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Abstract: Real-time monitoring and fault diagnosis of bearings are of great significance to improve
production safety, prevent major accidents, and reduce production costs. However, there are
three primary concerns in the current research, namely real-time performance, effectiveness, and
generalization performance. In this paper, a deep learning method based on stacked residual dilated
convolutional neural network (SRDCNN) is proposed for real-time bearing fault diagnosis, which
is subtly combined by the dilated convolution, the input gate structure of long short-term memory
network (LSTM) and the residual network. In the SRDCNN model, the dilated convolution is used
to exponentially increase the receptive field of convolution kernel and extract features from the
sample with more points, alleviating the influence of randomness. The input gate structure of LSTM
could effectively remove noise and control the entry of information contained in the input sample.
Meanwhile, the residual network is introduced to overcome the problem of vanishing gradients
caused by the deeper structure of the neural network, hence improving the overall classification
accuracy. The experimental results indicate that compared with three excellent models, the proposed
SRDCNN model has higher denoising ability and better workload adaptability.
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1. Introduction

With the rapid development of manufacturing technology and the increasing complexity of
manufacturing systems, the challenges of safety and reliability requirements for manufacturing
equipment and mechanical products have become extremely important. Their failure will not only
lead to production interruptions, but also increase the operating costs of the company.

Rolling element bearing (REB) is one of the key components of industrial transmission systems
and plays an extremely important role in supporting and transmitting power. Although bearings have
already been widely used in aerospace, vehicles, ships, and other important fields, they are one of the
vulnerable parts of rotating machinery in terms of the current manufacturing technology and actual
working conditions. Research shows that an approximately 30% of failures in rotating machinery are
caused by bearing damage. Therefore, it remains a challenge to ensure production safety, as well as to
reduce production costs by monitoring and diagnosing the bearing state [1]. In the last two decades,
bearing fault diagnosis has already attracted extensive attention [2]. Many monitoring techniques have
been applied to the monitoring and diagnosis of bearings [3]. The most common solution is to analyze
the bearing signals continuously collected by the vibration monitoring system installed on the rotating
machines and provide real-time monitoring and warning [4].
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The goal of bearing fault diagnosis is to establish an effective real-time condition monitoring and
identification system to ensure continuous production through predictive maintenance. In order to
achieve this goal, there are three main challenges to address:

1.  To meet the requirements of real-time fault diagnosis of rotating machinery, the fault diagnosis
model needs to perform continuous and rapid diagnosis based on the vibration signal collected
in real-time [5].

2. To improve the effectiveness of the fault diagnosis model, the essential features need to be
extracted to avoid local false features caused by ambient noise and fluctuations in working
conditions [6].

3.  To keep good performance under different working conditions, the fault diagnosis model needs
to have good generalization performance under different load and noise conditions [7].

Various methods have been developed for the fault diagnosis of bearings. Zhang and Randall [8]
designed the parameters for optimal resonance demodulation, using the fast kurtogram for initial
estimates and the genetic algorithm for final optimization. Wang et al. [9] combined the merits of
ensemble local mean decomposition and fast kurtogram to detect the fault for rotating machinery.
Nevertheless, traditional feature extraction methods require a great deal of domain expertise and prior
knowledge, which limits the mining of new features.

Previous studies have shown that the accuracy of classifying results is largely dependent on the
extracted features. To automatically learn feature representations from raw data, Hinton et al. [10]
drew on the hierarchical learning process of human brain and proposed a milestone deep learning
model training paradigm. Deep learning has made breakthroughs in natural language processing [11],
speech recognition [12], image recognition [13], and other fields. There have been some attempts
on feeding the frequency data of vibration signals into deep learning model. Lu et al. [14] carried
out a detailed study of stacked denoising autoencoders for bearing fault diagnosis. Zhang et al. [15]
presented a deep convolutional neural network with wide first-layer kernels, using the normalized
1025 Fourier coefficients transformed from the raw temporal signals as the input. Jing et al. [16]
developed a convolutional neural network (CNN) to learn features from raw data, frequency spectrum
and combined time-frequency data, and demonstrated that feature learning with CNN could provide
much better results than manual feature extraction.

Considering that deep learning models can directly work on the raw data without any data
preprocessing, there have been some deep learning-based bearing fault diagnosis studies working
directly on the raw vibration signal to improve the real-time performance of fault diagnosis.
Zhang et al. [17] established a one-dimensional deep convolutional neural network (1d-DCNN),
which adopted an end-to-end learning method and achieved satisfactory accuracy under a noisy
environment. Zhuang and Qin [18] broaden and deepen the neural network and designed an end-to-end
one-dimensional multi-scale deep convolutional neural network with few training parameters and a
smooth training process. Lu et al. [19] presented a two-dimensional deep convolutional neural network
(2d-DCNN) by mapping the raw monitoring signal to feature maps. Wen et al. [20] developed an
effective data preprocessing method to convert the time-domain raw signals into images, and built a
new CNN based on LeNet-5 to make full use of the experience related to CNN from image processing.
Although there has been no agreement on the source of the generalization ability of deep learning, it is
no denying that the deep learning method has better generalization performance than most machine
learning methods [21,22]. A large number of generalization experiments have been carried out, and the
results show that the deep learning model has better generalization performance than the traditional
machine learning algorithm [7,14,15,17,19]. From the previous literature, it can be concluded that the
deep learning model has almost replaced the traditional feature extraction method and become the
popular algorithm for bearing fault diagnosis.

Although the fault diagnosis model based on deep learning can achieve satisfactory real-time
and generalization performance, the model is prone to fall into the trap of local false features during
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the training process, which are greatly affected by the sample quality [23]. The sample quality can
be improved to some extent by increasing the redundancy of the sample information by using more
points in a sample [14], but the effects of random factors (such as ambient noise and working conditions
fluctuation) can’t be fundamentally eliminated. As the redundancy of sample information increases,
the model will have a higher potential to resist random factors and avoid local false features. Besides,
the detection device in reality has a higher sampling frequency to grasp more operating information
and, therefore, the number of sampling points collected per revolution of the machine is increased.
In conclusion, it is no longer satisfactory to take just 200-400 data points as one sample of the bearing
fault diagnosis model. The number of input layer neurons in the fault diagnosis model needs to be
expanded to avoid local false features and to adapt to high frequency dynamic detection.

In order to address the problems above, in this paper, an intelligent fault diagnosis method based
on stacked residual dilated convolutional neural network (SRDCNN) is proposed. The main novelties
and contributions of this paper are summarized below:

1. A novel effective deep learning framework is proposed, which subtly integrates the dilated
convolution, the input gate structure of LSTM and the residual network.

2. The model works directly on raw noisy signals without any pre-denoisng methods, providing
new solutions for some fields of signal analysis [24,25].

3.  This algorithm performs pretty well under the noisy environment by effectively enlarging the
receptive field and controlling the entry of information.

4.  This algorithm keeps high diagnostic accuracy across different workloads due to the ability to
automatically and efficiently extract essential features.

The remainder of the paper is organized as follows: Section 2 presents the overall framework
and detailed structure of the SRDCNN-based intelligent fault diagnosis method; in Section 3, some
comparative experiments are conducted to evaluate the effectiveness of the proposed intelligent fault
diagnosis method against other methods; and Section 4 draws some conclusions and presents the
future work.

2. SRDCNN-Based Intelligent Fault Diagnosis Method

Taking the above-mentioned problems into consideration, deep learning method is a promising
tool to achieve real-time bearing fault diagnosis. Deep learning methods can learn a stable hierarchical
feature representation from the raw bearing vibration signal in an off-line manner, and then diagnose
the bearing status online according to the real-time collected vibration signal. Although deep learning
has a high potential to avoid false features caused by ambient noise and fluctuations in working
conditions, but it still requires ingenious structural design to avoid false features of bearing vibration
signals; and thereby improve the performance of bearing fault diagnosis. Han et al. [26] designed an
enhanced convolutional neural network with enlarged receptive fields to capture the fault information
in the vibration signal. Pan et al. [27] combined one-dimensional CNN and LSTM into one unified
structure (LSTM-CNN) to make full use of the classification capabilities of CNN and the time coherence
representation ability of LSTM. In this paper, a novel stacked residual dilated convolutional neural
network based intelligent fault diagnosis method is proposed for bearing fault diagnosis. In the
proposed SRDCNN model, the dilated convolution is employed to exponentially increase the receptive
field of convolution kernel and extract essential features from the sample with more points, alleviating
the influence of randomness. The input gate structure of LSTM is adopted to effectively remove noise
and control the entry of information contained in the input sample. Meanwhile, the residual network
is introduced to overcome the problem of vanishing gradients caused by deeper structure of the neural
network, hence improving the overall classification accuracy.
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2.1. Framework of SRDCNN Model

The overall framework of proposed SRDCNN model is shown in Figure 1. The structure of the
SRDCNN model is composed of several residual dilated convolutional layers, the flatten layer and the
Softmax layer. Residual dilated convolutional layer is a combination of the dilated convolution, the
input gate structure of LSTM and a residual network, which is shown in the partial enlarged detail.
For one sample, the length is reduced by half after getting through a residual dilated convolutional
layer, which is the most important part of the network structure and will be explained in the next
section. In order to adequately mine sample features, multiple filters are used at each residual dilated
convolution layer. The flatten layer flattens a plurality of vectors and then flattens them into a
one-dimensional vector. The last layer is a dense layer that uses the Softmax function to implement a
multi-classification task. The value of each neuron in the output layer indicates the probability that
the input sample belongs to a fault category. And the category of the input signal is the one with the
highest probability in the output layer of the model.
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Figure 1. The overall framework of proposed SRDCNN model.

The input of the SRDCNN model is a sample taken from the bearing vibration signals using
a sliding window. To ensure real-time performance, when a new sampling point is collected, the
previous sample will discard its first sampling point and add a new sampling point at the end to
form a new next sample. After the sample is input into the network, the neurons in each layer are all
represented by solid spots. When a new sampling point is collected and used as the end point of the
next sample, the outputs of every layer are represented by virtual spots and the dashed line represents
the calculation process of the next sample. The points of the same color in Figure 1 are neurons of the
same layer.
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2.2. Residual Dilated Convolutional Layer

2.2.1. Dilated Convolution

The dilated convolution (also known as convolution with holes) was first proposed by Yu
and Koltun [28] to widely reference to multi-scale contextual information without losing resolution.
However, it is difficult to design dilated convolution structure for specific application objects. In recent
years, dilated convolution has been applied to solve problems such as semantic segmentation [29],
speech synthesis [30], and machine translation [31], etc. Borovykh et al. [32] proposed a conditional
time series forecasting method based on the dilated convolution, the prediction model can be expressed
as: P(ylx1,x2,x3, ... ,x4). They held that time series data follows a certain probability distribution that
could be learned by training. The y predicted was the next value x,,+1 of the time series. From another
point of view, the probability that the data belongs to a certain class can also be determined according
to the distribution law of the time series data. Since the bearing vibration signal is a typical time series
data, it is a promising method to determine the state of the bearing by using a dilated convolution, and
to obtain the probability distribution of the bearing vibration signal.

As shown in Figure 2, the dilated convolution filter skips input values with a certain step. A dilated
convolution is equivalent to a convolution with a larger filter, obtained by filling the original filter with
zeros. However, the former is significantly more efficient, and the latter may consume unnecessary
costs of training time and storage space. A dilated convolution increases the receptive field without
losing information, and the output of each convolution layer contains a wide range of information
from input data, which has a great effect on avoiding local false features. For the vibration signal, if the
length of a sample is short, the accuracy of the diagnosis model will be greatly affected by the local
false features. An effective way is to adopt dilated convolution to accept a longer sample with a large
amount of redundant information.
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Figure 2. Visualization of a stacked dilated convolutional network.

2.2.2. Input Gate Structure of LSTM

Under the framework of the dilated convolution, the network could receive longer input sample
to obtain more information. However, the working environment of the bearing is complicated, and the
vibration signal often encounters serious noise interference or fluctuations during operation. Even if
the input samples of the model contain a lot of information, these factors may make the information
untraceable. Therefore, it is necessary to denoise the bearing signal by designing an effective filter.
The input gate structure of LSTM [33] can effectively control the input of information from the input
samples. Therefore, the input gate structure of LSTM can be regarded as a filter to remove noise.
As shown in Figure 3, the input gate has two parts: the sigmoid part i; decides which values to update;
and the tanh part creates a new candidate vector C;.
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Figure 3. Diagram of the input gate structure of LSTM.

2.2.3. Residual Network

As described above, stacked dilated convolution can exponentially expand the receptive field of
the network to avoid local false features. However, the depth of network is considerable when the
receptive field is quite large. In order to address the problem of vanishing/exploding gradients for
deep neural networks [34], He et al. [35] provided comprehensive empirical evidence that the residual
networks are easier to optimize and can gain accuracy from a considerably increased depth, and further
proposed the residual network to ease the training of the network model, making it possible to train
deeper network structures than those used previously.

As shown in Figure 4, in the process of forward propagation, X;,; can be obtained with X;, and
the function can be formulated as Equation (1). Therefore, in the process of backward propagation,
JdE/dX; can be calculated with JE/dX; 1, and the function can be formulated as Equation (2). It is
obviously that dE/JX; is unlikely to approach zero due to the residual. By this way, the residual
network perfectly solves the gradient disappearance caused by too many network layers:

Xit1 = Xi + F(X;, Wi), 1
JE  JE 0Xiy1  OE )
0K T 0K 0% % tax e @
Xi
\ 4
| Weight Layer
F(Xi, Wi) RelLLU
\ 4
Weight Layer

Figure 4. Diagram of residual network.
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Finally, the residual dilated convolutional layer can be obtained by subtly integrating the input gate
structure of LSTM and the dilated convolution into the residual network, thereby improving the overall
prediction accuracy of the model. The kth residual dilated convolutional layer is shown in Figure 5, and
the equation can be defined as (3), where * denotes a convolution operator, © denotes an element-wise
multiplication operator, and W (including Wy, W, and W3) is a learnable convolution filter:

Yy :Relu(tanh(Wl *X+b1)®O(W2*X+b2)+W3 *X), 3)

Y
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Figure 5. Diagram of residual dilated convolutional layer.

3. Validation of Proposed SRDCNN Model

3.1. Data Description

In order to investigate the effectiveness of the proposed SRDCNN model, experiments are designed
using a bearing dataset from the Case Western Reserve University (CWRU) Bearing Data Center [36].
The original experimental data was collected from an accelerometer of a motor-driven mechanical
system at a sampling frequency of 12 kHz, and the test stand is shown in Figure 6. The number of
data points collected during one rotation of the bearing can be inferred from the rotating speed of the
bearing and the sampling frequency of the sensor; and the functional relationship between them can
be expressed as (4), where n is the number of the data points collected per circle, f is the sampling
frequency, and v is the rotating speed (rpm):

n=f+60/v, (4)

As shown in Figure 7, the damage of the bearings used in the experiment are seeded by
electro-discharge machining (EDM). There are three possible locations for bearing failure, namely the
inner ring, the outer ring and the rolling element. For the convenience of this study, only three fault
sizes were collected for each location, which are 7 mils, 14 mils, and 21 mils, respectively. Therefore,
there are 10 types of signals in our experiments, one of which is the normal signal, and the others are
the fault signals.



Appl. Sci. 2019, 9, 1823 8of 18

(c) Rolling element
damage

(a) Outer ring damage (b) Inner ring damage

Figure 7. Photographs of three kinds of damaged bearings.

Since the SRDCNN model has a large number of parameters to learn and will work only with
sufficient samples with labels, it will easily fall into the trap of overfitting without sufficient training
samples. Thus, the data augmentation technique is adopted, in which a new sample is generated by
removing the previous n sampling points from the previous sample and adding the next n sampling
points. As shown in Figure 8, when the length of the original signal is constant, the number of samples
depends on the sliding stride and the length of each sample. If the sliding stride is too small, it will
lead to a high information redundancy between samples. However, if the sliding stride is too large, the
number of samples may not be sufficient to effectively train the network. Therefore, a compromise
is required.

Length of one sample

Sliding stride

NP n .
P
ey ! ’

=
3=

n
¥

|
|

Next sample

I "l

Figure 8. Diagram of the data augmentation.

It is all known that the rotating speed of the motor fluctuates as the motor load changes. When the
motor load increases, the rotating speed decreases and the number of the data points collected during
one rotation of the bearing increases, and vice versa. Therefore, the number of the data points collected
per circle will fall into the interval: 12,000 x 60/(1797~1730) = (400~416). Limited by the structure of
existing deep learning models and the computing power, most of the existing deep learning based
intelligent fault diagnosis models have an input layer of about 200 neurons, and a few exceptional
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models take input of over 400 neurons. In our experiments, one sample consists of 1024 sampling
points. When the length of one sample is fixed, the sliding stride depends on the total length of the
vibration signal and the number of samples required. In subsequent experiments, datasets A, B, C and
D are collected under loads of 0, 1, 2, and 3 hp, respectively. Additionally, each dataset consists of
10 types of data, each of which contains 500 training samples (10% for verification) and 50 test samples
by taking the sliding stride of 135. The complete details of the experimental datasets are described in
Table 1. Ten types of time domain waveforms of bearing vibration signals, including normal signal,
B fault signals (7, 14, 21), IR fault signals (7, 14, 21), and OR fault signals (7, 14, 21), can be seen in
Figure 9.

Normal Roll Fault: 7
0.2 4 0.4 A
0.14 0.2 4
0.0 1 0.0 4
-0.1 —0.2 1
-0.2 -0.4 1
0 200 400 600 800 1000 0 200 400 600 800 1000
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1.0 1 0.4
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Figure 9. Time domain waveforms of ten types of bearing vibration signals.
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Table 1. Description of all experimental datasets.
Fault Location None Ball Inner Ring Outer Ring ](“l?;;i ?rl;e:l‘)i
Fault diameter (mil) 0 7 14 21 7 14 21 7 14 21
Dataset A 1;;1:1 55000 55000 55%0 550(? 5500O 55000 55000 55%0 550(? 5500O 0 177
Dataset B 1"}251? 55000 55000 55000 550(? 55000 5500O 55000 55%0 550(? 5500O 1 1772
Dataset C I;ea;? 55000 55000 55000 E;O(? E;OOO 5500O 55000 5500O 550(? 5;000 2 1750
Dataset D 1:1{:;? 55000 55000 55%0 550(? 55000 55000 55000 55%0 550(§) 55000 3 1730

3.2. Case Study I: Comparison with Traditional Deep Convolutional Neural Networks

To evaluate the performance of the proposed SRDCNN model, a set of comparative experiments are
performed on dataset A, which is collected under load of 0 hp and suffers small effects of environmental
fluctuations. All the tested algorithms are coded in Python, and executed on a computer with an
Intel Core i7-7700 CPU and 16 GB RAM (Dell, Xiamen, China, 2017). The structure parameters and
performance indicators of these models are listed in Table 2.

Table 2. Structure parameters and performance indicators of models.

Model 1d-DCNN 2d-DCNN LSTM-CNN SRDCNN
Input layer 1024 x 1 32 x32 1024 x 1 1024 x 1
Layer-1 Convld (16 x1,16) Conv2d (5% 5,16) Convld (32x1,20) RDConvld (64 x 1, 32)
Layer-2 Pooling (2 x 1, 2) Pooling (2 X 2, 2) Pooling (2 x 2, 2) RDConv1d (32 x 1, 32)
Layer-3 Convld (3x1,32) Conv2d (5% 5,32) LSTM (100) RDConv1d (16 x 1, 64)
Layer-4 Pooling (2 x 1, 2) Pooling (2 x 2, 2) Dense (10) RDConv1d (8 x 1, 64)
Layer-5 Convld (3 x 1, 64) Flatten Flatten
Layer-6 Pooling (2 x 1, 2) Dense (100) Dense (100)
Layer-7 Convld (3 x 1, 64) Dense (10) Dense (10)
Layer-8 Pooling (2 x 1,2)
Layer-9 Convld (3 x 1, 64)
Layer-10 Pooling (2 x 1, 2)
Layer-11 Flatten
Layer-12 Dense (100)
Layer-13 Dense (10)
Mean accuracy 0.986 0.992 0.978 0.994
Standard deviation 0.0064 0.0043 0.0071 0.0015

The first convolutional layer in 1d-DCNN has 16 filters of size 32 X 1 and the stride is 1, while the
second convolutional layer has 32 filters with the size 3 x 1. The filters size in pooling layers is all 2 x 1
and the stride is 2. The parameters of other layers in 1d-DCNN are detailed in Table 2. The parameter
settings in 2d-DCNN is similar to that of 1d-DCNN. The first convolutional layer has 16 filters of size
5 x 5 and the stride is 1, while the second convolutional layer has 32 filters with the same size and
stride. The filters size in pooling layers is 2 X 2 and the stride is 2. The first layer in the LSTM-CNN
has 20 filters of size 32 X 1 and the stride is 1, and the second layer is pooling layer that have the filter
of size 2 X 2 and 2 strides. The third layer in the LSTM-CNN is a LSTM layer that has 100 cells, and
the last layer is a dense layer which determines classification results. The first layer in SRDCNN has
32 filters of size 64 X 1 and the stride is 2, and the 2nd, 3rd, and 4th layer have the same structure but
different parameter values. Although the convolution kernel, the channel and the stride size of the
SRDCNN are similar to the 1d-DCNN, the convolution operations of them are different. There are
10 types of bearing vibration faults in the experiments, so the number of neurons in the output layer of
all the three models is 10.
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The training process and the confusion matrix diagram of these four models are shown in
Figures 10-13. It can be seen that compared with the 1d-DCNN model, the other three models present
the more stable training process. After about 50 epochs of training, the classification accuracy of the
SRDCNN model has almost converged. The intelligent fault diagnosis method based on SRDCNN
not only achieves extremely high validation accuracy after 80 epochs, but also obtains the same high
accuracy rate of 99.4% in the test set. Meanwhile, the intelligent fault diagnosis methods based on
1d-DCNN, 2d-DCNN, and LSTM-CNN achieve a little lower accuracy rate in the test set, i.e., 98.6%,
99.2%, and 97.8% respectively. The above fact illustrates that deep learning method is very effective in
bearing fault diagnosis.

From the above experimental results, it can be seen that these four methods all have a good
performance in the specific operation. However, due to the inevitable noise in workshop processes,
the vibration signal is easily disturbed by noise. It is crucial and arduous to diagnose the types of
fault under the noisy environment. Additionally, as the workload may change continuously due to
production requirements, it is unrealistic to collect and label enough training samples to adapt to all the
workloads. Hence, it is important for the classifier to learn the essential features by training samples
collected under different workload conditions. The rest of this section will investigate the performance
of SRDCNN under different loads and different noises.
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Figure 13. Diagram the SRDCNN model (left) the training process and (right) confusion matrix.

3.3. Case Study II: Performance under Different Ambient Noise

To further investigate the effectiveness of the proposed SRDCNN model under different ambient
noise, the original test set adds different signal-to-noise ratios (SNR) noise for testing. The SNR is
defined as Equation (5), where Pgjgnq and Pyoise represent the power of signal and noise, respectively:

SNRgs = 10+ logyg (28, 5)
Phoise

In order to approach the conditions in a practical workshop, additive white Gaussian noise could
be mixed with the original vibration signals to form signals with SNR from 2 dB to 10 dB. The time
domain waveforms of the ten signal states with different SNR values are shown in Figure 14. Obviously,
as the signal-to-noise ratio decreases, the differences between categories become weak but still exist,
which is the basis for fault diagnosis. Therefore, it is still feasible to establish a deep learning-based

intelligent fault diagnosis model working directly on the time-domain signal.
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Figure 14. Diagram of the bearing vibration signal at SNR from 2 dB to 10 dB.

During the experiments, models are trained with dataset C as the training set, which is collected
under a load of 2 hp, and then tested with the test set of dataset C adding the noise that makes the SNR
2 dB to 10 dB. The results of these three methods for diagnosing signals with different SNR are shown
in Figure 15. It can be seen that after training with 5000 training samples, all the methods achieve over
98% classification accuracy on test samples with over six SNR values, and the classification accuracy of
each model exhibits remarkable decrease along with a decreased SNR value.

From the horizontal point of view, in the test on the same test set with fixed SNR value, the
proposed SRDCNN model achieves the highest classification accuracy, the LSTM-CNN model takes
the second place, and the 1d-DCNN model shows the worst result. From the vertical perspective,
when the SNR value is low enough, that means the noise is very strong. Thus, the accuracy of all the
methods decreases as the signal-to-noise ratio decreases. It is obvious that when the SNR value of the
test set decreases from 4 dB to 2 dB, the accuracy of the 1d-DCNN model has the sharpest drop among
them from 94.6% to 86.8%. The accuracy of the 2d-DCNN model also suffers a 6.4% drop. In contrast,
the SRDCNN model and the LSTM-CNN have very small fluctuations in accuracy, down by 4.2% and
4.4%, respectively.
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Figure 15. Results of these three methods diagnosing with noisy signal.

In summary, the SRDCNN model performs well under noisy environment, especially, it achieves
the highest classification accuracy under less strong noise. Additionally, the LSTM-CNN model also
has a good performance on denoising effect, and the 1d-DCNN model is over-fitting in the case of high
noise. Although the performance of 2d-DCNN is better than 1d-DCNN, there is still a gap compared
to SRDCNN and LSTM-CNN. All of these facts indicate that the proposed SRDCNN model is able to
extract the essential features and avoid local false features caused by ambient noise.

In order to visually understand the feature representation of the proposed SRDCNN model,
t-SNE [37] is employed to visualize the feature representation of the last fully-connected hidden layer
for the test samples. The feature representation distribution of test set C can be visualized in Figure 16.
It is clear that the proposed SRDCNN model has learnt the effective features, which can be used to
distinguish between the fault categories.
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Figure 16. Feature distribution visualization of noise experiment with SRDCNN model.
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3.4. Case Study III: Performance across Different Working Loads

In this section, the adaptation performance of the proposed SRDCNN model under different
working loads is investigated. The experimental settings are illustrated in Table 3. The dataset adds
additive white Gaussian noise and the SNR value is fixed at 6.

Table 3. Experiments Scenario settings for load adaptation.

Description Source Dataset Target Dataset
Training set B Test set C Test set D
Dataset details Training set C Test set B Test set D
Training set D Test set B Test set C

The results of the experiments are shown in Figure 17. It can be seen that LSTM-CNN model
performs poorly in generalization test under different working conditions, and its average classification
accuracy in the six scenarios is approximately 63.3%. In addition, 1d-DCNN and 2d-DCNN model
show better workload adaptability, and they achieve average classification accuracy of 87.7% and 83.9%,
respectively. The proposed SRDCNN model outperforms the other three models, and it achieves an
average classification accuracy of 94.7%. From the above results, it can be concluded that the features
learned by the SRDCNN model from raw signals are much more essential than that of 1d-DCNN,
2d-DCNN, and LSTM-CNN models.

m1d-DCNN m 2d-DCNN B LSTM-CNN H SRDCNN

1.000

0.950

0.900
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0.800
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B->C B->D C->B C->D D->B D->C
m 1d-DCNN 0.900 0.878 0.872 0.870 0.852 0.888
H2d-DCNN 0.944 0.950 0.828 0.806 0.714 0.790
B LSTM-CNN 0.648 0.700 0.596 0.716 0.576 0.564
u SRDCNN 0.988 0.984 0.954 0.960 0.844 0.952

Figure 17. Results of these three methods under different working loads.

It should be noted that the 1d-DCNN model achieves high diagnosis accuracy of approximately
89% from dataset B to C and dataset D to C, but its diagnosis accuracy drops by 2% from dataset C to B
and dataset C to D. As for the 2d-DCNN model, it achieves high diagnosis accuracy of approximately
95% from dataset B to D, but it remains only 71.4% from dataset D to B. Moreover, the LSTM-CNN
model obtains its highest diagnosis accuracy of 71.6% from dataset C to D and its lowest diagnosis
accuracy of 56.4% from dataset C to D. In contrast, the SRDCNN model obtains the classification
accuracy of over 84% irrespective of the source dataset and target dataset. On the whole, the proposed
SRDCNN based intelligent fault diagnosis method achieves the best fault diagnosis effect in almost all
the generalization experiments, except from dataset D to B. The above results further demonstrate that
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the proposed SRDCNN model is able to learn to extract the essential features and avoid local false
features caused by fluctuations in the working conditions.

To visually understand the learning effects of the SRDCNN model, it is first trained using the
training set of dataset C, and then its feature representation distribution on test set D is shown in
Figure 18. It can be observed that there are a few crossovers between data points of different categories.
Thus, it can be naturally concluded that the proposed SRDCNN model successfully learns the essential
feature representation, which can be effectively used for fault diagnosis on different working loads.
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Figure 18. Feature distribution visualization of load experiment with SRDCNN model.

In conclusion, with the raw vibration signal as the input, the 1d-DCNN model has the weakest
denoising ability, but it has good workload adaptation. Conversely, the LSTM-CNN model has
good denoising ability and poor workload adaptation. As for the 2d-DCNN model, it makes a
compromise between denoising ability and workload adaptability. Compared with 1d-DCNN,
2d-DCNN, and LSTM-CNN models, the proposed SRDCNN model has higher denoising ability and
better workload adaptability.

4. Conclusions

In this paper, a novel stacked residual dilated convolutional neural network is proposed for
bearing fault diagnosis, which is subtly combined by the dilated convolution, the input gate structure
of LSTM and the residual network. Dilated convolution can exponentially increase the receptive field
of convolution kernel by adding the convolution layer, which could get more redundant information to
alleviate the influence of randomness. Moreover, the input gate structure of LSTM can effectively remove
noise and extract more valuable information from the input sample. Besides, the residual network can
solve the problem of vanishing gradients caused by the deeper structure of the neural network, hence
improving the overall accuracy of classification. Finally, a large number of comparative experiments
have been conducted, and the results show that compared with other models, the SRDCNN-based
intelligent fault diagnosis method has higher denoising ability and better workload adaptability. The
SRDCNN model can achieve prediction accuracy of more than 84% under various operating conditions,
and it can achieve more than 95% prediction accuracy under different noise conditions.

Future work is required to further investigate the limitations of the proposed deep learning method
with ambient noise and working condition fluctuations. In addition, the structure and hyper-parameters
of SRDCNN model are determined by a lot of experiments and human experience, it remains an open
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problem for optimal parameter determination. Moreover, the proposed SRDCNN based intelligent fault
diagnosis method needs to be further improved and validated on a real production monitoring system.
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