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Abstract: As a complex field-circuit coupling system comprised of electric, magnetic and thermal
machines, the permanent magnet synchronous motor of the electric vehicle has various operating
conditions and complicated condition environment. There are various forms of failure, and the
signs of failure are crossed or overlapped. Randomness, secondary, concurrency and communication
characteristics make it difficult to diagnose faults. Meanwhile, the common intelligent diagnosis
methods have low accuracy, poor generalization ability and difficulty in processing high-dimensional
data. This paper proposes a method of fault feature extraction for motor based on the principle of
stacked denoising autoencoder (SDAE) combined with the support vector machine (SVM) classifier.
First, the motor signals collected from the experiment were processed, and the input data were
randomly damaged by adding noise. Furthermore, according to the experimental results, the
network structure of stacked denoising autoencoder was constructed, the optimal learning rate, noise
reduction coefficient and the other network parameters were set. Finally, the trained network was
used to verify the test samples. Compared with the traditional fault extraction method and single
autoencoder method, this method has the advantages of better accuracy, strong generalization ability
and easy-to-deal-with high-dimensional data features.

Keywords: stacked denoising autoencoder; permanent magnet synchronous motor; support vector
machine; fault diagnosis

1. Introduction

As one of the important parts of an electric vehicle, the permanent magnet syn-
chronous motor (PMSM) has the advantages of small volume, high-efficiency and high-
power density. However, most electric vehicle motors work in closed, narrow, complex and
harsh environments [1,2]. Under the combined action of electric field force and magnetic
field force, the load changes greatly, and a variety of faults are prone to occur, such as
stator inter-turn winding short circuit [3], shafting misalignment, permanent magnet loss of
excitation and so on [4]. The occurrence of one kind of fault may induce the occurrence of
another kind of fault and even lead to the coupling effect of various faults. The generation
of coupling fault will cause irreversible damage to the performance of the motor itself,
especially in the high-temperature working environment, which will seriously affect the
normal operation of the motor and electric vehicle. Therefore, the fault diagnosis analysis
of electric vehicle PMSM is of great significance to the development of electric vehicles
and motors [5].

At present, many scholars have carried out fault diagnosis and analysis of permanent
magnet synchronous motor. In reference [6], the positive envelope of bus current and three-
phase current is taken as the signal extraction object, and the wavelet packet algorithm is
used as the bearing fault signal extraction method to identify the bearing fault information
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in the DC motor. In reference to [7], the multi-loop mathematical model of Asynchronous
motor is established according to the circuit method. The finite element analysis method is
used to simulate the motor with multiple fault types, and the obtained current spectrum is
analyzed to verify the fault mechanism characteristics of the motor. In reference [8], the
mathematical model of the motor is established in MATLAB/Simulink to simulate various
faults. The current, torque and speed waveforms of the motor under normal operation
are compared and analyzed, and the basic characteristics information of the permanent
magnet synchronous motor faults are obtained. However, the traditional identification
methods of motor fault diagnosis based on a mathematical model and electrical signal are
highly dependent on the accuracy of the model, and the selection of signal wave base has
certain limitations, so the accuracy of motor fault feature extraction and analysis still needs
to be improved.

At present, with the continuous development of artificial intelligence, machine learn-
ing has been cross-applied in various fields [9], such as the recovery and prediction of
missing data [10], the judgment of stock price changes [11], and the detection of urban road
obstacles [12]. These areas span biology, medicine, machinery, finance, etc.; [13-16], which
has become the future development trend. The deep learning algorithm proposed by Hin-
ton [17] and others is increasingly used in the fields of pattern recognition and deep feature
extraction [18], which has a good application prospect in the faults detection of various me-
chanical equipment. In view of the inaccuracy of traditional manual fault feature extraction
of vehicle motor [19], large capacity of fault data, many types of data and slow transmission
speed [20], multilevel network analysis structure and adaptive learning process can be
used to extract faults data features more accurately [21-23]. Reference [24] constructs a
transformer fault recognition framework based on block training of the Adaboost-RBF
algorithm. Reference [25] uses the wavelet packet analysis method to extract features of
vibration data collected from motor experiments and then inputs the decomposed data as
test samples into the support vector machine for classification diagnosis. Reference [26]
adopts the sparse autoencoder algorithm to extract features of motor bearing vibration
signal so as to achieve fault diagnosis. Reference [27], the denoising autoencoder is used to
extract the features of the aero-engine gas path fault and combined with FBRF classifier.
The features extracted for aero-engine fault analysis have good robustness. However, in
the actual motor experiments, the collected data often have noise error compared with the
real value and cannot accurately collect all the monitored signal values. Most of the above
methods using deep neural networks for mechanical equipment faults detection do not
consider the data with noise, and the processing of interference signal is weak.

As an unsupervised learning algorithm, autoencoders (AE) can accurately learn
the internal characteristics of complex signals from unlabeled data, which has obvious
advantages for high-dimensional motor data processing [28]. Based on the above research
on autoencoder and the application of deep learning method in various fields, this paper
proposes a fault diagnosis method based on the stacked denoising autoencoder (SDAE)
algorithm for permanent magnet synchronous motor (PMSM) used in an electric vehicle.
This method is mainly composed of two parts: first, it uses SDAE to extract the features
of the collected operation data of PMSM and then inputs the extracted data into the
support vector machine (SVM) for classification calculation, so as to identify the motor
fault types, and finally achieve the purpose of fault detection. The main purpose of the
SDAE algorithm is to extract the features of the collected PMSM data, which is equivalent
to label the data and facilitate the subsequent SVM to classify it. Moreover, the SDAE used
in this paper adds noise processing in the data input, which has better adaptability for the
actual incomplete data.

The paper will discuss the proposed method according to the following aspects: in
the second part, the principle of a single AE algorithm is introduced first, and gradually
the working principle of the SDAE and SVM algorithm is introduced; in the third part,
the specific steps of motor diagnosis method proposed in this paper are described; in the
fourth part, the feasibility of the diagnosis method proposed in this paper is verified by
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the bearing data set, and then the motor operation data obtained from the experiment is
used for practical verification. The experimental results show that the method has better
accuracy and faster running speed. Finally summarizes the whole paper. This method can
enhance the self-adaptive diagnosis ability of stacked denoising autoencoder by artificially
adding noise to the input data to simulate the damage data collected and can effectively
extract and classify the motor fault features.

2. Principle

The fault diagnosis of permanent magnet synchronous motor (PMSM) based on the
stacked denoising autoencoder algorithm includes two parts: stacked denoising autoen-
coder and support vector machine (SVM) classification. A stacked denoising autoencoder
can be regarded as the superposition of multiple denoising autoencoders. The collected
motor running signals are taken as the input. The input data are randomly set to 0 or
0.2-0.3 times of Gaussian noise is added to simulate the damaged data to predict the
output result of the original undamaged data. The fault characteristics are obtained by
minimizing the reconstruction error. Finally, the nonlinear transformation of the support
vector machine is used to classify the extracted fault features and output the final results.

2.1. Autoencoder Network Principle

An autoencoder is a kind of neural network proposed by Yann Lecun, which can
realize the BP backpropagation algorithm. After training, it can copy the input to the output.
The autoencoder can analyze the data characteristics well by reducing the dimension of the
data, so it is often used to realize the functions of data anomaly analysis, data denoising,
image analysis and data retrieval. Figure 1 shows the network structure of the single hidden
layer autoencoder, in which the coding layer encodes the input data as the representation,
while the decoding layer decodes the representation as to the output with a minimum loss,
and the reconstruction error is the basis for measuring the learning effect [29].

Figure 1. Autoencoder network structure.
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There are n groups of training samples X = {X(1), X(2), X(3), ... , X(N)}, each group of
samples is an n-dimensional vector, the coding process can be expressed as:

h=f(x) = S(Wx+b) )

Among them, hidden layer h{h1(1),h2(1),h3(1), ... , hm(1)} is the m-dimensional vector
(m > 1), which can be regarded as m neurons, W is the weight matrix of order m x n, bis
the hidden layer bias vector of dimension m, S is the sigmoid activation function.

The decoding process can be expressed as follows:

2 =g(h) =S(Wh+V) @)

where W is the weight matrix of order m x n and bV’ is the output bias vector of dimension
m. For the purpose of minimizing the reconstruction error of autoencoder, let the recon-
struction error be: J(9), 6 = {W,b}, ] (0) = % Z{V loss(x, &), where the loss function is the loss
function of the reconstruction error. In this paper, the mean square error method is used
to calculate:

. 1, . A
Loss(x, %) = EHx—xHZ + §(||W||2+HW’H2+ ||b||2—|—||b’||2> 3)

where A is the weight adjustment coefficient. After iterative training, the reconstruction
error can reach a smaller value, and the accuracy of data feature extraction can be improved.

2.2. Stacked Denoising Autoencoder Structure

In order to avoid the overfitting phenomenon of autoencoder in the process of data
processing, the denoising autoencoder (DAE) adds “damage noise” or random zeroing
to the input data on the basis of the original simple autoencoder to simulate the input of
damaged data, which can effectively improve the robustness of model learning [30].

Figure 2 is the network structure diagram of the denoising autoencoder. In the input
part, the original data becomes the missing or damaged impurity data after a specific
destruction processing as the new input, and the input replaces the original data for
automatic coding and learning process. In this case, the minimization objective function of
denoising autoencoder becomes:

Loss(x,g(f(¥))) )

h
Q Q Q (h) //‘ LOSS(X,&) .

B0R00N 00000

X Damage data X Raw data

00000
X

Figure 2. SDAE network structure.

Among them is the processed damage input. Generally, a Gaussian noise or dropout
method can be used to denoise the original data.

Due to the limitations of the single-layer network model for complex data processing,
multiple denoising autoencoders are introduced to form a stacked Denoising autoencoder.
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The input and output of each layer can be seen as a separate network structure. Equations
(5) and (6) are the encoding and decoding process of the SDAE layer 1:

f(X) = S(Wix +b1) ©)

2 =g(h) = S(Wih +by) ©6)

h

After the first layer training, the weight W and bias b are updated by gradient de-
scent method:

dLoss
Wy = Wy — 11— 7
> 1—1 W, (7)
dLoss
W3 = Wi — 1= )
8W1’
dLoss
b=t~ ©)
dLoss
by =b] — 11— (10)
2 T oy

The output of the first hidden layer can be used as the input of the next layer to
continue the iterative training until the training of all layers is completed. When there
are L hidden layers in common, the denoising autoencoder network of each layer can be
expressed as:

hy = f(X-1) = Si(WiXi—1 + by) (11)

X1 = g(hy) = S;(W/h; + b]) (12)

Through the single-layer successive updating transformation of the features by stacked
denoising autoencoder, the high-dimensional feature expression of the data can be realized,
and the method has better robustness and accuracy for the feature extraction of the data.

2.3. SVM Classifier

As a supervised learning algorithm, the support vector machine mainly uses the idea
of the maximum interval to solve the problem of data classification in the field of pattern
recognition. It can be regarded as an optimization algorithm for solving convex quadratic
programming and has a good classification effect for both linear and nonlinear problems.
Compared with the deep learning classification method, SVM is easy to operate in the
program, and it can get higher accuracy without using much data, which is suitable for the
situation of fewer motor data collected in this paper, and it is not easy to appear overfitting
phenomenon. Furthermore, the addition of kernel function makes SVM can accurately
reflect the nonlinear characteristics, so this paper selects SVM as the classifier of motor
diagnosis research.

In the SVM algorithm, let the training data set in the given feature space be: T =
{(x1,y1), (x2,¥2),- -, (Xn, yn)}, xi € Ry, y; € {+1,—1},i=1,2,... ,n, x; is the i-th eigenvec-
tor and y; is the x; class marker. The separation hyperplane equation is:

wx;+b=0 (13)

where w is the weight vector and b is the offset. The constrained optimization problem of
separating hyperplane and classification decision function by maximum interval can be
transformed into solving the minimum value of the following equation:

NI~

(@'w)+CY ¢ (14)
i=1

The constraint conditions of Equation (14) are as follows: y; (wTw + b) >1-¢;, ¢;>0.
Where C is the penalty coefficient and ; is the relaxation coefficient. By introducing
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Lagrange function and taking Radial Basis Function (RBF) K(x;, x;) as the inner product
kernel function of the algorithm, the interval maximization problem can be obtained:

n 1 n
Qa) =) a;— 5 Y wagyiy;(xi, xj) (15)
i=1

ij=1

where «; is the Lagrange multiplier corresponding to x;. And the constraint condition of

n

Equation (16) is as follows: ) ajy; =0, a; > 0, i = 1,2,...,n. The decision function is
i=1

as follows:

n
f(x) = sgn()_ aiyiK(x;, xj) +b) (16)
i=1
According to the principle of statistics, the accuracy of the SVM classifier can be

expressed as the ratio of the number of samples correctly classified on a given test set to
the total number of samples, as shown in Equation (17):

1 Y :

Riest = N’ Z I(y; = f(x:)) 17)
i=1

where N’ is the capacity of training sample; I is the indicator function, when y # f(x;),
I =1; Otherwise, I = 0.

3. Method

As an electromechanical coupling component, a permanent magnet synchronous
motor (PMSM) often works in a harsh working environment during its operation. After the
motor has a tendency to damage, the coupling effect of the electromagnetic field will make
the faults happen faster and more obvious, especially inter-turn short circuits. For example,
when the motor has a slight short circuit fault, if it is not checked and repaired in time, it
will lead to an increase in the motor operating temperature. That will cause the change of
the working temperature field, which will increase the degree of the motor inter-turn short
circuit fault, and even cause the demagnetization of the permanent magnet. Moreover, the
change of the working magnetic field caused by demagnetization will aggravate the degree
of short circuit and other faults eventually.

The original feature extraction method uses artificial discrimination to operate, the
accuracy of the diagnosis results depends on the technical level and practical experience of
the diagnosis personnel, its self-learning ability is weak, and the intelligence level is low,
while the fault diagnosis method of signal analysis has a strong dependence on data and
poor generalization ability. Aiming at the shortcomings of traditional manual or signal
processing methods, such as the inaccurate and slow speed of motor fault feature extraction,
this paper proposes a method of feature extraction of permanent magnet synchronous
motor fault using the SDAE method according to the principle of stacked denoising
autoencoder, and combined with support vector machine to complete the classification of
fault features. Figure 3 shows the main process of motor fault diagnosis based on stacked
denoising autoencoder.

3.1. SDAE Diagnostic Process

In the stacked denoising autoencoder part, the data processing generally includes the
following steps:

1. The vibration and speed signals collected from the PMSM fault experiment are divided
into training samples and test samples, and the data samples of known fault types are
packaged to establish the motor fault signal database;

2. The vibration data are normalized and preprocessed according to the (0,1) stan-
dardized formula, and the dimensional vibration signal is transformed into the
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Test sample

dimensionless signal expression through Equation (18) so as to improve the sample
training speed;

Xt = X = Xmin (1 8)
Xmax — Xmin

The training samples are randomly set to 0, or Gaussian noise is added to realize the
“damage noise” addition to simulate the fault data collected in the actual test and
determine the network structure, such as the number of the SDAE input layer nodes,
the number of hidden layer nodes and the number of nodes in each layer;
The single hidden layer feedforward neural network is used as the basic model to
construct multiple autoencoders, and the pseudo-inverse learning algorithm is used
to train each autoencoder separately to obtain the connection weight and offset of the
i-layer autoencoder. The hidden layer output of the former autoencoder is used as
the input of the latter autoencoder, and the above steps are repeated to train the new
autoencoder step-by-step;
Fine-tune the parameters of the SDAE network according to the known types of faults,
complete the sample feature extraction, and use the SDAE output data as the input of
the support vector machine for training, diagnosis and classification.

Acquisition of PMSM signal

l

Classify data types

I}

Preprocess the data and add
"damage noise"

i}

Preliminary determination of
network structure

|

Determine the weight and bias of
SDAE to train each layer of SDAE

J/ Complete SDAE training

The output of SDAE is taken as

the input of SVM

L

Using known label data to classify
data features

!

Output diagnostic results

Figure 3. Fault diagnosis flow chart.

However, When the amount of data are too large, it is easy to overfit, and other

parameters need to be modified, like hyperparameter. Because the amount of data collected
in this paper is not large, so it is not necessary to carry out the step in this experiment.
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3.2. SVM Classification

After fault feature extraction, a support vector machine is used to classify the fault
types, as shown in Figure 4:

Input fault
characteristics

v SVMn

Output fault1 Output fault2 Output faultn

Figure 4. Support vector machine (SVM) classification flow chart.

The SVM learning model takes the fault features extracted by the SDAE algorithm as
input. According to the trained model, the fault type is judged. If the fault is not a single
mode, the concrete discriminant model is further input to analyze the coupling fault. The
output function of fault probability in the SVM is shown in Equation (19):

P =1f(9) = AT

ply = =1/f() =1~ s

(19)
where A and B are the shape parameters of the function. The final output of the SVM is the
probability value of a motor fault between [0, 1].

4. Results

The motor fault data collected in this experiment is limited; the verification effect
is not universal. To verify the feasibility and accuracy of the fault diagnosis method
described in this paper, the bearing data set of Case Western Reserve University is used for
simulation verification [31]. In the experiment, the SKF2605 drive end bearing of SKF2605
was selected, the sampling frequency was 12 Hz, the motor load was 0 horsepower, the
speed was approximately 1797 r/min, and the single point damage of the bearing was
carried out by electric spark to simulate the fault. The faults include nine kinds of single-
point faults and normal working conditions with diameters of 0.1778 mm, 0.3556 mm and
0.5334 mm at the inner ring, outer ring and bearing roller, respectively. In the simulation,
400 groups of data are randomly selected from the above ten bearing states as the training
set, and 60 groups of data are selected as the test set. The description of bearing fault data
is shown in the Table 1 below.

Table 1. Bearing failure data.

Failure Mode Fault Size/mm Number of Samples

normal 0 400
Inner circle 0.1778 400
Inner circle 0.3556 400
Inner circle 0.5334 400
Outer ring 0.1778 400
Outer ring 0.3556 400
Outer ring 0.5334 400
Rolling element 0.1778 400
Rolling element 0.3556 400

Rolling element 0.5334 400
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The optimal parameters in the program were obtained after many experiments. Set
the number of the input layer and hidden layer nodes of the stacked denoising autoencoder
learning model as 250 and 150, respectively, the number of hidden layers as 3, the denoising
parameter used to improve the accuracy of the algorithm to judge the damaged data, set
as 0.2, and the training learning rate is used to control the convergence of the algorithm,
set as 0.6, other parameters of the SDAE, such as hyperparameters, are mainly used to
solve the problem that the algorithm is easy to cause overfitting. However, due to the
small amount of data in this paper, the over-fitting phenomenon is not easy to occur, so
such parameters are not added. Using SVM classifier in MATLAB Libsvm toolbox for
simulation. In the test, SDAE was first used to extract the features of motor fault data and
then input the extracted features into the SVM for classification to realize the process of
fault diagnosis. In the program, RBF is selected as the kernel function of the SVM. This is
because when the parameters of the RBF kernel function are adjusted to a certain value, it
can be regarded as a linear kernel function, and the influence of the adjustment of the RBF
parameters on the experimental results will not have a large deviation. At the same time, it
can deal with nonlinear problems, which is suitable for the data dimension of this paper.
After many experiments, it is found that the convergence effect can be achieved when the
number of iterations is about 50, so the number of iterations is set to 60. Moreover, inputs
the preprocessed data into the constructed denoising autoencoder for training. The total
running time is 12 min, and the accuracy of the SDAE training is shown in Figure 5. The
precision and recall of the SDAE are 7 and 7.5. With the increase of the number of iterations,
the training accuracy gradually improves and shows a general convergence trend. For the
RBF method, the accuracy can be significantly improved when the number of iterations is
small, but the final accuracy is not as good as the method proposed in this paper. For a
single autoencoder method, there is a small fluctuation in the iterative process; the stability
is poor.

95 —
—
90 e
e /‘ K e
85 ¥ SN Y -
5 / \ / P o
/ ) -
3 80 Al A e
Q0 75 —— J —a
: i
= * 1
g 70 " /
- f
65 —=— RBF Accuracy
/ -
/ +— SVM Accuracy
60 —— DAE Accuracy
e A r
TN —v— SDAE+SVM
-
55
1 - 1 I 1 % 1 1 ot I | 1

-5 0 5 10 15 20 25 30 35 40 45 50 55 60
Iterations (Times)

Figure 5. Diagnostic accuracy based on the stacked denoising autoencoder (SDAE).

Select a motor for experimental data acquisition and subsequent analysis. The motor
and bench used in the experiment are shown in Figure 6. By changing the number of
turns of the stator winding, the short circuit fault of the permanent magnet synchronous
motor can be simulated, and the negative sequence current can be used as the charac-
teristic quantity of the inter-turn short circuit. Some motor data collected are shown in
Table 2 below:
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Torque sensor and
speed sensor

o
—

Figure 6. Motor bench used in the experiment.

Table 2. Partial fault characteristic data.

A Phase B Phase C Phase Negative Electromagnetic
Sequence
Current Current Current Torque
Current

1.0026 1.0086 0.9946 0.036 3.67
1.1210 1.0023 0.9934 0.064 3.77
1.1230 1.0020 0.9867 0.070 3.79
1.1339 1.0018 0.9812 0.079 3.81
1.1472 1.0007 0.9745 0.082 3.88
1.2486 0.9898 0.9658 0.182 3.92
1.5684 0.9750 0.9562 0.486 412
1.6982 0.9698 0.9236 0.669 4.18
1.8675 0.9672 0.8645 0.948 4.26
2.0784 0.9542 0.7996 1.072 4.40

The right side of the table is the fault state, 1 is normal, 2 is the occurrence of inter-turn
short circuit fault. Two hundred groups of data were used as training samples, and 100
groups were used as test samples. Figure 7 is an accurate image of PMSM fault diagnosis
using the SDAE + SVM method.

RBF is also a neural network algorithm for classification [23], and here it is to compare
it with the method described in this paper. Different algorithms are used to set the same
network structure parameters, and the motor data are analyzed, as shown in Table 3:

It can be seen from the above table, the accuracy of the fault diagnosis classification
method, which combines stacked denoising autoencoder and support vector machine is
94.2%, compared with the traditional algorithm RBF, single SVM and the autoencoder
algorithm are only 86.6%, 89.1%, and 90.6%, respectively, which means SDAE has higher
diagnosis accuracy in the actual training of motor; from the standard deviation, RBE, single
SVM and autoencoder algorithm are 2.21, 0.89, 1.49, respectively; however, the standard
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deviation of the method proposed in this paper is only 0.88. This shows that the fluctuation
of the diagnosis result using SDAE + SVM is more stable, and the robustness is better.
Although the standard deviation of the single SVM algorithm is small, its accuracy is also
lower than the method of this paper.

—m— Accuracy

100
80 1
60

40 1

Accuracy (%)

20 1

T T T T T T 1

0 10 20 30 40 50 60

Iterations (Times)
Figure 7. Diagnostic accuracy based on the SDAE.

Table 3. Fault test accuracy rates under different algorithms.

Standard Deviation of

Classification Algorithm Test Accuracy/% A
ccuracy
RBF 86.6 2.21
SVM 89.1 0.89
DAE 90.6 1.49
SDAE + SVM 94.2 0.88

It can be seen from the above experiments that the RBF has a good convergence rate
for PMSM fault extraction and classification of electric vehicles, but the accuracy is not very
high, and the data integrity is required to be high. However, the RBF algorithm has the
advantages of simple and good generalization ability, which is suitable for classification
with complete data and low requirements; when using a single SVM to classify faults,
although the fluctuation of accuracy is small, it still does not reach the ideal accuracy,
and when the amount of data are large, a single SVM classifier does not have obvious
advantages, which means it may cause a long operation time. Compared with a single SVM
classifier, the accuracy of DAE for motor fault diagnosis fluctuates less and is more stable.
The proposed SDAE + SVM method combines the single SVM and DAE algorithm as a new
PMSM diagnosis method and increases the number of hidden layers on the basis of DAE
to form the SDAE algorithm. It improves the learning effect of the program. Experiments
show that the method has better accuracy and convergence speed, but the generalization
performance needs to be further verified.

5. Conclusions

Based on the principle of stacked denoising autoencoder, this paper proposes a fault
diagnosis method of electric vehicle PMSM based on the SDAE. The feature extraction of
motor fault based on stacked denoising autoencoder algorithm has better generalization
ability and diagnostic accuracy and has better recognition advantage in unsupervised
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References

learning. Compared with the traditional diagnosis method, this method can effectively
avoid artificial error and diagnosis time; under the same network structure, compared with
a single diagnosis algorithm, this method has better robustness and more stable diagnosis
results. The research of this paper provides a new idea for the diagnosis of permanent
vehicle magnet synchronous motor on the basis of intellectualization and provides a certain
basis for the fault diagnosis of PMSM under the complex operation of vehicles in the future.

The diagnosis results show that under the same sample characteristics, compared
with other classification diagnosis algorithms, the test accuracy of the SDAE for motor fault
diagnosis can reach 94.2%; however, the accuracy rates of the RBF, single SVM and DAE
are only 86.6%, 89.1% and 90.6%, respectively, and the standard deviation of the SDAE
diagnostic algorithm is also small, only 0.88%, which means that the test results of the
SDAE algorithm are relatively stable and have no big fluctuation.

However, there are still some defects in the above research: the fault experiments
of permanent magnet synchronous motor are carried out in the normal physical field
environment, without considering the influence of temperature, load and other factors on
the motor work; in addition, because the motor fault in this paper is artificially set, the data
results are limited, and it does not reach the ideal sample size, so there are still of some test
limitations in statistics.

Based on the above shortcomings, this paper will study the operation and fault
conditions of permanent magnet synchronous motor under a complex environment in
the future, learning and analyzing the characteristics of coupling fault phenomena and
carry out more experiments to expand the data sample size of the results; in the aspect
of the classification algorithm, learn and use the improved SVM to analyze the diagnosis
results more accurately, and continue to perfect the experimental program to improve the
generalization performance and recognition advantages of th method that discussed in
this paper.

Author Contributions: Conceptualization, X.X. and J.F; methodology, J.F. and Z.L. software, L.Z,;
validation, F.Q.; formal analysis, X.X.; investigation, J.F.; resources, Y.Y.; data curation, J.F.; writing—
original draft preparation, J.F,; writing—review and editing, X.X., L.Z and E.Q; supervision, L.Z.;
project administration, X.X. and F.Q.; funding acquisition, X.X and Y.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under Grant
51975426 and 51975428, the Wuhan Science and Technology Project under Grant 2019010701011393, China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We sincerely thank Case Western Reserve University for the shared bearing data.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wei, D,; He, HW,; Cao, ].E. Hybrid electric vehicle electric motors for optimum energy efficiency: A computationally efficient
design. Energy 2020, 203, 117779. [CrossRef]

2. Kumar, M.S,; Revankar, S. Development scheme and key technology of an electric vehicle: An overview. Renew. Sustain.
Energy Rev. 2017, 70, 1266-1285. [CrossRef]

3. Qi Y, Bostanci, E.; Gurusamy, V.; Akin, B. A Comprehensive Analysis of Short-Circuit Current Behavior in PMSM Interturn
Short-Circuit Faults. IEEE Trans. Power Electron. 2018, 12, 10784-10793. [CrossRef]

4. Chen, Y, Liang, H.; Wang, C.D,; Liang, S.Y.; Zhong, Z.Q. Detection of Stator Inter-Turn Short-Circuit Fault in PMSM Based on
Improved Wavelet Packet Transform and Signal Fusion. Trans. China Electron. Soc. 2020, 35, 228-234.

5. Xu, X.W,; Qiao, X.; Zhang, N.; Feng, ].Y.; Wang, X.Q. Review of intelligent fault diagnosis for permanent magnet synchronous
motors in electric vehicles. Adv. Mech. Eng. 2020, 12, 1-14. [CrossRef]


http://doi.org/10.1016/j.energy.2020.117779
http://doi.org/10.1016/j.rser.2016.12.027
http://doi.org/10.1109/TPEL.2018.2809668
http://doi.org/10.1177/1687814020944323

Entropy 2021, 23, 339 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bian, H.; Wang, X.L.; Deng, Z.Q. Bearing Fault Detection for Brushless DC Motors Based on Stator Current. J. Nanjing Univ.
Aeronaut. Astronaut. 2020, 52, 224-231.

Li, S.S. Study on Simulation Models and Diagnosis Methods for Multiple Faults od Squirrel Cageinduction Motor; Taiyuan University of
Technology: Taiyuan, China, 2017.

Wang, X.Q.; Su, ].H. Research on Modeling and Simulation of PMSM Common Faults. Small. Spec. Electron. Mach. 2020, 48, 7-13.
Yan, W.; Tang, D.; Lin, Y. A Data-Driven Soft Sensor Modeling Method Based on Deep Learning and its Application. IEEE Trans.
Ind. Electron. 2016, 64, 4237-4245. [CrossRef]

Izonin, I.; Tkachenko, R.; Verhun, V.; Zub, K. An Approach Towards Missing Data Management Using Improved GRNN-SGTM
Ensemble Method. Eng. Sci. Techol. Int. J. 2020, 10. [CrossRef]

Mehtab, S.; Sen, J. Stock Price Prediction Using CNN and LSTM- Based Deep Learning Models. IEEE Int. Conf. 2020, 447-453.
[CrossRef]

Blazquez, R.R.; Mufioz-Organero, M. Using Multivariate Outliers from Smartphone Sensor Data to Detect Physical Barriers While
Walking in Urban Areas. Technologies 2020, 8, 58. [CrossRef]

Varatharajan, R.; Manogaran, G.; Priyan, M.K. A big data classification approach using LDA with an enhanced SVM method for
ECG signals in cloud computing. Multimed. Tools Appl. 2018, 77, 10195-10215. [CrossRef]

Mickiewicza, A.L.A. Recognition of Acoustic Signals of Loaded Synchronous Motor Using FFT, MSAF-5 and LSVM. Arch. Acoust.
2015, 40, 197-203.

Zeng, N.Y,; Qiu, H.; Wang, Z.D.; Liu, W.B.; Zhang, H.; Li, Y.R. A new switching-delayed-PSO-based optimized SVM algorithm for
diagnosis of Alzheimer’s disease. Neurocomputing 2018, 320, 195-202. [CrossRef]

Ptawiak, P.; Abdar, M.; Acharya, U.R. Application of new deep genetic cascade ensemble of SVM classifiers to predict the
Australian credit scoring. Appl. Soft Comput. 2019, 84, 105740. [CrossRef]

Schmidhuber, J. Deep learning in neural networks: An overview. Neural Netw. 2015, 61, 85-117. [CrossRef] [PubMed]

Yuan, X.F,; Huang, B.; Wang, Y.L.; Yang, C.H. Deep Learning-Based Feature Representation and Its Application for Soft Sensor
Modeling with Variable-Wise Weighted SAE. IEEE Trans. Ind. Inform. 2018, 14, 3235-3243. [CrossRef]

Ding, S.C.; Li, X.Y,; Hang, J.; Wang, Y.J.; Wang, Q.]. Deep learning theory and its application to fault diagnosis of an electric
machine. Power Syst. Protect. Control 2020, 48, 172-187.

Lei, Y.G; Jia, F; Zhou, X.; Lin, J. A Deep Learning-based Method for Machinery Health Monitoring with Big Data. ]. Mech. Eng.
2015, 51, 49-56. [CrossRef]

Jia, E; Lei, Y.G.; Lin, J.; Zhou, X,; Lu, N. Deep neural networks: A promising tool for fault characteristic mining and intelligent
diagnosis of rotating machinery with massive data. Mech. Syst. Signal Process. 2016, 72—73, 303-315. [CrossRef]

Cornia, M.; Baraldi, L.; Serra, G.; Cucchiara, R. A deep multi-level network for saliency prediction. In Proceedings of the 2016
23rd International Conference on Pattern Recognition (ICPR), Cancun, Mexico, 4-8 December 2016; pp. 3488-3493.

Dong, Y.; Liang, G.S. Research and Discussion on Image Recognition and Classification Algorithm Based on Deep Learning. In
Proceedings of the 2019 International Conference on Machine Learning, Big Data and Business Intelligence (MLBDBI), Taiyuan,
China, 8-10 November 2019; pp. 274-278.

Liu, Y.P; Fu, H.C,; Xu, Z.Q.; Li, G; Gao, S.G.; Dong, W.Y. Transformer fault diagnosis technology based on AdaBoost-RBF
algorithm and DSmT. Electr. Power Autom. Equip. 2019, 39, 166-172.

Zhao, H.M. Research on Motor Fault Diagnosis Model for Support Vector Machine based on Intelligent Optimization Methods.
J. Dalian Jiaotong Univ. 2016, 37, 92-96.

Guo, L.; Gao, H.L.; Zhang, Y.W.; Huang, H.F. Research on bearing condition monitoring based on deep learning. J. Vib. Shock.
2016, 35, 166-170,195.

Hong, ].Y.; Wang, H.W.; Che, C.C.; Ni, X.M. Gas Path Fault Diagnosis for Aero-engine Based on Improved Denoising Autoencoder.
J. Vib. Meas. Diagn. 2019, 39, 603-610,675.

Li, Q.Q.; Hou, R.C.; Ding, X.Q. Roller bearing fault diagnosis based on improved stacked auto-encoder. Comput. Eng. Des. 2019,
40, 2064-2070.

Liu, S.X.; Geng, X.; Lu, H. Clutering recognition method of wheat seeds based on deep auto-encoder. J. Jiangsu Univ. 2020,
41, 294-300.

Zhou, Y,; Amimeur, A.; Jiang, C.; Dou, D.J.; Jin, R.M.; Wang, P.W. Density-aware Local Siamese Autoencoder Network Embedding
with Autoencoder Graph Clustering. In Proceedings of the 2018 IEEE International Conference on Big Data (Big Data), Seattle,
WA, USA, 10-13 December 2018; pp. 1162-1167.

Bearing Data Center. Available online: https://csegroups.case.edu/bearingdatacenter /home (accessed on 5 September 2020).


http://doi.org/10.1109/TIE.2016.2622668
http://doi.org/10.1016/j.jestch.2020.10.005
http://doi.org/10.1109/dasa51403.2020.9317207
http://doi.org/10.3390/technologies8040058
http://doi.org/10.1007/s11042-017-5318-1
http://doi.org/10.1016/j.neucom.2018.09.001
http://doi.org/10.1016/j.asoc.2019.105740
http://doi.org/10.1016/j.neunet.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25462637
http://doi.org/10.1109/TII.2018.2809730
http://doi.org/10.3901/JME.2015.21.049
http://doi.org/10.1016/j.ymssp.2015.10.025
https://csegroups.case.edu/bearingdatacenter/home

	Introduction 
	Principle 
	Autoencoder Network Principle 
	Stacked Denoising Autoencoder Structure 
	SVM Classifier 

	Method 
	SDAE Diagnostic Process 
	SVM Classification 

	Results 
	Conclusions 
	References

