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Abstract: Permanent magnet synchronous motors (PMSM) have been used in a lot of industrial fields.
In this paper, a review of faults and diagnosis methods of PMSM is presented. Firstly, the electrical,
mechanical and magnetic faults of the permanent magnet synchronous motor are introduced. Next,
common fault diagnosis methods, such as model-based fault diagnosis, different signal processing
methods, and data-driven diagnostic algorithms are enumerated. The research summarized in this
paper mainly includes fault performance, harmonic characteristics, different time-frequency analysis
techniques, intelligent diagnosis algorithms proposed recently and so on.
Keywords: PMSM; fault diagnosis; fault performance

1. Introduction
The permanent magnet synchronous motor (PMSM) is an important type of synchronous motor.
Compared with the conventional synchronous motor, its stator is also the symmetrical three-phase
windings, but for its rotor, a special-shaped rare-earth permanent magnet is used instead of the field
windings [1]. This means that the motor has a simple structure, small size, light weight and large
overload capacity, which means that the PMSM is compact, efficient, and has a high torque density
and high dynamic performance [2]. Because of these advantages, PMSM have been widely applied in
many fields, such as manufacturing systems, electric vehicles [3], wind generators, ship propulsion
engines and so on [4].
However, since the motor is working in the industrial environment with different stresses, affected
by the power supply and load conditions, various faults will inevitably occur in the motor during
the course of long-term continuous operation [5]. These faults can seriously affect the reliability and
safety of the motor operation. If they cannot be diagnosed and corrected in time, it may cause serious
equipment and property damage [6]. Therefore, it is especially important to study the fault detection
and diagnosis technology of PMSM.
In this paper, a review of faults and diagnosis methods of PMSM is presented. In Section 2,
the electrical fault, mechanical and magnetic faults of the permanent magnet synchronous motor are
introduced. In Section 3, common fault diagnosis methods, such as model-based fault diagnosis,
different signal processing methods, and data-driven intelligent diagnostic algorithms proposed
recently are enumerated.
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2. Fault Types
In general, according to the nature of the fault, common faults of the PMSM can be classified into
electrical faults, mechanical faults and magnetic faults [7]. At the same time, there is a mutual catalytic
relationship between them.
2.1. Electrical Faults
Electrical faults mainly involve the incorrect connection of the motor windings, grounding errors,
short-circuit of stator phase windings, and the open-circuit of the whole phase [8].
Stator faults constitute 38% of all motor faults [9]. Among them, the inter-turn short circuit of
the stator windings is the most common fault in PMSM [1,10]. As the running time increases, due to
insulation wear, overheating or overload, there may be a breakdown of the stator winding insulation
system in the motor, resulting in a short-circuit fault between the stator turns [11].
A short-circuit fault is tricky because it produces a great circulating current in the shorted path
with excessive heat [12]. As a result, if not discovered and eliminated in time, it can damage more
wire insulation and quickly propagate into more stator windings, which may cause the phase-to-phase
fault, phase-to-ground faults and even demagnetization [13].
The internal stator winding failure may make one of the phases open-circuited [14], although this
is often due to the problems of the drive system. It can cause large electromagnetic torque fluctuations
and severe mechanical vibrations of the motor. Starting and running the fault PMSM without timely
treatments can result in secondary damage and even the catastrophe of the entire system [15].
2.2. Mechanical Faults
Mechanical faults mainly involve damage to the magnet, bending of the shaft, loosening of the
bolts, bearing faults, and air gap eccentricity.
Bearing faults, which contribute to almost 40–50% of all motor faults [16], occur due to
environmental mechanical vibrations, shaft misalignment, poor lubrication, overload, corrosion
and so on. Notably, bearings are inevitably fatigued, even during normal operation [17]. As the
fatigue crack begins beneath the metal surface and propagates to the surface, a piece of metal breaks
away and leave a small pit or flaking. This will result in bearing damage and failure [18], which can
include a cage fault, inner raceway fault, outer raceway fault, and ball fault of the bearing [19]. The
bearing damage can also cause other types of faults, such as air gap eccentricity, increased friction,
and inter-turn short-circuit fault.
Eccentricity faults refer to the inconsistent air gap between the rotor and the stator. It is mainly
caused by improper installation, lack or missing of the bolts, misalignment of the shaft, and rotor
imbalance. Eccentricity faults include static eccentricity (SE) [20], dynamic eccentricity (DE) and mixed
eccentricity (ME) [21]. When static eccentricity occurs, the centerline of the shaft is offset from the
center of the stator by a constant value. When dynamic eccentricity occurs, the minimum distance of
the air gap rotates with the rotation of the rotor. In the actual situation, these two phenomena often
coexist, which leads to the mixed eccentricity.
Eccentricity faults can cause additional vibration, noise, torque ripple and so on [22]. And when
the eccentric fault becomes severe, it will cause friction between the stator and the rotor, and damage
the stator or rotor core [23], affecting the normal operation of the motor.
2.3. Magnetic Faults
The demagnetization fault is a unique fault of PMSM. Permanent magnets in the PMSM can be
demagnetized by damage to the magnet, a high temperature, large stator currents, large short-circuit
currents produced by inverter or stator faults, and the aging of the magnet itself [24]. The main source
of this fault is armature reactions. During the normal operation of a PMSM, the stator current produces
a reverse magnetic field that constantly resists the magnetic field of the permanent magnet [25].

Appl. Sci. 2019, 9, 2116
Appl. Sci. 2018, 8, x FOR PEER REVIEW

3 of 16
3 of 15

During
the course
of long-term
operation,
this resistance
gradually
causepole,
demagnetization
of
of
the permanent
magnet.
When this
demagnetization
is on will
the entire
magnetic
it is completely
the
permanent
magnet.
When
this
demagnetization
is
on
the
entire
magnetic
pole,
it
is
completely
demagnetized. And partial demagnetization corresponds to the partial magnetic pole.
demagnetized.
partial
demagnetization
corresponds
to the partial
magnetic pole. fault occurs,
According And
to some
studies
[26,27], when
the PMSM-specific
demagnetization
According
some studies
[26,27],
when the
PMSM-specific
demagnetization
fault occurs,
because
because
of flux tolinkage
ripples,
the torque
will
be insufficient,
causing the current
increase
to
of
flux
linkage
ripples,
the
torque
will
be
insufficient,
causing
the
current
increase
to
provide
the
provide the required torque, which will raise the temperature and exacerbate the demagnetization in
required
torque,
which
the temperature
and exacerbate
demagnetization
in turn. Atand
the
turn.
At the
same
time,will
theraise
fluctuation
of the torque
will also the
produce
abnormal vibration
same
time,
the
fluctuation
of
the
torque
will
also
produce
abnormal
vibration
and
acoustic
noise.
They
acoustic noise. They can reduce motor performance and efficiency [28], and have a negative effect on
cannormal
reduce operation
motor performance
and efficiency [28], and have a negative effect on the normal operation
the
of the PMSM.
of the PMSM.
3. Fault Diagnosis Methods
3. Fault Diagnosis Methods
In general, the fault diagnosis flowchart of PMSM is as shown in Figure 1. All the fault
In general,
the in
fault
diagnosis
flowchart
PMSM
Figureneed
1. All
fault its
diagnosis
diagnosis
methods,
order
to determine
the of
fault
typeisofasanshown
actualinmotor,
tothe
acquire
signal
methods,
in
order
to
determine
the
fault
type
of
an
actual
motor,
need
to
acquire
its
signal
data first.
data first. The acquired signals include current, vibration, and the like mentioned above, which
are
The acquired
signals
current,such
vibration,
and theand
likeamplification.
mentioned above,
are used
for
used
for analysis
afterinclude
pretreatment
as denoising
Somewhich
researchers
have
analysisthe
after
pretreatment
suchmethod
as denoising
and
amplification.
have studied
the
studied
information
fusion
for the
data
of multipleSome
signalresearchers
types or multiple
sensors
information
fusion
method
for
the
data
of
multiple
signal
types
or
multiple
sensors
[29,30].
However,
[29,30]. However, there are also some methods that use raw data directly without feature exaction
thereinformation
are also some
methods
raw data
directly without
and information
and
fusion.
At that
last,use
different
diagnosis
methodsfeature
used exaction
to deal with
these data fusion.
were
At
last,
different
diagnosis
methods
used
to
deal
with
these
data
were
applied.
applied.

PMSM

Sensor
Signal Acquisition
Pretreatment
Feature extraction
Math model
Information fusion
Fault Diagnosis

Prior
experience

Data-driven
Figure
Figure1.1.Fault
Faultdiagnosis
diagnosisflowchart
flowchartofofpermanent
permanentmagnet
magnetsynchronous
synchronousmotor
motor(PMSM).
(PMSM).

Insummary,
summary, commonly
commonlyused
usedmotor
motorfault
faultdiagnosis
diagnosismethods
methodscan
canbe
bedivided
dividedinto
intothe
thefollowing
following
In
three
categories:
model-based
fault
diagnosis
methods
[31],
signal-based
fault
diagnosis
methods,
three categories: model-based fault diagnosis methods [31], signal-based fault diagnosis methods,
and knowledge-based
knowledge-basedfault
fault diagnosis
diagnosis methods
methods [32].
[32]. Among
Amongthem,
them,the
the model-based
model-basedmethods
methods can
can
and
penetratethe
theessence
essenceof
offault
faultgeneration.
generation.ItItcan
canpredict
predictthe
thesignal
signalperformance
performanceafter
afterdifferent
differentfaults
faults
penetrate
occurin
inthe
themotor
motorand
andby
bycomparing
comparingthe
theactual
actualoutput
outputdata
datawith
withthe
theoutput
outputof
ofthe
themotor
motormodel
modelitit
occur
candetermine
determinethe
thefault
faulttype.
type.Signal-based
Signal-basedmethods
methodsare
aremost
mostcommonly
commonlyused
usedto
toprocess
processand
andextract
extract
can
different features
features from
from the
the motor
motor signals,
signals, and
and these
these features
features are
are then
then manually
manually diagnosed
diagnosed using
using
different
priorexperience
experienceor
orusing
using knowledge-based
knowledge-basedmethods.
methods.Knowledge-based
Knowledge-basedmethods
methodscan
canautomatically
automatically
prior
determinethe
thefault
faultstate
statebased
basedon
onexpert
expertknowledge,
knowledge,but
butdue
dueto
tothe
theresearch
researchin
inartificial
artificialintelligence
intelligence
determine
andmachine
machinelearning,
learning,data-driven
data-drivenintelligent
intelligentdiagnosis
diagnosissystems
systems[33],
[33], which
which do
do not
not rely
rely on
onthe
theprior
prior
and
knowledge, have demonstrated broad application prospects recently. The motor data can be used
for the training of a machine learning model.

Appl. Sci. 2019, 9, 2116

4 of 16

knowledge, have demonstrated broad application prospects recently. The motor data can be used for
the training of a machine learning model.
3.1. Model-based Fault Diagnosis Methods
The idea of the model-based fault diagnosis method is to establish a motor model containing a
certain fault based on physical principles, and to compare the model predicted output with the actual
detected output to determine whether the fault has occurred in the motor. The model itself can also be
used in the simulation of other diagnostic methods.
This method can penetrate the internal laws and physical nature of motor faults but requires quite
a high accuracy of the motor model. Commonly used models include analytical mathematical models,
magnetic equivalent circuit (MEC) models and digital simulation models, which were compared by
Usman et al. [34].
The basic mathematical models in the abc reference frame of healthy three-phase PMSMs [35] and
multiphase PMSMs [36] have been built. When the inter-turn short circuit occurs in the phase a of the
motor, some parameters in the voltage equation and the magnetic equation will change. By adding the
resistance and inductance of the short circuit, the motor model can be modified [37]. Similar motor
model was also established in the αβ [38] and dq reference frame [39]. However, this model is based on
the electrical equivalent circuit (EEC), which is fast but less accurate. Therefore, it is limited to the
study of the inter-turn short circuit fault.
As a field-based analysis method, discrete winding distributions, stator slots and the like can
be analyzed based on the MEC model, so some researchers also use it for the diagnosis of electrical
faults [40,41]. In this model, the magnetic fluxes in all branches and potentials can be determined by
solving the MEC equations. The accuracy of the MEC models is higher than the EEC models, but not as
good as the digital simulation models, which were the most widely used models in the fault diagnosis
of PMSM, such as the finite element model (FEM). Therefore, some researchers have tried to present a
coupling between FEM and MEC [42].
FEM has been commonly used for almost all PMSM faults [43–45], including the inter-turn short
circuit, eccentricity and demagnetization. This is because by finite element field calculation, both
physical and geometric details can be taken into account and various types of mechanical failure can
be modeled [46]. The finite element model can simulate more accurate machine information than an
analytical model with linear parameters. Compared to other models, it has the highest accuracy and the
highest computational cost [47]. For fault diagnosis, Haddad and Strangas used finite element analysis
to established models of PMSM with different faults and compared them with the experimental data
from fault motor, and the amplitude of the harmonics was selected as the identification basis [48].
3.2. Signal Processing Methods
The motor integrates electrical and mechanical components. Therefore, when faults occur, some
complicated fault phenomena may occur. There are electrical quantities such as voltage, frequency,
current, power and so on, as well as non-electrical quantities such as heat, sound, light, gas, radiation,
vibration and so on. Processing the signals obtained from the motor is one of the commonly used
methods of fault detection. These methods can identify the performance of faults and extract fault
features from the signals, which mainly include current [49], vibration [50] and so on. Motor current
signal analysis (MCSA) [51] has been extensively studied, and there are also some researchers who
have combined different signals to build a PMSM fault diagnosis system [52,53].
3.2.1. Frequency Domain Methods
In general, signal processing methods typically include time domain methods, frequency domain
methods, and time-frequency analysis methods. Time domain statistical indicators are used as fault
characteristics in the initial period of fault diagnosis technology development, such as mean, peak, root
mean square, kurtosis values, etc. [18]; however, they are not accurate enough. The classical method of
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frequency domain analysis is fast Fourier transform (FFT). The Fourier transform represents a signal as
a superposition of several sine or cosine functions. It can clearly show the frequency distribution of
the signal, where the amplitude and frequency of harmonic components can be used as the features
of different faults [54]. The harmonic features of different faults in current and vibration signals are
as follows.
(1) Current
The inter-turn short circuit fault can lead to PMSM stator current imbalance and amplitude
change [55]. When the winding is short-circuited, in addition to the amplitude of the fundamental
frequency, the amplitude of the high frequency harmonics of the current increases. Let fs be the
frequency of the power supply, k be a positive integer. z is the number of stator slots, and p is the
number of pole pairs. Thus, the harmonics at the following frequencies will increase [56]:
fitsc = fs 1 ± k

z
p

!
(1)

Among them, the most obvious feature is the increase of the third harmonic amplitude [57].
Furthermore, Jun proposed a three-phase current balance indicator [58] which is:
fi = |Ia − Ib | + |Ib − Ic | + |Ic − Ia |

(2)

where Ia , Ib and Ic are the fundamental frequency amplitudes of the three-phase current, respectively.
As for the mechanical faults, they will cause distortions in the flux distribution inside the motor,
and will also lead to some current harmonics in the stator current in turn [59]. According to the research
of Bashir et al. [21], the characteristic frequencies for eccentric faults of PMSM is as follows:
feccentricity

2k − 1
= fs 1 ±
p

!
(3)

Furthermore, according to the research of Ebrahimi et al. [60], the harmonic at fs (1 − 3/p) is more
related to static eccentricity faults, while the harmonic at fs (1 + 1/p) is related to both static eccentricity
and dynamic eccentricity.
In addition, when a demagnetization fault occurs, the distributed magnetomotive force (MMF) will
not be sinusoidal. Therefore, the normal and failed portions of the MMF will together produce current
with multiple frequencies, which means, if there is demagnetization, low frequency components will
appear near the fundamental wave in the current signal [61]. Thus, the harmonic frequencies that can
be used as characteristic frequencies for demagnetization faults are as follows [62]:
k
fdmg = fs (1 ± )
p

(4)

As can be seen, unlike asynchronous motors, the above fault pattern does not depend on slip,
which means that for all types of faults, features could appear at the same point in the current spectrum.
To solve this problem, according to the research of Goktas et al. [63], 0.25th, 0.5th and 0.75th harmonics
are the ideal indicators to separate a demagnetization fault from the static eccentricity fault.
(2) Vibration
When the motor is running normally, the stator vibration frequency should be twice the frequency
of the power supply. But inter-turn short-circuit fault and three-phase asymmetry of the motor windings
will cause magnetic field asymmetry, resulting in abnormal vibration, which will produce the harmonic
components of 4 fs and 8 fs in addition to the fundamental frequency of 2 fs in the vibration [64].
As for the mechanical faults, the method based on vibration signal is widely considered the most
effective one. That is because when a local mechanical failure occurs in the motor, it comes into contact
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with another part of the machine and produces a shock pulse in the vibration [65]. For faults in different
parts of the bearing, the corresponding characteristic frequency is as follows [19]:
fIRF =

NB
DB cos θ
)
fR ( 1 +
2
DP

(5)

fORF =

NB
DB cos θ
fR ( 1 −
)
2
DP

(6)

D2 cos2 θ
DP
fR (1 − B 2
)
2DB
DP

(7)

1
DB cos θ
fR ( 1 −
)
2
DP

(8)

fBF =

fCF =

where fR represents the rotor frequency, fIRF represents inner raceway fault frequency, fORF represents
outer raceway fault frequency, fBF represents ball fault frequency, fCF represents the cage fault frequency,
DB represents ball diameter, DP represents pitch diameter, NB represents number of rolling elements,
and θ represents ball contact angle.
3.2.2. Short-time Fourier Transform
With the frequency domain methods, time information is lost, and sometimes it is difficult to
accurately distinguish similar harmonics. Therefore, many time-frequency analysis techniques have
been proposed, each of which have their own advantages and disadvantages.
Short-time Fourier transform (STFT) is an improved method based on FFT. It realizes
time-frequency analysis by dividing the signal into small time windows, whose types include
rectangle, Hamming, Hanning, Gauss and so on. For an input signal x(n), the discrete expression of
STFT is [66]:
N−1
X
2π
STFT (n, k) =
x(n)ω(n − mH )e− j N kn
(9)
n=0

where ω(n) is the window function, k represents the frequency index, N represents the number of
FFT points; m represents the position of window, and H represents the jump distance between two
consecutive windows.
This method is advantageous for dealing with nonlinear complex signal. However, the time and
frequency resolution depend on the selected window, but as can be seen from the formula, the time
window size H is fixed, so the resolution is fixed over the entire time and frequency range, and their
resolution cannot be accurate at the same time. If great resolution is expected, STFT requires a high
computational cost; thus, as a basic time-frequency analysis method, STFT is not the most suitable for
transient analysis. According to the research of Strangas et al., STFT performs the worst in several
time-frequency analysis techniques [67]. Therefore, Rosero et al. combined the STFT and Gabor spectra
to analyze the PMSM current signal [68].
3.2.3. Wavelet Transform
Wavelet transform (WT) includes discrete wavelet transform (DWT), continuous wavelet transform
(CWT) and so on. Its process is to generate wavelet coefficients by convolving the input signal f (t)
with the mother wavelet function ψ(t) [69], which is the window function. The scaling factor a and
displacement factor b of the mother wavelet function are related to frequency and time, respectively.
Thus, its expression is as follows:
Z
Wψ f (a, b) =

1

f (t)|a|− 2 ψ(

t−b
)dt
a

(10)
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When is compared with STFT, the window size a and b of WT can vary with the frequency.
Therefore, with WT, the signal can be decomposed into signals at different frequency bands with
different resolutions, which makes it suitable for accurate and flexible fault detection of PMSM [9].
Rosero et al. have evaluated the degree of demagnetization of PMSM by calculating the energy in the
detail of DWT [61]. And they also focused on mechanical faults [70]. Obeid et al. used the method
based on WT to identify the short circuit winding phase in PMSM [71].
However, wavelet analysis cannot further decompose the high-frequency bands of the signal,
but the fault characteristics of motors often appear at high frequencies. In order to overcome this
shortcoming, wavelet packet transform (WPT) [72] was proposed. An-ping et al. have used the wavelet
packet band energy analysis method to extract the characteristics of the PMSM inter-turn short circuit
fault [73], which is to accurately divide the frequency band of the current signal by WPT, and consider
the signal energy of the appropriate frequency bands as the feature vector of the fault. A suitable
mother wavelet function will make the WT more sensitive to transient shocks, which is also a limit: the
results of the analysis are strongly related to the choice of the mother wavelet function. Besides, like
STFT, it is also impossible to have high accuracy in both time and frequency at a certain frequency band.
3.2.4. Hilbert-Huang Transform
The Hilbert-Huang transform (HHT) is a time-frequency analysis technique that combines
empirical mode decomposition (EMD) with Hilbert transform. The signal is first decomposed into
multiple internal mode functions (IMF) by EMD, each of which is a single component function. Then
the Hilbert transform is used to calculate the instantaneous frequency of the original signal from the
IMF [74]. Unlike the Fourier transform, the expression of the Hilbert transform for an input x(t) is:
1
H [x(t)] = y(t) =
π

Z

x(τ)
dτ
t−τ

(11)

Obviously, the Hilbert transform is equal to the convolution of x(t) with 1/πt. This method
overcame the shortcoming of STFT and WT, which is their time-frequency resolution is closely related
to the selection of window size or window function. Based on HHT, Urresty et al. calculated the
Hilbert energy spectrum of PMSM current to detect the stator short circuit fault [56]. In addition, HHT
is suitable for dynamic signal analysis due to its sensitivity to transient frequencies. In the research of
Espinosa et al. [75], HHT was applied to diagnose the demagnetization fault, and the results showed
that there were still good results in high-speed and dynamic operating conditions.
3.2.5. Wigner-Ville Distribution
For an input signal x(t), the definition of Wigner-Ville distribution (WVD) is:
Z
Wx (t, v) =

τ
τ
x(t + )x∗ (t − )e− j2πvτ dτ
2
2

(12)

where x(t + τ2 )x∗ (t − τ2 ) is the transient correlation. As can be seen, WVD is a time–frequency energy
density which is obtained by correlating x(t) with a time and frequency translation of itself. According
to the study [68], the joint time and frequency resolution provided by the WVD is the best, better than
other time-frequency analysis methods and its calculation cost is not high. However, if the signal
to be analyzed contains more than one frequency component, the result of WVD will be subject to
cross-term interference, which is undoubtedly quite unfavorable for fault diagnostic. To solve this
problem, some researchers have combined WVD with EMD, included in HHT, to analyze the current
by analyzing the demodulated IMF with WVD [76,77]. Besides, Rosero et al. used a smoothed pseudo
Wigner Ville distribution (SPWVD) and Zao-Atlas-Marks distribution (ZAM), which can eliminate
interference in WVD-based PMSM fault diagnosis [78,79]. Even so, its application on PMSM remains
to be further studied.
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3.3. Data-driven Intelligent Diagnosis Algorithm
Traditional artificial intelligence algorithms rely on prior knowledge. For instance, the rule basis
of fuzzy logic (FL) can be based on the experience of experts about PMSM faults [80]. Due to research
in artificial intelligence and machine learning, many data-driven intelligent diagnosis algorithms
have been proposed recently. Basic data-driven approaches include some statistical methods, such
as principal component analysis (PCA) [81] and independent component analysis (ICA) [82], which
are also used in feature exaction for fault diagnosis. But with the data-driven intelligent diagnosis
algorithms, the fault type and severity of the motor can be automatically identified by the input data
based on the given training data. These methods mainly include the neural network, support vector
machine, sparse representation, deep learning and so on.
3.3.1. Neural Network
Neural networks (NN), or artificial neural networks (ANN), have been proposed with the
development of artificial intelligence, which have been widely used in the fields of pattern recognition,
automatic control etc., as well as fault diagnosis [83]. NN can simulate the human brain and
automatically identify the fault type. Traditional neural network models generally consist of an input
layer, a hidden layer and an output layer; each layer containing many nodes [84]. The output is
obtained from the activation function after calculation of fully connected nodes from multiple layers.
The goal of NN is to minimize the classification errors on the training set and to react appropriately
to new inputs, which requires adjusting the initial values of the parameters and training the network
multiple times. Therefore, different training algorithms and network models are used in fault diagnosis
studies, such as back-propagation (BP) network [85], dynamic recurrent NN [86] and so on. Ebrahimi
trained feed-forward perceptron ANNs for the static eccentricity fault of PMSM [87]. Çira et al. used
the third harmonic in the PMSM current as the input to the ANN to achieve a good diagnosis result for
the inter-turn short circuit [88]. However, it also has the disadvantage of relying on a large amount of
input data, easy over-fitting, “black box” and so on.
3.3.2. Support Vector Machine
The support vector machine (SVM), a commonly used machine learning theory, was proposed
by Vapnik in 1999 [89], whose main idea was to maximize the distance between training data and
a decision boundary in the feature space. The decision boundary can be formed by separating the
hyperplane and the training vectors closest to the decision boundary, which are called the support
vectors, in order determine its position. Suppose the input of training samples is xi ∈ Rd and the output
is yi ∈ {−1, 1}, the purpose of SVM is to solve the following problem:
min
w,b



kwk2
, s.t.yi wT xi + b ≥ 1
2

(13)

Compared with NN, SVM is more suitable for small sample classification. However, the basic
model of SVM can only be used to solve the two-class problem. To meet practical needs, B.M.
Ebrahimi et al. used one-versus-all SVMs for the PMSM inter-turn short circuit fault classification [90].
Furthermore, wavelet SVM is considered to be well suited for complex mechanical fault signals [91].
And D. Renjie et al. used support vector regression (SVR) to map the feature vectors from current and
torque into the different demagnetization levels of PMSM [92]. Furthermore, since the performance of
SVM depends largely on the choice of SVM parameters, parameter optimization algorithms, such as
particle swarm optimization (PSO) [93], should also be noted.
3.3.3. Sparse Representation
Sparse representation is a new theory which is the most representative methodology of linear
representation methods. It can express the essential characteristics of the signals while compressing

Appl. Sci. 2019, 9, 2116

9 of 16

them, so it can de-noise, anti-interference and reduce the data space. Its principle is to use the sparse
linear combination of overcomplete dictionary atoms to represent the original signal [94].
For an input signal x = [x1 , x1 , · · · , xn ]T of length n, the expression of the sparse representation is:
x = Da =

m
X

αi di

(14)

i=0

where D = [d1 , d2 , · · · , dm ] is the dictionary matrix, the column vector di is the dictionary atom and
kdi k = 1. α = [α1 , α2 , · · · , αm ]T is the sparse representation coefficient of the original signal. It can be
seen from the above that the method of sparse representation mainly includes dictionary design [95,96]
and sparse coefficient solving. Wright also developed a sparse representation classification (SRC) in
the field of face recognition [97] by using training data as the dictionary to compare the residuals of
different categories data and input data. It extends the application scope of sparse representation.
In the field of fault diagnosis, sparse representation has been used in signal denoising, feature
extraction and fault classification in recent years. Hou et al. used the matching pursuit (MP)
algorithm [98] to obtain the largest N sparse coefficients of PMSM with different faults and considered
them as the features [99]. Based on this, Liang et al. used the orthogonal matching pursuit (OMP)
algorithm [100] and sent the feature vectors into SVM [101]. As for classification, SRC is not as accurate
as SVM, although it is faster. Therefore, a joint model for bearing fault diagnosis which combined SRC
with SVM was proposed by Ren et al. [102].
3.3.4. Deep Learning
Before using a machine learning classification algorithm such as SVM, it is usually necessary to
extract feature vectors as the input by using a signal processing method such as WT. However, for the
deep learning method proposed in recent years, it can automatically learn the ability to represent and
classify raw data with features [103], which can reflect the deep features of the original data. Deep
learning models used in the field of fault diagnosis includes deep stacking network (DSN) [104], deep
belief networks (DBN) [105], long short-term memory (LSTM) [106] and so on. Among them, the most
commonly used method is convolutional neural networks (CNNs).
CNNs usually consist of convolutional layers, ReLU layers, pooling layers, and a fully-connected
layer. In the training process, the input samples are forwardly propagated for feature learning and
classification, and the errors are reversely propagated until the model is finally completed. It is a bite
like NN but can reduce the tendency to overfit.
Since CNN is a method developed in image processing, some researchers first converted the
features extracted by time-frequency analysis technology into two-dimensional, and then input them
into 2D-CNN for diagnosis [107]. Wen et al. proposed a method to convert the raw time-domain signal
data into 2-D gray images, which eliminates the need for additional feature extraction steps [108].
According to their comparison, the CNN-based fault diagnosis algorithm is more accurate than the
sparse filter, DBN and SVM. However, it has the disadvantage of being too time consuming and has
high hardware requirements. On the other hand, Ince et al. directly input the time domain signal
collected in the motor into the 1D-CNN for fault diagnosis [109]. I-Hsi Kao et al. compared this method
with the method of using WPT to extract features and then inputting them into ANN. The results show
that CNN has a slightly better accuracy in the fault diagnosis of PMSM [110]. Therefore, research on
fault diagnosis algorithms for PMSM based on deep learning is promising.
4. Discussion
This paper describes the types of PMSM faults and the three types of fault detection and diagnostic
methods, where many existing studies is summarized. Compared with the existing PMSM fault
diagnosis review, some new research methods and conclusions have been added, especially the
data-driven intelligent diagnosis algorithms. Deep learning has become a hot topic in recent years
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due to its high intelligence. But it has higher requirements for hardware. Although data can be
correctly classified through deep learning, people do not clearly know the internal laws and essential
characteristics of the data. As for SRC, because a training process is not required, its speed is faster,
but its application in motor signal processing and fault diagnosis still needs further research. At the
same time, SVM is still widely used in the case of a low computational time and small sample of data,
and more research on multi-classification algorithms and ensemble learning algorithms is underway.
Therefore, signal processing algorithms are still a fundamental and important area of research in order
to extract more diverse and precise features.
In a word, this paper can be used as a reference for PMSM fault diagnosis studies in the future.
As the requirements for the accuracy and intelligence of fault diagnosis increase, the methods mentioned
in this paper will play an important role in future research.
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