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ABSTRACT

Neodymium (NdFeB) rare earth Permanent Magnets (PMs) are widely used in the manufacturing of Line-
Start Permanent Magnet Synchronous Motors (LSPMSMs). During the initial startup of LSPMSMs,
irreversible PM demagnetization often occurs. This research provides a thorough examination of the PM
demagnetization process during the initiation of a 15-kW, 3000-rpm LSPMSM, which was converted from
a squirrel-cage Induction Motor (IM) featuring a 3-bar PM. Utilizing Ansys/Maxwell2D software for
simulations and conducting experiments, this study reveals that upon starting the LSPMSM,
demagnetization occurs at the two outermost PM pairs. This leads to unstable motor operation at
synchronous speed, significant current fluctuations, and a substantial decrease in performance. The
findings suggest that to ensure effective LSPMSM operation, it is crucial to either restrict frequent restarts
or select an appropriate PM type to prevent partially irreversible demagnetization, thereby enhancing

power efficiency.
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I.  INTRODUCTION

Currently, Neodymium (NdFeB) rare-earth Permanent
Magnets (PM) are widely used in the manufacturing of high-
performance motors, including Line-Start Permanent Magnet
Synchronous Motors (LSPMSMs) [1, 2]. LSPMSMs have the
advantages of high efficiency and a large Power Factor (PF)

and have gradually proven to be an alternative to squirrel-cage
Induction Motors (IMs) [2-4]. However, it is essential to
calculate the PM design to avoid irreversible demagnetization
in an LSPMSM motor [5]. The phenomenon of partial
irreversible demagnetization of the PM adversely affects the
working parameters and performance of the LSPMSM, and
these parameters may even be lower than those of the IM [6, 7].
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The phenomenon of PM demagnetization in an LSPMSM can
occur for many different reasons, one of which is during the
starting process of the LSPMSM. A simulation study of a 3.7
kW and 2-pole LSPMSM with a rotor structure and three PM
bars showed that when starting, an increased starting current of
up to 80 A can cause partial demagnetization of the PM [6]. To
avoid this phenomenon, the angle of the PM arrangement was
changed to reduce the starting current, thereby avoiding the
partial demagnetization of the PM [6]. However, this study did
not demonstrate the influence of demagnetization on the
working characteristics of an LSPMSM. In [7], partial
irreversible demagnetization of 15 kW and 4-pole LSPMSM
was presented, but this research only stopped at studying the
points where demagnetization can occur with "W-type" PM
structure and with a 1500 rpm motor. Demagnetization of the
LSPMSM can occur when starting [8, 9], as well as due to coil
short circuits in the stator winding [10], and abnormal
conditions [11]. In [12], the effect of rotor resistance on
demagnetization in the case of continuous starting was
analyzed, and to avoid demagnetization, it was necessary to
reduce the rotor resistance of the LSPMSM, therefore reducing
motor heating and synchronization time.

Numerous studies have documented the demagnetization
phenomenon in LSPMSMs during start-up. Certain studies
have identified that the starting current, temperature increase
during startup, and PM layout influence partial PM
demagnetization. =~ However, the impact of partial
demagnetization on the working parameters of a 3000-rpm
LSPMSM converted from an IM during startup or the
demagnetization potential of PM pairs has not been studied.
This research aims to thoroughly evaluate and analyze the
demagnetization phenomenon in a 3000-rpm LSPMSM
converted from an IM with a 3-bar PM structure. Using the
Finite Element Method (FEM) via Ansys/Maxwell2D software,
the demagnetization of LSPMSM was simulated and the
working parameters during startup as well as the
demagnetization level of the PM pairs were investigated.
Additionally, the simulation results were verified through an
experimental LSPMSM model.

II. LSPMSM AND DEMAGNETIZATION

LSPMSM is essentially a combination of a PM
Synchronous Motor (PMSM) and an IM by placing PM bars in
the rotor of IM (Figure 1) [2, 13]. A 3000-rpm LSPMSM was
converted from IM with a 3-bar PM rotor structure arranged as
shown in Figure 1. To ensure good working parameters for the
LSPMSM, it is necessary to avoid PM demagnetization during
motor operation [5, 6].
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3000-rpm LSPMSM rotor configuration.
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Fig. 1.

The demagnetization is usually expressed in two forms,
B(H) and J(H), and the working point of the PM during the
operation of the LSPMSM on the demagnetization
characteristic is the intersection of the load characteristic line
with straight line B(H), as evidenced in Figure 2 [14].

When power is supplied to the stator coil of the LSPMSM,
the magnetic flux density of the PM is determined by [15]:

By = By + trpho- Hpy ey

where B,, is the magnetic flux density in T, B, is the residual
induction in T, H,, is the demagnetizing field in A/m, y, is the
vacuum magnetic permeability in N/A®, and g, is the magnetic
permeability.

From Figure 2, it can be observed that when designing a
motor in the rated mode, the working point (point a)
demagnetization characteristic (B,,.1oH,,) is often chosen such
that the residual energy in the PM, i.e. [B,. to.H,,] is maximum

[5].
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Fig. 2. Demagnetization characteristic curve of NdFeB-N35 PM.

When LSPMSM starts, the starting current will increase
about 4-8 times the rated current. Then the load characteristic
of the motor will change from load line to load line 1, the
working point on the demagnetization characteristic will
change to workpoint-1 (point b) point [B,,;. to-H,1]-

In some cases, such as continuous starting, the temperature
of the motor at the start time increases (greater than 20 °C).
Assuming the motor starts at a temperature of 60 °C, the
working point on the demagnetization -characteristic is
workpoint-2 (point c¢) and on the demagnetization
characteristic, an irreversible demagnetization point called the
"knee" point will appear (Figure 2). When the working point
workpoint-2  exceeds the "knee" (point d) point
counterclockwise, irreversible partial demagnetization occurs.
The phenomenon of partial demagnetization of the PM affects
the working parameters of an LSPMSM.

III. PM DEMAGNETIZATION DURING LSPMSM
START-UP

The demagnetization level of the magnet bar pairs is not the
same; therefore, it is important to investigate and evaluate the
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demagnetization level of the components, hence investigate the
working characteristics of the LSPMSM.

A. Evaluation of LSPMSM Start-up Demagnetization

Capability

The motor parameters of the LSPMSM were a speed of
3000 rpm, power of 15 kW, working voltage of 380/660 V, and
frequency of 50 Hz. The LSPMSM was converted from an IM
type 160M [2, 16]. The PM arranged in the LSPMSM was type
N35 with three bars, and the size of each bar was b.h = 35.8
(mm.mm), as depicted in Figure 1.

The FEM approach was deployed through the
Ansys/Maxwell2D software to study the electromagnetic field
distribution and working characteristics of the LSPMSM [17].
The research results for the working characteristics of the
LSPMSM are shown in Figure 3.
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Fig. 3. Working characteristics of the LSPMSM: (a) speed and (b) current.

The results in Figure 3 demonstrate that the proposed
LSPMSM can completely start and synchronize after a period
t=0.58 s, the working current was approximately 26.4 A, while
the maximum starting current of the motor reached 162 A.
However, the starting pulse currents reached 278 A, which was
high enough to induce irreversible partial demagnetization of
the PM. Figure 4 portrays the simulation results of the
magnetic flux density distribution 150 ms after the start-up.
According to Figure 4, the PM had the highest magnetic field
attenuation at its corner positions, corresponding to points N1—
N6, as shown in Figure 5. Points N1 and N6 are the points that
are most likely to be demagnetized. The results of the magnetic
flux density analysis at point N1 over time during the start-up
process are displayed in Figure 6.

The results in Figure 6 exhibit that under the effect of the
external magnetic field generated by the starting current during
the starting process, the magnetic inductance at point N1
changes over time and has the smallest value B,,;, = 0.061 T at
time #,,;, = 235 ms. Similar surveys for points N2 to N6 provide
the results listed in Table L.
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Fig. 4. Magnetic flux density distribution at 150 ms.
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Fig. 5. Survey point of working magnetic flux density of the PM.
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Fig. 6. Magnetic flux density distribution of point N1 on PM1 over time.
TABLE L. By VALUE OF EACH SELECTED POINT
Point PM1 PM2 PM3

N1 N2 N3 N4 NS N6
Bin (T) | 0.061 | 0.028 0.1 0.086 | 0.025 | 0.078
twin () | 235 135 300 405 498 278

The results in Table I demonstrate that with the above 3-bar
PM structure, the two outer PM bars have the working points
with the smallest magnetic field, that is, point N5 (B,.wns =
0.025 T) at 498 ms and N2 (B,,.n2 = 0.028 T) at 135 ms. This
proves that among the three PM bars, the two outer magnet
bars are easier to demagnetize during the starting process.

When the starting motor temperature is 60 °C, the magnetic
field at the knee point is By, = 0.3 T (Figure 2), which leads to
PM demagnetization from the minimum point N5 (B,.ns =
0.025 T) to the maximum point N3 (B, = 0.1 T). If the
motor starts in the temperature range of 20 °C to 60 °C, there is
the easiest possibility of irreversible demagnetization at point
N5 (Buinns = 0.025 T). Thus, under the starting condition of the
motor, irreversible partial demagnetization may occur for one
or two pairs of PMs in the outermost part of the LSPMSM.

B. Effect of Demagnetization Phenomenon on the Working
Characteristics of LSPMSM

The LSPMSM start-up demagnetization evaluation results
revealed that point N5 on the PM3 pair had the smallest
residual magnetism (B,,;,xs= 0.025 T), followed by point N2 on
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the PM1 pair (B, = 0.028 T), which is likely to be
demagnetized next. To analyze the effect of demagnetization
on the working characteristics of the LSPMSM, a research
scenario was proposed by assuming that PM3 (point N5) has a
30% loss of magnetic field (70% remaining magnetic field),
and PM1 has a 35% loss of magnetic field (65% remaining
magnetic field) owing to the demagnetization phenomenon
during the starting process.

The results of the starting and current characteristics of the
LSPMSM when the two pairs of PM3 and PM1 were partially
demagnetized are shown in Figure 7.
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Fig. 7. Speed characteristics of partially demagnetized motor.

According to the results in Figure 7, the time for LSPMSM
to start and reach synchronous speed is about 0.4 s, which is
shorter than the time of 0.58 s noted in Figure 1. This can be
explained by the fact that the magnetism of PM1 and PM2 was
reduced; thus, the static magnetic attraction of the rotor and
stator was reduced, making the starting time faster. However,
owing to the partial demagnetization phenomenon, the
LSPMSM cannot operate stably at synchronous speed.
Therefore, it operates below synchronous speed, and the motor
speed fluctuates with strong oscillation amplitude, causing
vibration and noise during operation.

The current graph in Figure 8 shows that after the starting
time (0.4 s), the working current of the motor is unstable, the
current amplitude fluctuates significantly, and the current
increases (the maximum effective value was 50.3 A), which is
about 1.9 times higher compared to the case of no
demagnetization of 26.4 A (Figure 3b). The high current causes
an increase in the temperature, which can lead to PM
demagnetization under the normal working conditions of the
LSPMSM.
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Fig. 8. Current characteristics of partially demagnetized motor.

In addition, the LSPMSM efficiency is determined by the
electromagnetic and mechanical power characteristics, as
illustrated in Figure 9. The corresponding simulation in the two
modes demonstrated that the motor efficiency without
demagnetization was 92.8%, and the motor efficiency with
partial demagnetization without recovery (Figure 9) was
90.1%. The motor efficiency was significantly reduced by
2.7%, which was lower than that of the same type of IM
(90.3%).
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Fig. 9. Electromagnetic power and mechanical power of LSPMSM.

The results of the simulation model disclose that during the
LSPMSM start-up process with a 3-bar structure, the two outer
bars are most easily demagnetized, and the demagnetization
level of the bars is not the same. In the case of two pairs of
partially demagnetized magnets, the LSPMSM's working
characteristics are much worse. For example, the working
speed fluctuates, leading to a loss of synchronization, the
current amplitude fluctuates greatly, and the motor efficiency is
greatly reduced with the parameters analyzed.

IV. EXPERIMENTAL STUDY ON THE EFFECT OF
DEMAGNETIZATION PHENOMENON

The purpose of this experiment was to determine the
accuracy of the theoretical and simulation results. The studied
LSPMSM was made from a rotor with a three-bar PM structure
with the same parameters as those analyzed above. The
experiment was conducted at the Hanoi Electromechanical
Manufacturing Joint Stock Company (HEM), as depicted in
Figure 10. Throughout the experiment, a generator load
regulator (also known as the excitation regulator) was used to
modify the motor load. A KYORITSU 6310 multifunction
power analyzer was deployed to measure the electrical
parameters. This measurement device is limited to recording
the voltage, current, and PF data. Due to its extended sampling
time, the results are calculated over a prolonged period, making
the comparison with the simulation results approximate.
Initially, the LSPMSM started and ran with a rated load for a
sufficiently long time for the mechanical temperature to
steadily increase. The test results of the current and PF
characteristics in Figure 11 indicate that when the motor starts,
the current value of the phases is approximately 26 A (Figure
11a), PF = 0.94 (Figure 11b), and the calculated efficiency is
92.57%, which is similar to the simulation results shown in
Figures 3 and 9. By surveying the motor housing temperature
with a Fluke-59 Max heat gun, it was found that the
temperature of the motor housing reached 60 C.
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Fig. 12.  Current and PF characteristics with demagnetization.

Fig. 10.  Test model for performing the experiments. (a) Fabricated rotor
and (b) complete system.
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Fig. 11.  Current and PF characteristics without demagnetization.

The experimental findings depicted in Figure 12 indicate
that the motor current was not stable, fluctuating between 26.2
A and 31.2 A. The average current value reached 28.9 A,
approximately 1.1 times higher than the initial value.
Additionally, the PF decreased to PF = 0.9, while the efficiency
was 87.19%. These results demonstrate that the LSPMSM
operated unstably at synchronous speed. Consequently, the PM
experienced partial non-recoverable demagnetization, which
aligns with the simulation outcomes presented in Figures 7 and
8.

The experimental results exhibit that when the motor is
partially demagnetized, the current increases, and the working
current is unstable. At the same time, the PF and efficiency
decreases sharply. The test results are aligned with the
simulation results for the current and efficiency of the motor
analyzed in the simulation section.

V. CONCLUSIONS

This study thoroughly examined the demagnetization effect
during the startup of a 3000 rpm Line-Start Permanent Magnet
Synchronous Motor (LSPMSM) converted from an Induction
Motor (IM) featuring a 3-bar Permanent Magnet (PM)
configuration.  Ansys/Maxwell2D  software  simulations
revealed that when the LSPMSM starts at high temperatures,
partial PM demagnetization can occur, with the most severe
impact observed in the two outermost PM pairs. Assuming
these pairs experience demagnetization of 30% and 35% of
their initial magnetization, the LSPMSM exhibits unstable
operation at synchronous speed, intense vibrations, a 1.9-times
increase in current amplitude, and a 2.7% reduction in motor
efficiency compared to its non-demagnetized state.

Furthermore, the study included empirical testing using an
LSPMSM prototype model. The experimental results revealed
that when the LSPMSM was not demagnetized, the input phase
current was approximately 26 A, exhibited a Power Factor (PF)
of 0.94, and achieved a motor efficiency of 92.57%. In
contrast, when the LSPMSM underwent partial
demagnetization without subsequent restoration, the current
increased to 28.9 A, approximately 1.1 times higher than the
initial measurement. Concurrently, the PF decreased to 0.9, and
the efficiency dropped to 87.19%.

The findings of this study indicate that to ensure that the
LSPMSM operates with stable parameters, it is crucial to
determine the appropriate PM type, method of PM
arrangement, and suitable LSPMSM operating mode. This
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careful selection process is necessary to prevent the irreversible
partial demagnetization of the PM.
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