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Abstract: Acceleration sensors are frequently applied to collect vibration signals for bearing fault
diagnosis. To fully use these vibration signals of multi-sensors, this paper proposes a new approach
to fuse multi-sensor information for bearing fault diagnosis by using ensemble empirical mode
decomposition (EEMD), correlation coefficient analysis, and support vector machine (SVM). First,
EEMD is applied to decompose the vibration signal into a set of intrinsic mode functions (IMFs),
and a correlation coefficient ratio factor (CCRF) is defined to select sensitive IMFs to reconstruct new
vibration signals for further feature fusion analysis. Second, an original feature space is constructed
from the reconstructed signal. Afterwards, weights are assigned by correlation coefficients among the
vibration signals of the considered multi-sensors, and the so-called fused features are extracted by
the obtained weights and original feature space. Finally, a trained SVM is employed as the classifier
for bearing fault diagnosis. The diagnosis results of the original vibration signals, the first IMF,
the proposed reconstruction signal, and the proposed method are 73.33%, 74.17%, 95.83% and 100%,
respectively. Therefore, the experiments show that the proposed method has the highest diagnostic
accuracy, and it can be regarded as a new way to improve diagnosis results for bearings.

Keywords: feature fusion; sensitive IMFs selection; fault diagnosis; EEMD; SVM

1. Introduction

Rolling element bearings are commonly employed to support rotating shafts in a rotary machine.
A bearing mainly includes an inner race, an outer race, and several rolling elements. A fault in any one
of the above-mentioned components can result in the reduced performance of the whole system, fatal
machine failure, or catastrophic accident [1-3]. Based on the statistical results in Ref. [4], more than 50%
of mechanical faults are caused by various bearing defects. Therefore, it is important and necessary to
design a effective solution for bearing fault diagnosis to reduce the loss caused by mechanical failure.

Analyzing different features extracted from vibration signals has been testified to play an
exceptionally effective role in addressing the issue of fault detection or fault diagnosis of rotary
machinery, because these obtained vibration signals provide abundant information regarding the
working conditions of the bearings in a rotary machine [5,6]. Up to now, many signal processing
methods have been employed to analyze the collected vibration signal for features, and they can be
summed into three types: time domain, frequency domain, and time-frequency domain [7]. At the
preliminary stage of mechanical fault diagnosis, time domain analysis is the simplest one. Frequency
domain methods typically diagnose mechanical faults by revealing key frequency information
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regarding faults, for example, fast Fourier transform (FFT) [8] and interpolated discrete Fourier
transform (IpDFT) [9]. However, the above two methods alone can only extract a portion of the
useful information from the vibration signals, and information from each of the other domains is lost.
Therefore, more and more researchers have introduced time-frequency processing tools for mechanical
feature extraction, such as short-time Fourier transform (STFT), wavelet transform-based methods,
empirical mode decomposition (EMD), and ensemble empirical mode decomposition (EEMD) [10-13].
As a self-adaptive signal processing algorithm, EMD can analyze the overlap information in both
time and frequency domains [14]. Therefore, many EMD-based methods have been proposed for
mechanical fault diagnosis. A fault diagnosis method was employed using envelope spectrum analysis
with the EMD algorithm in Ref. [15]. Wu and Qu [16] proposed an effective method to search the
features of subharmonic faults of large rotating machinery based on EMD; this is an adaptive and
unsupervised approach that does not require a shift to the frequency domain.

In Ref. [17], a novel method combining the parameter estimate of Alpha stable distribution (ASD)
and EMD-based signal processing was proposed to diagnose low-speed bearing faults. In this method,
the trend and noise components of the vibration signal were filtered to give a clear signal. An accurate
autoregressive (AR) model can reveal important information or characteristics of a dynamic system,
so this model was combined with EMD to construct a new strategy to extract effective features for
bearing fault diagnosis [18]. In [19], a new fault diagnosis method using EMD and wavelet denoising
analysis was designed for bearing systems. However, traditional EMD can suffer from a mode-mixing
problem when used to analyze complex signals. To settle the mode-mixing issue, an improved
version, called EEMD, was designed by Wu and Huang [20]. A multi-fault diagnosis method for
axle bearings was introduced using EEMD and Hilbert marginal spectrum analysis [21]. In this
method, an intrinsic mode function (IMF) confidence index was designed to realize the aim of adaptive
self-selection of the useful IMFs. In Ref. [22], EEMD and multi-scale fuzzy entropy were introduced for
feature extraction from complex vibration signals, and this method was also used for motor bearing
fault diagnosis. Another effective fault diagnosis method uses improved EEMD and Hilbert square
demodulation (HSD) [23]. The fault feature information of weak faults is difficult to extract directly
using the standard EEMD algorithm; hence, Wang et al. [24] proposed a novel feature extraction
strategy to detect bearing weak faults based on tunable Q-factor wavelet transform and traditional
EEMD. Similarly, Yang et al. [25] used EEMD and correlation coefficients to extract effective features
by adaptive denoising analysis. In addition to the above studies, a discussion of other EEMD-based
fault diagnosis methods can be found in Refs. [26-28].

Feature extraction is one step towards obtaining useful information regarding mechanical
faults. A classifier must then be designed to complete the process of mechanical fault diagnosis.
Many intelligent classification approaches have been presented for mechanical fault diagnosis. Li
et al. [29] introduced artificial neural networks (ANN) to diagnose the gearbox faults of a marine
propulsion system using the bi-spectrum technique. Chen et al. Ref. [30] used Bayesian networks
for the fault diagnosis of a wind turbine gearbox. In Ref. [31], fuzzy inference was employed to
diagnose early bearing faults with morphological operators. In addition, other neural network-based
methods were developed for mechanical fault diagnosis in Refs. [32,33]. There are disadvantages of
ANN’s and drawbacks to back-propagation (BP) or radial basis function (RBF)-based fault diagnosis
methods. For example, obvious over-fitting, low convergence rate, and especially poor generalization
will appear if the number of the used training samples is small [34]. Therefore, support vector machine
(SVM) was introduced as a new classifier to diagnose mechanical faults. SVM techniques are easier to
use and address nonlinearity classification problems. Therefore, numerous SVM-based mechanical
fault diagnosis strategies have been proposed [35-37].

In this paper, a new approach to information fusion is proposed for bearing fault diagnosis which
fully uses the vibration signals of multi-sensors. Although this method is based on traditional tools,
such as EEMD, SVM, and correlation coefficient analysis, a correlation coefficient ratio factor (CCRF) is
defined to select sensitive IMFs to reconstruct new vibration signals for further feature fusion analysis,
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and a new weight computation strategy is designed to fuse these features of multi-sensors. First, EEMD
is applied to decompose the vibration signal into a set of intrinsic mode functions (IMFs) and the
so-called CCRF is defined to select sensitive IMFs, and a new reconstructed vibration signal is obtained.
Second, an original feature space is constructed from the reconstructed signal. Afterwards, weights
are assigned by correlation coefficients among the vibration signals of considered multi-sensors, and
the so-called fused features are extracted by the obtained weights and original feature space. Finally,
a trained SVM is employed as the classifier for bearing fault diagnosis.

Other parts of this paper are arranged as follows. The theoretical background, including the
principles of EMD, EEMD, and SVM, are introduced in Section 2. Section 3 shows the proposed method,
which includes sensitive IMF selection with the correlation coefficient ratio factor (CCRF), the feature
fusion principle of multiple sensors, and fault diagnosis based on SVM. In Section 4, experimental
research is performed on a multi-function mechanical fault simulator. The conclusions of this work are
made in Section 5.

2. Theoretical Background

2.1. EMD Theory

EMD is a time-frequency analysis method and can self-adaptively process complex signals into a
set of IMFs. It works with three assumptions [14]: (1) the target signal must have at least two extrema
(one maximum and one minimum); (2) the characteristic time scale is defined by the time lapse between
the extrema; and (3) if the data are totally devoid of extrema but contain only inflection points, then
they can be differentiated one or more times to reveal the extrema. In addition, the obtained IMFs
of EMD are nearly orthogonal functions and simple oscillation modes with physical significance.
The procedure of EMD is shown as follows [14-19].

(1) Use the cubic spline line to produce upper and lower envelopes with all the local extrema
points of the original signal (x(t)).

(2) Define the mean of the obtained upper and lower envelopes as 7, and then calculate the
difference between x(t) and mq by

h = X(t) — mq. 1

Here, there are two standards that should be used to judge whether k; is a strict IMF [14]. If h;
satisfies the above two standards, then it is regarded as the first IMF component; otherwise, h; is
treated as x(t), and steps (1) and (2) are repeated n times until 1, is a real IME. As a result, the first
IMF can be obtained by

c1 = hip. )

(3) Then, we can obtain

r1 = x(t) —cy, 3)
where rq is named the residue.
Repeat above steps K times when 7 is monotonous or the program meets the stop condition.
Then, we can obtain the total K IMFs and satisfy
rn—=rn ;
@)
'K-1—CK = 1K

Finally, x(t) is decomposed into
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2.2. EEMD Theory

The traditional EMD method has a mode-mixing problem when it is employed to analyze
complicated vibration signals. To prevent this issue, an improved version, called EEMD, was
proposed by Wu and Huang based on EMD in 2009 [20]. The fundamental basis of EEMD adaptively
decomposing complicated signal signals are the added noise can make the impact interference smoother
than that in original vibration signal; and the added noise components in an IMF can be canceled
by averaging a set number of IMFs in several decomposition processes, because white noise has the
properties of zero mean and consistency distribution in the time domain. That is to say, traditional
EEMD mainly includes two parts that involve adding the appropriate noise; processing the noise-added
signals with EMD several times; and then calculating the mean values of obtained IMFs. The main
steps of EEMD are shown below [20-23].

(1) Determine the decomposition number (N) and add the noise amplitude (A).

(2) Generate a white noise with amplitude A, and add it to x(f) as

Xn(t) = x(t) +en(t), 6)

where e, (t) is the added white noise.
(3) Employ the traditional EMD to process above noise-added signal to get

Z Cnm ‘|’7n m(t) @)

where ¢y, 1, (t) and 7y, (t) are the m-th IMF signal and residual signal of the n-th EMD decomposition.
(4) Repeat steps (1) to (3) N times and each time, where the added noise signals are different, their
amplitudes are all equal to A.
(5) The final IMFs can be expressed as

N ®)
?M(t) = 2 rn,M(t)
n=1
(6) Final, the original vibration signal is decomposed into
Z Cm(t) +7pm(1). )

2.3. SVM Theory

Based on the structural risk minimization principle and statistical learning theory, SVM was
presented to deal with regression analysis and regression analysis issues. This algorithm can achieve
the best combination of learning precision and identification accuracy with only a few samples [38].
SVM is mainly to construct a classification hyperplane to separate the data points of two classes
and to maximize the margin of separation hyperplane between these two data sets. When SVM
is used as a classifier, it firstly projects input data into the high dimension space by the way of
nonlinear transformation, and then an optimal hyperplane is found to classify input data sets.
Therefore, the construction of the SVM-based classifier can be treated as a quadratic optimization
issue. The generalization ability of SVM is stronger than traditional nonlinear function approximation
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algorithms. At the same time, SVM can overcome the difficulty in determining the network structure
and local minima of the neural network. Therefore, SVM has advantages in the classification of small
sample sets and pattern recognition of high dimensional data sets. The principles of SVM are briefly
described below [35-39].

Set the training sample dataset to (x;,y;),i = 1,2...n,x; € R™, y; €(1, —1). These samples can be
classified by a hyperplane which is described as

g(t) =wx+b=0, (10)

where w denotes the n dimensional weight vector which is perpendicular to the hyperplane, and b is a
scalar. If we get a perpendicular, it can be classified by the sample dataset with

{g(xi) > 1, when y; =1 a1

g(x;) < 1,when y; < —1

To reduce the classification error of the SVM model, the optimization values of w and b should be
found to make the separating margin maximum. That is to say, the SVM-based classification finally
become a quadratic optimization problem. In practical applications of SVM, the sample data set is
usual a nonlinearly separable, and the samples should be mapped to high dimensional space with the
kernel function before doing the classification.

3. Proposed Method

3.1. Sensitive IMF Selection

According to the principles of EEMD, a series of IMFs can be obtained when using it to deal with
the complex signal. Simultaneously, the so-called useful information regarding mechanical faults is
assigned to various IMF components. Therefore, how to select the sensitive decomposed composition
is important for constructing a precise fault diagnosis method. Up to now, two common ways have
been kurtosis analysis [40] and correlation analysis [41]. For the former, the first IMF has the biggest
kurtosis because of the interference of noise and the high frequency component. For the latter, only the
correlations of IMFs between observational vibration signal of are use, but the correlations of IMFs
between the vibration signal of normal are not considered. Here, we combine above two types of
correlations to select sensitive IMFs, and the main steps are shown below.

(1) Set x40,(t) and x(t) as the vibration signals of normal bearing and investigated bearing
conditions, respectively. Then, compute the correlation coefficient of the ith IMF and x(t) by

= () = ®(alt) —&)

, 12
o (12)

Tejx = ‘

where ¢;(t) is the ith decomposed IMF of EEMD; o, and o, are the deviations of ¢;(t) and x(t),
respectively; ¢;(t) and X(t) are the means of ¢;(t) and x(t).
(2) Compute the correlation coefficient (rc, x,,,) between the vibration signal under normal
conditions and the ith IMF with Equation (12).
(3) Calculate the ratio between r, x and r,,

Xnor USING

Te.
Vi = Tep—tt, (13)

Tci xnor

where 7; is defined as the correlation coefficient ratio factor (CCRF) that is used to select sensitive IMFs.
(4) Rank these CCRF values as a new sequence from biggest to smallest,i.e., A > Ay > -+ > Ay,
and M represents the total number of CCRFs.
(5) Select K IMFs with the larger CCRF values and assign the weight, wy, to the kth selected
sensitive IMF. Then, a new reconstructed signal is obtained by
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K
xnew(t) = Z wkck(t)
k=1 ‘

__ T
Zszl Tk
The two correlation coefficients calculated in steps (1) and (2) reflect the correlation degrees of
these decomposed IMFs with their original vibration signals x(t) and X, (t). In accordance with the
similarity theory, 7, » and r¢, »,,, are between zero and one. If the correlation coefficient is equal to
zero, these two signals are completely uncorrelated. If the correlation coefficient is equal to one, these

(14)
Wy

two signals are completely correlated. That is, the larger r, x is, the more related the ith IMF and x(f)
will be; the smaller 7, x,,, is, the less related the ith IMF and Xnor (t) will be. From Equation (13), it can
be observed that <y; considers not only the value of r, , but also the ratios of r, y and r;, Therefore,
we can select the components with the greatest CCRF values as the sensitive IMFs. In this paper, three
sensitive IMFs were obtained for further feature extraction analysis.

Xnor *

3.2. Feature Fusion of Multiple Sensors

For a rotating machine, several vibration signals can be collected by sensors installed at different
locations on the machinery, and many parameter values can also be calculated as the features from
the vibration signal collected by each sensor. Using the proposed sensitive IMF selection method,
the useful information from each sensor for fault diagnosis is obtained, and traditional features are
extracted. If all features are employed to diagnose bearing faults, the fault diagnosis model will
be complicated and time-consuming. Furthermore, each feature can contain more or less failure
information to facilitate the fault diagnosis of the bearings. Principal component analysis (PCA) can
play a role in projecting high-dimensional data to low-dimensional data to reduce the redundancy
of the dataset [42]. Meanwhile, the low-dimensional data is able to reflect the main information of
the original high-dimensional data. However, one drawback of PCA is that its threshold is hard to
adaptively select. Another frequently used feature fusion method is the DS evidence theory [43],
which has become a more widely used approach in recent years. However, it also has problems.
For example, the exponential complexity of the computations and fusing of conflicting data can
produce counterintuitive results [44]. In this paper, we use correlation analysis to fuse these obtained
features from different sensors. The procedure is as follows.

(1) The reconstructed signals with selected sensitive IMFs of the used sensors are obtained using
the sensitive IMF selection method described in Section 3.1; these are marked as x4 (f), X2 (t). .. Xsn (t),
where sn is the serial number of the sensor.

(2) The characteristic parameter values are calculated from the reconstructed signals of the sensors
with the definitions and calculated formulas of the features.

(3) The correlation coefficients of any two reconstructed signals are calculated and the two
reconstructed signals, X1 () and Xpeq0 (), with the greatest correlation coefficients are determined.
For normal conditions, either of these two reconstructed signals, X1 (t) OF Xye02(t), can be selected
as the base signal. For the investigated vibration signal, this reconstructed signal, which has the lowest
correlation with the normal signal, is regarded as the so-called base signal. Then, the correlation
coefficients of the base signal and all reconstructed signals are calculated to define a weight, w}, by

Txpx
Wy = g —, (15)
Zk:l Ty,
where 7y, y, is the correlation coefficient of the base signal and reconstructed signals; x; is the base
signal; and x is the reconstructed signal and can be equal to xy.
(4) After obtaining these weights, the fusion features are calculated by
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L
F =) whF, (16)
I=1
where F is the original feature and F/ is the fusion feature.

3.3. Procedure of the Proposed Method

The essence of mechanical fault diagnosis is a pattern recognition problem and includes data
acquisition, feature extraction, and fault classification. In the past, vibration signals have been widely
used for the fault diagnosis of machines. In this paper, the vibration signals of multi-sensors are
also used for bearing fault diagnosis, and the main procedure of the presented method is plotted in

Figure 1.
Sensor 1 Sensor 2 e Sensor n
\ 4 y l A
Signal 1 Signal 2 B Signal n
\ 4 y l A

Obtain reconstructed signals with the proposed sensitive IMFs selection

y y A

Pra—

Feature set 1 Feature set 2 o Feature set n

y y l Y

Fuse features of multiple sensors with weights based on correlation analysis

!

Fault diagnosis with SVM model

A 4

Diagnosis results

Figure 1. Main procedure of the presented method.

Step 1: Install the considered acceleration sensors on the bearing housing, for example, on the top
or sides. Then, vibration signals are collected by multi-sensors and the data acquisition system. In this
paper, they are all bought from professional data collection companies to make the signals accurate
and effective.

Step 2: The traditional EEMD algorithm is used to decompose the collected vibration signals into
a set of IMFs. For this task, it is carried out offline in this paper, because a lot of computation time is
need to decompose many data segments to extract features to train the SVM model.

Step 3: The proposed sensitive IMFs selection method is applied to find useful IMFs which include
abundant fault information to reconstruct a new vibration signal. Then, an original feature space
including features in a time domain and frequency domain is produced from the reconstructed signal.
For each sensor, there is a original feature space.

Step 4: The proposed feature fusion method is performed. Here, weights are assigned by the
principle defined in Section 3.2, and the so-called fused features are extracted by the obtained weights
and original feature space.
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Step 5: Part fusion features are randomly selected to train the standard SVM model to construct
a classifier for bearing fault diagnosis, and the rest of these fusion features are used to test the
proposed method.

4. Experiment

4.1. Experimental Setting

In this section, an experiment was designed on a mechanical simulator to testify the proposed
method. The used simulator was produced by Spectra Quest, Inc. (Richmond, VA, USA). and is
illustrated in Figure 2. This simulator is driven by a 1 Hp AC motor, and its speed can range from 0
to 6000 rpm through the control of the matched converter. The power of the motor is transmitted to
the shaft through a flexible coupling, and then the bearings and well-balanced rotor disc are driven.
To realize the function of increasing the rotor weight and simulating an unbalanced fault, several
tapped holes are symmetrically arranged in the edge of the rotor. The above mechanical parts include
several accessories, both those that function normally and those with different faults. According to
the literature [45], one of the key factors affecting mechanical running states is bearing detection.
Therefore, only faulty bearings were installed in this test bench to simulate the different bearing
working conditions to verify the proposed method. From Figure 2, we can also see that there are two
housings: the one near the AC motor is defined as inboard bearing housing and the one far from
the AC motor is named outboard bearing housing. The extreme case of simultaneous failure of both
bearings was not considered in this paper, so only this bearing in outboard bearing housing was
defined as the test bearing, and the other one was defined as normal bearing. Some key technical
characteristics are shown in Table 1. Moreover, the test bench also includes a loading system; however,
all of our simulations were performed under a no loading condition.

Figure 2. Multi-function mechanical fault simulator: (1) AC motor, (2) sensor, (3) shaft, (4) rotor
disc, (5) test bearing, (6) outboard bearing housing, (7) normal bearing, (8) inboard bearing housing,
(9) flexible coupling, (10) converter.

Table 1. Some key technical characteristics of used bearings.

Items Type  Number of Rolling Elements  Pitch Diameter Rolling Elements Diameter

Components ER-12k 8 1.318 inches 0.3125 inches

For a bearing, its faults are usually appear in inner race, outer race, and rolling elements.
Considering this, four bearing working states were set: normal (S1), inter-race fault (52), ball fault (S3),
and outer-race fault (54). These above faults were artificially processed and are shown in Figure 3.
To make the simulated faults as real as possible, the diameter and depths of these faults were 2 and
0.5 mm, respectively. When the vibration signal passed to the sensor, each intermediate transmission
unit caused information loss. That is to say, the more the intermediate transmission units existed, the
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more the loss of information would be. Based on this issue, three ICP acceleration sensors (AC 240-1D),
bought from the Connection Technology Center, Inc. (New York, NY, USA), were placed on each
bearing housing, and they are shown in Figure 4. For each housing, two sensors, installed on the sides,
were all in the X axis; the other one, installed on the top of housing, was in the Y axis. Therefore, a
total of six identical sensors were considered in this work. In addition, data acquisition equipment,
produced by Donghua Testing Technology Co., Ltd. (Jingjiang, China), was also used to collected
vibration signals. This device has 16 channel data recorders and can collect signals from 16 sensors at
the same time. Even though the max sampling frequency of each recorder is up to 256 kHz, the real
used sampling frequency is only 2 kHz by considering that the rotational speed is 1800 rpm and main
fault character frequencies are less than 1 kHz.

Inner race fault Ball fault Outer race fault

Figure 3. Bearings with different faulty conditions.

Sensor 2 or 5

Y
X
Housing q

Sensor 3 or 6

Sensor 1 or 4

Test base

Figure 4. Sensor installation diagram.

Figures 5-8 illustrate the vibration signals of the six sensors installed on the above simulator.
To optimize the layout and structure of this paper, here, only the spectrums of vibration signals
collected by Sensor 6 are displayed in Figure 9. From these plots shown in Figures 5-9, it can be seen
that these time domain signals of various bearing states do not have enough obvious differences for
fault diagnosis; similarly, it is also hard to use the differences between frequency signals for bearing
fault diagnosis. That is, it is difficult to diagnose bearing faults only using these time signals or
frequency signals, so their features should be extracted to finish the bearing fault diagnosis.
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Figure 8. Waves of vibration signals under outer-race fault.
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Figure 9. Waves of vibration signals in time and frequency domain under four bearing conditions.

4.2. Fusion Feature Extraction Based on Sensitive IMF Selection

In this work, EEMD was used to deal with these obtained vibration signals. In this process,
the decomposition number and amplitude of the added white noise were set as 100 and 0.2 times the
standard deviation of the original signal. Figure 10 displays the decomposed IMFs of these vibration
signals collected by Sensor 6 under conditions S1, S2, S3, and 54, mentioned above. When analysing
these waves in Figure 10, it can be observed that the high frequency information mainly occupies the
first several IMFs and the last several IMFs contain less useful low frequency information. Therefore,
it was necessary to develop an adaptive sensitive IMF evaluation method.

The CCREF values of the IMFs plotted in Figure 10 were calculated and are presented in Table 2
as a digital representation. From this table, it can be observed, from the CCRF values, that the most
sensitive IMFs are the first several IMFs of EEMD. That is, the last IMFs are of minimal value for fault
diagnosis and can be removed as noise. The CCRF values in Table 2 indicate that the most sensitive
IMFs are the first several IMFs of EEMD. In this paper, the first three IMFs with the greatest CCRF
values were selected to reconstruct the vibration signals for the features. The reconstructed vibration
signals of Sensors 1-6 were calculated using Equation (14). Then, the original features, identified in
Ref. [46], were calculated for fusion features calculated by correlation analysis and weighted average.
Table 3 displays the group weight values of the six sensors under the four considered conditions.
From this table, it can be observed that the weights belonging to the six sensors were different in value;
the greatest weight values belonged to Sensor 1 (once) and Sensor 3 (three times). Therefore, using a
traditional averaging method to fuse the features of the six sensors would ignore the contributions
of the original features. That is, the features with more useful information and the features with less
useful information would contribute the same weighting when calculating the fusion features using a
traditional averaging method. To fully use the pertinent information of the six sensors, fusion features
were extracted using Equation (16).
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Figure 10. Vibration signals collected from Sensor 6 and the decomposition results of EEMD: (a) normal
IMFs; (b) IMFs of inner-race fault; (c) IMFs of ball fault; (d) IMFs of outer-race fault.

Table 2. CCRF values of IMFs decomposed from vibration signals collected by Sensor 6.

Conditions IMF1 IMF2 IMF3 IMF4 IMF5 IMFe IMF7 IMF8 IMF9 IMF10
S1 0.6672 0.6817  0.5388 0.1293 0.0328 0.0520 0.0124 0.0091 0.0093 0.0036
S2 62.6646 284247 14968 1.2401 1.0390 0.1951 0.0190 0.0138 0.0102 0.0191
S3 251.5411 21859 15832 0.4112 09304 0.0021 0.0194 33x107% 11x107° 53 x107°
S4 55.0147  50.8732 9.4266 0.7410 0.1520 0.0435 0.0083 0.0110 0.0043 0.0114

Table 3. Group weight values of six sensors under four conditions.
Conditions Sensor1 Sensor2 Sensor3 Sensor4 Sensor5 Sensor6
S1 0.4214 0.0244 0.4368 0.0585 0.0184 0.0406
52 0.3958 0.0312 0.4183 0.0617 0.0580 0.0350
S3 0.3897 0.0898 0.3949 0.0450 0.0446 0.0360
S4 0.3548 0.0060 0.3434 0.1068 0.0789 0.1102

4.3. Results and Discussion

In this paper, 60 fusion features from each bearing state were constructed from the collected
vibration signals. Thirty labeled samples were used to construct an SVM model, and the other
30 samples were employed for testing. From the description above, a fusion feature extraction strategy,
including sensitive IMF selection and feature fusion of multiple sensors, was proposed to diagnose
bearing faults with an SVM model. The BP neural network is a frequently used artificial intelligence
classifier for fault diagnosis [32]. Therefore, we firstimplemented the BP neural network as the classifier
to diagnose bearing faults to testify the availabilities of the proposed method. When constructing the
results of the BP neural network model, its four goal outputs, marked outputl, output2, output3, and
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output4, were coded with ‘0" and ‘1’. In this paper, the goal outputs of states S1, S2, S3, and S4 are
represented by “1000", ‘01007, ‘0010, and ‘0001’, respectively.

Figure 11 displays the test results of the BP neural network. As can be observed from Figure 11a,
outputl, output2, output3, and output4 of these test samples with serial numbers 1-31 can be regarded
as being close to ‘17, ‘0", ‘0", and “0’, and they matched the goal outputs to some degree. However,
the test results of the test samples with serial numbers 61-120 mismatched the goal outputs. In the
same manner, the diagnosis results of Figure 11b—d can be analyzed. By contrastively analysing
the plots in Figure 11, it can be observed that Figure 11d has the best classification effect, and the
accuracy of Figure 11c is greater than that of Figure 11a,b. These experimental results demonstrate
that the proposed sensitive IMF selection and fusion extraction method can improve the fault
diagnosis accuracy.
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Figure 11. Test results of the BP neural network where the features used were extracted from (a) the
vibration signals of six sensors; (b) the first IMF of six sensors; (c) reconstructed vibration signals using
the proposed sensitive IMF collection method; (d) reconstructed vibration signals using the proposed

feature fusion method.

In this paper, SVM was used as the classifier for the bearing fault diagnosis. In the model
construction stage, the target outputs of bearing states S1, S2, S3, and S4 were represented by digital
coding ‘1’, 2/, “3’, and “4’, respectively. As 12 features can be extracted from each vibration signal of
six sensors, 12 x 6 features can be available to the classifier if all original features of the six sensors
for the fault diagnosis are used. Figure 12 displays the fault diagnosis results of the SVM model;
the test results and goal outputs are represented by different colors and shapes. By comparing the
values of these test results and goal outputs in Figure 12a, it can be determined that the test results
and goal outputs of some test samples did not coincide. That is, some test samples in Figure 12a
were misdiagnosed. Similarly, the diagnosis accuracies of Figure 12b—d were analyzed and these
are shown in Table 4. From this table, the diagnostic accuracy of three comparison methods and the
proposed method are 73.33%, 74.17%, 95.83% and 100%, respectively. Moreover, the diagnosis accuracy
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of Figure 12c was also greater than that shown in Figures 12a and 10b. To further analyze the robust
performance of the proposed method, a 10-fold cross-validation is carried out with these used fusion
features of Figure 10d, and the mean diagnostic accuracies of the proposed method is 98.75% which is
acceptable for mechanical fault diagnosis. Therefore, we can conclude that the proposed method can
effectively and accurately diagnose bearing faults.
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Figure 12. Test results of the support vector machine (SVM) model where the features used were
extracted from (a) the vibration signals of six sensors; (b) the first IMF of six sensors; (c) reconstructed
vibration signals using the proposed sensitive IMFs collection method; (d) reconstructed vibration
signals using the proposed feature fusion method.

Table 4. Comparison of the proposed method with commonly applied classifiers.

Experiments Features per Sample Test Samples Accuracy(%)
SVM + features of vibration signal 12 x 6 30 73.33
SVM + features of first IMF 12 x1 30 74.17
SVM + features of reconstruction signal 12x6 30 95.83
Proposed method 12x1 30 100

5. Conclusions

To fully use the vibration signals of multi-sensors, a new information fusion approach was
proposed for bearing fault diagnosis. This method employs ensemble empirical mode decomposition
(EEMD) as the tool for vibration signal processing, correlation coefficient analysis as the method for
sensitive IMFs selection and feature fusion, and support vector machine (SVM) as the classifier.
Considering that the traditional signal processing method cannot deal with the nonlinear and
non-stationary vibration signals generated by these bearings with various conditions, the EEMD
algorithm was used to decompose these original signals into a set of intrinsic mode functions (IMFs).
Not all components are helpful for fault diagnosis, and some will even interfere with fault diagnosis,



Appl. Sci. 2018, 8,1621 16 of 18

so a correlation coefficient ratio factor (CCRF) is defined to select sensitive IMFs to reduce noise
and reconstruct new vibration signals for further analysis. After that, an original feature space
was constructed from the reconstructed signal, and the so-called fused features were extracted by
original feature space and weights assigned by correlation coefficients among these vibration signals
of considered multi-sensors. With this feature fusion algorithm, the dimension of final features was
successfully reduced to one-sixth of the original feature space. Experiments were implemented to
verify the performance of the proposed approach. The experimental results of the BP neural network
showed that the proposed sensitive IMF selection and fusion extraction method can improve the fault
diagnosis accuracy. The diagnosis results of original vibration signals, the first IMF, the proposed
reconstruction signal, and the proposed method were 73.33%, 74.17%, 95.83% and 100%, respectively.
Therefore, the experiments showed that the proposed method has the highest diagnostic accuracy, and
it can be regarded as a new way to improve the diagnosis results for bearings.
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