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Abstract: Bearings are one of the critical components of rotating machinery, and their failure can cause
catastrophic consequences. In this regard, previous studies have proposed a variety of intelligent
diagnosis methods. Most existing bearing fault diagnosis methods implicitly assume that the training
and test sets are from the same distribution. However, in real scenarios, bearings have been working
in complex and changeable working environments for a long time. The data during their working
processes and the data used for model training cannot meet this condition. This paper proposes
an improved adversarial transfer network for fault diagnosis under variable working conditions.
Specifically, this paper combines an adversarial transfer network with a short-time Fourier transform
to obtain satisfactory results with the lighter network. Then, this paper employs a channel attention
module to enhance feature fusion. Moreover, this paper designs a novel domain discrepancy hybrid
metric loss to improve model transfer learning performance. Finally, this paper verifies the method’s
effectiveness on three datasets, including dual-rotor, a Case Western Reserve University dataset and
the Ottawa dataset. The proposed method achieves average accuracy, surpassing other methods, and
shows better domain alignment capabilities.

Keywords: bearing intelligent diagnosis; adversarial learning; transfer learning; improved adversarial
transfer network

1. Introduction

Bearings are critical rotating machinery components and one of these machines’ weak-
est links [1,2]. Their performance directly affects the system’s stable operation and pro-
duction efficiency [3,4]. Taking an aerospace engine as an example, as shown in Figure 1,
rolling bearings are easy to start at low temperatures and have small friction losses, wide
operating ranges and strong resistance to oil cutoffs; engines use rolling bearings as main
bearings [5,6]. The main bearings support the engine rotor in the engine and transfer rotor
loads. The main bearing is divided into the thrust bearing and the traveling bearing. Thrust
bearings carry axial loads and control the axial clearance of the rotor and stator. Travel bear-
ings bear radial loads and control radial clearance. When any bearing fails, the aircraft may
be forced to land; otherwise, the aircraft may be destroyed, and personnel may lose their
lives [7,8]. Therefore, developing efficient and accurate bearing fault diagnosis methods
has become necessary to ensure equipment reliability and reduce maintenance costs.

In the past decades, previous studies have proposed various methods for intelligent
bearing fault diagnosis [9,10], which can be divided into two categories: model-based
methods and data-driven methods [11]. The model-based methods extract features from
raw data according to prior knowledge and construct mathematical models to evaluate the
health state of bearings [12,13]. However, model-based methods rely too much on prior
knowledge, so their robustness could be better. Data-driven methods refer to establishing
mappings from fault space to feature space by using a large amount of training data
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without any knowledge and experience [14]. With the recent development of sensing
and intelligent computing technology, it has become more accessible and easier to collect
massive amounts of data, and data-driven intelligent diagnosis methods have attracted
increased attention [15].
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Figure 1. Two kinds of main bearings in aeroengine.

Data-driven methods have swept through the field of intelligent bearing fault diag-
nosis due to their end-to-end diagnosis mode [16]. For instance, Ahmed et al. [17] used a
sparse autoencoder to learn over-complete sparse representations of datasets compressed
by compressed sampling. Linshan et al. [18] proposed a novel convolution neural network
(CNN) model named the Gramian Time-Frequency Enhancement Network (GTFE-Net)
for bearing fault diagnosis. Kaicheng et al. [19] combined Improve Complete Ensemble
Empirical Mode Decomposition with Adaptive Noise (CEEMDAN) and CNN to enhance
recognition of the state of rolling bearings. Diwang et al. [20] improved the performance of
CNN by guiding the CNN design with the physical characteristics of bearing acceleration
signals. Wang et al. [21] presented an improved spiking neural network for inter-shaft
bearing fault diagnosis. Sinitsin et al. [22] designed a novel hybrid CNN-MPL model-based
bearing fault-diagnosis method. He et al. [23] proposed a new framework based on small
labeled infrared thermal images and an enhanced convolutional neural network transferred
from a convolutional autoencoder.

Although data-driven methods have been applied to bearing fault diagnosis, most
assume that the source dataset, which indicates the dataset used for the training model,
and the target dataset, which indicates the datasets used for the testing model, are from
the same distribution [24,25]. However, the bearing usually works under complex and
changing conditions in actual scenarios, so the assumption cannot be achieved [26,27]. To
address this problem, transfer learning (TL) emerged [28,29]. Transfer learning improves
performance in the target domain by transferring knowledge from different but related
source domains [30,31]. In this way, the reliance on copious amounts of target domain
data for building learners can be reduced [32,33]. A feasible solution is to find standard
latent features through feature transformation and use them as a bridge for knowledge
transfer, converting each original feature into a new feature representation for knowledge
transfer [34,35]. Wen et al. [36] reduced the distribution discrepancy across the two domains
by minimizing the maximum mean discrepancy (MMD). Sinno et al. [37] designed a novel
metric to measure the discrepancy between source and target datasets. Chunran et al. [38]
proposed a class-level matching TL network to match source and target domain data.
Wang et al. [39] used domain-adversarial training based on the Wasserstein distance to
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learn domain-invariant features from the raw signal. Cui et al. [40] combined distance-
based domain adaptation and adversarial-based domain adaptation to propose a multi-
adversarial joint distribution adaptation network.

This paper proposes an improved adversarial transfer network (IATN) for bearing
fault diagnosis under variable working conditions, inspired by the effectiveness of distance-
based and adversarial-based domain adaptation. Specifically, this paper combines an
adversarial transfer network with a short-time Fourier transform (STFT) [41] to obtain
satisfactory results with lighter networks. Then, this paper employs an attention module to
enhance feature fusion. Moreover, this paper designs a novel domain discrepancy hybrid
metric loss to improve model transfer learning performance. Finally, this paper verifies the
method’s effectiveness on a private dual-rotor dataset, a Case Western Reserve University
(CWRU) dataset [42] and the Ottawa dataset [43]. The main contributions are as follows:

(1) This paper combines adversarial TL with the traditional signal processing method,
STFT, which allows us to obtain satisfactory results with a much lighter network.

(2) This paper employs a channel attention module to enhance feature fusion.

(8) This paper designs a novel domain discrepancy hybrid metric to measure the discrep-
ancy between features of the source dataset and target dataset features.

(4) This paper evaluates the proposed approach on three test benches’ single-source tasks
and multi-source tasks. The results demonstrate that the proposed method performs
better than other methods.

The structure of this paper is as follows: In Section 2, related knowledge is introduced.
Section 3 presents the proposed method in detail. Section 4 provides information about the
experiment and analysis of the results. Section 5 provides further discussion, and Section 6
provides conclusions.

2. Preliminary Information
2.1. Related Works

In industrial applications, bearings are key rotating machinery components, and
monitoring and fault diagnosis of their condition is crucial to ensuring the stable operation
of equipment. Especially under changing working conditions, traditional fault diagnosis
methods are often difficult to adapt to different operating environments, resulting in a
decline in diagnostic performance. In recent years, deep learning, as a powerful end-to-end
strategy, has been widely used to diagnose bearing faults intelligently. This section reviews
significant recent research progress in the intelligent diagnosis of bearing faults under
variable operating conditions.

In recent years, multi-scale feature learning has shown strong potential in bearing
fault diagnosis. For example, Chen et al. [44] proposed a method based on multi-scale
convolutional neural networks to effectively extract bearing fault features for fault diagnosis.
Hu et al. [45] proposed a novel fault diagnosis method based on enhanced multi-scale
sample entropies and balanced adaptation regularization for fault diagnosis needs under
different working conditions. To solve the problem of inconsistent training and test data
distribution, Guo et al. [46] explored the application of transfer learning technology in
bearing fault diagnosis. They proved its effectiveness in cross-domain fault diagnosis. Saha
et al. [47] employed transfer learning and random forest classification to exemplify the
potential of combining deep learning techniques with traditional algorithms in bearing
fault diagnosis. Moreover, researchers have also widely discussed data enhancement
methods based on generative adversarial networks (GANSs). Wang et al. [48] developed
a data augmentation strategy based on GANs to improve the model’s generalization
ability under varying working conditions. Shi et al. [49] encapsulated a shared feature
extractor, a label predictor and a series of domain discriminators to propose an adversarial
multi-source data subdomain adaptation (AMDSA) model. Zhu et al. [50] present a deep
subdomain adaptation network (DSAN) by aligning the relevant subdomain distributions
of domain-specific layer activations across domains based on a local maximum mean.
Meng et al. [51] explore the application of graph neural networks in bearing fault diagnosis.
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In addition, ensemble learning methods improve diagnostic accuracy by combining the
prediction results of multiple learners and have also received increasing attention. Tong
et al. [52] proposed a multi-sensor information fusion method based on ensemble learning
to automatically learn fault-related information from multi-sensor signals and provide
accurate diagnosis results. Chen et al. [53] proposed an explainable learning framework
to further improve the accuracy and robustness of bearing fault diagnosis under variable
working conditions.

Through these studies, one can see the rapid development of intelligent diagnostic
technology in bearing fault detection. These techniques improve the accuracy of fault diag-
nosis and enhance the model’s adaptability in the face of changing operating conditions.

2.2. Domain-Adversarial Adaptation Network

DAT maps two different domains into a common subspace to eliminate the differences
between the domains [54]. As Figure 2 shows, a domain-adversarial adaptation network
consists of three parts—feature extractor 0y, classifier 6. and domain discriminator 6p [55].

Given a labeled source dataset Ds and an unlabeled target dataset Dr, both are input
into 9f, and then the features of D; are input into 6, and obtain the predicted class. Ac-
cording to the predicted label and the true label, class loss L is calculated. Moreover, the
features of Ds and Dr are input into 6p to obtain the predicted domain, followed by the
domain loss Lp.

In the training process of domain-adversarial adaptation networks, all the parameters
are updated by Equation (1):

aLc oL
Oc + 0c — tx?)%g (1)
9D — GD — 06%
where « and f are positive constants. When this paper updates the parameters, this paper

multiplies the gradient of Lp to ¢ by a negative constant —p, which prevents 6 from
extracting features for domain discrimination.
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Figure 2. The structure of a domain-adversarial adaptation network. The lighter the output color, the
closer the value is to 0; the darker the output color, the closer the value is to 1.

In general, domain-adversarial adaptation networks can be thought of as a two-player
game. In this game, the players are the domain discriminator 6 and the feature extractor
0r [56]. The target of 6 is to identify the domain of each sample, but 6 strives to deceive
fp. After long-term adversarial training, 6 specifically extracts domain-invariant features.
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2.3. Maximum Mean Difference (MMD)

The purpose of TL is to apply the knowledge learned in the source domain to a
different but related target domain. Essentially, it is to find a loss function that minimizes
the distance between domain features and target domain features. Therefore, MMD is used
to measure the difference in data distribution between the two domains [57]. Given two
distributions, X and Y, MMD is defined as follows:

1 e 2
MMD(X,Y) = [ -} iy ¢(xi) = -3y 9()) )

where H means that this distance is measured by mapping the data into the regenera-
tive Hilbert space using the kernel function ¢(x). m, n are the sample numbers of two
distributions, X and Y.

In a word, the meaning of MMD is to map variables onto a high-dimensional space
through a kernel function and then find the expected difference between two distributed
random variables after mapping.

3. IATN for Bearing Fault Diagnosis under Variable Working Conditions

Like domain-adversarial adaptation networks, the proposed IATN also consists of
three parts—feature extractor ¢ iz classifier 8. and domain discriminator 6p. Meanwhile,
there are some improvements in the proposed approach.

3.1. Preprocess

Compared with the raw time-domain signal, the time-frequency image has both time
and frequency domain information and contains more fault information. In addition, the
features of time-frequency images are more prominent and require lower feature extraction
capabilities of the network. In fault diagnosis research, relevant studies have proved that
time-frequency domain input is better than time-domain input [58]. By converting the raw
1D time-domain signal into a 2D time-frequency diagram, the features of the signal are
enhanced, allowing us to use lighter downstream networks for classification.

Therefore, this paper performs STFT on the collected raw signals. STFT selects a
time-frequency localized window function, assumes that the signal is stationary (pseudo-
stationary) within a brief time interval and moves the window function to calculate the
frequency spectrum at different moments [59]. STFT is defined as follows:

o0
STFT(t, f) = /+ x(1)g* (T — H)e P Tdr 3)
—00
where x(t) is the raw signal, and g* (7 — f) is the window function.

Ideally, STFT can provide time and frequency information at the same time so that
the frequency distribution of the signal over time can be observed, which is crucial for
fault diagnosis. By converting a signal into its time-frequency representation, STFT can
reveal structural features that may not be apparent in the original time-domain signal. This
conversion can improve the separability between different categories, such as inner rings,
outer rings, rolling elements and different degrees, such as standard, minor and major
faults, so shallow neural networks can achieve high-accuracy classification.

However, in actual scenarios, various factors often interfere with bearing signals,
including background noise, structural resonance, amplitude modulation, etc. At this
time, the classification of time-frequency diagrams may involve highly nonlinear and
complex data structures, especially when there are multiple fault types and changing
work conditions. Shallow neural network performance cannot model such complexity and
nonlinearity. In contrast, deep neural networks could be better at extracting high-level
features from complex data. Deep neural networks extract abstract features that are difficult
to observe directly through multi-layer nonlinear transformations to achieve high-precision
classification of time-frequency images.
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3.2. Feature Extractor

As shown in Figure 3, differently from previous studies, the input of IATN is a 2D
time-frequency diagram rather than a 1D vibration signal. Therefore, the feature extractor
consists of a 2D CNN. Since this paper performs STFT on the raw signal, the feature
extractor can use a lighter network. The structure of the feature extractor of the model is
shown in Table 1.

Table 1. The structure of feature extractor.

Layer Kernel Channel
Conv2D 3x3 16
BatchNorm / 16
MaxPool / 16
Relu / 16
Conv2D 3x3 32
BatchNorm / 32
MaxPool / 32
Relu / 32

Moreover, the hyperparameters of IATN for all tasks are shown in Table 2.

Table 2. Hyperparameters used in IATN.

Hyperparameter First Appeared Value
d 4) 32
w ) 64
B (14) 0.04
v (13) 0.1

In addition, since convolution only operates in a local space, obtaining enough infor-
mation to extract the relationship between channels takes much work. Therefore, this paper
introduces the channel attention mechanism to determine the importance of each feature
channel, thereby enhancing the weight of essential features and reducing the weight of
irrelevant information [60].

The channel attention mechanism includes three steps: squeezing, excitation and
scaling. As shown in Figure 3, the number of channels of the feature X, of the input channel
attention layer is C, and the data are expressed as Hp x W,. The squeeze operation applies
global average pooling to convert the data into Z, with a shape of 1 x 1 x Cy. This process
expands the receptive field and encodes the entire spatial feature on a channel into a global
feature, as shown in (4).

1 ..
Ze = Fog(uc) = m[ﬁil Z]VL uc(i, f) 4)

where z. denotes the c-th element of matrix Z, and u. denotes the c-th channel of C,.
Subsequently, excitation obtains the feature weight of each channel through two fully
connected layers, as shown in (5):

§ = Fex(Z, W) = 0(8(Z,W)) = c(W26(W12)) )

where o (x) denotes sigmoid function, é(x) denotes the Relu function.
Finally, scaling multiplies the obtained feature weights S with the input X, channel by
channel, as shown in (6):
X5 = Fycale (e, Sc) = sclic (6)

where X5 denotes the c-th channel of X3.
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Figure 3. IATN for bearing fault diagnosis under variable working conditions.

3.3. Transfer Loss

As mentioned in Section 2, the most used transfer loss function is currently MMD.
One of the most important concepts of MMD is the kernel function ¢(x). In MMD, ¢(x) is
fixed. The Gaussian kernel function is usually chosen as the kernel function because the
Gaussian kernel function can map data onto an infinite-dimensional space:

k(x,x") = exp(—|| x—x |/ (2(72)) 7)

Theoretically, any selection of a kernel function can determine the MMD of two
different distributions. But in some extreme cases, this kernel function is determined to
make the MMD distance of two different distributions exceedingly small. To avoid this
situation, MK-MMD is proposed.

K2 {ke= Yo, Buku: Yoy Bu=1,Bu > 0,u ®)

By using multi-kernel functions, this paper can better represent the differences in
data distribution in high-dimensional space and improve the representation ability of
model features.

2
MK ~ MMD(X, ) = || 17, K(x) = Y7 Kly) I ©

Moreover, to further enhance the domain adaptation performance of the transfer loss,

this paper designs a novel domain difference measure combining MK-MMD and feature
center distance (FCD). FCD refers to calculating the distance between the target domain
feature clustering center and the source domain feature clustering center. Assuming that
there are m samples X* = [X;, X; - - - X;] of the k-th category in the source domain, and
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there are n samples YX = [Y;, Y, - - - ;] in the target domain judged to be the k-th category
by the model, the definition of FCM is shown in (10):

1 . 1 >F o
LFCM = EZszl Sk — %lejzl ‘Xk — Yk’ (10)

where K is the number of categories. By combining (9) and (10), the novel transfer loss is
defined as (11):

Lt = Lmx—mMmp + Lrem (11)

The combination of MMD and FCD enables the model to use different feature align-
ment strategies for feature transfer. FCD promotes local feature alignment, and MMD is
used for global feature alignment. The integration of these two loss functions combines
local and global feature alignment, thereby enhancing domain adaptation performance.

3.4. Training Process

As Figure 3 shows, the total loss function consists of three parts, transfer loss LT, class
loss L¢ and domain loss Lp. They are defined as follows:

Lc = MSE(Yc, Ylabel )
Lp = MSE YD,Ylgbf’) (12)
Liotat = YLt + Lc + Lp

where MSE is the mean squared error, Y¢ and Yp are the output of the classifier and domain
discriminators and Y/%%¢! and Y/4%¢! are the class label and domain label.

Since there is gradient reverse in the backpropagation update process of domain loss
Lp, the model parameters are updated as shown in (13):

oL oL oL
O 0 — (G — B + 757

0c 0 —a (%) (13)

GD — GD —a(%—é’)

3.5. Dataset

To evaluate the performance of the proposed method more comprehensively, this
paper verifies its effectiveness on three datasets.

The first dataset is private. As Figure 4 shows, it is a dual-rotor test bench to simulate
dual-rotor engine operation. The low-pressure rotor (LR) and the high-pressure rotor (HR)
are driven by different motors and rotate in the same direction at different speeds. The LR
is supported by the No. 1 and No. 4 bearings, and the high-pressure rotor HR is supported
by the No. 2 and 3 bearings. The inter-shaft bearing is No. 3, and the experimental bearing
is between the two rotors. The outer ring of the inter-shaft bearing rotates with the HR at a
higher speed, and the inner ring rotates with the LR at a lower speed.

This paper collects vibration data under four working conditions (WDs), as shown in
Table 3. Each working condition includes bearing data in nine different health states, includ-
ing normal state, three degrees of inner-ring failure, three degrees of rolling-element failure
and two different degrees of outer-ring failure. The sampling frequency is 20.48 k Hz. In ad-
dition, this paper uses a sliding window of a length of 1024 to sample the raw signal without
overlap and collect 100 samples for each health state under each operating condition.
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Figure 4. Dual-rotor test bench. (a) The test rig; (b) engineering sketch; (c) bearing failure mode.

Table 3. The working conditions of dual-rotor test bench.

Number LR Speed (rpm) HR Speed (rpm)
DO 2000 4000
D1 3000 6000
D2 4000 8000
D3 5500 10,000

The second dataset is the public Case Western Reserve University dataset (CWRU).
The CWRU dataset has four working conditions: 1797 rpm (R0), 1772 rpm (R1), 1750 rpm
(R2) and 1730 rpm (R3). Under all working conditions, this paper selects normal data
and three different degrees of fault data of the inner ring, outer ring and rolling elements
collected at the driving end as experimental data. The sampling frequency is 12,000 Hz.

The third dataset is the public Ottawa dataset. The Ottawa dataset has four working
conditions: increasing speed (O0), decreasing speed (O1), increasing then decreasing speed
(O2) and decreasing then increasing speed (O3). Under all working conditions, this paper
selects normal data and fault data of the inner ring and outer ring. The sampling frequency
is 200,000 Hz.

The training epoch is uniformly set to 300 using the Adams optimizer, and the learning
rate is 0.001. The code is written through the Pytorch 2.2 framework and runs on the GPU
of GPTX1650.

4. Results

Here this paper compares the performance of the IATN with CNN [61], DANN [62],
AMDSA, DASN, ISAE-CSDF [63] and CDGATLN [64] models on the three datasets, and
the results are shown in Tables 4-6. In addition, the experiment in this paper is repeated
20 times to eliminate the influence of randomness.

One can generally make three observations: (1) the IATN has the highest accuracy on
most tasks. (2) the IATN has the most minor variances. (3) The more similar the working
conditions of the source and target domain data are, the better the transfer learning effect
will be.

In Table 4, the diagnosis accuracy of the IATN is significantly higher than the other six
methods on most tasks. In the task of DO—D3, all the methods have the lowest accuracy.
The accuracies of the CNN, DANN, AMDSA, DASN, ISAE-CSDF and SA-SN-DCGAN are
58.75%, 61.82%, 65.28%, 60.32%, 65.64% and 66.82%, respectively, but the accuracy of the
IATN is 70.62%. In the task of DO, D1, D3— D2, the accuracies of the CNN, DANN, TL
and DSAN are 95.12%, 96.16%, 95.44%, 93.66%, 96.08% and 96.06%, respectively, but the
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accuracy of the IATN is 98.44%. In the last row, this paper calculates the average accuracy
of the five methods on all tasks, and the average accuracy of the IATN is 91.89%, which is
6.82%, 4.77%, 1.06%, 2.52%, 2.58% and 1.23% higher than the CNN, DANN, ISAE-CSDF
and SA-SN-DCGAN, respectively. As for variance, the average variance of the IATN is
1.10%, which is significantly lower than the averages of the other six methods, which are
2.29%, 1.72%, 1.52%, 1.91%, 1.35% and 1.49%, respectively.

Table 4. Performance comparison of dual-rotor test bench.

Model Performance (%)

Task CNN DANN AMDSA DSAN ISAE-CSDF CDGATLN IATN
D1—D0 84.22 +1.21 85.22 +1.08 89.24 + 0.98 89.20 £ 1.04 89.78 +£1.22 89.92 +1.14 90.76 £ 1.06
D2—D0 68.80 + 2.42 72.80 + 3.42 79.26 + 1.82 76.84 +2.42 7824 +1.79 79.94 + 1.62 82.82 + 1.58
D3—D0 68.67 + 1.46 72.76 £ 3.18 79.32 +1.74 78.75 £ 2.36 76.58 + 1.58 78.75 £ 2.36 80.76 + 1.38

D1, D2—DO0 84.11 +1.82 87.14 + 1.69 91.42 +1.58 91.26 +1.78 90.68 + 1.58 91.36 + 1.68 92.44 +1.28

D1, D3—D0 86.44 + 2.05 89.84 + 2.16 90.72 + 1.46 91.13 £ 1.68 89.94 + 1.02 91.24 +1.08 92.31 £0.76
D2, D3—DO0 78.89 + 2.28 81.86 + 1.06 89.92 + 1.88 88.98 + 2.56 86.73 £ 1.42 90.28 + 1.52 91.89 +£1.26
D1, D2, D3—D0 87.33+ 3.79 89.67 + 0.96 9256 + 1.24 93.12 £ 1.36 90.54 + 1.06 92.02 £1.12 93.42 + 0.88
D0—D1 88.89 + 1.67 89.16 + 1.56 9212 £1.72 92.02 £1.92 89.49 +1.82 9212 +£1.26 92.82 £+ 1.08
D2—D1 88.26 + 1.88 89.06 + 1.68 95.86 + 1.94 95.46 £+ 2.12 94.62 + 1.58 95.46 + 2.12 97.24 +1.32
D3—D1 80.33 £ 1.24 81.33 £ 1.12 81.48 £ 1.68 81.86 £ 1.94 81.28 £1.26 81.86 £ 1.94 82.62 £1.12
D0, D2—D1 97.49 + 1.40 97.89 £+ 0.62 98.02 £ 1.72 98.08 + 1.64 97.77 £ 0.98 97.08 + 1.24 98.10 £+ 0.86
D0, D3—D1 90.67 £+ 1.38 92.04 +£1.28 9432 +£1.72 96.28 + 1.98 94.76 + 1.44 96.58 + 1.78 97.52 +£1.28
D2, D3—D1 90.72 + 2.38 92.06 = 1.42 92.58 +1.20 96.38 = 1.04 94.82 + 0.94 96.28 = 1.02 97.13 £ 0.80
DO, D2, D3—D1 97.67 £1.24 98.06 £+ 0.82 98.00 + 0.52 98.02 £+ 0.66 97.78 £ 0.58 98.02 £ 0.76 98.12 £ 0.46
D0—D2 73.42 + 3.42 75.72 +£3.12 98.24 + 2.08 79.36 £+ 2.36 7824 + 1.96 79.06 £+ 2.46 79.26 + 1.82
D1—D2 91.11 £ 2.14 92.48 + 2.08 95.62 + 0.75 95.46 + 0.92 95.26 + 0.68 94.62 + 0.90 96.78 £ 0.76
D3—D2 87.18 £ 1.04 87.78 £ 0.94 92,12 £ 1.52 90.16 £ 2.02 91.20 £ 1.16 92.76 = 1.42 94.58 + 1.06
D0, D1—-D2 92.24 + 1.58 9392 £ 1.76 96.88 + 1.06 96.84 + 1.38 95.58 + 0.92 96.82 4+ 0.98 97.12 £ 0.76
D0, D3—D2 89.94 + 1.88 91.72 £ 1.06 9452 +1.74 93.24 £2.12 93.56 + 1.42 94.28 +1.52 96.13 £ 1.08
D1, D3—D2 95.12 + 0.88 96.16 + 1.42 95.44 + 0.98 93.66 + 1.38 96.02 + 0.88 97.68 + 0.68 98.44. + 0.44
DO, D1, D3—D2 96.76 + 1.02 96.72 +1.42 96.06 + 1.42 96.16 = 1.98 96.08 + 0.82 96.06 + 1.58 97.36 £ 1.02
D0—D3 58.78 + 5.68 61.82 + 3.28 65.28 +2.92 60.32 + 3.88 65.64 + 2.96 66.82 + 3.28 70.62 + 2.18
D1—D3 75.12 + 2.66 77.24 + 3.08 77.42 + 2.40 74.78 + 3.18 79.54 + 2.62 80.18 + 2.78 81.68 + 1.88
D2—D3 86.08 £ 2.14 90.06 £+ 2.02 93.64 + 1.48 93.82 £ 2.26 91.54 +£1.28 94.42 + 0.76 97.89 £ 0.48
DO, D1—D3 70.24 + 5.98 75.24 + 2.46 84.28 + 1.62 76.17 £ 2.14 84.21 £ 1.56 88.12 + 1.64 90.16 +£ 1.18
D0, D2—D3 92.12 £+ 3.56 94.66 + 1.06 97.16 £ 1.04 97.26 £ 1.24 93.53 + 0.96 95.16 = 1.04 97.62 £+ 0.64
D1, D2—D3 89.33 + 2.16 91.53 +1.48 95.68 + 0.88 95.92 +1.88 93.52 +0.92 94.02 £+ 1.08 96.74 + 0.74
DO, D1, D2—D3 92.24 + 3.68 95.48 + 1.09 96.12 + 1.68 96.18 + 2.26 93.88 + 1.42 96.78 £ 1.16 97.33 £ 1.08
Average 85.07 £+ 2.29 8712 £ 1.72 90.83 + 1.52 89.37 £ 191 89.31 +£1.35 90.66 + 1.49 91.89 £ 1.10

Table 5. Performance comparison of CWRU.
Model Performance (%)

Task CNN DANN AMDSA DSAN ISAE-CSDF SA-SN-DCGAN IATN
R1—RO 93.10 £+ 0.38 94.35 + 0.98 96.02 + 1.20 95.62 + 1.32 94.68 + 0.52 95.22 +0.72 97.76 £ 0.36
R2—R0 86.30 £+ 0.46 88.82 + 0.82 90.82 + 1.52 90.42 + 1.88 90.26 + 0.89 91.22 £+ 0.88 94.82 + 0.58
R3—R0 83.76 + 1.22 86.86 + 1.68 88.72 + 1.98 84.26 +2.14 90.13 £ 1.76 87.06 + 1.54 93.76 + 1.28
RO—R1 97.25 £ 0.36 97.66 £+ 0.62 98.40 £+ 0.92 97.88 £ 1.04 98.26 £ 0.72 97.28 +£0.32 99.40 £ 0.26
R2—R1 97.22 +0.48 99.02 £+ 0.46 99.30 £+ 0.65 99.02 +0.78 98.52 + 0.48 99.22 +0.78 99.60 £+ 0.18
R3—R1 94.76 + 0.82 94.96 + 0.58 98.24 + 0.95 97.76 £ 1.14 96.28 + 0.78 97.06 = 0.72 97.86 £+ 0.62
RO—R2 91.22 + 0.66 91.76 + 1.66 96.28 + 1.65 95.64 + 1.68 93.58 + 0.92 94.64 +1.14 97.64 + 0.84
R1—R2 99.96 + 0.04 99.98 + 0.02 99.90 + 0.04 99.96 + 0.04 99.98 + 0.02 99.96 + 0.04 100.00 £ 0.00
R3—R2 99.94 + 0.06 99.96 + 0.04 99.95 + 0.04 99.92 £+ 0.06 99.98 + 0.02 99.92 + 0.08 100.00 £ 0.00
RO—R3 81.56 + 1.24 86.26 + 1.36 89.24 +1.53 90.26 + 1.62 87.38 +£0.92 90.06 + 1.42 92.56 + 1.06
R1—R3 95.32 + 0.48 94.82 £+ 0.68 98.38 + 0.92 98.82 + 1.08 97.66 + 0.68 98.22 + 0.88 99.52 + 048
R2—R3 99.90 + 0.08 99.90 £+ 0.10 99.90 + 0.10 99.92 £+ 0.08 99.95 + 0.05 99.92 4+ 0.08 100.00 £ 0.00
Average 93.36 + 0.52 94.52 + 0.75 96.26 + 0.96 95.79 + 1.07 95.55 + 0.64 95.81 £ 0.72 97.74 + 0.47

In Tables 5 and 6, one could also find similar discoveries by comparing the performance
of the IATN and the other methods. The average accuracy of the IATN on all CWRU tasks is
97.74%, which is 4.38%, 3.22%, 1.48%, 1.95%, 2.19% and 1.93% higher than the CNN, DANN,
AMDSA, DASN, ISAE-CSDF and SA-SN-DCGAN, respectively. The average variance of
the IATN on all CWRU tasks is 0.47%, which is lower than the other six methods, which
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are 0.52%, 0.75%, 0.96%, 1.07%, 0.64% and 0.72%, respectively. The average accuracy of the
IATN on all Ottawa dataset tasks is 81.11%, which is 6.77%, 4.23%, 1.42%, 3.78%, 3.28% and
0.84% higher than the CNN, DANN, AMDSA, DASN, ISAE-CSDF and SA-SN-DCGAN,
respectively. The average variance of the IATN on all Ottawa dataset tasks is 1.24%, which
is lower than those of the other six methods, which are 1.56%, 1.97%, 2.10%, 2.38%, 1.28%
and 1.34%, respectively.

Table 6. Performance comparison of Ottawa dataset.

Task

Model Performance (%)

CNN DANN AMDSA DSAN ISAE-CSDF SA-SN-DCGAN IATN
01 - 00 64.20 +1.82 65.38 +2.48 66.81 &+ 2.57 65.58 £ 2.95 65.76 + 1.86 66.64 +1.72 67.53 +1.42
02—00 58.30 + 1.86 62.82 +2.52 67.84 + 2.62 72.26 +3.01 64.86 + 1.42 68.52 + 1.78 70.36 = 1.46
03—00 70.26 = 1.52 71.86 = 1.68 73.79 £1.86 63.82 £ 2.04 7258 £1.26 73.36 £ 1.14 74.76 £ 1.08
00—01 60.25 + 1.76 63.76 1+ 2.62 66.94 + 2.68 64.04 +3.14 64.36 + 1.62 65.78 + 1.68 68.53 + 1.56
02—-01 84.32 +1.28 85.08 = 1.46 87.98 &+ 1.56 85.82 £1.71 86.92 +0.78 87.12 £ 1.08 88.33 £ 0.76
03—01 85.26 +1.22 86.42 + 1.56 8724+ 1.72 86.72 +1.98 87.08 +1.18 97.76 £1.14 88.76 + 1.28
00—02 48.76 £ 2.56 54.36 £+ 2.68 61.9 + 3.04 55.75 £ 3.29 57.18 + 1.62 62.54 + 1.88 65.67 + 1.84
01-02 76.26 +1.24 80.88 - 1.82 84.84 +1.84 81.33 +2.14 81.88 +1.02 83.76 + 0.94 86.83 + 0.98
03—02 93.94 +1.28 9498 + 1.54 9591 + 1.64 9525+ 1.82 95.58 + 0.92 95.92 +0.88 96.38 + 0.86
00—03 70.56 + 1.84 73.56 £ 1.98 76.84 £2.32 73.92 £2.57 7438 £1.82 76.26 = 1.82 78.48 £1.78
01—-03 85.32 +1.28 87.72 + 1.88 89.54 +1.94 87.64 +2.27 87.56 +1.29 88.88 +1.28 90.46 + 1.18
02—03 94.70 £ 1.12 95.76 + 1.46 96.76 + 1.52 95.87 £ 1.72 95.85 + 0.68 96.42 + 0.82 97.26 = 0.78
Average 74.34 + 1.56 76.88 &= 1.97 79.69 £ 2.10 77.33 +2.38 77.83 £ 1.28 80.27 +1.34 81.11 £ 1.24

The comparison results demonstrate that the IATN significantly improves bearing
fault diagnosis under variable WDs. Moreover, when the WDs of the source and target
domains are similar, the test accuracy obtained is also higher. For example, the accuracy of
all methods on the D2—D3 task is higher than that on the D0—D3 task. Data similarity
may be higher when operating conditions are similar, making it easier to transfer fault
diagnosis knowledge. This suggests that data similarity may be higher when WDs are
similar, making it easier to transfer fault diagnosis knowledge.

5. Discussion
5.1. Running Process Comparison

To evaluate the performance of the model more comprehensively, this paper compares
the running process of 300 epochs of different methods on the DO— D1 task, the D0, D1—D2
task and the DO, D1, D2—D3 task, the results are shown in the Table 7 and Figure 5.

Table 7. Comparison of running-times of dual-rotor dataset.

Running Time (s)

Task

CNN DANN ISAE-CSDF CDGATLN IATN
D0—D1 276 280 508 526 410
D0, D1—-D2 284 291 564 602 417
DO, D1, D2—D3 287 295 765 826 601

According to Table 7, it is obvious that the running time of the IATN is more than those
of the CNN and DANN but less than those of the ISAE-CSDF and CDGATLN. By comparing
the running time of the IATN with those of the CNN and DANN, it can be concluded that
the transfer process is much more time-consuming than the adversarial process.

Moreover, the training curves of the IATN, CNN and DANN are presented in Figure 5.
In Figure 5, there are three subfigures. Figure 5a presents the training curves of the D0—D1
task; Figure 5b presents the training curves of the D0, D1—D2 task; and Figure 5c presents
the training curves of the DO, D1, D2—D3 task.
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Figure 5. Training curves. (a) DO—D1, (b) DO, D1—D2, (¢) DO, D1, D2—D3.

In Figure 5, the blue lines represent the accuracy of the CNN; the green lines represent
the accuracy of the DANN, and the red lines represent the accuracy of the IATN. According
to Figure 5, it is obvious that although the calculation process of the IATN is more complex,
this does not affect its convergence. On the three tasks with different numbers of source
domains, the convergence speed of the IATN is like that of the CNN and DANN.

5.2. Feature Visualization

According to Tables 4-6, it is obvious that the IATN performs better than the other
methods in extracting domain-invariant features. To demonstrate the superiority of the
IATN more intuitively in extracting domain-invariant features, this paper performs feature
visualization of the D2— D3 task. Specifically, the source domain features and target domain
features extracted by each model are reduced to two dimensions for visualization with
t-distributed stochastic neighbor embedding (t-SNE) [65]. The results are shown in Figure 6.
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Figure 6. t-SNE feature visualization. (a) CNN. (b) DANN. (c) ISAE-CSDEF. (d) CDGATLN. (e) IATN.
D2-0 indicates data collected for category “0” fault bearings in D2 working conditions.
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In Figure 6, there are five subfigures. Figure 6a is the feature visualization of the CNN,
Figure 6b is the feature visualization of the DANN, Figure 6¢ is the feature visualization of
the ISAE-CSDF, Figure 6d is the feature visualization of the CDGATLN and Figure 6e is the
feature visualization of the IATN. In each subfigure, there are 18 clusters; 9 belong to D2
tasks and 9 belong to D3 tasks. There are two criteria for judging model performance. One
is the degree of separation of the nine fault clusters in each WD, and the other is the degree
of overlap of the same fault clusters in the two working conditions.

According to Figure 6, it is obvious that there is significant overlap between different
fault clusters of source domain features and target domain features extracted by the CNN,
DANN, ISAE-CSDF and CDGATLN, which initially have completely separate clusters,
but there is still aliasing at the boundaries of some categories. In Figure 6e, all the clus-
ters of each WD are separated entirely, and all the same fault clusters of D2 and D3 are
basically overlapped, which indicates that the IATN has strong domain-invariant feature
extraction capabilities.

5.3. Data Analysis

Based on the observations in Tables 4 and 5, the closer the working conditions are,
the more similar the distribution of the collected data will be. This paper calculates the
MK-MMD and MMD between the data collected under different working conditions to
verify the hypothesis. The results are shown in Table 8.

Table 8. The distribution connections of different domains.

Task MK-MMD MMD Mean Acc
D0+ D1 0.438 0.122 91.79
D0+ D2 1.085 0.312 90.03
D0<+D3 1.782 0.511 75.74
D1+D2 0.316 0.087 97.01
D1+<D3 1.175 0.253 82.15
D2+D3 0.321 0.084 96.23
RO+R1 0.061 0.011 98.58
RO+~R2 0.072 0.010 96.23
RO+R3 0.071 0.014 93.16
R1+R2 0.052 0.008 99.80
R1+<R3 0.065 0.013 98.69
R2+R3 0.054 0.012 100
0001 0.854 0.198 68.03
0002 0.927 0.209 68.01
0003 0.833 0.194 76.62
01+02 0.207 0.045 87.58
0103 0.029 0.006 89.61
0203 0.021 0.004 96.82

According to Table 8, it is evident that the more similar the working conditions of the
source domain data and the target domain data are, the lower the MK-MMD and MMD
between them are. To express the connection between the distribution difference between
source and target domain data and the model performance more intuitively, we perform
correlation analysis on them according to (14):

_ Cov(X,Y) E(XY) — E(X)E(Y)
Prr = /D)D) VEXD) — EA(X)/E(YZ) — EX(Y)

(14)

The correlation coefficient between the MK-MMD of dual-rotor tasks and their transfer
learning accuracy is defined as p;; the correlation coefficient between the MMD of dual-
rotor tasks and their transfer learning accuracy is defined as py; the correlation coefficient
between the MK-MMD of CWRU tasks and their transfer learning accuracy is defined as
p3; the correlation coefficient between the MMD of CWRU tasks and their transfer learning



Appl. Sci. 2024, 14, 2253

14 of 17

Accuracy

97

96.5

96

O
N
wn

O
i

94.5

accuracy is defined as p4; the correlation coefficient between the MK-MMD of Ottawa
dataset tasks and their transfer learning accuracy is defined as ps; the correlation coefficient
between the MMD of Ottawa dataset tasks and their transfer learning accuracy is defined
as pg. According to (11), it can be calculated that py = —0.9523, pp = —0.9044, p3 = —0.8456,
ps = —0.5045, p5 = —0.9574 and pg = —0.9549.

It is obvious that there exists a strong negative correlation. Therefore, it can be
summarized that the more similar the working conditions of the source domain data and
the target domain data are, the lower the MK-MMD and MMD between them are, and the
better the transfer learning results will be.

5.4. Hyperparameter Optimization

The IATN has two main hyperparameters, the inverse gradient coefficient g and the
transfer learning coefficient vy. To study the impact of their values on model performance,
this paper adjusts k and @ to find the optimal values. Here, this paper sets p and 7y to
different values on D1—D2 and D2—D3 tasks and conducts 10 repeated experiments to
obtain their average accuracy. The results are shown in Figure 7. In Figure 7, the abscissa of
each graph represents the value of the hyperparameter, the ordinate represents the accuracy,
the blue line represents the experimental results of D1—D2 and the red line represents the
experimental results of D2—D3.
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Figure 7. The testing accuracy of 3 and y on D1—D2 and D2—D3 tasks. (a) The impact of different
values of 3 on D1—D2 and D2—D3 tasks; (b) the impact of different values of vy on D1—D2 and
D2—D3 tasks.

In Figure 6a, it is obvious that the optimal parameters are different for different tasks.
For the D1—D2 task, the best 8 is 0.03; for the D2—D3 task, the best § is 0.04. For the
D1—D2 task, the best § is 0.03; for the D2—D3 task, the best § is 0.04. In Figure 6b, the
optimal v for both tasks is 0.1.

In summary, this paper chooses f = 0.04 and y = 0.1 as the experimental parameters.

6. Conclusions

This paper proposes an IATN for bearing fault diagnosis under variable WDs. Specifi-
cally, this paper combines adversarial transfer networks with an STFT to obtain satisfactory
results with lighter networks. Then, this paper employs a channel attention module to
enhance feature fusion, allowing the model to emphasize useful features and suppress
less-useful features selectively. Moreover, this paper designs a novel domain discrepancy
hybrid metric loss by combining MK-MMD and FCD. FCD promotes local feature align-
ment, and MMD is used for global feature alignment. The integration of these two loss
functions combines local and global feature alignment. Finally, this paper verifies the
method’s effectiveness on three datasets, a private dual-rotor dataset, a CWRU dataset and
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the Ottawa dataset. The IATN achieves an average accuracy that is significantly higher
than those of the other six methods, CNN, DANN, AMDSA, DASN, ISAE-CSDF and
SA-SN-DCGAN. The results indicate that the IATN has strong domain-invariant feature
extraction capabilities.

In the future, we will pay more attention to the interpretability of the transfer process
and study what knowledge is transferred during the transfer learning process.
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