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Abstract: Permanent Magnet Synchronous Motor (PMSM) is widely used due to its advantages
of high power density, high efficiency and so on. In order to ensure the reliability of a PMSM
system, it is extremely vital to accurately diagnose the incipient faults. In this paper, a variety of
optimization algorithms are utilized to realize the diagnosis of the faulty position and severity of the
inter-turn short-circuit (ITSC) fault, which is one of the most destructive and frequent faults in PMSM.
Compared with the existing research results gained by particle swarm optimization algorithms, in
this paper, the methods using other optimization algorithms incorporating genetic algorithm, whale
optimization algorithm and stochastic parallel gradient descent algorithm (SPGD) can acquire more
stable and precise results. In particular, the method based on SPGD can obtain the most desirable
performance among the methods mentioned above; that is, the relative error of short-circuit turns ratio
is approximately as low as 0.03%. In addition, in the case of asymmetric input three-phase voltage
and with the adverse impact of high-order harmonics at different load moments, the fault diagnosis
method based on SPGD still maintains relatively satisfactory properties. Finally, the verification on
the actual PMSM platform demonstrates that the SPGD can still diagnose the faulty severity.

Keywords: permanent magnet synchronous motor; fault diagnosis; optimization algorithm; stochas-
tic parallel gradient descent

1. Introduction

As a power device with features such as low pollution, high efficiency and strong
practicality, motors have been widely used in industrial production and daily life. Among
all kinds of motors, currently, PMSM possesses desired merits such as compact structure,
high power and torque density and so on, which have been paid more and more attention.
However, PMSM is quite prone to diverse faults in its working process because of the
narrow working environment, high temperature and humidity and poor heat dissipation
conditions, particularly in the emerging new energy industries involving electric vehicle
and wind power generation. Common faults of PMSM include mechanical faults, perma-
nent magnet faults and electrical faults. If these breakdowns cannot be detected and solved
in a timely manner, it will lead to huge economic losses and security risks. Accordingly, the
fault diagnosis of PMSM becomes more and more prevalent and significant in recent years.

A short-circuit fault is a typical electrical fault of PMSM, which specifically can be
classified into inter-turn fault, inter-phase fault and phase-to-grounding fault. A short-
circuit fault usually starts with an initial turn-to-turn fault. If precautionary measures are
not carried out in time, it may develop into an inter-phase fault or even a phase-to-ground
fault [1]. The ITSC fault in a stator is usually caused by the destruction of the insulating
layer between the windings in the same phase. When this fault is neglected for a period of
time, it will result in a sharp increase in local temperature and causes the whole phase to
be damaged totally on account of a huge eddy current in the short circuit. Therefore, it is
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especially essential to detect and treat an ITSC fault. At present, there are three main ways
to diagnose the ITSC fault of PMSM: the method based on analytical models, the method
based on signal processing and the method based on artificial intelligence. Firstly, model-
based methods generally use the states of motor or parameter estimation to diagnose,
and some corresponding methods, including analyzing the difference between prediction
model and actual output and introducing back electromotive force (EMF) estimation, are
proposed [2—4]. In Ref. [2], an online inter-turn fault detection method for PMSM is
proposed. This method is based on the residual analysis between the estimated current
obtained from the health model and the actual current of PMSM. The residual analysis
considers the back EMF estimation, inverter model and unbalanced inductance matrix.
In addition, the detection method using the back EMF estimator of open-loop physics is
proposed in Ref. [3]. The back EMF estimator is designed based on the current mode
tracking scheme, in which the thermal and saturation aspects of the motor are considered.
In Ref. [4], the main idea is to detect the instantaneous second harmonic and estimate
the mechanical power based on the back EMF. The bandpass filter is used to extract the
reliability index related to the severity of inter turn fault. Model-based detection methods
require accurate modeling, but in practical engineering, the actual models are exceedingly
difficult to represent precisely. Therefore, some fault diagnosis methods using the signal
of PMSM are proposed. Among them, current and vibration signals are widely used.
Vibration signals are often used in the diagnosis of bearing faults [5]. In contrast, current
signal is more widely used in other faults. For the ITSC fault, Stavrou and Henao found
that the fault harmonics in the stator current will increase with the stator ITSC fault [6].
In Ref. [7], the harmonic components of motor current and voltage during an ITSC fault
can be analyzed by fast fourier transform (FFT) by obtaining the characteristics of the
space vector spectrum. However, due to the lack of signal time information, FFT can be
used only to tackle stationary signals, so wavelet analysis is also used in fault diagnosis
of PMSM [8-10]. In Ref. [8], wavelet packet transform is used to decompose the PMSM
stator current signal and calculate the signal energy value of each frequency band, which
can be used as the basis of fault judgment. Although the detection methods based on
signal analysis are widely used, most methods cannot predict the severity of a fault and are
vulnerable to other disturbances. With the development of machine learning and artificial
intelligence, many data classification and recognition methods have been proposed, such
as neural network (NN), support vector machine (SVM), and fuzzy logic system (FLS).
Therefore, some diagnostic methods combined with these methods have been proposed.
In Ref. [11] data-driven fault diagnosis methods have also been proposed. In Ref. [12],
a negative sequence analysis coupled with a fuzzy logic based approach is applied to
fault detection of a PMSM. In Ref. [13], a novel fault diagnosis method using the sparse
representation and support vector machine is proposed for the inter-turn short circuit fault.
S. Darth et al. applied park transform and continuous wavelet transform (CWT) for signal
feature extraction, and then used SVM for classification and recognition [14]. In Ref. [15],
fault detection technology for detecting short-circuit fault of PMSM using artificial neural
network is described and a particle swarm optimization algorithm (PSO) is used to adjust
the weight of neural network. However, the knowledge-based methods depend on a
mass of data leading to large calculation in the training process, so these algorithms are
relatively complex.

In practical engineering, the occasions where the fault severity index of ITSC fault
needed to be estimated with high diagnostic accuracy are widespread. In this paper,
inspired by the above methods, a variety of heuristic algorithms are applied, firstly to
diagnose the ITSC fault of PMSM, which has several advantages over the existing main-
stream fault diagnosis methods. For example, compared with the traditional fault diagnosis
methods based on signal processing, such as current signal analysis including Fast Fourier
Transform (FFT) analysis, the proposed methods in this paper are low cost and can accu-
rately determine the fault severity index. In addition, compared with the fault diagnosis
method based on the analytic model, the proposed methods can determine the location
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of ITSC fault, and it is simple and easy to implement. Moreover, compared with the
method based on the particle swarm optimization algorithm, which has been proposed by
other scholars, it is proved that the performance of proposed methods based on heuristic
optimization algorithms in this research have been improved a lot, whereas, due to the
randomness of the heuristic algorithms, it is difficult to obtain satisfactory results sta-
bly. For the above shortcoming, the stochastic parallel gradient descent method has been
adopted. Compared with the results acquired by heuristic algorithms, using the stochastic
parallel gradient descent algorithm can achieve more stable diagnostic results with smaller
relative errors.

The rest of the paper is organized as follows. The second section introduces the regular
model of PMSM and the model suffered from ITSC fault of PMSM. Section 3 describes
the fault diagnosis methods based on three heuristic algorithms and stochastic parallel
gradient descent algorithm. A number of numerical simulations are demonstrated in
Section 4. Additionally, the validation on the actual PMSM is shown in Section 5. Finally,
the conclusion is drawn in Section 6.

2. Mathematical Models of PMSM
2.1. PMSM Model under Regular Operation

A typical three-phase PMSM is composed of three-phase windings and an iron core,
and the armature windings are usually in wye connection. For the rotor structure, PMSM
replaces the electric excitation with a permanent magnet, eliminating the field coils, slip
rings and the armature. For simplicity, supposing that the three-phase PMSM is an ideal
model and meets the following conditions:

(1) The saturation effect of the motor core is ignored;

(2) The current of the motor is a symmetrical three-phase sinusoidal current;
(3) The conductivity of the permanent magnet material is zero;

(4) The eddy current and hysteresis losses of the motor are excluded.

In the natural coordinates, the voltage equation and flux-linkage equation of PMSM are

d
Uspe = Rapelape + lZL;bC, (1)
Yope = Lslgpe + IPrFabC(Q). @)

where Uy, Lipe, Rape is three-phase winding voltage, resistance and current, respectively,
and F,p.(0) is the flux linkage of winding.

uabc: [uu ub uc]
Iope = [ L I, I ]

R, 0 0 , 3)
Rpe=1] 0 R, 0
0 0 R

_M M
-4 M L+ M

According to the electromechanical energy conversion principle, the electromagnetic
torque equation of the motor can be expressed by

1 d
T, = Ep% [Iabchpahc}’ (5)

where p is the number of pole pairs.
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In addition, the mechanical motion equation is

dwy,

— = Te— T — Bww, (6)

where T, T1, B, wy, is the electromagnetic torque, load torque, friction coefficient and
mechanical angular velocity, respectively.

2.2. Fault Model of PMSM in ITSC

Among all the electrical faults of PMSM, the ITSC fault is the most likely fault to
occur. When the PMSM is suffered from the ITSC fault, the transient impulse current
may cause serious mechanical stress damage to the shaft and the end of the winding,
as well as irreversible demagnetization of the permanent magnet. In order to establish
a common ITSC model for PMSM without loss of generality, assume that any one- or
multi-phase winding causes an ITSC fault in PMSM. The schematic and the equivalent
circuit of three-phase PMSM with multi-phrase winding inter-turn short circuit (MPWITSC)
are shown in Figures 1 and 2. In this paper, the fault phase winding of the motor model
is divided into two parts, i.e., a short-circuit part and a normal circuit part, in which the
short circuit is a relatively independent current loop and forms a relatively stable magnetic
field. This field will create a fourth-coupled magnetic circuit for the motor system, which
destroys the stability of the original magnetic field. Then, introducing y to quantify the
severity of ITSC fault, and its mathematical value is the ratio of the number of short circuit
turns N to the total number of turns of fault phase N;. A phase 6 is used to define the
position where the fault occurs, and its mathematical value is the angle between the fault
phase and the A-phase axis; that is 0, +2/37. Furthermore, without loss of generality, it
is assumed that the ITSC fault occurs in phase B in this paper. When the fault occurs in
other phases, the analysis is the same. The kinematic Equations (5) and (6) are not only
applicable to the normal working state of PMSM, but are also applicable to the PMSM
suffered as a result of the ITSC fault. Thus, after derivation, and combining Equations (5)
and (6), the mathematical expression of faulty model can be displayed as follows. The
voltage equation is

s s s dlpf’bcf (7)
Wsper = Rapeglaver + —7
T
Uihcf:[ui up Uz up |, us =0
RS 0 0 O
R _| O R 0 0
abf 0 0 Ri 0 (8)
0 0 0 R ’
f
S 'S 'S 'S 'S T
Iy = [ o 1y o 1y }
T
Paver = [ Vo Yy W Y }
Ry = (1—p)R,
Rj‘ = ‘uRS ’ (9)
H= Nf/Ns

where RZ/ is the resistance of the normal part in faulty phase and Rj; is the resistance of
the short-circuit part in the faulty phase. Since the demagnetization is ignored, it can be
assumed that the permanent magnet flux linkage of the PMSM fault phase is composed



Electronics 2022, 11, 1576

50f 20

of the normal part and the short-circuit part, which are directly proportional to y. Thus,
Equation (4) can be converted into

Pma
Pmabef = Zj:i
Pmf
sin(@r - ef) (10)
- (1 —y)sin(@r—Zﬂ/S—Gf)
— sin (6, +27/3 — 05 )
U sin(@, —2m1/3 — Gf)
A
€ L
C a
l'l—n—

Figure 1. The schematic of PMSM with Inter-turn fault.
| 5
fa
o M

ff;,

(1

s
E
g'—‘m

X
E
s

K
I3

RS ~ RS e
AAYAY, AAYAY,

Figure 2. The equivalent circuit of PMSM with Inter-turn fault.
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The calculation of inductance parameters is necessary for the fault model of the motor.
At present, there are two main methods for inductance parameter calculation. One is
simple estimation calculation, which is only suitable for fault fuzzy diagnosis because
of large judgment error; another method is the finite element method to calculate the
inductance parameters. Although the accuracy of this method meets the requirements of
fault diagnosis, the inductance parameters must be calculated repeatedly every time the
simulation conditions change, so the efficiency is too low. In this paper, the proportional
principle, leakage loss principle and inductance parameter consistency principle are used
to calculate the inductance parameters of the motor. The calculation formula is as follows:

L;b +2Lys + Lgs = Lpps (11)
Ly
f
opr =1— = , (12)
LyyLyr
Ly _ <1_7‘>2. (13)
Lys H

By substituting the inductance constant into Equations (11)—(13), the inductance matrix
expression of the whole fault motor can be obtained as follows:

lel+ L _%(1 - ,U)Lm )
—3(1=u)Lm  (Lg + L) 7

2 ’ () +2rty /T B+
—5 (1= )L —5(1 = )L

/16
7%]/{["7” (le + Lm) 1—pu 1 .
L/ o 7+1f}l+2 lf&bf (14)
’ _%(1 — #)Lm _%VLW '

/15,
_%(1 —#)Lm (Lt + L)1 o

2, /T=0f
Ls + Ly —3pLm
1 1
—Q,ULm (le + Lm)

<$)2+2% T=0y+1

and the calculation process of leakage factor d, can be seen in reference [1].

Remark 1. In the application of practical engineering of PMSM, due to the complex work envi-
ronment and the influence of non-linear elements, many adverse phenomena will occur, such as
high-order harmonics, magnetic circuit saturation and so on. It is difficult to establish a unified and
simple model of PMSM. Therefore, after referring to some literature [16—18], we consider that the
model for fault diagnosis of ITSC can be applied by the model established in the above part.

3. Fault Diagnosis for PMSM ITSC Based on Optimization Algorithms

In this section, the proposed methods based on several optimization algorithms of the
fault diagnosis of ITSC for PMSMs are discussed.

3.1. The Methods Based on Heuristic Optimization Algorithms

In this paper, we apply three kinds of heuristic optimization algorithms for the diag-
nosis of ITSC, which contains particle swarm optimization algorithm, genetic algorithm
(GA) and whale optimization algorithm (WOA).

3.1.1. Particle Swarm Optimization Algorithm

The particle optimization algorithm was proposed by ] Kennedy and RC Eberhart [19],
and popularized to discrete binary space by themselves [20]. It was inspired by the
regularity of bird swarm activity. It is simpler than the genetic algorithm in that the particle
moves towards its own optimal value and the total optimal value under randomness.
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Recently, this optimization algorithm has been widely applied in PMSM fault diagnosis [21]
and achieved satisfactory effect. Specifically, the formulas of velocity and position of PSO
are expressed as follows:

o5t = Woly + Gy (Pl — ¥y ) +12Co (Gl — xly), (15)
B ot t+1
Xig = Xig T g - (16)
here, Uf;l means the velocity of ith particle in iteration ¢ + 1 and xfgl means the position of

ith particle in iteration ¢ + 1. ry and r, are random numbers between zero and one. C; and
C, represents the self-learning factor and global learning factor, respectively. In order to
simulate the inertia of real objects, W is set to represent the inertia coefficient and usually
cannot be zero to ensure that PSO has global search capability. The concise flow chart of
this algorithm is described in Figure 3.

Initialize the
particles swarm

}

> Calculate the fitness
of each particle

!

Update particle position and velocity according
to fitness. Update the optimal position of
particles and population.

No

Meet end
condition?

Figure 3. The flow chart of PSO.

3.1.2. Genetic Algorithm

The genetic algorithm was inspired by Darwin’s evolution theory. Therefore, the
phenomena of reproduction, hybridization and mutation in the process of natural selection
and natural heredity are simulated in this algorithm. The concrete flow chart is shown in
Figure 4. Since GA is more complex than other heuristic algorithms, it has a strong ability
to search for optimization. When the GA is applied in the diagnosis of an ITSC fault of
PMSM, the optimization objectives are the ratio of short-circuit turns y and the fault phase
0 iz which are continuous and discrete, respectively. Therefore, after the selection of parents,
different crossover operations should be selected for processing. For the short-circuit turns
ratio, the average value of the parents will be taken as the y of new individual. As for the
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fault phase, if the parents of the fault phase are different, one of them is randomly selected
as the child of the fault phase.

Start

T

Gen=0

}

Produce the
initial
population

Yes

> Mioet stop Get the result
A\ 4
Calculate
individual End
fitness
—
A 4
i=0
Yes
— Gen=Gen+l [¢&————
Duplication Mutation
Select one - Operations in Select one
individual - probability individual
Crossing
A 4 y A
Replication SEI??t wo Mutation
individuals
v A4 v
Copy to new . .
population Crossing st i e
A 4
Insert last two
generations into
new population
i=i+l
> i=i+l <

Figure 4. The flow chart of GA.

3.1.3. Whale Optimization Algorithm

The whale optimization algorithm was first proposed in 2016 by Mirjalili et al. from
Griffith University in Australia [21]. Similar to GA and PSO, it is a meta-heuristic algorithm
based on group intelligence. It searches for the best solution by mimicking the predation
behavior of humpback whales, which includes encircling prey and forming bubble nets.
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With the development of research, the algorithm has been successfully applied in wind
speed prediction, feature selection, optimal reactive power scheduling, secondary allocation
problem, clustering, scheduling optimization, image classification and other fields. The
positions of each whale represent the solutions of the optimization questions, which are
updated by these three equations as follows:

X = Xl oo — A|Cx Xl — XE|, (17)
Xerl = Xiand —A | Cx Xﬁand B Xf " (18)
X = | X{ o — X!| x el x cos(2m]) + X{ o - (19)

Equations (17) and (18) mean the behavior of surrounding prey. The whales will
swim toward either the optimal whale or a random whale when they surround their prey.
Equation (19) means the behavior of generating a bubble net. These two behaviors are
equiprobable. Xf” means the ith whale position in (t + 1)th iteration. When a whale
surrounds prey, the target of this whale is decided by the variate A. If |A| < 1, the whale
will swim towards the best individual. In another situation—that is, | A| > 1—the whale
will swim towards the random individual. A is a random number between —a and a. The
initial value of a is two, and it decreases linearly to zero with the number of iterations.
Variable C is a random number between 0 and 2 and [ is a random number between —1
and 1.

3.2. Gradient Descent Method and Its Variation

The gradient descent method is one of the first, easiest and most commonly used
optimization methods and it is model free. The optimization idea of gradient descent
method is to use the current negative gradient direction as the search direction, and
approach the lowest point step by step. Because this direction is the fastest descent direction
in the current position, it is also known as the “fastest descent method”.

The model of PMSM can be regarded as a black box, and its gradient cannot be solved
by a traditional gradient descent algorithm. In reference [22], a stochastic parallel gradient
descent method is also used in scenes that can be regarded as black box models. The
algorithm estimates the approximate gradient by the value of random interference. The
specific description of SPGD is showed as Algorithm 1:

Algorithm 1: SPGD.

Require: The objective function J(u, 6¢), the amplitude Am, the learning rate « and
the maximal number of learning iterations T.
Ensure: The optimal parameters y
Initialize the parameters y°
fort=1,---,Tdo
Based on the fixed amplitude Am, randomly generate positive and negative
value of Am!

AJ ](‘utfl _,’_Amtfl) _ ](ytfl)
The approximate gradient ¢ = g—{’ =

AJ-Amt—1
(Am)2
The optimal parameters uf = pf~! — ag

end for

In the faulty model of PMSM, the three-phase current can be obtained originally by the
input of the faulty rate y and the faulty phase 6. It is assumed that the three-phase current
of the faulty PMSM model is i, iy, i.. In the following simulation, the new three-phase
current i1, ip1, ic1 is obtained by optimizing the faulty rate y and the faulty phase 6;. When
i1, ip1, ic1 approaches ig, iy, i, the faulty rate y and the faulty phase 9f is also close to the

true value. Then, the cost function is assumed to be | = (iy — ig1)* + (ip — ip1)* + (ic — ic1)*.
When the cost function approaches zero, the i and 6y are obtained. The faulty phase is
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the discrete value; that is, zero, 271/3, 471/3; as a result, the gradient cannot be obtained.
So, different from other meta-heuristic algorithms, this parameter is not optimized in
GD. Supposing 6 at zero, 271/3, 47t/3; the gradient descent method is used to calculate
the failure rate y. The phase with minimum value of objective functions | obtained by
optimization is determined as the faulty phase, and the faulty rate u of the phase is
considered as the real faulty rate.

4. Numerical Simulations

In this section, for the purpose of demonstrating the effectiveness and feasibility of
proposed methods, a number of simulations are carried out. Several circumstances are
considered and discussed.

4.1. Fault Diagnosis by the Proposed Methods for ITSC under Ideal Condition

In this part, the ideal condition is considered; that is, the model in Section 2.2 is used.
The concrete parameters of PMSM are shown as follows: The pole pair p is 3. The phase
resistance R;(i = a,b,c) is 1.5 Q). The phase self-inductance Lg; is 1.725 mH. The phase
mutual inductance Ly, is 0.028 mH. The flux linkage ¢, is 0.175 wb. The coefficient of
friction By, is 0.001 N-m/rad/s. The rotational inertial | is 0.0036 Kg-m2 [23]. We need to
assume the value of the fault severity index y and the faulty phase 6 before the experiment,
while y and 6 ¢ are unknown quantities for the occurrence of the fault, and are what we need
to find out. Figure 5 shows the normal situation of three-phase current and Figures 6-8
show the faulty three-phase current with different y values.

200

100

~~~~
<< o
SNS—
=100
=200
0 0.01 0.02 0.03 0.04 0.05
time(s)

Figure 5. Normal Three phase current.

200

0
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05

time(s) time(s) time(s)
(a) u=0.05 (b) u=0.1 (c) u=0.15

Figure 6. Three phase current when there is an A—phase fault. (a) # = 0.05 (b) = 0.1 (c) # = 0.15.
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JRS—" p— _1[‘

=200
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05

time(s) time(s) time(s)
(a) u=0.05 (b) u=0.1 (c) u=0.15

Figure 7. Three phase current when there is a B—phase fault. (a) # = 0.05 (b) » = 0.1 (c) » = 0.15.

200

100

I(A)

=100 +

=200

200
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05

time(s) time(s) time(s)
(a) 1=0.05 (b) u=0.1 (¢) u=0.15

Figure 8. Three phase current when C—phase fault. (a) = 0.05 (b) 1 = 0.1 (c) u = 0.15.

Reference [24] used PSO for optimization, with a total of 30 iterations and 8 particles
in each generation. In other words, there are 240 operations, and the relative error of
the results is approximately 0.5%. After the improvement of model and cost function,
Reference [25], with a total of 30 iterations and 4 particles in each generation and the
relative error of the results, is approximately 0.06%. Referring to the above literature and
a large number of simulation attempts, the specific parameters of PSO are shown in the
Table 1.

Table 1. The parameters of PSO in the simulation.

Parameters of PSO The Values of Parameters
rl a random number between 0 and 1
r2 a random number between 0 and 1
C1 2
C2 0.5
W 1

In order to ensure the rationality of the simulations, the number of operations is also
fixed at 120 in this paper. Because the 6 can be easily found as a discrete value with each
methods, we carried out 10 attempts with each method, namely the fault diagnosis method
based on PSO, GA, WOA and SPGD, and compared the means and variances of the relative
error of y. The relative error of y is defined as the absolute value of the difference between
the preset value of y and the estimated value of i divided by a preset value of . When y is
preset to be 0.05, the relative errors of y obtained by these four methods of each simulation
are shown in Figure 9 and the means and variances of relative error of  obtained by these
four methods in ten attempts are showed in Table 2. When y is preset as 0.1 and 0.15,
respectively, the results are shown in Figures 10 and 11, Tables 3 and 4.
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Figure 9. Comparison of relative error of different methods in 10 experiments when p = 0.05.

Table 2. The mean values and variances of relative error in 10 experiments in different methods when
u=0.05.

Method PSO WOA GA SPGD
Mean value 0.7884 0.1664 0.1036 0.0296
Variance 0.9448 0.0183 0.0257 0.00011954
2
1.8
16
14 WO, \ -
S GA/\
5 SPGD'
§ 0.8 ff \\
o ! \
0.6 7 \
/ \
0.4 e \
, \
0.2 . o P i ‘\
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The number of experiment.

Figure 10. Comparison of relative error of different methods in 10 experiments when p = 0.1.

Table 3. The mean values and variances of relative error in 10 experiments in different methods when
u=0.1.

Method PSO WOA GA SPGD
Mean value 0.6253 0.2344 0.0509 0.0331
Variance 0.2010 0.1828 0.0015 0.00013542

Table 4. The mean values and variances of relative error in 10 experiments in different methods when
u=0.15.

Method PSO WOA GA SPGD
Mean value 0.2790 0.2338 0.0683 0.0180
Variance 0.0629 0.0174 0.0323 0.000025989




Electronics 2022, 11, 1576

13 of 20

2

1.8

16
e WOA --
B
éﬂz GA*
| SPGD —
5
3
S o8
i

0.6 *

0.4 e

~ ;N -7 .
~ Vs ~ —_——_ N
0.2 S ; N ~
- = I
-~/ %
0 "

1 2 3 4 5 6 7 8 9 10
The number of experiment.

Figure 11. Comparison of relative error of different methods in 10 experiments when p = 0.15.

It can be seen from the results of ten attempts at different y that the means of relative
error of the y obtained by PSO are larger than those of WOA and GA, which indicates that,
among these three heuristic algorithms, the precision of evaluating the faulty severity of
proposed methods is more satisfactory than that of PSO. Moreover, comparing the means
obtained by SPGD with the means obtained by three heuristic algorithms, the method based
on SPGD has the most accurate performance for estimating the fault severity. However,
compared with the method based on SPGD, it is shown in Figures 8-10 that GA can make
the smallest value sometimes. However, since the results of GA have a larger fluctuation
range than that of SPGD, which is also represented in the values of variances showed in
tables, the results of GA are not stable to some extent. In conclusion, from the perspective
of means and variances, the method based on SPGD is much better than other methods
mentioned above.

Additionally, in order to prove the reliability and rapidity of the fault diagnosis method
based on SPGD, the convergence of this method is considered and observed. Since the
gradient cannot be obtained for the discrete quantity 6, in order to ensure the consistency
of the number of operations, 40 iterations are carried out for each phase. The assumed
short-circuit turns ratios are y = 0.1 and 6y = 271/3. For each phase, the iterative initial
value y = 0.3. The variation trend of cost function in faulty phase is shown in Figure 12,
and the variation trend of y is shown in Figure 13.
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.
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Figure 12. The variation trend of cost function of SPGD.
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Figure 13. The variation trend of value of y of SPGD.

From the results, it can be demonstrated that the value of the cost function converges
to the minimum at a pretty fast speed. After about the fifth iteration, the cost function is
basically close to zero, which means that it can rapidly judge whether the ITSC occurs.
The estimated value of y also converges to the preset short-circuit turns ratio after the
15th iteration, and the final relative error is 0.01%, which denotes that, in addition to fast
convergence, favorable accuracy can also be guaranteed.

All in all, the method based on SPGD possesses relatively precise, stable and rapid
properties compared with the methods based on the PSO, GA and WOA.

4.2. The Fault Diagnostic Accuracy of the Method Based on SPGD for ITSC Diagnosis under
Nonideal Condition

4.2.1. The Fault Diagnostic Accuracy of the Method Based on SPGD in the Case of Input
Three Phase Voltage Phase Imbalance

In this section, we set the input three-phase voltage phase at 0, 117t/15 and 47/3,
respectively, which is imbalanced. Two situations under imbalanced input voltages are
considered. One is a situation where the ITSC does not occur and the other is that the ITSC
occurs in one phase. For simplicity, we determine the faulty phase is B phase and the ITSC
ration is 0.1. The current waveform of the two situations mentioned above as shown in
Figure 14. The trend of relative error of y is displayed in Figure 15.

200 200
100 100
—~~ —~~
<< o 0
N N
=100 =100
=200 =200
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
time(s) time(s)

(a) (b)

Figure 14. The current waveform when input voltage phase is imbalanced. (a) Input voltage phase is
imbalanced when ITSC fault does not occur; (b) Input voltage phase is imbalanced and y = 0.1 in
B phase.
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Figure 15. The relative error when input voltage phase is imbalance.

It can be calculated that the mean value of relative error of y is 0.778% in twenty
simulations. Although the accuracy is decreased compared with the situation whose input
three-phase voltage is symmetric, it is still at a high level. Therefore, when the input
three-phase voltage is not balanced strictly, the estimation for the fault severity of proposed
method is acceptable.

4.2.2. The Fault Diagnostic Accuracy of the Method Based on SPGD in the Case of Input
Three-Phase Voltage Amplitude Imbalance

In this section, in order to verify the robustness of the proposed method when the
input voltage’s amplitude is asymmetric, the noise is added to the input three-phase voltage.
Two situations under imbalanced input voltage are considered as well. One is the situation
where the ITSC does not occur and the other is that the ITSC occurs in one phase. For
simplicity, we determine the faulty phase is the B phase and the ITSC ration is 0.1. The
current waveform is shown in Figure 16. We also record the trend of the relative error of u
in 20 simulations, which is shown in Figure 17.
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| — | s |
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0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
time(s) time(s)

(a) (b)

Figure 16. The current waveform when input voltage phase is imbalance (a) Input voltage amplitude
is imbalanced when ITSC fault does not occur; (b) input voltage amplitude is imbalanced and y# = 0.1
in B phase.
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Figure 17. The relative error when input voltage amplitude is imbalance.

The mean value of the relative error of y can be calculated as 0.047%. Compared
with the ideal situation, the estimation accuracy is only slightly lower. So the influence of
input disturbance, namely the input three-phase voltage being asymmetric, poses a trifling
impact on the proposed method, which is suitable for practical engineering.

4.2.3. The Fault Diagnostic Accuracy of Proposed Methods for ITSC Diagnosis under
High-Order Harmonics

In the real work environment, there are various high-order harmonics occurring
in the stator currents, which will distort the currents and lead to a number of adverse
influences. Accordingly, in this section, we conduct some measurement studies under
the high-order harmonics at different load moments, which can simulate the motor drive
system in practical engineering.

Similarly, we determine that the faulty phase is B phase as well, and the second, third,
fifth and seventh harmonics are added in the phase A. The third, fourth, fifth and seventh
harmonics are added in phase B. The third, fifth, sixth and seventh harmonics are added in
phase C. The stator currents with high-order harmonics are displayed in the Figure 18. In
addition, different load moments are taken into consideration, and with a fixed load moment,
we run ten attempts and average the values. The specific result is shown in Table 5.

200

100

0 0.01 0.02 0.03 0,04 0.05

time(s)
Figure 18. The waveform under the high—order harmonics.

As we can observe in Table 5, the relative errors with high-order harmonics of PSO,
GA and WOA at different load moments are all approximately 7%, which is slightly higher
than the results without high-order harmonics, but they are still in a very small scope. The
relative errors of SPGD are about 6.5% and slightly lower than those of PSO, GA and WOA,
which demonstrates that the results of SPGD are better than those of the optimization
algorithms mentioned above. However, it illustrates that the high-order harmonics and
different load moments do pose a certain effect, but the influences are not particularly
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serious. The adverse effects caused by high-order harmonics and different load moments
affect the SPGD even less. All in all, the proposed methods can still judge the faulty phase
of ITSC and estimate the severity index of ITSC with small error to some degree under the
undesirable influence of high-order harmonics at different load moments.

Table 5. The relative error of each method under the high-order harmonics at different load moments.

Method PSO GA WOA SPGD

T=0 7.196 7.367 7179 6.547
T=01Tn 7.180 6.944 7.218 6.522
T=0.2Tn 7.184 7.028 7.261 6.479
T=0.3Tn 7.201 7.166 7.328 6.443
T=04Tn 7.176 6.898 7.220 6.458
T=0.5Tn 7.201 7.166 7.328 6.455
T=0.6Tn 7.176 6.898 7.220 6.387
T=0.7Tn 7.185 7.330 7173 6.514
T=0.8Tn 7.183 7.132 7.058 6.499
T=09Tn 7.190 7.404 7.042 6.452

T=Tn 7.186 7.259 7.170 6.511

5. Experimental Validation

From the above simulation results, it is obvious that the SPGD can achieve the more
desired result compared with other optimization algorithms used in this paper. Thus,
we only apply the SPGD to verify its effectiveness on the actual PMSM platform. The
experiment environment is showed in Figure 19. The specific parameters of the PMSM
are as follows. The pole pair p is 2. The phase resistance R;(i = a,b, c) is 0.9 Q). The phase
self-inductance Lg; is 0.0045 mH. The flux linkage ¢, is 0.2 wb. The sampling frequency is
10 KHZ.

Figure 19. The experiment environment.

In this experiment, the fault severity index yu is assumed as 0.2. The phase current
waveform of the three-phase PMSM is shown in Figure 20. As we can see in Figure 20,
compared with the simulation, the waveform is not smooth, which may be caused by the
harmonics, equipment loss and so on.

The experimental result is displayed in Figure 21. As we can see in Figure 21, i can
be converged into the preset value, which demonstrates that the proposed method can
accurately diagnose the faulty severity of the PMSM under the ITSC fault and has certain
practical value in real engineering.
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Figure 20. The waveform under the high—order harmonics.
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Figure 21. The waveform under the high—order harmonics.

6. Conclusions

In this paper, aiming at the ITSC fault of PMSM, certain fault diagnosis methods based
on heuristic optimization algorithms—that is, the particle swarm optimization algorithm,
genetic algorithm and whale optimization algorithm—are proposed. In addition, due
to the great random influence of the heuristic algorithm, the stochastic parallel gradient
descent algorithm is utilized. This algorithm, i.e., the stochastic parallel gradient descent
algorithm, regards the model as a black box and uses random interference to obtain the ap-
proximate gradient. In the simulation, the genetic algorithm, whale optimization algorithm
and stochastic parallel gradient descent are compared with the existing fault diagnosis
method based on particle swarm optimization under ideal circumstances, respectively. The
simulation results demonstrate that the performance of proposed methods is promoted a
lot. In particular, compared with other heuristic algorithms, the stochastic parallel gradient
descent algorithm can acquire more stable diagnosis results with smaller relative error.
Moreover, in the case that input three-phase voltage is asymmetric and in the case that
high-order harmonics at different load moments are taken into consideration, the method
based on stochastic parallel gradient descent still maintains a favorable performance on the



Electronics 2022, 11, 1576 19 of 20

fault diagnosis for ITSC, which is applicable for the real engineering. Additionally, from
the experimental result, the SPGD can still diagnose the faulty severity.
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