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ABSTRACT The dynamic eccentricity fault (DEF) of the interior permanent magnet synchronous
motor (IPMSM) is mainly caused by external mechanical shock. In the case of DEF, an unbalanced magnetic
force occurs because the length of the air gap is not constant. Noise and vibration of the motor occur due
to unbalanced magnetic force. In addition, since the length of the air gap is not constant, the distribution
of magnetic flux density is distorted, and iron loss is increased. As the iron loss increases, the temperature
rises, and an irreversible demagnetization fault (IDF) of the permanent magnet occurs due to overheating.
Therefore, in this paper, the fault mechanism of IDF due to DEF of IPMSM for electric vehicle (EV) traction
is analyzed. Initially, themagnetic flux density and iron loss characteristics according to the healthy condition
and DEF condition are analyzed using the finite element method (FEM). Then, the detailed iron loss analysis
is performed based on the phase current waveform measured through the load test of the motor. Finally, the
fault mechanism of IDF due to DEF was verified through an electric-axle load test on a manufactured motor
having eccentricity.

INDEX TERMS Dynamic eccentricity, electric vehicle (EV), interior permanent magnet synchronous motor
(IPMSM), iron loss, irreversible demagnetization.

I. INTRODUCTION
Recently, for the development of optimized electric vehi-
cles (EVs) according to environmental regulation problems,
research on the driving system and the energy storage sys-
tem, in order to replace the engine of the existing vehicle,
is being actively conducted. In particular, it is one of the
important issues to optimize driving safety and increase the
driving range of EVs by using an optimized traction motor
in the EV drive system. To satisfy the requirements of these
traction motors, the number of vehicles using interior per-
manent magnet synchronous motors (IPMSMs) is increasing
[1]–[5]. IPMSM has the characteristics of high efficiency and
high torque density and has the advantage of being able to
operate in a relatively wide high-speed range through field-
weakening control. In addition, it has the advantage of high
mechanical safety during high-speed operation by inserting
a permanent magnet into the iron core of the rotor [6]–[8].
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However, a fault may occur due to a mechanical shock trans-
mitted to the electric motor from the outside, and the relia-
bility and lifespan of the electric motor may reduce due to an
electrical defect. Common types of faults in IPMSM include
irreversible demagnetization fault (IDF) of permanent mag-
nets, stator inter-turn fault (SITF) in the stator winding, and
mechanical faults such as eccentricity fault (EF) and bearing
fault in which the centers of rotation of the stator and rotor
are not aligned [9]–[27]. IDF occurs due to an increase in
the rotor temperature and a reverse magnetic field because
of the excessive current flowing during the load operation
of the motor [9]–[11]. SITF is a short circuit fault between
adjacent windings of a stator, due to the thermal, mechanical,
and electrical damage in the stator windings which affects
the insulation of the windings [12]–[14]. EF occurs when
the rotational axis of the rotor and the axis center of the
stator do not match. EF is of two types; a static eccentricity
fault (SEF) and a dynamic eccentricity fault (DEF). In the
case of SEF, the rotation axis of the rotating rotor and the
axis center of the stator do not match, but the rotation center
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of the rotor is constant, and the non-uniform magnetic flux
density distribution appears depending on the severity of the
eccentricity. In contrast, in the case of DEF, the rotor rotates
around the same axis as the stator axis, but the rotation axis
does not match the axis of the rotor [15]–[18]. That is, when
the rotor rotates in the DEF situation, the length of the air gap
is changed, and an unbalanced magnetic force is generated
according to rotation. As a result, serious damage to themotor
is caused and a bearing defect may occur. In addition, if the
motor rotates for a long time in the DEF state, an unbalanced
electromagnetic force is generated, which produces noise and
vibration. In such a serious condition, the cage of the ball
bearing is damaged and the insulation of the stator winding is
also damaged [19]–[26]. From another point of view, in the
DEF condition, since the length of the air gap changes with
rotation, the air gap flux density becomes unbalanced. This
unbalanced magnetic flux density affects the iron loss of the
motor. In general, IPMSM operates at a magnetic saturation
point, so there are many harmonic components, but under the
DEF condition, the harmonic components increase further
due to distortion of the magnetic flux density. As a result,
iron loss increases more in the DEF state than in the healthy
condition. As the speed of the motor increases, the iron loss
also increases, affecting the efficiency and reliability of the
motor. Moreover, as the iron loss from the iron core increases,
the temperature rises, and if the motor is driven in the DEF
state for a long time, irreversible demagnetization of the
permanent magnet in the rotor may occur due to overheating
inside the motor [27]–[31].

In this study, the characteristics of iron loss according to the
DEF condition of IPMSM for traction of EVs and the char-
acteristics of irreversible demagnetization of the permanent
magnet are analyzed.

In particular, when IDF occurs, more current is applied
under the same load conditions. Because of this phenomenon,
the efficiency of the motor decreases due to increased losses.
In addition, the temperature of the motor and the inverter also
increases, which can degrade the reliability of the system and
cause serious failures. Therefore, this paper presents a fault
mechanism that shows that DEF can cause IDF as well as
affect the noise and vibration of electric motors.

The contributions of this paper can be summarized here.
• In the DEF condition, the air gap flux density is unbal-
anced due to a continuous change in air gap length
according to the rotation. Because of this phenomenon,
the iron loss increases further due to the distortion of
the magnetic flux density. The iron loss analysis was
performed in the healthy and theDEF condition based on
the measured raw current waveforms, using the Ansys
Maxwell software. The analysis results show that the
iron loss increases under the DEF condition. In particu-
lar, it shows that the iron loss increases in the high-speed
region than in the low-speed region.

• The fault mechanism of IDF by DEF was verified
through the load test of the electric axle to which the
manufactured DEF motor was applied.

FIGURE 1. Definition of the model, (a) base model, (b) DEF model.

TABLE 1. Motor specifications.

The paper is comprised of the following sections: Initially,
The magnetic flux density and the iron loss analysis accord-
ing to the increase in the DEF level using the finite element
method (FEM) will be described in section II. Here, when
the speed increases in the DEF condition, a change in iron
loss is analyzed. Section III describes the analysis of iron loss
according to the input current. Section IV describes the loss,
efficiency, and temperature analysis according to the healthy
and DEF conditions. Section V describes the verification of
IDF phenomenon due to DEF.

II. IPMSM MODEL CONSIDERING DEF
A. COMPARISON OF MAGNETIC FLUX DENSITY BETWEEN
BASE MODEL AND DEF MODEL
The base model of IPMSM for EV traction was designed as
shown in Figure 1(a). The specifications of the motor are
shown in Table 1. The maximum output is 80kW, and the
maximum speed is 10,000 RPM. As shown in Figure 1(a),
in the case of the base model, the pivot of rotor rotation and
the center of rotor coincide. However, in the case of the DEF
model, as shown in Figure 1(b), the pivot of rotor rotation
and the center of the rotor do not match due to mechanical
defects. Therefore, the length of the air gap changes as the
rotor rotates. The air gap δ (θ, t) can be expressed by [16]

δ (θ, t) = δm{1− ε cos (θ − ωt − β)} (1)

where δm is the average air gap length, ε is the eccentricity,
ω is the rotational angular velocity of the rotor, and β is the
initial phase angle of the eccentricity.
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FIGURE 2. Air gap flux density.

FIGURE 3. Magnetic flux density distribution according to DEF level,
(a) Healthy, (b) DEF (20%), (c) DEF (30%), (d) DEF (38%).

The permeance of the air 3(θ, t) can be expressed by

3 (θ , t) =
1

δ (θ , t)

=
1

δm{1− ε cos (θ − ωt − β)}
(2)

Magnetic flux density B (θ, t) can be expressed by

B (θ, t) = µ0Fmmf (θ, t)3 (θ, t) (3)

where µ0 is the permeability of air, and Fmmf is the mag-
netomotive force. Therefore, due to DEF, the length of the
air gap is not constant, so the magnetic flux density changes.
Figure 2 shows the waveform of the air gap flux density.
In the case of the healthy condition, the air gap flux density
waveform is balanced. However, in the case of the DEF con-
dition, the air gap flux density waveform is unbalanced. The
eccentricity level of the analysis model of the DEF condition

was set to 38%. As shown in Figure 2, the air gap flux density
in the DEF condition contains higher harmonics than the
air gap flux density in the healthy condition, so the motor
characteristics are also changed due to DEF.

Figure 3 shows the magnetic flux density distribution
according to the DEF level. Figure 3(a) is a healthy condition,
and as shown in Figure 3(b), Figure 3(c), and Figure 3(d),
the length of the air gap changes as the DEF level increases.
Accordingly, the degree of saturation of the magnetic flux
density distribution also increases.

B. FEM ANALYSIS ACCORDING TO OPERATING POINT
Figure 4 shows the torque and speed curve of the motor.
As shown in Figure 4, the curve of 80kW has the maximum
output and the curve of 50kW shows the rated output.

FIGURE 4. Torque and speed curve of the traction motor.

TABLE 2. Definition by operating point.

In this paper, the iron loss was analyzed by using the FEM
analysis based on the iron loss data calculated by themodified
Steinmetz equation. As shown in Table 2, FEM analysis was
performed to calculate the iron loss according to the DEF
level at a total of 16 points. DEF levels are 10%, 20%, 30%
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FIGURE 5. Iron loss curves of 30PNF1600.

FIGURE 6. Iron loss according to speed, (a) 50kW, (b) 80kW.

and 38%. Figure 5 shows the iron loss curves of 30PNF1600.
The Steinmetz equation for calculating the iron loss is shown
as follows [32]–[33]

W iron−loss = Wh C W e C Wa

= khf B2
+ kef 2B2

+ kaf 1.5B1.5 (4)

Iron loss is divided into hysteresis loss (Wh), eddy current
loss (We), and amorphous loss (Wa). Where kh is the hys-
teresis loss coefficient, ke is the eddy current loss coefficient,

FIGURE 7. Flow chart for raw waveform-based iron loss analysis.

FIGURE 8. Experimental setup.

and ka is the anomalous loss coefficient. f is the operating
frequency and B is the magnetic flux density.

As shown in Figure 6, the iron loss increases as the DEF
level and speed increase. This is because the higher the DEF
level, the higher the harmonic component due to the distortion
of the magnetic flux density. As shown in Figure 6(a), the
iron loss in the DEF (38%) condition increased by 15.3%
compared to the iron loss in the healthy condition when the
motor output was 50 kW and the speed was 10,000 RPM.
Whereas, as shown in Figure 6(b), the iron loss in the DEF
(38%) condition increased by 11.1% compared to the iron
loss in the healthy condition when the motor output was
80 kW and the speed was 10,000 RPM.

III. RAW CURRENT WAVEFORM BASED IRON
LOSS ANALYSIS
A load test was conducted to analyze the iron loss in the
IPMSM in detail. The flow chart for iron loss analysis based
on the raw current waveform is shown in Figure 7. First,
an experimental setup was performed for the load test as
shown in Figure 8. Torque control was performed through
an inverter for the load test of the motor. The load test was
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FIGURE 9. Teledyne LeCroy current probes (CP500).

FIGURE 10. Measured phase current waveform at 80 kW, (a) 2,550 RPM,
(b) 9,000 RPM, (c) 10,000 RPM.

performed at three speeds; 2,550 RPM, 9,000 RPM, and
10,000 RPM at 80 kW maximum output. Additionally,
as shown in Figure 9, the current applied to each phase of the

FIGURE 11. Comparison of iron loss according to input current,
(a) 2,550 RPM, (b) 9,000 RPM, (c) 10,000 RPM.

motor was measured using Teledyne LeCroy Current Probes
(CP500). Based on the current measured through the load test,
FEM analysis was performed using Ansys Maxwell soft-
ware. Finally, the results of iron loss analysis, according
to the sinusoidal waveform (SW) and raw waveform (RW)
input conditions, were comparatively analyzed. Figure 10
shows the current waveform of each phase measured using
the current probe. The switching frequency of the inverter
controlling the motor is 8 kHz, and the current wave-
form including the harmonics of the switching frequency
is shown. Figure 10(a) shows the current measured at
2,550 RPM (at 80 kW), Figure 10(b) shows the current
measured at 9,000 RPM (at 80 kW), and Figure 10(c)
shows the current measured at 10,000 RPM (at 80 kW).
Figure 11 shows the comparison of iron loss according to the
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FIGURE 12. Comparison of iron loss at 2,550 RPM, (a) healthy (SW), (b) DEF (38%) (SW), (c) healthy (RW), (d) DEF (38%) (RW).

FIGURE 13. Comparison of iron loss at 9,000 RPM, (a) healthy (SW), (b) DEF (38%) (SW), (c) healthy (RW), (d) DEF (38%) (RW).

FIGURE 14. Comparison of iron loss at 10,000 RPM, (a) healthy (SW), (b) DEF (38%) (SW), (c) healthy (RW), (d) DEF (38%) (RW).

input current. As shown in Figure 11(a), iron loss in the DEF
(38%) condition increased by 2.6% compared to the healthy
condition when inputting the ideal SW, and iron loss in the
DEF (38%) condition increased by 0.6% compared to the

healthy condition when inputting RW. Therefore, in the low-
speed region, iron loss increases in the DEF condition, but the
increase rate is small. As shown in Figure 11(b), iron loss in
theDEF (38%) condition increased by 12.2% compared to the
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healthy condition when inputting the ideal SW, and iron loss
in the DEF (38%) condition increased by 7.8% compared to
the healthy conditionwhen inputting RW. Finally, as shown in
Figure 11(c), iron loss in the DEF (38%) condition increased
by 11.1% compared to the healthy condition when inputting
the ideal SW, and iron loss in the DEF (38%) condition
increased by 4.5% compared to the healthy condition when
inputting RW. In conclusion, the increased rate of iron loss
in the DEF (38%) condition is larger in the high-speed region
than in the low-speed region. In addition, since harmonics due
to the switching frequency of the inverter are included when
the RW is input, iron loss increases as compared to when the
SW is input. As shown in Figure 11(a), the iron loss at SW
input in the DEF condition was 319.8 W, and the iron loss at
RW input was 349.8W, so it increased by 9.4 %. As shown in
Figure 11(b), the iron loss at SW input in the DEF condition
was 1,283.1 W, and the iron loss at RW input was 2,760.1 W,
so it increased by 115.1 %. As shown in Figure 11(c), the
iron loss at SW input in the DEF condition was 1,556.3 W,
and the iron loss at RW input was 3,430.4 W, so it increased
by 120.4 %. The iron loss according to ideal SW and RW
inputs was analyzed through FEM. As shown in Figure 12,
there is a little change in the iron loss in the low-speed area of
2,550 RPM. However, as shown in Figure 13 and Figure 14,
in the case of inputting SW and RW in the high-speed area,
the iron loss increased more in the DEF condition than in
the healthy condition. Although the difference in loss seems
small in the iron loss distribution as shown in Figure 14,
the iron loss in the healthy condition is 3,280 W as shown
in Figure 14(c), and the iron loss in the DEF condition is
3,430.4W as shown in Figure 14(d). Therefore, the harmonic
component is increased in the case of the DEF condition,
so the iron loss is increased by 4.5 %.

IV. LOSS, EFFICIENCY, AND TEMPERATURE ANALYSIS
This section presents the results of iron loss, efficiency, and
thermal analysis. Initially, Figure 15 shows the iron loss map.
As shown in Figure 15 (b), in the case of the DEF condition,
the difference in the iron loss in the low-speed region is small,
but in the high-speed region, as illustrated in a rectangular
area, the iron loss increases. As a result, in the case of the
DEF condition, as shown in Figure 16(b), the efficiency in
the high-speed area as shown in the rectangular is reduced.

Figure 17 shows the results of the thermal analysis based
on the loss derived through FEM analysis. Ansys Motor-
CAD software based on the thermal equivalent circuit was
used [34]. The thermal analysis condition is 80 kW and
10,000 rpm of the motor. The iron loss was selected as the
biggest point to see the temperature change of the motor
due to the DEF condition. In addition, the copper loss in the
healthy condition and DEF (38%) condition is the same. The
results of the analysis are shown in Figure 17 and Table 3.
The maximum temperature of the winding was 9.2% higher
in DEF (38%) than in healthy condition. The maximum tem-
perature of the magnet was 5.9% higher in DEF (38%) as
compared to healthy condition. The maximum temperature

FIGURE 15. Iron loss map, (a) healthy, (b) DEF (38%).

of the stator surface was 9.4% higher in DEF (38%) than
in healthy condition. The maximum temperature of the rotor
surface was 5.3% higher in DEF (38%) condition than in
healthy condition. In conclusion, the overall temperature of
important parts of the motor increases due to increased iron
loss. And in long-time operation, the irreversible demagneti-
zation of permanent magnets also occurs.

V. VERIFICATION OF IDF PHENOMENON DUE TO DEF
A. ELECTRIC-AXLE LOAD TEST SETUP
In this part, it is presented through a test that the IDF phe-
nomenon occurs due to an excessive increase in heat of
the rotor because DEF increases the iron loss of IPMSM.
Figure 18 shows the experimental setup to verify the IDF
due to DEF in the IPMSM. The test setup is composed of an
electric-axle structure in which the DEF motor and the speed
reducer are assembled as shown in Figure 18. Figure 19(a)
shows the base motor. As shown in Figure 19(b), the bearing
pocket part of the rear cover was modified to implement the
DEF condition. Where Bh is the diameter of the basic bearing
pocket, and BDE is the additional clearance to implement the
DEF. Bh is 60mm, and BDE is 0.608mm. The experiment was
performed at 8,700 RPM speed and the output of the motor is
50kW. The temperature of the cooling water flowing through
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FIGURE 16. Efficiency map, (a) healthy, (b) DEF (38%).

TABLE 3. Thermal analysis results of motor.

the motor and inverter is set at 20 ◦C. The driving time was
114 minutes. Finally, the reduction ratio of the speed reducer
is 9.6. Saturation occurred at 6,000 sec at the temperature of
the end winding.

B. LOAD TEST RESULTS
Figure 20 shows the torque variations over time. The average
torque is 475.1 Nm, and it can be confirmed that the motor is
continuously driven. Figure 21 shows the speed of the motor
and the temperature of the stator end windings. At this time,
the maximum temperature is 153 ◦C. Accordingly, since the
maximum temperature limit of the winding is 170 ◦C, the
experimental value does not exceed the limit.

Figure 22 shows the Vq,Vd voltages of the DEF motor.
As shown in Figure 22(a), Vq was initially applied at 104 V
but decreased to 74 V at the end of the test. However, as

FIGURE 17. Thermal analysis results using MotorCAD, (a) Temperature of
winding and permanent magnets, (b) Temperature of stator and rotor.

FIGURE 18. Experimental setup with DEF motor.

shown in Figure 22(b), the Vd voltage was initially applied at
−138.3 V, but at the end of the test, it increased in a negative
direction to −153 V. This is because the iron loss increases
due to the influence of dynamic eccentricity, resulting in
irreversible demagnetization. In particular, when irreversible
dema-gnetization occurs, the flux linkage of the permanent
magnet decreases, so the d-axis flux linkage decreases, and
the q-axis flux linkage increases. Therefore, Vd increases in
the negative direction and Vq decreases [9].

Figure 23 shows the back electromotive force (BEMF)
waveform of the motor. BEMF was measured at a speed
of 500 RPM. Figure 23(a) is a BEMF waveform before the
test, and its Root Mean Square (RMS) value is 19.37 Vrms.

Figure 23(b) shows the BEMF waveform after the test, and
its RMS value is 8.5 Vrms. Therefore, the BEMF decreased by
56.1% after the test as compared to its value before the test.
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FIGURE 19. Machining for application of DEF condition, (a) base motor,
(b) Machining of the bearing pocket in the rear cover.

FIGURE 20. Torque (electric-axle).

FIGURE 21. Speed and winding temperature.

C. ANALYSIS OF THE IDF OF PERMANENT MAGNETS
Since BEMF decreased after the test, the DEF motor was
decomposed to analyze the cause. Figure 24(a) is the rotor
before the load test, and Figure 24(b) shows the rotor after
the load test. As shown in Figure 24(b), a hot spot occurred
due to excessive heat in the rotor. As shown in Figure 24(b),
the hot spot on the rotor occurred in a total of 8 bridge areas
of the rotor because the number of poles of the motor is
8 poles, as shown in Figure 25. Because the length of the
air gap is not constant in the DEF condition, the saturation
of magnetic flux density occurs in the rotor bridge region.
Figure 25 compared the iron loss obtained from the FEM
analysis under the same conditions as the load test. The FEM
analysis speed is 8,700 RPM, and the motor output is 50kW.
Figure 25(a) shows the iron loss in the healthy condition,
and Figure 25(b) shows the iron loss in the DEF condition.
As shown in Figure 25(b), the iron loss increases at the

FIGURE 22. voltages of the DEF motor, (a) Vq, (b) Vd .

FIGURE 23. BEMF results at 500 rpm, (a) before load test, (b) after load
test.

same rotor position where the hot spot occurs. Also, iron loss
increases in the teeth of the stator. As a result, since the heat
generated due to the iron loss in the stator is transferred to
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FIGURE 24. Rotor, (a) before load test, (b) after load test.

FIGURE 25. Comparison of iron loss at 8,700 RPM, (a) healthy,
(b) DEF (38%).

FIGURE 26. Radial flux density measurement, (a) Measurement points on
the rotor, (b) gauss meter.

the rotor, the temperature of the rotor increases. As shown in
Figure 26(b), the radial flux density of the rotor wasmeasured
using a gauss meter. As shown in Figure 26(a), the radial flux
density wasmeasured at P1, P2, P3, and P4 points of the rotor.
Figure 27 shows the comparison between the measurement
results of radial flux density before and after the load test.
After the load test, since IDF occurred, the radial flux density
decreased at all points P1 ∼ P4. In particular, in the case of
Figure 27(c), the radial flux density decreased by 93.2% after
the load test as compared to the value before the load test.
Since point P3 lies at the central region of the rotor along the
axial direction where the heat is concentrated, the radial flux
density decreased more at this point than at the other points
due to DEF.

FIGURE 27. Measurement results of radial flux density, (a) P1, (b) P2,
(C) P3, (d) P4.

In the case of a stator inter-turn fault, irreversible demagne-
tization occurs due to an instantaneous overcurrent. However,
in the case of dynamic eccentricity, long-term driving of the
motor in the high-speed area causes distortion of magnetic
flux density, and the iron loss increases, resulting in irre-
versible demagnetization due to the temperature rise of the

64492 VOLUME 10, 2022



J.-K. Kang, J. Hur: Fault Mechanism Analysis of Irreversible Demagnetization

permanent magnet. Dynamic eccentricity is implemented as
shown in Figure 1(b). In addition, the test was performed
while monitoring the winding temperature, Vd and Vq volt-
ages in real-time as shown in Figure 21 and Figure 22.
Test results showed that the temperature of the winding was
normal. However, due to dynamic eccentricity, irreversible
de-magnetization of the permanent magnet occurred.

VI. CONCLUSION
In this study, the iron loss characteristics of IPMSM for EVs
traction according to the DEF condition and the irreversible
demagnetization of the permanent magnets are analyzed.
In the case of the DEF condition, since the length of the
air gap is not constant, the waveform of the air gap flux
density is unbalanced. As a result, the harmonic component
due to the distortion of the magnetic flux density increases,
thereby increasing the iron loss. In particular, as the iron
loss increases in the DEF condition, the temperature inside
the motor rises rapidly, causing irreversible demagnetization
of the permanent magnets. Finally, an electric-axle load test
was performed to verify the fault mechanism of the IDF by
driving it for a long time in the DEF condition. As a result
of the load test, BEMF decreased by 56.1% after the test
due to the IDF as compared to before the test. In conclusion,
DEF not only affects the noise and vibration of the electric
motor but also IDF occurs due to an increase in the iron
loss of the electric motor when continuously driven in DEF
condition. The results of this study will be helpful to analyze
the electromagnetic ch-aracteristics of IPMSM due to DEF.
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