553 | 6.0648 | 7.2010 | 7.7940 3.8970 13.0884 4.7477 0.0230 2.4609
slot length 2 6.2995 | 6.8663 | 6.6551 | 1.9690 0.9845 3.3066 1.1994 0.3256 2.4609
tooth tip 2 6.7731 | 6.9178 | 6.1301 | 4.2188 2.1094 7.0847 2.5699 0.1059 2.4609
CT;]'SEﬁr 2 6.5118 | 6.6838 | 6.6253 | 0.1836 0.0918 0.3083 0.1118 0.8948 2.4609
Cr\‘;{g&er 2 6.2587 | 6.6941 | 6.8682 | 2.3660 1.1830 3.9731 1.4412 0.2641 2.4609
Error 23
Total 35 100
Table 4: ANOVA (ANOVA of control factors).
Factor slot opening slot width slot length tooth tip champer length | champer width
Optimum (level) 1 2 1 1 1 2
Table 5: Optimum conditions of Taguchi robust design.
L Back EMF [V] .
Estimation Cogging torque
rms THD 9ging torq
present design 1.550 2.188 0.212
Optimum design | 1.528 2.045 0.187
Improvement % - 6.536 11.79

Table 6: Comparison between present design and optimum design.




