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A method for analyzing the demagnetization of a surface permanent magnet (SPM) motor based on reluctance
network analysis (RNA) is presented. The validity of the proposed RNA model is demonstrated by comparing the
calculated results with 2D-FEA calculation results. The characteristics of the SPM motor determined by the RNA
model were in almost complete agreement with the corresponding two-dimensional (2D) finite element analysis

(FEA) calculation.
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1. Introduction

In recent years, high-performance permanent
magnet (PM) motors based on powerful rare-earth
magnets have emerged, and demand is consequently
expanding in various applications. However, rare-earth
magnets may be subject to price rises as the production
of such metals tends to be concentrated in a single
country. Therefore, the development of
high-performance PM motors without rare-earth
magnets is required.

Although the maximum magnetic energy product of
ferrite magnets is one tenth that of rare-earth magnets
D, high-efficiency ferrite magnet motors have been
reported ?. Ferrite magnets in motors are exposed to a
large reverse magnetic field to obtain performance
equivalent to that of rare-earth magnet motors.
Therefore, ferrite magnets are at risk of
demagnetization because of their low coercive force.
This makes it necessary to consider the
demagnetization of ferrite magnets for ferrite magnet
motor design.

Reluctance network analysis (RNA) is a useful
method to save calculation time in the estimation of the
characteristics of PM motors, as reported in previous
studies 6. In a previous paper, we proposed a
demagnetization analysis method using RNA 7. In that
study, we presented an RNA model for determining the
operating points of ferrite magnets taking account of a
magnet’s demagnetization. We demonstrated the
calculation accuracy of this model, which used a
two-line approximation of the demagnetization curve,
by experiments and a comparison with two-dimensional
(2D) finite element analysis (FEA). Therefore, in the
present work, we apply this method to the
demagnetization analysis of a surface permanent
magnet (SPM) motor. To verify the accuracy of the
proposed model, the calculated results are compared to
values obtained from 2D FEA.

2. RNA model of SPM motor

Figure 1 shows the shape and specifications of the
SPM motor under consideration. Stator and rotor core
material is non-oriented electromagnetic steel sheet and
the relative permeability of 3000 is used to calculate the
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Fig. 1 Shape and specifications of the SPM motor.

reluctance in the RNA model. The material of the
permanent magnet is ferrite (SSR-420).

Figure 2 shows a part of the RNA model of the SPM
motor. The SPM motor is divided into multiple
elements taking into consideration the motor shapes
and flux flow. Each element in the air gap is divided in
one-degree intervals in the circumferential direction
and the magnets are divided into three in the radial
direction. The stator tooth tip is divided into three
regions and reluctances in these regions are directly
connected with air gap reluctances, as shown in the
figure.

Figure 3 illustrates the demagnetization curve of
SSR-420 at 20 °C used for the RNA model, which is
approximated by two lines. In the figure, B, B/}, H., and
H! are the residual magnetic flux density before
demagnetization, residual magnetic flux density after
demagnetization, coercive force before demagnetization,
and coercive force after demagnetization, respectively.
Since the demagnetization curve of the magnet is
approximated by two lines, there is a slight error
around the knee point.

The elements of a ferrite magnet of the RNA model
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Fig. 2 A part of the RNA model.
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Fig. 3 Demagnetization curve of SSR-420 at 20 °C.
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Fig. 4 Unit magnetic circuit of magnet element.

can be expressed as the reluctance and magnetomotive
forces (MMPF's), F, shown in Fig. 4. The reluctance of a
ferrite magnet, Rmag, is expressed by

R - L 1)

" 2, (I 1,)
where - is the magnet’s recoil. If there is no
demagnetization in a ferrite magnet element, Fp, is
given by

__Bl . @)

2, 14y
When an operating point of a ferrite magnet is changed
by an external magnetic field and becomes less than the
knee point, the MMF after demagnetization, /', can be
expressed as

m

Fr=2L. ®
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3. Demagnetization analysis of SPM motor

Using the derived RNA model, the characteristics of
the SPM motor are calculated taking demagnetization
into account. To verify the calculation accuracy of the
RNA model, the calculated values were compared to the
ones obtained from 2D-FEA (JMAG-Designer Ver.15).

Figure 5 shows the 2D-FEA model of the SPM as a
comparison object. Figure 6 shows the comparison of
the calculated waveforms of flux linkage. It is clear that
the calculated values obtained from the proposed RNA
model are in good agreement with the ones obtained
from 2D-FEA.

Fig. 5 2D FEA model of the SPM motor.
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Fig. 6 Comparison of the flux linkage calculated by proposed
model and 2D-FEA.
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Fig. 7 Input current wave forms for calculating induced voltage
of the SPM motor.
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Fig. 8 Comparison of U-phase induced voltage between RNA
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Fig. 9 Comparison of U-phase induced voltage before and after
demagnetization.

Next, the induced voltages of the SPM motor before
and after demagnetization are calculated. Figure 7
shows the three periods of input current wave forms. In
the first and third periods, the rotor rotates at the rotor
speed of 1500 rpm without supplying current. In the
second period (0.02 seconds to 0.04 seconds), the
overcurrent at the amplitude of 9.5 A is applied; rated
current amplitude of this SPM motor is 4.0 A.

Figure 8(a) and (b) shows the comparison of
calculated induced voltage before and after
demagnetization between RNA and FEA, respectively.
In these figures, the calculated values obtained from
the proposed RNA model are in good agreement with
the ones obtained from 2D FEA. Figure 9 shows the
comparison of calculated induced voltage by RNA before
and after demagnetization. The amplitude of the

fundamental wave of the induce voltage after
demagnetization is decreased by 5.7 % and the phase of
the fundamental wave 1is shifted by 5.5 degrees
compared to the induced voltage before
demagnetization.

To compare the torque of the SPM motor before and

after demagnetization, three periods of input current
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Fig. 10 Input current wave forms for calculating torque of the
SPM motor.
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Fig. 11 Comparison of torque waveform of the SPM motor.

Table 1 Comparison of average torque.

RNA (Nm) 2D-FEA (Nm) | Error (%)
Before 1.30 1.32 1.51
After 1.22 1.23 0.813
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Fig. 12 Comparison of cogging torque before and after
demagnetization.
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Fig. 13 Demagnetization factor of the ferrite magnet calculated
by RNA (a) and 2D-FEA (b).

wave forms are used, as shown in Fig. 10. In the first
period, the current amplitude of 4.0 A is applied to the
motor to calculate the rated torque before
demagnetization. To demagnetize the rotor magnets,
the overcurrent more than double the rated current (9.5
A) is supplied in the second period. Then, the current at
the amplitude of 4.0 A is applied again to calculate the
rated torque after demagnetization in the last period.

Figure 11 shows the comparison of the torque wave
forms of the SPM motor calculated by the proposed
RNA model and 2D-FEA. In the figures, the calculated
values obtained from the proposed RNA model are in
almost complete agreement with the ones obtained from
2D-FEA.

Table 1 lists the average torque before and after
demagnetization. The average torque calculated by the
RNA model is decreased by 6.2 % compared to before
demagnetization. The errors of the average torque
between the RNA model and 2D FEA are less than 2 %.

Figure 12(a) shows the cogging torque waveform
before demagnetization and Fig. 12(b) shows the
cogging torque after demagnetization
calculated using the input current waveforms shown in
Fig. 7. After demagnetization, there is a bit of a
discrepancy in the cogging torque waveforms between
RNA and 2D-FEA. Figure 13 shows the
demagnetization factor calculated by RNA and 2D-FEA,
where the demagnetization factor, D, is defined as

Drzzc:(l—B’ ]xlOO' @
: B

>

waveform

Comparing these results, the demagnetization factor
of the surface of the magnet calculated by the RNA is
larger than the one obtained from 2D-FEA. We conclude
that the discrepancy in the distribution of the
demagnetization factor affects the cogging torque
waveforms.

4. Conclusion

This study presented a method for demagnetization
of the SPM motor based on RNA. The validity of the
proposed RNA model was demonstrated by comparing
the calculated results with 2D-FEA calculation results.
It is concluded that the characteristics of the SPM
motor determined by the RNA model are in almost
complete agreement with the corresponding 2D-FEM
calculated. Further studies will attempt to perform
demagnetization analysis considering the effect of the
distorted current waveform by voltage input.
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