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Abstract: As the supporting unit of rotating machinery, bearing can ensure efficient operation of the
equipment. Therefore, it is very important to monitor the status of bearings accurately. A bearing
fault diagnosis mothed based on Multipoint Optimal Minimum Local Mean Entropy Deconvolution
Adjusted (MOMLMEDA) and Long Short-Term Memory (LSTM) is proposed. MOMLMEDA is
an improved algorithm based on Multipoint Optimal Minimum Entropy Deconvolution Adjusted
(MOMEDA). By setting the local kurtosis mean as a new selection criterion, it can effectively avoid the
interference of false kurtosis caused by noise and improve the accuracy of optimal kurtosis position.
The optimal filter designed by optimal kurtosis position has periodic and amplitude characteristics,
which are used as the fault feature in this paper. However, this feature has temporal characteristics
and cannot be used as input of general neural network directly. LSTM is selected as the classification
network in this paper. It can effectively avoid the influence of the temporal problem existing in feature
vectors. Accurate diagnosis of bearing faults is realized by training classification neural network with
samples. The overall recognition rate is up to 93.50%.

Keywords: bearing; fault diagnosis; MOMLMEDA,; filter feature; LSTM

1. Introduction

Bearing is an important part of mechanical equipment. It can reduce the friction coefficient and
ensure its rotary accuracy in the process of motion. Bearing failures occur from time to time under
long-term, high-speed, and heavy-load conditions, seriously affecting the overall operation efficiency of
the equipment. Effective health monitoring of bearing and reasonable arrangement of maintenance and
replacement are of great significance to improve the overall production efficiency [1]. Fault diagnosis
technology based on vibration signals is widely used in bearing health monitoring. Vibration signals
can effectively respond to impulses generated by bearing faults and other characteristics [2]. However,
due to noise interference, false impulses often occur [3]. Therefore, the research on eliminating false
impulse interference is very important to ensure the accurate diagnosis of bearing faults.

Kurtosis is a numerical statistic that can reflect the distribution characteristics of random
variables [4]. It is especially sensitive to impulse signals in fault diagnosis. Using this feature,
R.A. Wiggins proposed Minimum Entropy Deconvolution (MED) in 1978 and applied it to seismic
records [5]. MED can effectively extract impulse components from signals [6]. In order to make up for the
limitation of MED, McDonald and others first proposed Maximum Correlated Kurtosis Deconvolution
(MCKD) [7]. MCKD introduces the concept of correlation kurtosis and takes maximizing correlation

Entropy 2019, 21, 1025; doi:10.3390/e21101025 www.mdpi.com/journal/entropy


http://www.mdpi.com/journal/entropy
http://www.mdpi.com
https://orcid.org/0000-0001-8094-3436
http://dx.doi.org/10.3390/e21101025
http://www.mdpi.com/journal/entropy
https://www.mdpi.com/1099-4300/21/10/1025?type=check_update&version=2

Entropy 2019, 21, 1025 2 of 15

kurtosis as the objective function, which can effectively extract periodic impulses [8]. Lyu proposed
an improved method based on quantum genetic algorithm (QGA) named QGA-MCKD [9]. Two key
parameters, filter length and deconvolution period of MCKD, correspond to each single fault and
are adaptively selected by QGA. It is effective in bearing compound fault diagnosis. However,
MCKD can only obtain a single failure cycle. MCKD becomes powerless when the signal contains
multiple failure cycles. McDonald and others further proposed Multipoint Optimal Minimum Entropy
Deconvolution Adjusted (MOMEDA) [10]. MOMEDA proposes a deconvolution problem aiming
at infinite impulse sequence, which can directly calculate the optimal filter solution and effectively
avoid the iteration problem [11]. Zhou proposed a parameter adaptive MOMEDA method based
on grasshopper optimization algorithm to extract fault features [12]. The introduction of GOA not
only solves the problem of parameter selection in MOMEDA, but also achieves better performance
compared with other optimization methods. The feasibility and superiority of the approach are
fully proved.

However, due to the influence of noise, false peaks often occur in the kurtosis spectrum, which
interferes with the selection of the optimal kurtosis location [13]. This makes some filters designed
based on the selected position have essential errors. In order to eliminate the interference of noise, an
improved algorithm called MOMLMEDA is proposed in this paper. In this method, the maximum
local mean is selected as a new criterion of the optimal location. The influence of false peaks can be
effectively solved by utilizing the large width characteristic of real maximum kurtosis.

A good fault feature can effectively represent different fault signals [14]. It not only needs to reflect
the difference between the different kinds of signals, but also needs to ensure the similarity between the
same kind of signals [15]. The filter vector based on the optimal kurtosis position can effectively reflect
the periodicity and amplitude characteristics of the original fault impulse signals [16]. It can be used as
a fault feature to detect bearing health effectively. There are many traditional classification methods
such as support vector machines, quadratic classifiers, back-propagation neural networks [17]. Jovan
Gligorijevic proposed a bearing fault diagnosis method based on wavelet transform and quadratic
classifier. The new technique can increase reliability and efficiency in the industry by preventing
unexpected faulty operation of bearings [18]. However, there are some temporal differences in the
feature distribution per unit time, which affect the stability of the feature vector to a certain extent [19].
It is difficult for a traditional classifier to achieve better classification results under the influence of
temporal characteristics. In order to eliminate the influence of temporal characteristics on feature
vectors, Long Short-Term Memory (LSTM) neural network is selected as the classification network.
LSTM is a kind of Recurrent Neural Network (RNN), which is used to process sequential data [20].
It can effectively establish the weight connection between neurons in a certain layer and the internal
relationship between features [21]. In addition, the input gate, the forgetting gate, and the output gate
can be set in each cell to judge whether the input information is useful or not according to the rules.
Such a rule can effectively avoid the problem that the long-term memory cannot be established due to
the disappearance of gradient [22]. This network has been widely used in language translation, image
analysis, document abstraction, speech recognition, and so on [23] Gao proposed a novel end-to-end
framework named aLSTMs, an attention-based LSTM model with semantic consistency, to transfer
videos to natural sentences. It can guarantee the semantic consistence of the sentence description and
the video visual content effectively. [24]. In this paper, it is applied to fault classification based on filter
features. It can effectively eliminate the interference of temporal characteristics on fault characteristics
and improve the stability of classification network. Finally, the neural network trained by samples can
accurately diagnose the bearing health status.

2. Model Building

In this paper, a bearing fault diagnosis mothed based on MOMLMEDA and LSTM is proposed.
This method makes full use of the advantages of two methods in dealing with noise interference and
temporal interference respectively. The flowchart of the proposed method is shown in Figure 1.
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Figure 1. The flowchart of the proposed method.

2.1. Coarse-Grained Feature Extraction of Filter Based on MOMLMEDA

The essence of MOMEDA algorithm is to find a filter to extract the periodic impulse component
in the input signal as far as possible. The filter can effectively extract impulse components from the
original signal. It has good periodic and amplitude characteristics. However, the original MOMEDA is
vulnerable to false kurtosis peaks caused by noise when choosing optimal kurtosis location, and its
stability is poor. MOMLMEDA takes maximum local mean as selection criterion of the optimal kurtosis
position, which effectively avoids the influence of false kurtosis peak and improves the accuracy of the
designed filter.

Assuming the collected vibration signal x(n) and the filter f(I), the output signal y(n) can be
expressed as:

y(n) = f(1) *x(n) )

The known position multiple impulses are taken as deconvolution targets. This maximization
problem is called MOMEDA.

. 1ty

Multi D — Norm = MDN(y, t) = Tl 2)

tTy
maxMDN (y, t) = max—- 3)

f £ Iyl

where f is a constant vector that defines the locations and weightings of a series of goal impulses.
The extremum of the above formula is obtained by derivation:
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The derivation of each single item on the right side of the Equation (4) is as follows:

d(t - -
d_(k_yk) = Iyl M = Iyl >ty Xoy ®
Iyl
Xk4+L-1
Xhe+L-2
M- | (6)
X

Then, the formula is written as follows:

d tkyk) 1 3

— == Xot — tyX, 7

df(llyll [lyll™ Xot — Iyl ty Xoy ()
Xot = My + toMp + - - + tn_LMN-L. 8)

Solving for extremum by equating to 0:

Iyll™ Xot = llyll>tyXoy = 0 )
ty
HWXO“V = Xot (10)

Since y = X! f and assuming (XoX! )_1 exists:

ty

e £ = (XoXo") ™ Xot (11)

-1
Since multiples of f are also solutions to Equation (11), multiples of f = (XOXOT) Xot are
solutions to the MOMEDA problem.

-1
f=(XoXo")  Xot (12)
XL Xp+1 Xp42 XN
X[1-1 XL XL+1 0 XN-1
Xo=|*L-2 XL XL XN-2 (13)
X1 X2 X3 ctr XN-L+1

MOMEDA can calculate a spectrum of M target vector candidates. The calculation formulas of
filter vector matrix F and kurtosis value MKurt are as follows:

Fz[ﬁ oo fM]:(XOXOT)XO[ tr tp - fM] (14)

Y=[m v - ym |=X"F (15)
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NAL 2N-L 4
( Zl tn ) Z (tn]/n)
_\n= n=1
MKurt(y, t) = ~—— N (16)
Z tnS ( Z tnz)
n= n=1
Sort the values in the obtained MKurtsx.
[MKurtsx Index] = sort[MKurt] (17)

MKurtsx is the sorted numeric vector, Index is the original sequence corresponding to the numeric
vector, and sort is the sorting function.

Then, the first K positions with larger values are selected and the local mean kurtosis MKlmy of
the positions is calculated.

MKImy = mean[MKurtjygox, -y MKurtipgex, —n41 - - - MKurtiygox, 4] (18)

mean is the mean calculation function.
Finally, the maximum kurtosis mean is selected and defined as the optimal kurtosis value.

MKjps; = max(MKlmy ),k =1,2...K (19)

max represents the maximum selection function.

The location of the kurtosis value is tp,s, the designed filter f;.s; based on this position is defined
as the optimal one.

However, the filter length is usually large. If it is directly input into the neural network as a
feature, it will lead to a larger network scale and increase the amount of computation. In order to solve
this problem, the filter is coarsened. Each filter with L length is divided into k groups. The global mean
of each segment is calculated separately and used as a new feature vector S=(s1 s ... ... Sk)-

fe1+ fio + o+ fi
s = —— (20)

2.2. Classification Network Construction Based on LSTM

The classification network based on LSTM consists of five layers: input layer, LSTM layer, full
connection layer, soft Max layer, and classification output layer. The LSTM layer is the core of the
whole classification network. Its framework is shown in the Figure 2.

F—_———— - — — ——— —_———
e, . T

| D— T Ll
Vo] |
:|::>| ® ® |
| I p o] [a] [tnh] [O] h l
-~ | el > |
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N e e ] e e e e e— e e —— e—— —— — — — J

Figure 2. The framework of LSTM.

Compared with RNN, LSTM replaces internal storage with cell. Cell state runs through the entire
LSTM architecture with a small amount of linear interaction, which enables the network to learn
long-term dependent information. A standard LSTM layer is divided into four steps to process data.
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Step 1: Determines which old information needs to be removed from the cell state by the forget
gate. The forget gate is composed of sigmoid function.

fr = o(Wg(hi-q,x¢) + by) 1)

Step 2: Determine which new information needs to be added into cell state by input gate. The input
gate is composed of a sigmoid function and a tanh function. The sigmoid function determines which
values need to updated. The tanh function is used to create a new candidate value vector.

iy = a(Wi(ht_l,xt) + bl‘) (22)

Et = tanh(W¢(h_1,xt) + be) (23)

Step 3: Update cell status based on step 1 and step 2.

Cr= fr*Crq+ip (N:t (24)

Step 4: Determines which information needs to be export by output gate. The output gate is
composed of a sigmoid function and a tanh function. The sigmoid function determines which part of
the cell state will be exported. The tanh function is used to process the cell state and convert it into a
value which is between -1 and 1. The final output can be obtained by multiplying the output of the
two functions.

0y = G(Wo(ht_l,xt) + bo) (25)

hy = o = tanh(Cy) (26)
3. Experimental Data Acquisition

3.1. Introduction of Test Bench

The experimental data used in this paper is from SQI-MFS bearing fault test bench. The test
bench belongs to ourselves. Data is also collected by ourselves according to the needs of experiments.
The SQI-MFS test bench is composed of motor, frequency converter, bearing, accelerometer, and base
bracket. It can effectively simulate the bearing faults. The type of rolling bearing used in the experiment
is SER205. The different faults of bearing are complete by laser processing. The fault sizes of inner race
and outer race are 0.1 mm, 0.2 mm and 0.3 mm. With normal bearings and ball fault bearing, there are
eight kinds of bearing states. The test bench and the bearing are shown in Figure 3.

Bearing

o

Inner race

Outer race

O

\&

Figure 3. SQI-MFS bearing fault test bench.
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3.2. Data Acquisition Scheme

Data sample acquisition is under fixed load and rotating speed. The motor speed is 1200 r/min and
the sampling frequency is 16 kHz. Eight groups of different bearing vibration signals were sampled in
this experiment. Each group contains 100 samples and each sample contains 8000 sample points (0.5 s).
Table 1 shows the description of classification.

Table 1. Description of experimental data.

Bearing State Fault Size (mm) Sample Label

Normal 0 1

0.1 2

Inner race fault 0.2 3
0.3 4

0.1 5

Outer race fault 02 6
0.3 7

Ball fault 0.1 8

4. Experiment Data Analysis

Figure 3 shows the time domain comparison of normal bearing signals and fault bearing signals
with different fault types and degrees. The sampling time of each signal is 0.5 s and the number of
sampling points is 8000.

It can be seen from Figure 4 that the failure of bearings is mainly presented in the form of periodic
impact. There are some differences in the periodicity and amplitude. Using this characteristic to extract
a feature vector can effectively realize the diagnosis of bearing condition.

Normal bearin: Ball fault
0.05 ne 0.05
0 WMWWWWWMWW 0 MWMW
-0.05 : : -0.05 : : :
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Inner race fault 0.1lmm 05 Outer race fault 0.1mm
0.5 .
O etspbtth st bt b sppor- O (HHHHHHHHH -
-0.5 : : -0.5 : : :
0 2000 4000 6000 8000 0 2000 4000 6000 8000
on
%D Inner race fault 0.2mm ) Outer race fault 0.2mm
= 0.5 0.5
E 0 b bbb bbb bbb é 0 MWWMWW
a NS M LU LA I S M o L L L | a
g -05 £-0.5
< 0 2000 4000 6000 8000 <¢ 0 2000 4000 6000 8000
Inner race fault 0.3mm Outer race fault 0.3mm
0.5 0.5
0 ka 1 L lL.... b b LLL lﬂh ALJ N 0
T r’ T [v'rw y[vrr L R rv ( vrrr”
-0.5 -0.5
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Sample points Sample points

Figure 4. Time domain comparison of different bearing signals.

MOMEDA is a fault feature extraction method based on the periodic characteristics of rotating
machinery. It overcomes the problem of single periodic impulse in MED and the problem of non-optimal
filter in MCKD. By automatically selecting the maximum kurtosis point in a fixed range and designing
the optimal filter, the periodic impulse signal can be extracted. The eight signals shown in Figure 1 are



Entropy 2019, 21, 1025 8 of 15

processed by MOMEDA. In order to observe the kurtosis changes in a wide range, the initial range of
kurtosis calculation interval is set to 10-500. Because a too-large filter length will increase operation
time, the initial value of the largest length is 500. The multi kurtosis spectrum obtained after processing
is shown in Figure 5.

02 Normal bearing 02 Ball fault
0.1 h 0.1 h
0 0
0 100 200 300 400 500 0 100 200 300 400 500
0o Inner race fault 0.1mm 02 Outer race fault 0.1mm
0.1 u ‘ 0.1 M
~‘L|‘ W ST LJL }' A‘v“‘n L ll Lise L)
e 0 e 0
'_a. 0 100( (200 300 400 500 § 0 1 200 300 400 500
= 0 Inner race fault 0.2mm = 0 Outer race fault 0.2mm
0.1 0.1
0 M (P TV P O PO TONY DO 0 WLJ Ll | . . A
0 100( (200 300 400 500 0 1 200 300 400 500
s Inner race fault 0.3mm 02 Outer race fault 0.3mm
0.1 0.1 M J
0%@‘%\}”. Ll ol 0 J.Uw’m. e 1
0 100 200 300 400 500 0 100 200 300 400 500
Interval sampling points Interval sampling points

Figure 5. Multi kurtosis spectrum of different bearing signals.

As can be seen from Figure 5, compared with the multi-point kurtosis spectrum of the normal
signal, ball failures do not show much difference, but the kurtosis spectra of inner and outer race have
obvious peaks. The kurtosis peak of the inner race fault signal appears near the sampling point 148,
and the kurtosis peak of the outer race fault signal appears near the sampling point 112. Kurtosis
spectrum can well reflect the periodic characteristics of fault shocks. After this treatment, the inner
race fault and outer race fault can be distinguished well.

Since the ideal peak positions of this set of data are 112 and 148, the calculation interval is set
to 100-160 and the minimum filter length is set to 200 at least in order to make the designed filter
contain the whole period. Taking 100 as step size and the accuracy of the optimal kurtosis position as
criterion, the effect of filters with different lengths in the range of 200-2000 interval on the selection
of optimal kurtosis peaks is tested. Since the normal signals and ball fault signals have no obvious
periodic impulse component, different fault degree signals of inner race and outer race are taken to test
the influence of different filter lengths on the optimal kurtosis location selection. There are six kinds of
fault signals and each has 50 samples. The test result is shown in Figure 5.

As can be seen from Figure 6, when the filter length increases from 200 to 300, the accuracy of
the optimal kurtosis location selection increases significantly, but when the filter length is longer than
300, the improvement decreases sharply. When the length is 1100, the maximum accuracy is 95.3%.
The output signals obtained by the convolution of the designed filter based on the maximum kurtosis
position are shown in Figure 7.
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Figure 6. Test result under different lengths of filter via MOMEDA.
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Figure 7. Output signals obtained by MOMEDA.

It can be seen that the output signal processed by the filter can effectively eliminate the
noise component contained in the signal and can effectively extract the impulse component in
the original signal.

Although this peak fault feature is obvious, it is not stable enough. It was found in experiments
that the selection of the optimal kurtosis location in the search interval is susceptible to the interference
of false peaks caused by noise. The filter based on this kurtosis becomes meaningless. Therefore,
eliminating the influence of false peak value on filter design is of great significance to the final bearing
fault diagnosis. It can be seen from Figure 6 that the phenomenon of misidentification still exists, with
a minimum error rate of 5%. This is due to the false peak kurtosis caused by the noise inside the signal.
If this error cannot be effectively eliminated, it will limit the fault degree recognition rate in the next
step. To solve this problem, error fault samples of inner race are taken as examples to further observe
the multi kurtosis spectrum. Figure 7 shows four sets of multi kurtosis spectrum that incorrectly select
the optimal kurtosis location.

As can be seen from the Figure 8, there are still obvious peaks at the ideal position of 148. However,
it is not the global maximum when compared with the sharp peak at other locations. The MOMEDA
algorithm selects the optimal kurtosis position based on the single kurtosis. False impulse makes the
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ideal peak position unable to be the maximum from time to time. Compared with peak value of the
wrong position, peak value of the ideal position has not only a larger peak value, but also a wider
sideband. An improved method called MOMLMEDA is proposed based on this feature in this paper.

X: 1165 Error Sample 1 X: 148.3
02 Y:0.1181 Y:0.1102
01 r i ] | | N
WMWMWWMMNML X: 135.9 WW
0 Y: 0.09629
X102 X:108.8 Error Sample 2, .. o
0.2 _.Yi 0-1295._ \BULER Y:0.1156 Y:0.1131
0.1f " - 4
$—
=
é X:108.8 1
X: 102 - 108.
0 | Y ans Error Sample 3 . 1484
n " - Y:0.1096
01 MAMWJMWWWWM’LM 28 W WM
0 Y: 0.1294
: X: 108.8 Error Sample 4 ,
02— i; (1),012252 7 Y:0.1337 T P T i] (1)41%26
| = - | | u o _
01 MWWW X: 136 MMNJ}’W
0 L I L Y:0.1135 L
100 110 120 130 140 150 160

Sample points

Figure 8. Multi kurtosis spectrum with the incorrect optimal kurtosis location.

It takes the maximum local mean as the selection criterion of the optimal kurtosis position,
effectively avoids the influence of false kurtosis peak. Five peak positions are selected, and then the
average values in the local range of the peak are calculated. The location with the largest local mean is
the optimal kurtosis location. The same samples were tested by this MOMLMEDA and the test result
is shown in Figure 9.

--MOMEDA

X 500 ~=MOMLMEDA
Y:1
1.00 - . 1
0.98 ./././ .
X: 1100
0.96 - Y: 0.953 E

e R |
/f/‘\./. \T

/ / \\ :

<

o

3
T

Accuracy of Maximum Kurtosis Location
o o
O O
(=) EN
T T
T~

200 400 600 800 1000 1200 1400 1600 1800 2000
Filter lengths

Figure 9. Test result under different lengths of filter via MOMLMEDA.
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Compared with the traditional MOMEDA, MOMLMEDA not only has higher accuracy in selecting
the ideal kurtosis location, but also effectively shortens the filter length required for high accuracy and
greatly reduces the calculation time. As can be seen from the Figure 9, when the filter length is 500, the
accuracy can reach 100%. So, the filter length is set to 500. The designed filters are shown in Figure 10.

5 Normal bearing 5 Ball fault
O B O P
-2 -2
0 100 200 300 400 500 0 100 200 300 400 500
) Inner race fault 0.1mm ) Outer race fault 0.1mm
-1 -1
o 0 100 200 300 400 500 0 0 100 200 300 400 500
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S 0.5 2 0.5
£20.5 £-0.5
< 0 100 200 300 400 500 < O 100 200 300 400 500
05 Inner race fault 0.3mm 05 Outer race fault 0.3mm
0 NWWWMWVWWW [ Y ST S TO—"
0.5 0.5
0 100 200 300 400 500 0 100 200 300 400 500
Sampling points Sampling points

Figure 10. Filters of different bearing signals designed by MOMLMEDA.

As shown in Figure 10, there are obvious periodic differences and amplitude differences in inner
race fault signals and outer race fault signals. There are also some differences in the amplitude between
the original signal and the ball fault signal, which are similar before. These differences can be used to
distinguish ball faults. Therefore, the optimal filter based on MOMLMEDA algorithm can be used as
the source of fault features to effectively distinguish the signals with different fault degrees. In order to
express these differences more intuitively and reduce the scale of classification neural network, the filter
is coarsened. 500 sampling points are divided into 20 groups and the mean value of each group was
calculated. Vibration signals can be represented by vectors, the length of each is 20. The coarse-grained
feature vectors of different inner race faults and outer race faults are shown in Figure 11.

1 T T T T T
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’ —— inner race fault
o
2061 y
>
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—
2
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@)
Figure 11. Cont.
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Figure 11. Comparison of coarse-grained feature vectors between different fault signals: (a) Different
types of bearing signals, (b) Different degrees of inner race fault, (c) Different degrees of outer race
fault, (d) Same degree of inner race fault, (e) Same degree of outer race fault.

From (a) in Figure 11, it can be found that different types of signals have obvious differences
in amplitude characteristics, especially normal signals and ball fault signals. Although there is little
difference in the magnitude between inner and outer fault, it can also be seen that the periodic
characteristics of the two faults are obviously different from (b) and (c) in Figure 11. The interval
between the peaks of the same type of fault signal is basically the same. The feature values of different
fault degrees are obviously different. This means that this feature can better classify different types of
faults and degrees of faults. However, it can be seen from graph (d) (e) that the filter features have
temporal characteristics. Due to different signal samples start at different time nodes, the filter can
contain three to four peaks. If the feature vectors are directly used as the input of the traditional neural
network, it will seriously affect the recognition rate of the whole network.

LSTM is a kind of RNN, which is used to process sequential data. It not only considers the
temporal problem, but also assigns the weights of far and near time features reasonably. It solves
the influence of temporal characteristic on features more perfectly. We introduce it into bearing fault
diagnosis based on coarse-grained feature of filter. A LSTM network for bearing fault classification is
constructed based on the classical examples in MATLAB.

The LSTM network for sequence-to-label classification includes sequence input layer, LSTM layer,
full connection layer, soft max layer, and classification output layer. The size of input layer is set to 20,
which is consistent with the length of feature vector. The size of the full connection layer is set to eight,
which is consistent with the number of data types. The number of LSTM hidden layers is set to 50.
The total number of samples is 800, which is divided into two categories: training samples and test
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samples. The number of samples in each category is 400. First, we put the training samples into the

designed LSTM network for training. The training process is shown in Figure 12.
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Figure 12. Training Process of LSTM.
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As shown in Figure 12, the self-recognition rate of training samples can reach 100% after
approximately 1600 iterations. Then, the test samples are put into the trained neural network for

testing. The test results are shown in Figure 13.
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Figure 13. Prediction result based on MOMLMEDA and LSTM.

As can be seen from Figure 13, 26 out of 350 test samples had errors in recognition results,
and the overall recognition rate was 93.5%. The test results show that the proposed method can
effectively distinguish the signal of normal bearing, the inner race fault, the outer fault, and the
ball fault. Furthermore, the signals with different fault degrees of inner race and outer race can be

further distinguished.

In order to further verify the improved effect of MOMLMEDA relative to MOMEDA and the
superiority of LSTM network in processing signal recognition with temporal characteristic, several
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groups of comparative algorithm experiments are carried out in this paper. Each group used the same
original data.

Comparing group 1 and group 2 in Table 2, it can be seen that the recognition rate is increased
by 4%. This proves that MOMLMEDA can obtain better fault features than MOMEDA. Comparing
group 2 and group 3-5 in Table 2, it can be found that LSTM network has better classification ability of
feature with temporal characteristic. This can prove that the proposed fault diagnosis combinatorial
algorithm based on MOMLMEDA and LSTM is effective.

Table 2. Comparative algorithm experiments.

Number Method Number of Errors Recognition Rate
1 MOMEDA&LSTM 42 89.50%
2 MOMLMEDA&LSTM 26 93.50%
3 MOMLMEDA&SAE 147 63.25%
4 MOMLMEDA&BP 221 44.75%
5 MOMLMEDA&SVM 210 47.50%

5. Conclusions

In order to realize the accurate diagnosis of bearing faults of different types and states, a
bearing fault health monitoring method based on filter features designed by MOMLMEDA and
LSTM is proposed in this paper. Firstly, aiming at the problem that MOMEDA is disturbed by noise,
a MOMLMEDA algorithm is proposed. By calculating the local mean kurtosis, the false impulses
generated by a single position is eliminated and the accuracy of optimal kurtosis location selection is
improved. Secondly, the optimal filter is designed, and the coarse-grained mean feature is extracted
based on the optimal kurtosis location. This feature contains better periodic and amplitude features,
which can effectively characterize different fault types and degrees. Then, aiming at the interference of
temporal problem existed in feature vectors, a classification network based on LSTM is constructed.
The extracted mean feature vectors are set as the input of classification network, and the faults are
accurately classified by training the network.

In this paper, eight kinds of signals including normal signals, ball fault signals, three kinds of
inner race fault signals, and three kinds of outer race fault signals are collected, each of which has
100 samples. The total number of samples is 800, half for training networks and half for testing.
The recognition rate of the proposed method is up to 93.50%. Compared with some other algorithms,
this method shows better superiority. This proves that the bearing fault method proposed in this paper
is effective.

The method presented in this paper can effectively distinguish between normal bearing, ball fault,
inner race fault, and outer race fault. Furthermore, the signals with different fault degrees of inner
race and outer race can be further distinguished. At present, due to the limitation of experimental
materials, only the classification of ball fault has been completed. The classification of fault degree of
ball faults will continue in the next stage of research.

Author Contributions: G.C. conceived and designed the experiments; G.C. and Y.P. contributed reagents/materials/
analysis tools and technical guidance; Y.L. and X.C. performed the experiments and analyzed the data; Y.L. wrote
the paper.

Funding: The research was supported by Outstanding Innovation Scholarship for Doctoral Candidate of “Double
First Class” Construction Disciplines of CUMT.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, L,; Li, N.P; Jia, F; Lei, Y.G. A recurrent neural network based health indicator for remaining useful life
prediction of bearings. Neurocomputing 2017, 240, 98-109. [CrossRef]


http://dx.doi.org/10.1016/j.neucom.2017.02.045

Entropy 2019, 21, 1025 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zheng, ].D,; Pan, H.Y,; Cheng, ].S. Rolling bearing fault detection and diagnosis based on composite multiscale
fuzzy entropy and ensemble support vector machines. Mech. Syst. Signal Process. 2017, 85, 746-759. [CrossRef]
Guo, X.J.; Shen, C.Q.; Chen, L. Deep Fault Recognizer: An integrated model to denoise and extract features
for fault diagnosis in rotating machinery. Appl. Sci. 2017, 7, 41. [CrossRef]

Cai, W.N,; Yang, Z.].; Wang, Z.]. A new compound fault feature extraction method based on multipoint
kurtosis and variational mode decomposition. Entropy 2018, 20, 521. [CrossRef]

Wiggins, R.A. Minimum entropy deconvolution. Geoexploration 1978, 16, 21-35. [CrossRef]

He, D.; Wang, X.F; Li, S.C; Li, J.; Zhao, M. Identification of multiple faults in rotating machinery based on
minimum entropy deconvolution combined with spectral kurtosis. Mech. Syst. Signal Process. 2016, 81, 235-249.
[CrossRef]

McDonald, G.L.; Zhao, Q.; Zuo, M.]. Maximum correlated kurtosis deconvolution and application on gear
tooth chip fault detection. Mech. Syst. Signal Process. 2012, 33, 237-255. [CrossRef]

Lv, Z.L.; Tang, B.P; Zhou, Y. A novel fault diagnosis method for rotaing machinery based on EEMD and
MCKD. Int. J. Simul. Model. 2015, 14, 438-449. [CrossRef]

Lyu, X.; Hu, Z.Q.; Zhou, H.L.; Wang, Q. Application of improved MCKD method based on QGA in planetary
gear compound fault diagnosis. Measurement 2019, 139, 236-248. [CrossRef]

McDonald, G.L.; Zhao, Q. Multipoint optimal minimum entropy deconvolution and convolution fix:
Application to vibration fault detection. Mech. Syst. Signal Process. 2017, 82, 461-477. [CrossRef]

Li, Z.R;; Ma, J.; Wang, X.D. MVMD-MOMEDA-TEO Model and Its Application in Feature Extraction for
Rolling Bearings. Entropy Switz. 2019, 21, 331. [CrossRef]

Zhou, CJ.; Ma, J.; Wu, ].D.; Feng, Z.Z. A parameter adaptive MOMEDA method based on grasshopper
optimization algorithm to extract fault features. Math. Probl. Eng. 2019, 2019, 22. [CrossRef]

Wang, Z.].; Du, WH.; Wang, ].Y. Research and application of improved adaptive MOMEDA fault diagnosis
method. Measurement 2019, 140, 63-75. [CrossRef]

Cheng, G.; Chen, X.H,; Li, HY,; Li, P; Liu, H.G. Study on planetary gear fault diagnosis based on entropy
feature fusion of ensemble empirical mode decomposition. Measurement 2016, 91, 140-154. [CrossRef]
Chen, X.H.; Cheng, G.; Yong, L. Fault diagnosis of planetary gear based on entropy feature fusion of DTCWT
and OKFDA. ]. Vib. Control 2018, 24, 5044-5061. [CrossRef]

Cai, W.N.; Wang, Z.]. Application of an improved multipoint optimal minimum entropy deconvolution
adjusted for gearbox composite fault diagnosis. Sensors 2018, 18, 2861. [CrossRef] [PubMed]

Brkovic, A.; Gajic, D.; Gligorijevic, J. Early fault detection and diagnosis in bearings for more efficient
operation of rotating machinery. Energy 2017, 136, 63-71. [CrossRef]

Gligorijevic, J.; Gajic, D.; Brkovic, A. Online condition monitoring of bearings to support total productive
maintenance in the packaging materials industry. Sensors 2016, 16, 316. [CrossRef]

Karim, F.; Majumdar, S.; Darabi, H.; Chen, S. LSTM fully convolutional networks for time series classification.
IEEE Access 2018, 6, 1662-1669. [CrossRef]

Zhao, R.; Yan, R.Q.; Wang, J.J. Learning to monitor machine health with convolutional bi-directional LSTM
networks. Sensors 2017, 17, 27. [CrossRef]

Yu, L.; Qu, J.L.; Gao, F. A novel hierarchical algorithm for bearing fault diagnosis based on stacked LSTM.
Shock. Vib. 2019, 2019, 10. [CrossRef]

Sundermeyer, M.; Schlueter, R. From feedforward to recurrent LSTM neural ntworks for language modeling.
IEEE ACM Trans. Audio Speech 2015, 23, 517-529.

Yousfi, S.; Berrani, S.A.; Garcia, C. Contribution of recurrent connectionist language models in improving
LSTM-based Arabic text recognition in videos. Pattern Recognit. 2017, 64, 245-254. [CrossRef]

Gao, L.; Guo, Z.; Zhang, H.; Xu, X.; Shen, H.T. Video captioning with attention-based LSTM and semantic
consistency. IEEE. Trans. Multimed. 2017, 19, 2045-2055. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ymssp.2016.09.010
http://dx.doi.org/10.3390/app7010041
http://dx.doi.org/10.3390/e20070521
http://dx.doi.org/10.1016/0016-7142(78)90005-4
http://dx.doi.org/10.1016/j.ymssp.2016.03.016
http://dx.doi.org/10.1016/j.ymssp.2012.06.010
http://dx.doi.org/10.2507/IJSIMM14(3)6.298
http://dx.doi.org/10.1016/j.measurement.2019.02.071
http://dx.doi.org/10.1016/j.ymssp.2016.05.036
http://dx.doi.org/10.3390/e21040331
http://dx.doi.org/10.1155/2019/7182539
http://dx.doi.org/10.1016/j.measurement.2019.03.033
http://dx.doi.org/10.1016/j.measurement.2016.05.059
http://dx.doi.org/10.1177/1077546317742506
http://dx.doi.org/10.3390/s18092861
http://www.ncbi.nlm.nih.gov/pubmed/30200216
http://dx.doi.org/10.1016/j.energy.2016.08.039
http://dx.doi.org/10.3390/s16030316
http://dx.doi.org/10.1109/ACCESS.2017.2779939
http://dx.doi.org/10.3390/s17020273
http://dx.doi.org/10.1155/2019/2756284
http://dx.doi.org/10.1016/j.patcog.2016.11.011
http://dx.doi.org/10.1109/TMM.2017.2729019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Model Building 
	Coarse-Grained Feature Extraction of Filter Based on MOMLMEDA 
	Classification Network Construction Based on LSTM 

	Experimental Data Acquisition 
	Introduction of Test Bench 
	Data Acquisition Scheme 

	Experiment Data Analysis 
	Conclusions 
	References

