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Abstract

Motor bearings are prone to different degrees of performance degradation, fatigue damage and failure undergoing
complex and harsh environments. Vibration signal analysis is a mature method for diagnosing motor bearing faults,
while it is not applicable for installing additional vibration sensors on many occasions. Practically, the fault of motor
bearings changes the air gap flux between the rotor and stator, which leads to harmonic fluctuations in the stator
current. The current signals can be used to diagnose the motor bearing faults without additional sensors. Inevitably the
harmonics caused by the motor bearing faults will be coupled with the original signals. This paper combines bi-spectrum
and Convolution Neural Network (CNN) to analyze the current signals of motor bearing faults. The CNN diagnosis model
is trained based on the local bi-spectrum of current, and the CNN parameters are optimized. Diagnose and analyze
motor bearing faults with different fault implantation methods, working conditions, fault degrees and fault locations.
The diagnostic accuracy reaches more than 80%.
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Fault Diagnosis of Motor Bearing Based on Current Bi-Spectrum and Convolutional Neural Network Jiaojiao Ma et al.

1 INTRODUCTION

Motor bearings are the crucial components of motors or engines, and their performance affects the property of
industrial machinery. According to the statistics, motor failure is mainly caused by the faults of bearings. The ratios of
bearing faults leading the motor broken in large machines and small machines are nearly 40 per cent and 90 per cent,
respectively(Rifat, Pietro and C. 2018). Therefore, Effective monitoring and diagnosis of bearing conditions are significant
for the operation of the motor. Vibration diagnosis method is the most mature and effective method at present
(Adnani et al., 2016). It can diagnose common motor bearing faults and is widely used. However, the vibration diagnosis
method requires new monitoring equipment such as sensors and signal acquisition units, and changes the original test
interface of the motor. It is an invasive diagnostic method. For existing industrial motors, the project implementation is
too difficult and cannot be applied on many occasions. The electrical diagnosis method comes into being(Gesseneck et al.
2016, Hamadache et al. 2015, Dhomad and Jaber 2020). The electrical method uses electrical data such as the speed,
torque, and current signals of the motor drive to detect the bearing faults of the motor. It does not need to add additional
sensors, which is a non-invasive fault diagnosis method. In the electrical method, it is common to use the motor stator
current as the basis for fault diagnosis(Xiang et al. 2022, Hisahide and Yukio 2022). Bearing defects will lead to a specific
air gap eccentricity and cause load torque oscillation, resulting in fluctuations in the stator current. In other words, the
current signal contains bearing fault information. Safin et al. (2016) represented the characteristic harmonic component
of stator current in an induction motor with faulty bearings during operation. Allal and Khechekhouche (2022) discovered
performance in that the residual harmonic is often displayed at a fixed frequency when monitoring the rotor faults.
Sun et al. (2020) used Hilbert-Huang Transform to extract fault features based on cavitation performance from current
signals for cavitation detection in centrifugal pumps.

The above research is to extract the motor fault harmonic information from the current signal to achieve the
purpose of diagnosis. Different types of faults have different harmonic characteristics. The influence of noise increases
the difficulty of current fault feature extraction(Fu et al. 2023). In this regard, some researchers have used motor current
combined with machine learning to diagnose motor faults. Wang et al. (2012) used different pattern classifiers to
diagnose rotor faults from the motor current and current envelope signals. The results show that the diagnostic accuracy
varies greatly with different combinations of features and pattern classifiers. Toma et al.(2020) extracted statistical
features from motor current signals, and evaluate the bearing faults using genetic algorithms and three different
classification algorithms. It can be seen that machine learning can well realize the current signal fault identification, and
the selection of feature quantity and machine learning method will affect the diagnosis effect.

Signal bi-spectrum based on high-order statistics can be used to quantify the quadratic phase coupling between
signal components and can suppress the influence of Gaussian colored noise and symmetric distribution noise, which is
suitable for extracting signal feature information from the noise environment. Yang and Zhao (2012)proposed a fault
feature extraction approach based on Empirical Mode Decomposition (EMD) and then analyzed the fault diagnosis of
traction motor bearings based on the bi-spectrum characteristics of the vibration signals. Hassan et al. (2018) extracted
features from the cross-bi-spectrum for the fault detection and diagnosis of a rotating mechanical system. Liang, Jiang
and Qin (2020) found that the 1.5D spectrum features and bi-spectral features of signals were an advantage to realising
the tooth surface wear of planetary gearboxes. The above methods are usually used to extract spectrum features from
the bi-spectrum or further calculate other presentation parameters to diagnose the faults of crucial components. Bi-
spectral image distribution itself can characterize the fault. Different kinds of faults, different degrees of faults, even
under various working conditions, bi-spectrum has obvious differences, which can be directly used to characterize
bearing faults.

Convolutional neural network(CNN) shows an excellent ability to feature autonomous learning and pattern
recognition in the fields of object detection(Zhao and Li 2019, Wangetal. 2019, Fuetal. 2022) and image
classification(Li et al. 2022, Zong et al. 2023). In recent years, the CNN technique has been widely used to identify and
distinguish the multiple faults in the machinery field. The fault features were obtained directly from the original signal
by CNN using its powerful feature autonomous learning ability. Chunzhi et al. (2018) used a one-dimensional convolution
neural network to extract fault features from gearbox vibration signals and completed its diagnosis. Skowron(Skowron,
Orlowska-Kowalska and Kowalski 2022) detected Permanent Magnet (PM) Faults Using a Convolutional Neural Network
(CNN) Based on Original Stator Current Data. Huang et al. (2022) defined a novel dual-stream CNN that combined the
classified by the linear weighting with the characteristics of signals in time domain and frequency domain. With the
successful application of CNN in image recognition, it was also employed for the faults diagnosis depending on the
transfer of the original time-domain signals into the 2D images and then used to train the classification models of CNN
as the input parameter. Miao et al. (2019)used wavelet transform (CWT) to extract two-dimensional time-frequency
maps from signals as input to CNN to classify and identify the defects of narrow lap weld. Tsai et al. (2022)proposed a
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time-frequency analysis method of multi-sensor signal fusion to diagnose the Thruster Blade Fault. Chen et al. (2020)
defined a new method depending on the deep learning technique, which combined Cyclic Spectral Coherence (CSCoh)
with a 2D mapping representation of CNN. The accuracy of fault recognition is improved. According to the literature, it
can be concluded that 2D images as the input parameters of CNN are effective and feasible to identify the mechanical
faults.

This paper identifies the motor bearing faults based on the current signals. According to the advantage of CNN in
image recognition, the bi-spectrum characteristics of signals are defined as the input samples of CNN and consequently
classify and identify the motor bearing faults. Considering the symmetry of the bi-spectrum, there will be a lot of
redundant information and leading to the reduction of CNN training efficiency, when the input sample is the bi-spectrum.
Therefore, the local bi-spectrum is used to replace the global bi-spectrum to improve the training speed of CNN. The
effects of the CNN application mainly depend on the designed architecture. The classification accuracy of CNN can be
effectively improved by a reasonable selection of parameters, such as the layers’ number, convolution kernels’ number,
convolution kernels’ size and the step size of convolution kernels. In this paper, the local bi-spectrum of the motor bearing
current is used to construct the input sample of CNN and the key architecture parameters of CNN can be optimized to
improve the accuracy of motor bearing fault diagnosis.

2 Method of the current bi-spectrum CNN

2.1 Signal bi-spectrum extraction

The higher order moment, higher order cumulant, higher order moment spectrum and higher order cumulant
spectrum are the main components of the higher order statistics method. Among them, the higher order cumulant and
higher order cumulant spectrum are considered the crucial mathematical tools to analyze non-Gaussian random
process(Xu et al. 2014), for the advantages of resisting the interference of Gaussian colored noise. The bi-spectrum is the
most common one among high-order cumulant spectrum and is a third-order moment function which shows its
effectiveness in quadratic phase coupling peak detection(Mendel JM. 1991).

Bi-spectrum can be calculated by the Fourier transform (FT) of third-order cumulant. The bi-spectrum has a lower
order and complexity among the higher order spectra, but it is very practical. Considering the mean of the non-stationary

random signal x(n) is 0, and its autocorrelation function is expressed by

r(r)zE{x(n)x(n+z')} (1)

where E{x(n)x(n+r)} denotes mathematical expectation, T means delayed time. The power spectrum is calculated

based on the FT of the autocorrelation function.
p(w):Zr(r)exp{—j(a)r)} (2)

The third-order cumulant descripts the statistical correlation between signal x(n) and the other two delay forms

x(n +71, ), x(n + Tz), and the caculated expression is
R(z,7) =cum[x(n), x(n+7,),x(n+1,)] (3)

Then, bi-spectrum is defined by

+00 +00

B(wlaa)z): Z ZR(Tl,Tz)Xe_j("""+“’2’z) "

| =—00T)=—00

The bi-spectrum also can be expressed by the non-stationary random signal x in the frequency domain X(w).
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B(w,0,)=X ()X (0,)*X (0 +a,) (5)

where w means the frequency.

According to the nature of the “semi-invariance” of higher order cumulant, the signal bi-spectrum can avoid
Gaussian colored noise completely and consequently the details of signals, namely the minor components of signals can
be extracted. Therefore, signal bi-spectrum can be used to quantify the quadratic phase coupling between signal
components and suppress the influence of Gaussian colored noise and symmetric distribution noise, which is suitable for
extracting signal feature information from the noise environment. For bi-spectrum of quadratic phase coupling harmonic

processes, the peak values of signal bi-spectrum appear at the (a)l,a)z) and (a)z,a)l), and the value is zero at other
frequencies. According to the bi-spectral image including the distribution and amplitude, the faults can be characterized,

as shown in Figures 6-8. For the different kinds of faults and different degrees of faults, even under various working
conditions, the bi-spectrum will be different.

2.2 CNN and its parameter optimization

The main components of CNN structure include the convolutional layer, the pooling layer and the fully connected
layer. Among them, the convolution layer can be used to extract features from the input images’ information, the pooling
layer compresses the extracted features, and the fully connected layer completes the final classification task. The
relationship between them is demonstrated in Figure 1. The local part of a bispectrum of current signals as the input is
used to optimize the structure of the CNN by trial and error.

|

UG -

The local part  Convolution Pooling ~ The connection  Output
of a bispectrum layer layer layer layer

Figure 1: CNN framework.

The architecture of CNN determines its performance, the main influencing parameters are introduced and the
effects of parameter settings are analyzed as follows.

The number of convolutional layers: The number of convolutional layers determines the depth of the network,
which also determines the complexity of the network. Within a certain range, the more layers, the more nonlinear
expression ability of the network, the clearer the extracted features, and the better the effect of pattern recognition.
However, a deep network leads to more complex models and reduced training efficiency.

The number of convolution kernels: The features of the signals can be extracted by the convolution kernels. It can
be beneficial to the feature maps and the model fitting ability with a larger number of convolution kernels, but too many
convolution kernels will easily lead to overfitting.

Convolution kernel size: the parameters and computation will be reduced as the convolution kernel is set as a small
value in the case of reaching the same receptive field.

Convolution kernel step size: The convolution kernel slides on the data with a certain step size, and in order to avoid
loss of information, the step size is set smaller than that of the convolution kernel. Simultaneously, a smaller step size
will result in more sufficient scanned data, and it is easier to obtain complete feature information. However, the more
noise information that is repeated at the same time will reduce the generalization ability of the model.

Batch size: refers to the sample size used for parameter learning. Using large batch sizes during training may reduce
the randomness of network gradient descent. Using smaller batch sizes results in more volatile and random weight
updates, which can help training jump out of local minima.

Learning rate: Learning rate can have a huge impact on the difficulty of network training. Practically, the learning
rate is usually inversely proportional to the convergence rate of the network.

Epoch number: refers to the number of times the whole training set is input to CNN for training. When the network
accuracy is on the rise, the number of iterations should be increased.
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Based on the above analysis, the ability and recognition accuracy of CNN to extract the fault information of motor
bearings can be improved by reasonable optimization of the above parameters.

2.3 Description of current bi-spectrum CNN

According to the symmetry, some quadrants of the bi-spectrum are intercepted in this paper and used as input data
of CNN for diagnosis and analysis of motor bearings. The local image captured in this paper is a 1/4 bi-spectral image,
which contains the fault global information and removes the redundant information, and then it is employed for model
training and testing. Figure 2 describes the diagnosis of motor bearing faults using the method under the combination of

local bi-spectrum and CNN. The detailed process is as follows:

1. Bi-spectrum analysis is performed based on the selected current signal data, which is set to obtain bi-spectrum.

2. The 1/4 image that can represent the global information of the bi-spectrum is captured to obtain the local bi-

spectrum.

3. The structure of CNN is designed depending on the parameter optimization sample library and the data is divided
into a sample set, test set and validation set. The parameters of the CNN are optimized in combination with the

guaranteed recognition accuracy.

4. The local bi-spectral map is used as the input to derive the CNN model of the motor bearing diagnosis based on the

optimized parameters.

5. The local bi-spectrum of the sample to be diagnosed is input and the diagnosis result is obtained.

Motor current signals under
different operating conditions

[

)
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Figure 2. Diagnosis process.
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3 EXAMPLES OF MOTOR BEARING FAULT DIAGNOSIS

3.1 Data acquisition

The case analysis data is derived from the University of Paderborn Bearing dataset, which was published by Christian
Lessmeier et al in 2016. The test bench is set up as shown in Figure. 3, which is mainly composed of five main components,
including (1) driving motor, (2) torque measuring shaft, (3) bearing test module, (4) flywheel and (5) load motor from left to right.

Figure 3. Test rig.

The bearing test module can replace the test bearings with different fault modes according to the test requirements,
and a constant radial load can be applied to the test bearings during the test, which can be adjusted within (0~10 KN).
The flywheel and load motor simulate the inertia and torque of the test bearing respectively.

During the test, a current sensor was used to replace the internal ammeter of the inverter. The model of the current
sensor was LEM CKSR 15-NP, and the accuracy of the sensor could reach 0.8% IPN (IPN is the full-scale value, IPN=15 A).
Selecting the frequency band should cover the fault information that can better identify the fault accurately, and the
fault information of bearings is mainly reflected in the low frequency range (below a few tens of kHz). The frequency
bands are selected conventionally. The data used to analyze is derived from the University of Paderborn Bearing dataset,
where a low-pass filter of 25 kHz was set at the sampling front for the current signals and a low-pass filter of 30 kHz was
set for the collected vibration signals. Based on the Nyquist-Shannon sampling theorem, the sampling frequency here is
set as 64 kHz. The vibration signal was collected synchronously during the test to facilitate the comparison and analysis
with the current signal. PCB integrated acceleration sensor is adopted, and the sensor is installed on the bearing seat.
The sampling front end is set with a low-pass filter of 30 kHz, and the sampling frequency is 64 kHz. To record the
operating conditions, the radial force, load torque, speed and oil temperature of the test bearing are measured
synchronously with the current and vibration signals at a lower sampling frequency.

Test-bearing fault parts include manual implantation faults, as shown in Figure 4; As shown in Figure 5, failure occurred
during fatigue life test operation. The bearing data under different working conditions are obtained by changing the motor
speed, load torque of the load motor and radial force on the test bearing. The three working conditions are shown in Table 1.
The operation data under three working conditions, different fault implantation methods, different fault types and different
fault degrees collected by the test are taken, and the corresponding data description is shown in Table 2.

Figure 4. Artificially damaged bearings.
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Figure 5. Faults of bearing running on fatigue accelerated life testing machine.

Table 1. Description of three working conditions.

Working Condition Rotate Speed [r/min] Load Torque [Nm] Radial Force [N] Set Name
1 900 0.7 1000 N09_MO07_F10
2 1500 0.7 400 N15_MO07_F04
3 1500 0.7 1000 N15_MO07_F10

Table 2. Data specification.

Serial Number Data State Degree of fault Type
1 K005 Normal -- ----
2 KAO05 Outer ring fault 1 Manual implantation fault
3 KAO03 Outer ring fault 2 Manual implantation fault
4 KAO4 Outer ring fault 1 Accelerated life test fault
5 KA16 Outer ring fault 2 Accelerated life test fault
6 KI03 Inner ring fault 1 Manual implantation fault
7 K107 Inner ring fault 2 Manual implantation fault
8 K21 Inner ring fault 1 Accelerated life test fault
9 KI18 Inner ring fault 2 Accelerated life test fault
103
5 x10
= .
. e
-5
-5 0 5
f1 % 10'3
K005

Figure 6. Bi-spectrum of current in normal states.

-3 A3 -3 T
5-10 ) 5|10 . 5 10 5.10

Yo o oo oo
5 : 5! : 5 -5 :
-5 0 5 -5 0 5 -5 0 5 -5 0 5
fl x10? ft <107 f1 <107 fl <1072
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(a) Manual implantation fault (b) Accelerated life test fault

Figure 7. Bi-spectrum of current in outer ring failure states.
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Figure 8. Bi-spectrum of current in inner ring failure states.

3.2 Bi-spectrum analysis

The bi-spectrum of motor bearing current in different fault states under representative working conditions
(working condition 3: input speed 1500RPM, torque 0.7N.m, radial load 1000N) were compared and analyzed. The
current bi-spectrum under normal conditions is analyzed in Figure 6, the results of the current bi-spectrum when the
outer ring is faulty are represented by Figure 7, and Figure 8 shows the current bi-spectrum when the inner ring is
faulty. As can be seen from Figures 6-8, for bearing faults in the same position (such as inner ring faults), the
morphology of the bi-spectrum is similar whether the fault is artificially implanted in different forms or the fault in
different forms produced by the fatigue accelerated life testing machine. There are differences in the bi-spectrum of

bearing normal state, inner ring fault and outer ring fault. Therefore, the current bi-spectrum has the ability to
characterize bearing fault types.

3.3 CNN parameter optimization

The samples of three operating conditions are used to construct the sample set for CNN parameter optimization
(normal state K005, outer ring fault KAO3, inner ring fault KIO7) under representative working conditions of speed
1500 RPM, torque 0.7 N.m and radial load 1000 N (working condition 3). For the convenience of computing, the activation
layer of CNN adopts a linear rectification function, which improves the training speed and avoids overfitting. The initial
value of the learning rate is set as 0.001, the number of convolution kernels is 16, and the size of convolution kernels is

3*3. Meanwhile, step sizes of convolution kernels are different and set as 1, 2 and 3 respectively. The number of different
convolution kernels is 8, 16 and 32, respectively.

The accuracy of fault identification under different batch sizes is compared, and the test results are shown in
Figure 9.Inthe figure, with the increase in batch number, the overall accuracy presents a downward trend. Furthermore,

as the number of convolution kernels decreases, the accuracy will also decrease. When the convolution kernel step is 1,
it has a better recognition effect.

90

[
o
T

~
o
T

60

—+— 8 kernels (stride=1) —5— 32 kernels (stride=2)
—%— 16 kernels (stride=1) —+— 8 kernels (stride=3)
—8— 32 kernels (stride=1) —*— 16 kernels (stride=3)
—+— 8 kernels (stride=2) —&— 32 kernels (stride=3)
—*— 16 kernels (stride=2)

32 64 128 256
The batch number

Identification accuracy (%)

34
<]
T

Figure 9. Accuracy rate under different convolution steps and the number of convolution kernels.
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Figure 10. Accuracy rate under different convolution kernel sizes and different initial learning rates.

Combined with the above analysis results, when the convolution kernel step size is selected as 1, the accuracy of
fault identification is discussed under different initial learning rates and different convolution kernel sizes. The results
are shown in Figure 10. When the initial learning rate is set by 0.001, the accuracy has a relatively stable trend and does
not change dramatically with the change in the convolution kernel size.

100 T T T T T
0 - |
80 1

> 70 1

&

5

Q 60 f 1

52‘ —+— 8 core

= 50 —*— 16 core |

5 —H&—32 core

‘54T gl

&

& 5t _
20 1
10 f 1
o . \ | . .

4 10 20 30 40
Number of Iterations

Figure 11. Accuracy rate under different epochs.

In addition, the effect of iteration number on accuracy is further analyzed. The values of iteration times are set to
include 4, 10, 20, 30 and 40. Figure 11 demonstrates the test results. The accuracy increases as the number of iterations

increases. However, as we all know, the number of iterations will affect the recognition time, so it should not be selected
too large.

3.4 Results Analysis

The parameters, including the iterations of CNN, the number of convolution kernels and steps, the size of
convolution kernels and the initial learning rate are obtained by comparison optimization. The 'sgdm' (driven stochastic
gradient descent) optimizer is used to construct the CNN diagnostic model. The CNN model parameters are summarized

in Table 3, where C denotes the size of the convolution kernel, N is the number of convolution kernels, and S means the
step size of convolution.

To discuss the diagnostic accuracy of different working conditions, fault implantation methods, fault degrees and
fault locations, and to compare with the vibration diagnosis method, are further grouped based on the experimental
data in this paper, as shown in Table 4. The corresponding diagnostic results can be seen in Table 5.
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Table 3. CNN model parameters.

Layer Types Parameter Other Parameter
1 Input layer 148*180*1
2 Convolution layer 1 C=7,N=16,5=1
3 BN1 N=16
4 Relul N=16
5 averagePoolingl C=2,5=2
6 Convolution layer 2 C=7,N=16,5=1
7 BN2 N=16 momentum = 0.9
8 Relu2 N=16 InitialLearnRate
9 averagePooling2 C=2,S=2 0.001
10 Convolution layer 3 C=7,N=16,5=1 MiniBatchSize=64
11 BN3 N=16 MaxEpochs=80
12 Relu3 N=16
13 Dropout 0.1
14 Connection layer
15 softmax
16 output layer

Table 4. Group of Experiments.

Group number Dataset
Normal Outer ring fault Inner ring fault
1 K005 KAO5 K103
2 K005 KAO3 K107
3 K005 KA04 KI21
4 K005 KA16 K118
Fault Type Classification 5 K005 KAO05 KI03
KAO03 K107
6 K005 KAO4. KAl6 KI21. KI18
7 K005 KAO5. KAO03 KIO3. KIO7
KAO4. KAl6 KI21. KI18
Group number Normal Minor fault Severe faults
8 K005 KAO05 KAO03
9 K005 K103 K107
10 K005 KA04 KA16
Fault degree classification 1 K0OS Yol KIS
12 K005 KAO5. KAO4 KAO3. KA1l6
13 K005 KIO3. KI21 KIO7. KI18

Figure 12 shows the diagnosis results of 13 sets of data of current signals under three different working conditions:
working condition 1 (900 RPM, 0.7 Nm, 1000 N), working condition 2 (1500 RPM, 0.7 Nm, 400 N) and working condition
3 (1500 RPM, 0.7 Nm, 1000N). The diagnostic rates of the three groups of data in working condition 1 are slightly lower
than 80%, the diagnostic rates of the other groups of data are all above 80%, and the accuracy rates in working conditions
2 and 3 are around 90%. The speed of 900 RPM is defined as working condition 1, and working conditions 2 and 3 have
the same speed of 1500 RPM. It can be seen that speed has a great influence on fault occurrence, and the greater the
speed, the more obvious the fault occurrence. Conditions 2 and 3 are both 1500 RPM, but the radial load is different.
The diagnosis results of conditions 2 and 3 are similar under different grouping conditions, so it shows that the radial
load has little influence on the appearance of the fault.
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Table 5. Diagnostic results.

Jiaojiao Ma et al.

Condition 1 Condition 2 Condition 3
Group number
Current Vibration Current Vibration Current Vibration
1 77.1% 100% 93.2% 100% 93.1% 100%
2 90.5% 99.4% 93.2% 100% 92.4% 100%
3 98.8% 100% 91.0% 100% 91.1% 100%
4 98.2% 100% 96.9% 100% 96.9% 100%
5 77.1% 100% 89.1% 100% 86.1% 100%
6 89.3% 100% 90.5% 100% 87.9% 99.8%
7 78.9% 100% 84.4% 99.9% 83.9% 99.7%
8 87.8% 100% 93.4% 100% 94.4% 100%
9 93.8% 99.4% 93.8% 100% 90.5% 100%
10 97.6% 100% 95.5% 100% 96.7% 100%
11 98.8% 100% 93.6% 100% 88.2% 100%
12 88.1% 100% 89.1% 99.9% 87.9% 99.9%
13 95.1% 100% 91.2% 99.9% 87.9% 100%
100F — ——]

- o S A%

3 9ot = )]

= »

> 80r 1

2

g 70r 1

=

8 60r 1

<

E |

£ 40} 1

2

= 30r —¥%— Condition 1 | ]

—“2’ 20 —&— Condition 2 |

(0] Condition 3 | 1

Figure 12. Diagnostic result test under different conditions.
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Figure 13. Comparison of diagnostic results of vibration signal and current signal.

Figure 13 shows the diagnosis of the current signal and vibration signal under working condition 2. Comparing the
results, the accuracy of vibration signals is higher than that of current signals, but the accuracy difference is less than
10%. Considering portability and applicability, the fault diagnosis method based on current is reliable for motor bearing
fault diagnosis and shows an advantage.

The current signal diagnosis of artificial implantation injury and accelerated life test faults are studied and the results
show in Figure 14. Working at condition 1, the diagnostic rate of artificial implantation injury is lower than that of test
implantation injury. Working at conditions 2 and 3, the diagnostic accuracy of the two fault implantation methods is
similar. The results show that the method can be used to diagnose the faults not only caused by the accelerated life but
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also the artificial fault implantation adopted. Therefore, it is feasible to acquire research data by artificial implantation
of faults under limited or hard conditions to obtain the actual fault information directly.

Figure 15 describes the results caused by different types of bearing faults. It is clear that fault-type diagnosis
accuracy increases the deepening of the fault degrees. In addition, the different fault types can be accurately identified
by the method even if the different degrees of faults are mixed.

Figure 16 shows the comparison of fault degree diagnosis results under single fault implanted samples and mixed
fault implanted samples in the current diagnosis method. It can also be found that different fault degrees can be
accurately identified even if different samples are mixed.
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Figure 14. Comparison of implant fault diagnosis result between artificial implant fault and accelerated life test.
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Figure 16. Comparison of diagnostic results of different fault locations.

4 CONCLUSIONS AND PROSPECT

Aiming at the difficulty of collecting vibration signals of motor bearings in industrial applications, a fault diagnosis
method of motor bearings based on easily obtained current signals was developed. The method of current bi-spectral
CNN was proposed. By grouping and analyzing the data under various working conditions, fault implantation methods,
kinds of faults and fault degrees, the following conclusions are drawn:
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(1) The method of current bi-spectral CNN is effective to identify the faults of motor bearings. Although the diagnostic
accuracy is not as high as that of vibration bi-spectral CNN, it has greater application and promotion prospects
because the current signal is easier to obtain.

(2) Under different speed and load conditions, the effect of the same bearing fault represented in the current signal is
different. Speed has a great influence on the fault. The greater the speed, the more obvious the fault is.

(3) The artificial fault implantation adopted is comparable to the fault diagnosis result obtained by the fatigue life test,
and it is feasible to obtain the research data by artificial fault implantation.

(4) Different fault types can still be accurately identified by mixing samples of different fault degrees; By mixing samples
of different fault implantation methods, different fault degrees can still be accurately identified. The validity of the
current bi-spectrum CNN motor bearing fault diagnosis method is further illustrated.

The current signal is easy to obtain. Therefore, the current bi-spectral CNN will have a wider application. For motor bearings,
due to the variable working conditions and overlapping fault modes of each component in practical application, there may be
multiple modes of secondary phase coupling in current signals, which makes the analytical analysis of the bi-spectrum more
difficult. In the future, signal processing methods for current signals can be further studied to improve diagnostic accuracy.
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