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ABSTRACT

Owing to the recent trend toward the zero-carbon emission,
drive motors are gaining attention for substitute for internal
combustion engine. Among them, interior permanent
magnet synchronous motor(IPMSM) is being extensively
used for their high-power density. Consequently,
verification of safety and reliability for IPMSM is becoming
an important subject. In this study, system-level simulation
for IPMSM drive system under various failure modes were
carried out. Fault characteristics were extracted from the
phase current profile and classified by the support vector
machine. It is shown that with the proposed model, faults
can be detected with less cost and time-consumption.

1. INTRODUCTION

Recently, there has been a growing trend towards zero-
carbon emissions in the automotive industry, leading to
increased interest in electric drive motors as a substitute for
internal combustion engines(ICEs). Among the various
types of electric drive motors, interior permanent magnet
synchronous motor(IPMSM) is one of the most widely used
types due to their numerous advantages including high-
power density. As a consequence, ensuring the safety and
reliability of IPMSM have become an important research
subject. To address this need, failure modes and effect
analysis(FMEA) must be carried out. However, it is costly
and time-consuming to manufacture test motors for multiple
failure modes. System-level motor drive simulations can be
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a cost-effective and time-efficient alternative to conducting
real experiments. They can provide data that are closely
resembles real-world scenarios. Due to these advantages,
many studies have been conducted using simulations to
diagnose the possible failure modes in IPMSM. Stanely,
Henk, and Jan (2007) designed a radial-flux outer-rotor
PMSM. N. A. Al-Nuaim and Humid (1997) modeled a
PMSM to diagnose the eccentricity fault. J. Farooq, S.
Srairi, Abdesslem, and abdellatif (2006) modeled an outer-
rotor PMSM under demagnetization for fault diagnosis.

In this paper, a system-level simulation model of a 120 kW
IPMSM drive was modeled to diagnose static
eccentricity(SE),  dynamic  eccentricity(DE),  mixed
eccentricity(ME), and demagnetization(DM) faults. The
healthy motor’s flux linkage map considering the geometry
of the motor was constructed using a finite element
analysis(FEA). Then, the flux linkage map was converted
into a three-dimensional look-up table(LUT). The
conversion process utilized inverse calculations instead of
derivatives to reduce computational time. The LUT was
linked with the motor control unit(MCU) consisting of
controllers and a space vector pulse width
modulation(SVPWM) inverter. For the MCU, two modeling
methods, current-state variable model(CSVM) and flux-
state variable model(FSVM) were employed to compare the
performance. To validate the simulation model, experiment
using the healthy motor was conducted. Based on the
validated model, SE, DE, ME, and DM faults were
implemented, and fault-related frequency components were
extracted from the phase current data. Finally, support
vector machine(SVM) was used for diagnosing and
classifying the faults.
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The remainder of this paper is composed as follows: Section
2 explains the backgrounds for the failure modes. Section 3
presents the modeling methods of the motors and MCU.
Section 4 shows the experimental setup and validation
results. Section 5 demonstrates the classification results.
Finally, section 6 concludes this paper.

2. BACKGROUND FOR FAILURE MODES

2.1. Eccentricity

Eccentricity fault refers to the misalignment of the center of
stator and rotor. They can be classified into three types,
static, dynamic, and mixed, according to the state of the
misalignment. If the center of the stator is misaligned with
the center of rotor and rotation, it is classified as SE. Else if
the center of the rotor is misaligned with the center of the
stator and rotation, it is called DE. The ME is the
coexistence of SE and DE. Under eccentricity fault, the air
gap between the stator and rotor becomes non-uniformly
distributed. The non-uniform distribution of the air gap
induces unbalanced magnetic pullUMP). The UMP
generates additional torque pulsations, which results in
increased noise and vibration. Bashir, Jawad, and Mehrsan
(2009) found that due to the nature of the rotating
machinery, certain sideband harmonics increase under
eccentricity fault, which can be calculated as:
2k—1
Jeccen = T f 1

where, foccen 1S the fault characteristic frequency of
eccentricity, k is the positive integer, P is the number of
pole pairs, and f; is the fundamental frequency.

2.2. Demagnetization

The coercivity force, which refers to the ability of the
magnet to endure external magnetic field without being
demagnetized, decreases under high temperature. The
IPMSMs in electric vehicles operate in a wide speed and
torque range. During high-speed or high-torque operation,
the operating temperature increases due to the high current
input and vibrations. In this case, the permanent
magnets(PMs) in the rotor can be easily demagnetized.
Under DM, controller increases the input current to maintain
constant torque output under decreased PM magnetic flux. If
the PMs are partially demagnetized, certain fault
characteristic ~ frequency components  will  increase.
However, if the PMs are uniformly demagnetized, there are
no significant change in frequency domain except for the
rise in the fundamental frequency and its harmonics.

3. MODELING METHOD

3.1. Current-State Variable Method

From the study by Sebastian, Fabien, Johan, and Claudia
(2019), the voltage and torque equations of the CSVM
method can be stated as follows :

diy

Vd = Ld E + Rsid - (L)eLqiq (2)
di, _ )
A =LdE+Rslq + w, (W, + Lgig) 3)
3p . .
Tom = - [Winig + (Lg — Lg)iaig] (4)

where, V; and V, are the d- and g-axis voltage, L, and L,
are the d- and g-axis inductance, i, and i, are the d- and g-
axis current, R, is the stator resistance, ¥,, is the flux
linkage of the PM, w, is the angular speed in electrical
degrees, p is the number of pole pairs, and T,,, is the
electromagnetic torque. In the CSVM model, L4, Ly, and
W, are the functions of i; and i, . This method cannot
consider the effect of motor topology. In addition, the model
includes derivatives computations, which can provoke
numerical instabilities. To deal with this problem,
electromagnetic torque data was extracted from the FEA.
The derivatives of the torque data were converted to the
LUT and linked with the simulation loop.

3.2. Flux-State Variable Method

From the study done by Sebestian et al. (2019), the voltage
and torque equations in FSVM can be stated as follows:

A
V, = d—td + Rylg — 0¥, (5)
dy,
v, =d—tq+Rsiq — ¥, (6)
¥, = f(id, iq,0) )
Wy = g(ia, iq,0) ®)
mp . .
Tem = T [lpdlq - Lqud] (9)

where, ¥, and ¥, are the d- and g-axis flux linkage. Since
the flux linkage components are the functions of i, i;, and
6, the effect of motor topology can be considered in the
simulation. In addition, the time-consuming derivative
calculations are substituted by inverse calculations, which
can be stated as:

W, = [ (V4 — Rsig + w,¥,)dt (10)
W, = [ (V; = Ryiy — 0, ¥, )dt (11)
tq = f7"(Wa, ¥, 0) (12)
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Y, = g7 (¥a, ¥, 0) (13)
Tom = T(ig,i4,0) (14)

The variations of the d- and g-axis flux linkages and the
torques as functions of dq currents and rotor position are
obtained from the FEA.

3.3. Finite Element Analysis

Fig. 2 shows the cross-section of the simulated motor. The
simulation was carried out by using Ansys Maxwell tool.
Detailed specifications of the simulated motors are listed in
Table 1. Healthy and faulty models were designed and the
corresponding electromagnetic parameters were extracted
and linked with the MCU model. The eccentricity faults
were implemented by adjusting the centerlines of the rotor,
stator, and rotation. The uniform demagnetization faults
were implemented by reducing the coercivity of the PMs.

Figure 1. Cross section of the simulated motor.
Table 1. Specifications of the simulated motor

Parameter Unit | Value
Peak torque Nm 500
Peak power kw 120
Base speed rpm | 4360
DC link voltage 14 538
Max current A 630
Number of pole pairs - 4
Number of slots - 36
Active stack length mm | 120
Rotor outer diameter mm | 210
Stator outer diameter mm | 320
Air gap length mm |1

3.4. Motor Control Unit
Fig. 2shows the schematic diagram of the MCU. A closed-

loop control consisting of speed controller, current
controller, and SVPWM inverter was used.
supply
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Figure 2. Block diagram of the motor control unit

IGBT-based
verter

4. EXPERIMENTAL SETUP AND VALIDATION

Fig. 3 shows the experimental setup. The 120 kW 8-pole 36-
slot IPMSM was used. The 200 kW dynamometer was used
to control the motor. The phase current data was obtained
from the NI-9215 data acquisition setup(DAQ) from the
inverter. The sampling frequency of the DAQ was set to 10
kHz.

Figure 3. Experimental Setup: (a) Schematic and (b) picture.

Fig. 4 shows the phase current comparison of the CSVM,
FSVM, and experimental result. As shown, the FSVM
model showed more similar results with the experimental
results than CSVM model.
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Figure 4. Phase current comparison of the CSVM and
FSVM model with the experimental results. The operating
speed was set to 2000 rpm, and the load torque was set to 50
Nm.
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5. RESULT AND DISCUSSION

From the simulation data of the phase currents, fault
features were extracted. For the eccentricity, fault
characteristic frequencies, which are 0.25th, 0.75th, 1.25th,
and 1.75th harmonics for the simulated motor, were used.
For the uniform demagnetization, fundamental frequency,
and its harmonics from 2nd to 8th were used. Fig. 5 shows
the classification results. As can be seen, the failure modes
were successfully classified.
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Figure 5. Confusion matrix for classification results of the
failure modes.

6. CONCLUSION

In this paper, system-level IPMSM drive model was
designed for diagnosing SE, DE, ME, and DM faults. Two
different modeling methods, CSVM and FSVM, were
compared. The electromagnetic parameters of the healthy
motor were extracted from the FEA model. The parameters
were linked with the MCU model in the form of LUT. The
model was verified with the experimental results. Based on
the verified model, failure modes were implemented. The
phase current datasets for each failure modes were acquired.
Fault features were extracted from the frequency domain of
the phase current datasets and classified by using the SVM.
The results shows that the proposed method can
successfully classify different failure modes with relatively
low cost and time-consumption.
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