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Abstract. Condition monitoring of permanent magnet synchronous motors (PMSMs) and detecting faults such as eccentricity
and demagnetization are essential for ensuring system reliability. Motor current signal analysis is the most commonly used
precursor for detecting faults in the PMSM drive system. However, the current signature responds sensitively to the load and
temperature of the motor, thereby making it difficult to monitor faults in real- applications. Therefore, in this study, a condition
monitoring methodology that detects motor faults, including their classification with standstill conditions, is proposed. The
objective is to detect and classify faults of PMSMs by using programmable inverter without additional sensors and systems for
detection. Both DC and AC were applied through the d-axis of a three-phase motor, and the change in incremental inductance
was investigated to detect and classify faults. Simulation with finite element analysis and experiments were performed on
PMSMs in healthy conditions as well as with eccentricity and demagnetization faults. Based on the results obtained from
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experiments, the proposed method was confirmed to detect and classify types of faults, including their severity.
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1. Introduction

Recently, permanent magnet synchronous motors
(PMSMs) have been spotlighted as eco-friendly traction
systems that can replace internal combustion engines in
various industrial fields owing to their high efficiency,
output, and high torque at low speed (Bianchi and Jahns
2004, Liu et al. 2016, Chai et al. 2016).

PMSMs are classified into two categories depending on
the position of the permanent magnet. The first is surface
PMSMs (SPMSMs), in which permanent magnets (PMs)
are attached to the surface of the rotor; they are affected by
centrifugal force and have low durability. The second is
interior PMSMs (IPMSMs) that have high durability and
are suitable for high-speed rotation because the PMs are
inserted inside the rotor. In addition, higher torque can be
applied owing to the salient polarity. IPMSMs are mainly
used in eco-friendly automobile markets and industries
requiring high speed and torque (Soong and Erturgul 2002,
Kiousmarsi et al. 2006, Fasil et al. 2016).

Major cases of PMSM failure include magnetic,
mechanical, and electrical failures (Rajagopalan ez al. 2000,
Roux ef al. 2007). Failures can be caused by manufacturing
tolerances, harsh operating conditions, misalignment of
shafts, and deterioration of components (Rosero et al
2007). These failures adversely affect the reliability and
safety of PMSMs. Numerous studies have been conducted
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to monitor the condition of machines to ensure high
reliability and to prevent catastrophic failures. Frequently
used motor condition monitoring methods such as motor
current signal analysis (MCSA), motor voltage signal
analysis (MVSA), and vibration signal analysis require
additional sensors and systems for collecting and analyzing
data (Nandi et al. 2001, Espinosa et al. 2001, Lee et al.
2011, Haddad et al. 2016). The characteristics in the
frequency domain are investigated to detect faults, as shown
in Eq. (1) where ffqy,, is the fault frequency, k is an integer,
p is the number of pole pairs in the motor, and frotating iS
the synchronous rotation frequency.

ffault =1zxk)'p 'frotating (1)

MCSA or MVSA is hard to implement in actual
applications because inconsistent speeds and loads impact
the performance of the diagnostic signal. (Rajagopalan et al.
2006). To overcome these issues, time-frequency analysis
has been proposed, but it increases the required
specification of the detection system (Roux et al. 2007). In
addition, it becomes more difficult to classify faults and
types because magnetic, mechanical, and electrical faults
can all affect the fault frequency (frgy:) (Wu et al. 2007).

In this paper, a method to detect and classify faults of an
IPMSM using a programmable inverter is proposed. With
the implementation of the system, faults can be detected
through algorithms using its embedded programs in the
inverter without additional sensors or systems for analysis.
For experimental validation of the proposed method, a
Texas Instruments (TI) digital signal controller
(TMS320F28335) was used in conjunction with MATLAB
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Fig. 1 Magnetic equivalent circuit representation of the d-
axis flux path

Simulink. The inverter injects the optimized diagnostic
signal (DC and AC current signal) into the motor when the
motor is in a standstill condition. The differential
inductance is calculated using the measured signal, and the
types of faults were classified by comparing these values
with reference values from the motor in the healthy state.

2. Analysis of d-axis flux linkage and inductance
2.1 Magnetic equivalent circuit of PMSM

Faults such as demagnetization and eccentricity cause
deviation in motor inductance. Therefore, it is observed for
the detection and classification of faults in this paper. The
magnetic equivalent circuit is shown in Fig. 1 to present the
effects of the PM, d-axis current, air gap, stator, and rotor
core on the d-axis magnetic flux linkage. F, R, @, and N
represent the magnetomotive force (MMF), reluctance, flux,
and the number of turns of the motor winding, respectively.
The subscripts pm, g, ¢, and | denote the PM, air gap, core,
and load, respectively. Based on the magnetic equivalent
circuit, it is confirmed that the flux increases around the
stator on the side where the air gap decreases owing to the
eccentricity. In addition, the flux around the stator decreases
due to demagnetization. Both indicate that the changes in
the magnetic properties of the PM and air gap impacts the
flux around the stator as well as the d-axis flux.

The graph in Fig. 2 shows the inductance as a function
of the d-axis current. The slope of this curve is the
inductance, and the inductance change is the incremental
inductance. The slope of this curve decreases as the
operating point is close to the “knee point” as shown in Fig.
2. In the case of eccentricity fault, the operating point
moves to the right which indicates that less current is
required for magnetic saturation. In contrast, in the case of
demagnetization fault, the operating point shifts to the left
showing that more current is needed for saturation.

2.2 Differential inductance in d-axis

To maximize the sensitivity of detection, the d-axis of
the IPMSM was aligned to the north pole of the PMs. Flux
linkage in the d-axis (1) is determined by the sum of the d-
axis inductance (L,;) multiplied by the d-axis current (i ;)
and the flux of the permanent magnet (4,,), as shown in Eq.
(2). The differential inductance of the d-axis can be derived
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Fig. 2 d-axis flux linkage A; and current curve with
eccentricity and demagnetization fault

Table 1 PMSM specification

Parameter Detail
PMSM type Interior PMSM
Winding type Distributed double layer
Core material 30PNF1600
Magnet material N42UH
Rated power (W) 400
Rated torque (Nm) 0.58
Rated speed (rpm) 6600
Rated voltage (V) 220
Pole number 4

through simple mathematical manipulation, as shown in Eq.

(4).
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The methodology with differential inductance has been
widely employed to detect changes in flux caused by
demagnetization and eccentricity because its change with
magnetic saturation is considerable compared to that of the
inductance of the d-axis. A detailed explanation is provided
by Hong et al. (2012), Haddad and Strangas (2016).

2.3 Simulation of flux linkage for d-axis inductance

To extract the d-axis inductance using Eq. (2), the
magnetic flux needs to be determined via a simulation using
ANSYS Maxwell 2D. The specifications of the PMSM used
in this simulation and the experiment are listed in Table 1.
A healthy motor and a faulty motor with demagnetization
and eccentricity were modeled, and the flux density
distribution was determined from the magnetostatic FE
simulation, as shown in Fig. 3. Each fault was modeled with
two-level severity. The air gap of the healthy PMSM is 0.5
mm. Eccentricity fault was emulated by changing the air
gap by 0.15 mm and 0.30 mm for severity 1 and 2,
respectively. PMs with degraded performances of 30% and
60%, with respect to that in healthy conditions, were
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(c) Simulation result of demagnetized condition
Fig. 3 Magnetic flux density distribution of IPMSM

applied for severity 1 and 2, respectively.

The simulation results in Fig. 3 show the magnetic flux
density of the motor in (a) healthy, (b) eccentric, (c)
demagnetized conditions with no current flowing through
the stator. In the case of the healthy condition, the magnetic
flux density is uniform and symmetric based on the center
of the motor. However, the flux density around the stator
slightly increased on the side where the air gap was reduced
(right side in Fig. 3(b)) caused by eccentricity. In contrast,
the flux density on the side where the air gap was increased
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Fig. 4 Eccentricity PMSM d-axis flux linkage FEM results
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Fig. 5 Demagnetization PMSM d-axis flux linkage FEM
results

(left side in the figure) slightly decreased. In the case of a
motor with demagnetization, the flux density decreases
around the stator where demagnetization occurs. Based on
the result from the simulation, both the eccentricity and
demagnetization cause changes in the flux linkage, resulting
in changes in the inductance as explained with Egs. (2)-(4).
The d-axis magnetic flux calculated using 2D FEA
simulation results of different motor conditions is shown in
Figs. 4 and 5. Compared to that of the healthy motor, the
flux density increases in the eccentric motor. On the
contrary, it was confirmed that the magnetic flux decreases
due to demagnetization. The d-axis magnetic flux also
decreases as the severity of demagnetization increases. It
means that more current in the d-axis is required to make
the same amount of flux linkage.

3. Experimental study
3.1 Experiment setup

The detailed specifications of the PMSM used in this
study are listed in Table 1. PMSM samples with eccentricity
faults are emulated by shifting the shaft using a shim of
0.15 and 0.30 mm for severity 1 and severity 2,
respectively. The shim is positioned as in Fig. 6(a). The
Emulated fault is then verified with a computer tomography
(CT) scan as shown in Fig. 6(c). In the case of
demagnetization, two magnet bars corresponding to one
rotor pole were divided into two pieces as shown in Fig.
6(b). After, one of the magnets was completely
demagnetized by heating. The severity of demagnetization
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(c) Three-dimensional CT image confirming the deviation
of rotor and stator center points in the eccentric motor

Fig. 6 IPMSM with artificially emulated eccentricity and
demagnetization
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Fig. 7 Experimental setup for IPMSM controlled by
programmable T inverter

was controlled by adjusting the ratio of the normal and
completely demagnetized magnets.

The inverter was controlled through a TMS320F28335
Control-Card in a programmable development kit (TI,
TMDSHVMTRPFCKIT). Commands to the digital signal
processor (DSP) are issued through a serial peripheral
interface using MATLAB Simulink. The data acquisition
rate synchronized to the PWM frequency was set to 10 kHz.

Considering the rated current of 400-W PMSM used in
this study, d-axis DC current from 0.5 to 2.5 A is applied in
intervals of 0.5 A. Even though the saturation occurs after 5
A, the amplitude of the d-axis DC current was limited due
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Fig. 8 Incremental inductance as a function of d-axis current
for eccentricity

to the rated current of relatively small PMSM (0.4 kW)
used in this study. An AC component of current with an
amplitude of 0.1 A and frequency of 40 Hz was applied at
each DC step considering the sensitivity of the incremental
inductance. The amplitude and frequency of the AC current
were optimized to increase the change in differential
inductance.

3.2 Measuring inductance

As explained with Egs. (2)-(4), both the inductance and
incremental inductance can be determined by the magnetic
flux density divided by the d-axis current. However, the
magnetic flux can only be cacluated in simulation. The
incremental inductance can be calculated using Eqg. (5). The
internal signal i; (from 0.5 to 2.5 A) from programmable
inverter was injected to the PMSM, and d-axis voltage
command (v;) was monitored. As iy and v, have a relation
as shown in Eq. (5), L'y can be calculated using the
following equation

-

Vq . ,
Zd,eq = Z =Rs+jw.L'y Q)

Zieq and R, w, are the equivalent impedance of the d-axis,
and reluctance, electrical excitation frequency, respectively.

3.3 Experimental result

The experimental results for the PMSM with
eccentricity faults are shown in Fig. 8. Incremental
inductance was experimentally determined based on Eq. (5)
as described in the previous section. The results in Fig. 8
show clearly that the incremental inductance shifts to the
lower left direction as the severity of eccentricity increases.
The flux linkage of the d-axis increases as the eccentricity
increases (the air gap decreases) as presented in the
simulation result of Fig. 4 which indicates that magnetic
circuit saturation occurs even with less current. It also
means that the operation point is close to the knee point as
shown in Fig. 2, where the slope of the inductance
decreases resulting in a decrease in the incremental
inductance. These results confirmed that the fault detection
method presented in this paper can not only classify the
existence but also differentiate the severity of the eccentric
fault. Therefore, the decrease in the values the L'; can be
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Fig. 9 Incremental inductance as a function of d-axis current
for demagnetization

used as a fault indicator for eccentricity if it is monitored
under identical excitation conditions.

In the case of demagnetization, the experimental results
in Fig. 9 show that the incremental inductance shifts to the
upper right as the severity of demagnetization increases. As
presented in the simulation of Fig. 5, the flux linkage of the
d-axis decreases as the severity of demagnetization
increases. Contrary to the results shown with the eccentric
motors, the operation point moves away from the knee point
in Fig. 2. Therefore, the incremental inductance increases as
the severity of demagnetization increases. Based on
experimental results, it is confirmed that the programmable
inverter, which is used for motor control, can be used to
detect and classify the types of faults by implementing the
algorithm. Therefore it is confirmed that additional sensors
or systems were not required to detect and classify faults.
Since fault diagnosis is carried out under standstill
conditions, there is an advantage that the speed and load of
the motor do not affect the performance of the diagnosis. In
addition, it is also confirmed that this method can be
applied to relatively small motors of the 0.4 kW class.

4. Conclusions

In this study, fault detection for eccentricity and
demagnetization in PMSM was carried out based on the
magnetic characteristics. The main concept is to monitor the
voltage command signal and phase current of the PMSM
under standstill conditions by injecting an optimized
diagnostic signal. This method can detect the type of faults
as well as their severity without the need for additional
sensors and systems for detection.

FEA simulations were carried out to investigate the
magnetic flux density of the IPMSM under healthy, as well
as faulty conditions. It was confirmed that faults with
eccentricity or demagnetization induced the change in
magnetic flux density based on results from FEA as well as
inductance based on the given equation. An experimental
study for fault detection and classification, including their
severity, was carried out with a 4-pole 0.4 kW PMSM
controlled by a programmable TI inverter. Without any
additional sensors or analyzers, all signals from the inverter
were used to detect faults. In the case of an eccentric fault,
the differential inductance decreased. In the case of a

demagnetization fault, the differential inductance increased.
Furthermore, differential inductance changes are amplified
when the degree of failure becomes more severe. Therefore,
it was confirmed that the proposed method could detect and
classify faults and their severity.
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