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Abstract: There are a large number of bearings in aircraft engines that are subjected to extreme
operating conditions, such as high temperature, high speed, and heavy load, and their fatigue, wear,
and other failure problems seriously affect the reliability of the engine. The complex and variable
bearing operating conditions can lead to differences in the distribution of data between the source
and target operating conditions, as well as insufficient labels. To solve the above challenges, a
multi-scale attention mechanism-based domain adversarial neural network strategy for bearing fault
diagnosis (MADANN) is proposed and verified using Case Western Reserve University bearing
data and PT500mini mechanical bearing data in this paper. First, a multi-scale feature extractor
with an attention mechanism is proposed to extract more discriminative multi-scale features of the
input signal. Subsequently, the maximum mean discrepancy (MMD) is introduced to measure the
difference between the distribution of the target domain and the source domain. Finally, the fault
diagnosis process of the rolling is realized by minimizing the loss of the feature classifier, the loss of
the MMD distance, and maximizing the loss of the domain discriminator. The verification results
indicate that the proposed strategy has stronger learning ability and better diagnosis performance
than shallow network, deep network, and commonly used domain adaptive models.

Keywords: bearing; multi-scale feature extractor; attention mechanism; domain adversarial; fault diagnosis

1. Introduction

Rotating bearing is some of the core components of the most important machinery
equipment, such as the aero-engine, the high-speed axle box, etc. Under harsh environ-
ments, such as high temperature and high pressure for a long time, the performance of the
rolling bearing will inevitably deteriorate, even leading to the failure of the aero-engine,
the high-speed axle box, and other equipment [1-3]. Furthermore, due to the closed-loop
regulation of the system, external environmental interference, especially the change in
working conditions, the fault characteristics of the system are easily covered up [4]. If
the fault cannot be identified timely and effectively, it will cause great economic losses
and even cause great accidents. Therefore, bearing fault diagnosis is very important in
aerospace, automobile, and railway industries [5,6].

Driven by this motivation, various fault diagnosis methods have been fully devel-
oped in recent years. Especially with the rapid development of signal processing, data
mining and artificial intelligence technology, data-driven fault diagnosis methods have
been applied to the field of bearing fault diagnosis [7]. Some machine learning based
methods have been successfully applied. The machine learning-based bearing fault di-
agnosis method generally includes signal feature extraction [8] and fault classification.
Common feature extraction methods include Fourier transform [9], wavelet transform [10],
variational mode decomposition [11], etc. Fault classification methods commonly include
artificial neural network [12-14] and support vector machine [15-17]. Although these fault
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diagnosis methods can realize automatic fault identification and improve the efficiency
of fault diagnosis, these machine learning-based methods have a shallow structure and
rely on manual experience. Their diagnosis accuracy is closely related to feature extraction.
Facing the above challenges, the deep learning-based diagnosis methods have made great
progress because deep learning has stronger feature capture, better big data processing
capabilities, and superior performance in multi-layer nonlinear mapping and processing
large-scale mechanical data than the shallow network [18]. What is more, the use of a
multi-layer structure can eliminate the dependence on human and expert knowledge.
Among many deep learning methods, the convolutional neural network (CNN) has been
successfully applied in the field of intelligent fault identification due to its weight sharing,
local perception, and strong anti-noise ability [19-29].

The above fault diagnosis methods are all based on constant working conditions. How-
ever, in practical engineering, operational conditions of the equipment are not constant
due to the continuous change in the production environment and working conditions. The
neural network-based fault diagnosis method under constant working conditions is not
enough to effectively identify all fault types. The changing working conditions will cause
vibration signal amplitude changes, pulse interval changes, and other problems. Deep
learning models, such as CNN, cannot solve the problem of data distribution difference
under variable working conditions because it is expensive to collect a large number of
labeled data. Therefore, domain adaptive technology, combined with CNN, is proposed to
solve the problem of difficulty to obtain labeled data under current working conditions.
For instance, Wang et al. [30] used a domain adversarial neural network (DANN) with a do-
main discriminator to mine domain invariant features under different devices. Li et al. [31]
proposed a migration learning network based on DANN to identify shared fault types
in two domains and to learn new fault types. Lu et al. [32] proposed a depth domain
adaptive structure. This structure can adapt both the conditional distribution and the edge
distribution in the multi-layer neural network and use maximum mean discrepancy (MMD)
to measure the distribution difference. Wu et al. [33] proposed a novel intelligent recog-
nition method based on an adversarial domain adaptation convolutional neural network
(ADACNN). The ADACNN introduced MMD in the prediction label space for domain
adaptation to alleviate the problem of algorithm performance degradation, which is caused
by the distribution deviation between the test data and the training data. Wu et al. [34]
adopted a cost-sensitive depth classifier to solve the problem of class imbalance, and they
used the domain counter subnet with MMD to simultaneously minimize the marginal and
conditional distribution differences between the source domain and the target domain.
Liu et al. [35] proposed a migration learning fault diagnosis model based on a deep full
convolution conditional Wasserstein adversarial network (FCWAN), which uses the condi-
tional countermeasure mechanism to enhance the effect of migration domain adaptation
and further improve the accuracy of diagnosis. Zou et al. [36] proposed a deep convolution
Wasserstein adversarial network (DCWAN)-based fault transfer diagnosis model. This
model solved the problem of inadequate self-adaptive measurement of feature distribution
differences under different working conditions, increased variance constraints to improve
the aggregation of extracted features, and expanded the margins between different types
of features in the source domain. Wu et al. [37] proposed a Gaussian-guided adversarial
adaption transfer network (GAATN) for bearing fault diagnosis. GAATN introduced a
Gaussian-guided distribution alignment strategy to make the data distribution of two
domains close to the Gaussian distribution to reduce data distribution discrepancies.

In summary, most scholars have studied various deep learning methods from different
angles to improve their performance in bearing fault diagnosis. However, the importance
of the features extracted by the feature extractors is different. The existing domain adaptive
methods seldom pay attention to the more discriminative features and use a single scale
extraction when extracting features, and the model performance will be poor due to the
lack of information. Therefore, a multi-scale attention mechanism domain adversarial
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neural network for bearing fault diagnosis (MADANN) will be discussed in this article.
Specifically, the main contributions are as follows:

(1) A feature extractor based on a multi-scale convolution structure and attention mecha-
nism is designed. It is adopted to broaden the network width, fuse feature information
of different scales, focus on the key features with identification ability to suppress
irrelevant features, and improve the accuracy of fault identification.

(2) A class domain adaptation based on the maximum mean difference is designed. MMD
is introduced into the predictive label space for domain adaptation to measure the
distribution difference between the target and source domains.

(3) Experimental results on a public bearing dataset and data collected by the test bench
confirm that the proposed methodology has higher recognition accuracy.

The rest of this paper is arranged as follows. Section 1 introduces the relevant theories
of domain adversarial network, maximum mean discrepancy, and attention mechanism.
Section 2 introduces the proposed rolling bearing fault diagnosis model of domain adver-
sarial migration based on multi-scale and attention mechanism. Section 3 uses two different
data sets to verify the effectiveness of the proposed method. Finally, this is all summarized
in Section 4.

2. Theoretical Background
2.1. Domain Adversarial Neural Network

The DANN network is composed of three parts: feature extractor Gy, label classifier
Gy, and domain discriminator G,. A gradient reverse layer (GRL) is added between the
feature extractor and the domain discriminator.
The structure of DANN is as shown in Figure 1. First, the source domain data
= {x,ys'}"i=1 and the target domain data X; = {x/}"";_; are input to the fea-
ture extractor Gy to extract the source domain feature G(x;°,0¢) and target domain feature
G(xi',8y), as well as to input the extracted source domain feature G(x;°,6¢) to the label
classifier for classification. The label Ly loss operation is:

. . 1
Ly'(05,0y) = Ly'(Gy(Gs(x;°)), yi") = P’ log Gy(Gr(x)), v*) @

Ly (8, 0y ZLy y(Gr(x:°)),¥i°), 2)

where P} represents 0 or 1. If the true category of sample i is equal to s, take 1, otherwise
take 0. 6y represents parameters in the feature extraction module. ¢, represents parameters
in the fault diagnosis classification module. y; is the label of the bearing. G(x;") is the
output of the ith source domain sample mapped by the feature extractor, and #; is the
number of samples.
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Figure 1. DANN network.
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At the same time, input the source domain feature G(x;°,6¢) and the target domain
feature G(x;°, 0s) to the domain discriminator to determine whether the extracted feature
is from the target domain or the source domain. Since adding a gradient reversal layer
between the domain discriminator and the feature extractor, the gradient of the incoming
feature extractor Gy during the reverse propagation of L is —/\%. At this time, Gy
optimization will increase the error of the domain discriminator, and the parameter 0y is
learned by maximizing the loss function L; of the domain discriminator, while the gradient
in the domain discriminator Gy is g%:, and the parameter 0, is learned by minimizing the
loss function L; of the domain discriminator. The domain discriminator loss operation
Ld is:

1 15 i 1 ng )
Ly=—Y Li'(65,64) +—) L (65,64), 3)
nsi3 nszl

Ly (0f,04) = Lg(Ga(Gy(xi)), d;) = d; IOng(Gi(xi)) +(1—d;)log m/ (4)

where 0 and 6, respectively, represent the parameters of the feature extractor and the
domain discriminator, 15 is the number of samples in the source domain, and n; is the

number of samples in the target domain.
The overall objective function is:

1 Nng ; 1 Ng i 1 ng .
L(65,0y,04) = rTSZl L, (67,6,) - A(;Sg L (67,604) + Eg LJ(65,04),  (5)
1= 1= =

The final optimization result is obtained in 0 i 04, éy and the expression is:

éf, éy = argmin L (f)f, Oy, 9d>, (6)
01,8y
0, = argmin L (éf, éy, Gd), @)
64

2.2. Maximum Mean Discrepancy

Suppose there are two data sets, source domain data set X; = {xsi, ysi}nsizl with
label and target domain data set X; = {xti }ntizl without label. Where #; represents the
number of samples of the source domain data, n; represents the number of samples of
the target domain data, and y'; represents the data label of the source domain. These two
datasets have the same label space y* = y and follow different distributions Ps(X), P(X).
Therefore, the square of the MMD distance of x;, x; can be defined as:

s n 2
MMD2(X, X)) = |3 @(x) - =3 ®(x)]| ®
nsich 5 o
where ®(-) represents the nonlinear mapping function of the reproducing kernel Hilbert
space (RKHS).
To simplify the above functions, the kernel function is introduced in the formula, and
the square of MMD distance is rewritten as:

Ng HNg ny N ns Nt

ZZk x;° ,x] —l——ZZk X; ,x]

Nss j2 1j=1 ti=1j=1 ti=1j=1

MMD?(X,, X¢)

%), ()

where k(x;°, x;') = (®(x;°), ®(x;')) represents a kernel function.
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Select the Gaussian kernel as the kernel function because it can map data to an infinite
dimensional space. The formula of the Gaussian kernel function is as follows:

s 12
_ ==t

k(xS,xt)=e 27, (10)

where o is the kernel bandwidth, and, if ¢ — 0, the MMD will be 0. Similarly, if the larger
bandwidth is ¢ — oo, the MMD will also be 0. To solve this problem, the kernel bandwidth
o is selected as the median distance between all sample pairs, that is:

o = E|lx* — |, 11)

Different kernel functions will be mapped to different regenerated kernel Hilbert
spaces to form different distributions. To reduce the influence of Gaussian kernel functions
on the results, multiple Gaussian kernels are used to construct multi kernel functions. The
definition of multi kernel functions is as follows:

k(x,x") = Zki(xs,xt), (12)

where k;(x°, x') represents the ith basic kernel function.

2.3. Attention Mechanism

The attention mechanism filters information by adaptively weighting the features of
different signal segments, highlights the fault features with important information, and
suppresses irrelevant features.

The attention mechanism is shown in Figure 2. C represents the number of char-
acteristic channels, and L represents the number of characteristic channels. Fg;(-) is the
compression operation, is the excitation operation, and Fi.4,(+) is the product operation.
First is the compression operation. Along the direction of the feature channel, use global
average pooling to compress features of size L x C into vectors of size 1 x C. There, the
characteristics of each channel are compressed into a channel characteristic response value
with a global receptive field.

W =1xC

FGX (.’W)

v y W) ge()

Input feature H Output Feature HD

Figure 2. Attention mechanism.

The calculation process is as follows:
L
z="Fy(H) = ZZ uc(i), (13)

where z is the output after compression, i = 1,2---,L, and u.(i) is the output value of
column i in the characteristic channel c.

The second is the excitation operation. Adding two full connection layers to predict
the importance of each channel to obtain the importance of different channels. The specific
implementation is as follows:

Y = Fex(z) = 0(g(z,W)) = c(W26(W;2)), (14)
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Labeled Source samples

| FFT -

Forward propagation
—

| ERIE

where ¢ (-) is the sigmoid activation function, Wy, W, are the weight matrix of the two fully
connected layers, and 4(+) is the Relu activation function.

Finally, the operation is multiplication, and the channel weights obtained by the above
operations are weighted to the original features channel by multiplication so as to obtain
the feature sequence after attention screening. The specific implementation is as follows:

Xe = Feare(U,y) = U x y, (15)

When the rolling bearing has a local fault, the fault position will generate pulse excita-
tion and resonance to other parts, which makes the vibration signal components complex.
Therefore, the signal characteristics collected at different times under the same working
condition are different. Some characteristics can be used to accurately diagnose the fault
information, and some may cause interference, which reduces the generalization ability
of the model. To focus on more discriminative features and suppress irrelevant features,
this paper uses a one-dimensional attention module to obtain the weight coefficients of
different features.

3. A Multi-Scale Attention Mechanism Domain Adversarial Neural Network for
Bearing Fault Diagnosis

3.1. Fault Diagnosis Method Framework

The fault diagnosis method framework proposed in this paper firstly uses the multi-
scale convolution structure, and this structure is used to widen the width of the network,
extract sensitive features of different dimensions, and fuse the information of different
scale features. Then, introduce an attention mechanism into the feature extractor to focus
more on the key features, and suppress the attention of irrelevant features, thus helping
to improve the accuracy of fault identification. introducing MMD into the prediction tag
space for domain adaptation, measuring the difference between the distribution of the
target domain and the source domain, and improving the ability of the feature extractor to
extract domain invariant features. The domain discriminator distinguishes whether the
data come from the target domain or the source domain, and it finally inputs the data into
the classifier for fault classification.

Figure 3 shows the framework of fault diagnosis method for domain adversarial
migration based on multi-scale and attention mechanism, which is mainly composed of
four parts: a feature extractor, based on multi-scale and attention mechanism, as well as a
domain discriminator, a feature classifier, and a category domain adaptation design, based
on the maximum mean discrepancy.

Label
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Lmmd
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4 N ’ Attention
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. ’ Or—
Feature propagation Gf &\ S S

Figure 3. Fault diagnosis method framework.

The feature extractor is composed of three layers of one-dimensional convolutional
neural networks with different scales and an attention mechanism embedded in residual
blocks. Introduce an attention mechanism into the feature extractor to focus on more useful
features and to suppress irrelevant features.

The classification module is composed of the full connection layer. The fault features
extracted by the feature extractor are classified by the softmax layer. The domain recognition
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module is composed of two fully connected neural network layers. The category domain
adaptation design uses the MMD distance as the target loss function.

In the process of model training, the function of the feature extractor is to extract the
common features of the target domain data and the source domain data. The function of
the domain discriminator is to distinguish whether the data are from the target domain
or the source domain. The function of the feature classifier is to correctly classify the fault
signal. The class domain adaptation design is to reduce the difference in the distribution of
the source domain and the target domain data in the prediction tag space and improve the
ability of the feature extractor to extract domain invariant features.

3.2. Feature Extraction Method Based on a Multi-Scale Module and an Attention Mechanism

The feature module includes a multi-scale module and an attention mechanism. There
are three convolution modules with different scales in the multi-scale module. First, in the
convolution module of the first scale, the input data are convoluted as follows:

-1

xin® = 01(x" " x wi® +b1%), (16)

In the convolution module of the second scale, the input data are convoluted as follows:
Xt = 52(.’)(1‘271 X w® + by?), (17)
In the convolution module of the third scale, the input data are convoluted as follows:

z—1

x,'3z = 53(9(1' X wgz + bgz), (18)

Then, the features extracted from the three scales are fused:
Xt = xp" 4+ xp" + xi3%, (19)

where x;~! represents the output of the previous convolution module of the data, x;*
represents the output of the current convolution module of the data, z represents the
convolution module, w* and represents the parameters in each convolution calculation,
and () represents the activation function.

Then, x;* inputs the residual block in the attention module to extract the deep abstract
representation of the set features, and the formula is as follows:

=x7+ Z W) (20)

where x;7*1 is the output of the residual block, Wi is the weight matrix of each residual

block, L is the number of residual blocks, and F is the residual map to be learned. Then,
give different weights to the characteristics of different channels. First, perform global
average pooling on input x;*, and the results are as follows:

= GAP(xj%) = lem ), (21)

where m represents the mth channel in x;, and the feature vectors obtained through the
two fully connected layers are used to adjust x;*, and the adjusted x;* is:

Xt = X"+ o X X%, (22)
G(xl-s, Gf) = xl-s, (23)

G(x/,65) = x, (24)
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where x;° and x;' in the above expression represent feature outputs of the source domain
data and the target domain data after the feature extractor.

3.3. Design of Feature Classifier

The fault diagnosis classification module is composed of a full connection layer. The
source domain features extracted by the feature module are input to the fault diagnosis
module. The formula is as follows:

xis,fc _ (5(xis;9f6) = a(wf X x;° + bf) (25)

where /¢ = {a) fer b fc} is the parameter of the full connection layer, o(-) is the activation

function, and x;° is the source domain feature.

The softmax function is selected as the label prediction, and its output is the probability
of each type of sample. The formula is as follows:
f= x9)], (26)

hi* = [p(y; xS plyf =5

The loss of the fault classifier is:

ZLy ), (27)

nsl

1

Li(x s»fc, P’log —————+——, (28)
v ) = B8 G e )

where P’ represents 0 or 1. If the true category of sample i is equal to s, take 1, otherwise

take 0. y; is the label of the bearing, G¢(x;%) is the output of the ith source domain sample

mapped by the feature extractor, 5 is the number of samples, and G, (-) is the output of

the classifier.

3.4. Design of Domain Discriminator

In the domain classification, the feature extraction is performed on the target domain
data using the Formulas (16)—(22) to obtain the feature output, which is then input to the
full connection layer of the domain discriminator. The formula is as follows:

e = o(x';00¢) = o(wp x xi' +bf), @)

Obtain x;//¢. It is a binary classification problem to consider whether the data comes from
the source domain or the target domain at the output layer. The formula is as follows:

1
L 1) + — YL (xF9), (30)

nsl tj:1

Li(x') = Li(Ga(Gs(xi)),d;) = d;log Gd(Gi‘(xz)) +(1—d;)log Gd(é(ﬂ)Y (31)

where 7 is the number of samples in the source domain, 7 is the number of samples in the
target domain, and G(-) is the output of the domain classification module.

3.5. Class Domain Adaptation Design Based on the Maximum Mean Difference

The category domain adaptation design is to reduce the difference between the data
distribution of the source domain and the target domain in the predicted tag space, improve
the ability of the feature extractor to extract domain invariant features, calculate the MMD
distance between the distribution of the source domain and the target domain in the tag
space, take it as the objective loss function of the category field adaptation, and use the
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MMD distance loss to minimize the difference in the conditional distribution between the
source domain and the target domain.
The formula is as follows:

1 s Ng ng Ny 2

Z Z k(xis, x]s)+iz Z k(xitr xjt)_

sMs i1 j=1

Lymp =

Y kS, (D)

L g

3.6. Total Loss Function Design

Because a gradient reversal layer is added between the domain discriminator and the
feature extractor, the gradient that is transmitted to the feature extractor Gy during the
backpropagation of L; is —/\g%;’. At this time, G optimization will increase the error of the
domain discriminator, and the parameter 6y is learned by maximizing the loss function Ly
of the domain discriminator, while the gradient in the domain discriminator G is %5' and
the parameter 6, is learned by minimizing the loss function L; of the domain discriminator.
The overall loss function includes three parts: the feature classification loss function in
Formula (27), the domain classification loss function of Formula (30), and the category
domain adaptation loss function of Formula (32). So, the overall loss function is:

L<9f, Oy, Gd) = Ly(xi*) — MLy + AaLymp

_insLi s fﬂnsLi s,fc 7th]. tfc
—HSZ y' () L d' (7€) n,E ! (xi7€) (33)
i=1 Ti=1 j=1
+ Ay E nf; k(x.s x.s)+ Ay % g k(x-t x.t)72/\2 ni % k(xAs x,t)
NgNg Pl L] nng =151 1] Nngny =151 [ ads)

The optimization parameters are as follows:

éf, éy = argminL (6, 6y, 0,), (34)
0.0,
0; = argminL(éf, éy, 64), (35)
04

where 6 Iz 04,0y, respectively, represent parameters in the feature extraction module, the
domain classification module, and the fault diagnosis classification module.

3.7. Algorithm Flow

Figure 4 introduces the process of the fault diagnosis model proposed in this paper,
mainly including three parts: data processing, training process, and testing process. The
specific steps are as follows:

(1) The bearing vibration data under different working conditions are collected and nor-
malized, and then they are converted into frequency—domain signals using fast Fourier
transform as input, which is divided into source domain data Xs; = {xsi,ysi}nS i—1
and target domain data X; = {xti}ntizl. Finally, the source domain data is divided
into two parts: the verification set and the training set, and the target domain data is
divided into two parts: the test set and the training set.

(2) The training sets of the source domain data and the target domain data are input into
the shared multi-scale feature extractor, and the source domain multi-scale features
xi1°, xi2°, x;3° and the target domain multi-scale features x;1/, xp!, x;3! are extracted,
respectively, via Equations (16)—(18). Additionally, use Formula (19) to fuse the
multi-scale features of the source domain and the target domain to obtain x;°, x;it.

Through the attention mechanism, the source domain feature x;° and the target

domain feature x;!, with more discriminative power, are extracted through Formulas

(20)-(22), and the feature x;° extracted from the source domain is input to the feature

classifier for classification. The classification loss Ly (x;°) is calculated by Formulas (25)



Actuators 2023, 12, 188

10 of 20

and (27), and then the features extracted from the source domain and the target
domain are input to the category domain adapter to calculate the MMD loss Lypip
by Formula (32), and the domain discriminator is used to calculate the domain
discriminator loss L; by Formulas (29) and (30), and the three loss functions are
constructed into a total loss function L(6¢,0y,60;). Finally, the model is iteratively
trained to minimize the classification loss and MMD loss and maximize the domain
discriminator loss.

(3) The model is tested, and the target domain test set is input into the feature extractor
and classifier for actual fault diagnosis to test the effectiveness of diagnosis.

Source domain
dataset
with label

Standardization

FFT

Target domain
dataset
without label

Standardization

FFT

data preparation

[Validation set] [ Training set ] |Training set]

Feature extractor:
lifting features

i

Fault diagnosis
results

Domain Feature Category domain
discriminator classifier adaptation design
domain Classification

|MMD|

loss loss

Total loss
function

discrimi loss

Maximum Epochs

|

|

|

|

|

|

|

|

|

|

|

|

) |

Testing stage |

|

|

|

|

|

|

|

Training stage |
|
|
|
|

Save model

Figure 4. Fault diagnosis model process.

4. Application Results and Analysis
4.1. Case Western Reserve University Bearing Data Analysis
4.1.1. Data Preparation

In this paper, the rolling bearing data set of Case Western Reserve University (CWRU) is
used for verification. The download link is http:/ /engineering.case.edu/bearingdatacenter/
(accessed on 10 October 2021). The sampling frequency of the selected data is 12 kHz. The
bearings used are divided into a normal state, inner ring fault, outer ring fault, and rolling
element fault. As shown in Figure 5, the test bed uses EDM technology to arrange single
point faults on the inner ring, rolling element, and outer ring (three o’clock direction) of the
bearing. The faults at each position have different fault degrees. The fault diameters are
0.007 inches, 0.014 inches, and 0.021 inches, respectively. Figure 5 is from the bearing data
center of the Case School of Engineering.

Three different load states of sample data were selected: 1HP (1772 r/min), 2HP
(1750 r/min), and 3HP (1730 r/min), which were divided into three data sets: A, B, and
C. An amount of 2048 data points of normal bearing vibration data of Western Reserve
University and vibration data of inner ring, rolling element, and outer ring fault are selected
as a sample. Table 1 shows the composition of experimental samples. Six transmission
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tasks are set: A— B, C, B—A, C, C—A, B. An amount of 300 samples are collected for each
faulty bearing state, of which 200 are training samples, and 100 are test samples. Each
transmission task is performed five times to take the average value. When the motor load
changes, speed will slightly shift. It is a fast process.

Electric motor Power tester

TOque sensor
/ /
| t—
.

Figure 5. Case Western Reserve University bearing testing rig.

Table 1. Composition of experimental samples.

Type Length Quantity Label

Normal 2048 300 9

Inner ring fault (0.007 inch) 2048 300 0
Rolling element failure (0.007 inch) 2048 300 1
Outer ring fault (0.007 inch) 2048 300 2
Inner ring fault (0.014 inch) 2048 300 3
Rolling element failure (0.014 inch) 2048 300 4
Outer ring fault (0.014 inch) 2048 300 5
Inner ring fault (0.021 inch) 2048 300 6
Rolling element failure (0.021 inch) 2048 300 7
Outer ring fault (0.021 inch) 2048 300 8

4.1.2. Performance Comparison and Analysis of Different Algorithms

To confirm the advantages of the proposed fault diagnosis method (Figure 3) under
variable operating conditions (loads), the shallow model, the deep model, and the domain
adaptive model are selected for comparative experiments, which are SVM, CNN, CNN-
LSTM, DACNN, and ADACNN, respectively. (1) SVM extracts ten time-domain features
and three frequency—-domain features, and then it inputs them into SVM for fault diagnosis
under variable conditions. (2) CNN uses a three-layer convolution pooling layer for feature
extraction, sends it to the softmax layer for fault diagnosis, and then uses the target domain
test set for migration testing of the trained model. The sample size of each operating
condition is 3000, and each health state includes 200 training samples and 100 test samples.
(3) CNN-LSTM adds an LSTM layer based on CNN to capture the long-term dependence
between time series data. The sample size of each operating condition is 3000, and each
health state includes 200 training samples and 100 test samples. (4) The DACNN method
proposed in document 35 extracts the common features of the source domain and the target
domain through a discriminant classifier, uses adversarial learning, and finally inputs
the test set of the target domain into the classifier for classification. The sample size of
each operating condition is 2000, and each health state includes 100 training samples and
100 test samples. (5) The ADACNN method proposed in document 31 uses MMD distance
to measure the difference between the distribution of the target domain and the source
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domain. The structure of the feature extractor, classifier, and domain discriminator is the
same as DACNN. The sample size of each operating condition is 3000, and each health
state includes 200 training samples and 100 test samples. Table 2 and Figure 6 show the
results obtained by the above method.

Table 2. Average accuracy of different algorithms.

Methods A-B A-C B-A B-C C-A C-B Average

SVM 70 74 61.6 67.6 65.7 63.3 67.0
CNN 87.3 77.8 91.5 92.7 80.0 79.9 84.9
CNN-LSTM 87.3 81.4 93.1 92.6 822 83.4 86.7
DACNN 98.1 95.1 98 98.8 94.6 98.7 97.2
ADACNN 98.6 96.2 98 99.2 96.6 98 97.7
MADANN 99.9 99.7 99.9 100 99.8 100 99.8

100 1

8 -

<
2 o
204
0
AB AC B-A BD A -8
SV o CNN-LSTH DACNN ADACNN MADANN

Figure 6. Comparison of accuracy of different algorithms.

It can be concluded, from Table 2 and Figure 6, that: (1) the generalization ability of
conventional shallow models, such as SVM, is poor under variable load conditions. (2) For
a single depth model, such as CNN and CNN-LSTM, superimposed by two depth models,
the average accuracy rate of fault identification is only 84.9% and 86.7%, respectively,
when the operating conditions change. Because the change in data distribution has a
significant impact on the depth model, the classification effect is poor, which also reveals the
importance of reducing the distribution difference between the two fields. (4) Compared
with CNN and CNN-LSTM models, the accuracy rate of DACNN is 97.2%, indicating
that both feature alignment and domain adversarial learning can mitigate the impact of
data distribution deviation caused by variable load conditions. (5) The accuracy rate
of the ADACNN algorithm proposed in the document [29] is 97.7%, which is slightly
higher than that of DACNN, indicating that introducing MMD domain adaptation into
feature space and prediction tag space can alleviate the problem of algorithm performance
degradation caused by the distribution deviation between test data and training data.
However, the above algorithms use CNN to directly extract features, without considering
more discriminative features, so the highest diagnostic accuracy is only 97.7%. In this paper,
we use the attention mechanism to consider the weight of each feature extracted from
the convolution layer, and then we screen out important features and use the multi-scale
convolution structure to broaden the width of the network to achieve the extraction of
sensitive features in different dimensions, Finally, the MMD domain is used to adaptively
alleviate the problem of algorithm performance degradation caused by the difference of
data distribution. The accuracy of this method is greatly improved compared with the
above methods.
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4.1.3. Feature Visualization and Analysis

To further verify the advantages of the proposed method in fault diagnosis under
variable operating conditions, CNN, DACNN, and ADACNN are used as comparisons.
Taking B-C as an example, T-SNE visualization is used to analyze the last full connection
layer of the classifier. The feature visualization results are shown in Figures 7 and 8.
Figure 7 shows the distribution of target domain sample convolution results by different
models. Figure 8 shows the distribution of target domain sample features extracted by
different models.

ON VB Al HO @C #T

(c) ADACNN (d) MADANN
Figure 7. T-SNE visualization of convolution results.
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(a) CNN (b) DACNN
| / -
. “
. &
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.~

() ADACNN (d) MADANN
Figure 8. T-SNE visualization of different models.
It can be analyzed from Figure 8a that, for CNN, the fault features of 0.007-inch rolling

element and 0.021-inch rolling element are seriously overlapped, and it is impossible to
distinguish which type of features are. Other fault features are obvious. (2) It can be
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analyzed, from Figure 8b,c, that the impact of data distribution shift caused by variable
load conditions, forming obvious clusters, is alleviated due to the introduction of feature
alignment and domain adversarial learning. Although the fault features of the 0.007-inch
rolling element and the 0.021-inch rolling element are still partially overlapped, the situation
is improved compared with CNN. (3) It can be seen from Figure 8d that the multi-scale
convolution structure broadens the width of the network to achieve the extraction of
sensitive features in different dimensions. The channel attention mechanism is introduced
into the feature extractor to focus more on the key features with discriminant power,
suppress the attention of irrelevant features, and combine feature alignment and domain
confrontation learning to extract features more suitable for classification. The fault features
of the 0.007-inch rolling element and the 0.021-inch rolling element are clearly separated,
and there is no aliasing. This proves, again, that the proposed fault identification method,
based on MADANN, has better identification ability under different load conditions.

4.2. Data Analysis of PT500mini Mechanical Bearing Fault Simulation Test Bed
4.2.1. Data Preparation

The PT500mini mechanical bearing gear fault simulation test-bed is used to simulate
bearing fault and collect data. The test bed is shown in Figure 9 below. The sampling
frequency of selected data is 48 kHz. The bearings used are divided into normal state (N),
inner ring fault (I), outer ring fault (O), rolling element fault (B), comprehensive fault (C),
and cage fault (T). The inner ring fault is an inner ring crack of 0.3 mm, the outer ring fault
is an outer ring crack of 0.3 mm, the rolling element fault is a peeling pit of 3 mm, the
comprehensive fault is a crack of 0.3 mm on the inner and outer rings, and the cage fault is
a cage fracture.

Impeller
Bearing Gear Magnetic powder brake
Asynchronous motor

M /

Figure 9. PT500mini mechanical bearing gear fault simulation test bed.

The sample data has three different rotational speeds: 1000 r/min, 1500 r/min, and
2000 r/min, which are divided into three data sets: A, B, and C. An amount of 2048 data
points of vibration data are selected as a sample, and 1000 samples are collected in each
state. Among them, 700 are test sets and 300 are test sets. Table 3 below shows the
composition of bearing test samples. Six transmission tasks are set: A—B, C, B—A, C,
C—A, B. Table 4 below gives the details of the experimental data set built under variable
operating conditions.

Table 3. Composition of experimental samples.

Sample Type Sample Length Number of Samples Category Tag
N 2048 1000 0
B 2048 1000 1
C 2048 1000 2
I 2048 1000 3
(@) 2048 1000 4
T 2048 1000 5
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Accuracy

0.9 1

0.81

0.71

0.6 1

0.5 4

0.44

0.3 4

0.2

0.14

0.0

Table 4. Transmission tasks.

Domain Adaptation Source Domain Target Domain Accuracy
A-B 1000 r/min 1500 r/min 99.1
A-C 1000 r/min 2000 r/min 98.6
B-A 1500 r/min 1000 r/min 99.1
B-C 1500 r/min 2000 r/min 99.5
C-A 2000 r/min 1000 r/min 99.3
C-B 2000 r/min 1500 r/min 99.9

4.2.2. Experimental Results and Analysis

A variable load condition is a scene with a small difference in signal characteristic
distribution between the source condition and the target condition. To verify the accuracy
of the proposed method in the case of the large difference in distribution, the variable
speed condition is selected for fault diagnosis in this paper. Figure 10 is the accuracy curve
and confusion matrix of 500 iterations under each variable working condition. From the
accuracy curve under each variable working condition in Figure 10, it can be seen that the
accuracy of different tasks is constantly rising. Although it will decline during the iteration,
it will eventually stabilize. (1) For task A-B, as shown in Figure 10a,b, it can be analyzed
that the accuracy rate can reach 98.6% by the confusion matrix, and a small number of
samples are misclassified. For task A-C, as shown in Figure 10c,d, it can be analyzed that
the accuracy rate can reach 98.6%, which is slightly lower than that of task A-B. Because
the large change in rotational speed of A-C results in a large difference in the characteristic
distribution between the two working conditions, the accuracy rate is somewhat lower
than that of other tasks. (2) For task B-A and B-C, as shown in Figure 10e-h, the accuracy
can reach 99.1% and 99.5%, respectively. Only a small number of samples are misclassified,
and the accuracy is high. For task C-A, as shown in Figure 10i,j, the accuracy can reach
99.3%. For task C-B, as shown in Figure 10k,l, the analysis accuracy is 99.9%. Only one
sample is misclassified, and the accuracy is very high.
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Figure 10. Cont.
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Figure 10. Accuracy curve and confusion matrix of 500 iterations under different tasks: (a,b) Task
A-B accuracy curve and confusion matrix; (¢,d) Task A-C accuracy curve and confusion matrix;
(e,f) Task B-A accuracy curve and confusion matrix; (g,h) Task B-C accuracy curve and confusion
matrix; (i,j) Task C-A accuracy curve and confusion matrix; (k1) Task C-B accuracy curve and
confusion matrix.

4.3. Computational Expense

This paper experimentally verifies the use of a notebook CPU AMD Ryzen 7 4800 H.
The simulation takes 3193 s on the public data set and 1544 s on the PT500mini mechanical
bearing fault simulation test bench data set. If the network structure is determined, the
fixed structure is loaded onto the airborne chip. The judgment time of new samples is very
short. It can meet the real-time requirements and conform to the actual project.

5. Conclusions

In this paper, a multi-scale attention mechanism domain adversarial neural network
for bearing fault diagnosis (MADANN) is proposed, which includes a feature extractor,
domain discriminator, feature classifier, and category domain adaptation design based on
the maximum mean discrepancy. A feature extractor combining multi-scale and attention
mechanism is designed to extract multi-scale and more discriminative features, and the
source domain and the target domain are mapped to the feature space and the label
prediction space. The maximum mean difference alignment is introduced into the label
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prediction space, and it is used to reduce the difference in data distribution between the
source domain and the target domain in the prediction label space, as well as to improve
the ability of the feature extractor to extract domain invariant features. Domain adversarial
learning is introduced between the domain discriminator and feature extractor, and it is
used to realize feature domain adaptation. For the variable load problem, this paper uses
the open data set to verify that the accuracy of the proposed method is better than other
methods. For the variable speed problem, this paper uses the data set collected from the
mechanical bearing fault simulation test bed to verify that the proposed method also has
high accuracy. The results of case analysis show that the method proposed in this paper
can accurately diagnose faults in the case of no label in the target domain, variable load,
and variable speed, and it is more suitable for engineering practice.

However, the method proposed in this paper does not consider the following situ-
ations: (1) under the actual variable working conditions of rolling bearings, the target
working conditions will generate new faults that have never occurred under the source
working conditions, and how to diagnose the new faults have not been considered. (2) There
is a problem of data imbalance between the source domain samples and the target do-
main samples. Serious data imbalance will lead to a strong imbalance in the distribution
of fault samples, and how to diagnose the imbalance samples is not considered. In the
future, in view of the above two problems, relevant research will be carried out on how to
accurately classify new faults under variable conditions and how to solve the problem of
data imbalance.
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