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Abstract. Aiming at solving the difficulty in extracting early weak fault features of rolling
element bearing (REB), a feature extraction method by combing variational mode extraction
(VME) with multi-objective information fusion band-pass filter (MIFBF) is proposed. This
method is based on the advantage of the VME in filtering out the interference signals and the
enhancement effect of the MIFBF on the impact characteristic signals. Firstly, VME is used as the
signal preprocessing method to filter out the interference noise. Then, the filtered signal is taken
as the target signal, and then MIFBF is used to analyze it to obtain the optimal band-pass filter
parameters-center Frequency and bandwidth, thereby constructing the optimal band-pass filter.
Finally, further filter the target signal based on the constructed optimal band-pass filter and apply
envelope demodulation spectral (EDS) analysis on the filtered signal. At last, satisfactory fault
feature extraction effect can be achieved. To obtain key parameters of the optimal band-pass filter,
this paper proposes a method based on time and frequency domain fusion indexes to balance the
extraction of impact characteristics and cyclostationary characteristics while REB failure occurs.
Compared with the existed single index based on time domain or frequency domain, better results
could be obtained. Effectiveness and superiority of the proposed method are verified through
simulation and experiments.

Keywords: VME, weak fault, feature extraction, optimal frequency band construction, rolling
element bearing, multi-objective information fusion.

Nomenclature

REB Rolling element bearing

VME Variational mode extraction

MIFBF Multi-objective information fusion band-pass filter
EDS Envelope demodulation spectral
OBF Optimal band-pass filter

SK Spectral kurtosis

FCF Fault characteristic frequency

TFA Time frequency analysis

EMD Empirical mode decomposition
VMD Variational mode decomposition
ARLW Anti-symmetric real Laplace wavelet
SE Squared envelope

SES Squared envelope spectrum
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MOGWO Multi-objective grey wolf optimizer
IMF Intrinsic mode function
AM-FM Amplitude-modulated-frequency-modulated

1. Introduction

EDS is the most commonly used method for fault diagnosis of REB. Normally, a band-pass
filter is needed to be constructed to filter the original signal of REB for better effect of EDS.
Amounts of studies focusing on the construction of optimal band-pass filter (OBF) have been
arising in recent years and spectral kurtosis (SK) [1] is the landmark of these methods. An adaptive
and flexible SK method being from parameter selection is proposed, and its effectiveness in fault
feature extraction of REB is verified thorough simulation and experiment [2]. To solve the
problem of kurtosis being vulnerable to impulsive noise, a sparsity index called Gini index is
introduced as one substitutes for OBF construction [3]. The concepts and definitions of spectral
norm and more L, /L, general spectral are given in paper [4], and their relationship with spectral
Ly, /L4 kurtosis for characterizing non-stationary bearing fault signals is also clarified. Besides, the
performance of spectral being compared with kurtosis, smoothness index and Gini index L, /L, is
conducted and presented in paper [5]. Most of the existed methods mainly base on single
time-domain estimator or frequency-domain estimator to improve SK. However, single
time-domain estimator based methods commonly have the defect of being vulnerable to noise, and
fewer harmonics of fault characteristic frequency (FCF) in the envelope demodulation spectral
might be induced by using single frequency-domain estimator based methods. Most of the existed
methods enhancing the cyclostationary feature of rolling bearing fault vibration signal could
obtain harmonics of FCF, which needs to take the FCF of REB as prior knowledge. Unfortunately,
there exists errors between the actual FCF and the calculated FCF. A multi-objective information
frequency selection method basing on time and frequency indexes is proposed in the paper to solve
the above problem. However, the proposed MIFBF method still has difficulty in analyzing the
early weak vibration signal of REB. That is, the features of other interferences components also
might be enhanced and extracted by MIFBF. Thus, some signal filtering or separation methods
are needed as preprocessing program to remove the interference components as much as possible
prior to handling the original signal using the proposed MIFBF method.

As a classical time frequency analysis (TFA) method being suitable for non-stationary and
nonlinear vibration signal, empirical mode decomposition (EMD) has been used widely in fault
diagnosis over the past decade [6-9] and it could decompose complicated signal into several simple
modes for better feature extraction result. However, the inherent disadvantages such as mode
mixing, false mode and lack of solid mathematical theoretical foundation support limit its
application promotion [10]. Besides, since the algorithm basis of EMD is interpolation of local
extrema, EMD is very sensitive to noise because the local extrema could be affected by noise [10].
In recent years, kinds of improved EMD methods have been proposed and used in fault diagnosis
[11-14]. Although these improved EMD methods overcome the above shortcomings to a certain
extent, most of them own the defect of low computational efficiency. Wavelet transform could
also be used as the preprocessing program. However, suitable wavelet basis has to be chosen in
advance for wavelet transform, which partially restricts its application. Recently, as a variational,
non-recursive and noise robustness multi resolution decomposition method, variational mode
decomposition (VMD) has better noise robustness performance than EMD in application of
vibration signal decomposition, which has been introduced in the field of fault diagnosis [15-17].
Normally, only a specific mode relating to the fault source is in interest in the area of fault
diagnosis, and VMD will produce unnecessary computational burden because it extracts all modes
of the analyzed signal concurrently through decomposition. Besides, VMD also has the
disadvantage of needing to determine the optimal number of modes in advance, and more or less
number of mode selection will have great impact on the decomposition results. VME originating
from VMD has the same concepts as VMD: the wiener filtering, Hilbert transform and the
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variational [18], and it could extract a specific mode of the analyzed signal by using the prior
knowledge of the analyzed signal, and computation efficiency could be improved greatly
compared with VMD.

Based on the above stated, an early weak fault feature extraction method of REB by integrating
VME with MIFBF is proposed in the paper. Firstly, input the complicated vibration signal of
rolling bearing early weak fault and the constructed reference signal using the prior knowledge
into VME model, and the specific mode related to the fault source is extracted. Then, an optimal
band pass filter establishment method basing on the fusion index of time and frequency domain
for balancing the enhancement of impulsive and cyclostationary characteristics is used to analyze
the extracted specific mode. Finally, EDS analysis is applied on the filtered vibration signal and
the FCF with its harmonics of the faulty REB are extracted.

2. VME

VME originates from VMD, and it is necessary to introduce the theory of VMD simply.

Mathematical structure of VMD includes main three steps: de-noise the original signal by
Wiener filter, then establish single sideband analysis signal by Hilbert transform, and shift
frequency to baseband by complex harmonic at last. Bandwidth indication of the kth intrinsic
mode could be calculated using following equation:

BW, = ||, [(5@) +é) * uk(t)] e Jwkt (1)

2

where * represents convolution anddis the Dirac distribution. The kth intrinsic mode function
(IMF) [19-20] ug(t) = Ap(t)cos(gy(t)) is defined as amplitude-modulated-frequency-
modulated (AM-FM) signal, and wy, is its center frequency. The following optimization problem
is used by VMD while decomposing the input signal f(t) into modes u, (t):

{ukr;i{nwk}{“zf Y [CROWHO 2} @

where the first term is used to make the modes compact and the second term is the reconstruction
error which should be minimized, and « is the weighting parameter for balancing the two terms.

VME supposes the input signal f(t) is decomposed into two signals-expected signal u, (t)
and residual signal f,.(t), namely:

@) =uy(®) + £ (0). A3)

The solution of expected signal u;(t) could be realized by minimizing the following criteria:

2

o= [oe[(50 + ) e o] et @

2

Construct a filter with the following frequency response to filter the input signal f(t) to
minimize the problem of spectral overlap between the expected signal u,;(t) and the residual

signal f,.(t):
1
a(w —wih)?

Blw) = (5)

The penalty function as following is introduced in order to further minimize the spectral
overlap problem between the expected signal u,(t) and the residual signal f,.(t):
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L2 =1B® * £©OI3, (6)

where [(t) is the impulse response of the constructed filter. Based on the above, the solution of
expected signal u,4(t) could be classified as the following constraint minimization problem:

min {a/; +J,},
UgWe,fr

: (7
subject to: uy (t) + f,-(t) = f(¢t),

where a is the parameter balancing J; and J,, which is selected as 0.5 in this study. The enhanced
Lagrangian function as shown in following formula is used to solve the reconstruction constraint
problem as encountered in Eq. (7):

2

i [(6(0 + n]—t> * ud(t)] e~ iwat

+HIB® * fONZ + If O — Wa(®) + £
+HAW®, £ () = (ua(®) + f(©)),

where A is the Lagrange Multiplier. Let ||x(t)]|3 = |[£(w)||%, in which £(w) is the Fourier
transform of x(t), and |[x(W)[|3 = [|[R(wW — wy)||3. The above equation could be simplified as
following:

L(ud, Wy, A) =a

2 @®)

L(ug,wa, D) = alli(w — w)[(1 + sgn(w)) g w1113
HBWFEW|; + [If W) = @aw) + Fw))|: ©)
HAW), f W) = @aw) + f(w))).

The expected signal u,(t) in (n + 1)th iteration could be obtained by the following equation:
7% « argmin {40{f w —wy)? |[tig(w)|?dw+/ a? + b?
UgEX
Aw)| 10
+2 f(W)—(ua(W)+ﬁ(W))+— dw (10)
+2 f ) | ! f | d
o d(W—Wd)zfr(W) wt.
The first variable is eliminated based on (w.r.t) @i;(w), and the above formula could be
further simplified as following:

Asn+l — ( ) 1
i (W)—<f(W) frw) + ><1+za(w-wg)z>' (1n

where n represents the number of iterations. Similarly, w}*? and frn“(w + 1) could be
expressed in the following two simplified expressions:

o ~ 1 (o P 2
al, W|u3+1(W)|2dW—?f0 W —wiys |Amw)|” dw 12)
Wn+1 — — :
¢ a [71a8 (w) |2dw
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o? n+1y4 qn+1 A(W)
Jow = w70 - o +262) )

1+ a?(w—with*

}?rn+1 (W) —

The extraction results of VME are the expected signal u,(t) and residual signal f,.(t), so
£7+1(w) could be ignored. The solution expressions of uy(t) and f-(t) could be rewritten as
follows thorough algebraic operations:

" /l(w)
2 n+1ly4nn
AT (w) = f(W) +a*(w—wg" ) Ugw) + —— (14)
a [1+ a?(w— w1+ 2a(w — wg) s
(O R s
C et w)lrdw )
where the Lagrange Multiplier A could be updated using the following equation:
fw) =23 (w)
An+1 /‘{n 1 - d | (16)
+a?(w—wi")
3. MIFBF

Wavelet transform is used for signal processing widely and the calculation equation could be
expressed as following:

WT(a,b) = J_:ox(t) X Tlaw’ (%) dt, 17)

where 1 represents the selected mother wavelet function, and a with b is its scale parameter and
translation parameter. x(t) is the signal to be analyzed. Y’ is the complex conjugate of the mother
wavelet function. The following equation is the frequency domain expression of Eq. (17):

WT(a,b) = F7[X(f) x Vayp(af)], (18)

where F~1 represents the inverse Fourier transform, and the Fourier transform of x(t) and ¥ (t)
are represented by X (f) and Y (f). Selection of the basis function has an important influence on
the analysis result: the better analysis result could be obtained with the closer the basis function
to the shape of the target extraction signal; and vice versa. Based on this ideology, Anti-symmetric
real Laplace wavelet filter (ARLW) [21] has been proved to be fit for analyzing bearing impulse
vibration signal while fault arises, and time-domain and corresponding frequency domain of
ARLW could be calculated by the following two equations:

Y(t) = exp (—ma|t| sin(2myt)), (19)
o
YO = r A =i mle 1A T A (20)

where ¢ and y represent the bandwidth and center frequency of the designed band-pass filter.
Here, the analyzed signal x(t) using ARLW is filtered by a band-pass filter with band-pass
interval [y — ¢ /2,y + ¢ /2], and it could be expressed as following equation:

WT(y,0) = F [X()y' (O] 21
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Subsequently, squared envelope (SE) [22] and squared envelope spectrum (SES) [23] of the
filtered signal could be obtained:

SEx(y,0) = [WT(y,0)?, (22)
SESy(y,0) = FISE,(y,0)I. (23)

Some indicators basing on either SE [22] or SES [23] were proposed to select the optimal
parameters ¥ and o for construction the optimal wavelet filter in previous work. However, the
optimal result could not be guaranteed using single indicator as the above discussed, and indicator
basing on multi-objective optimization for balancing the extraction of impulse and cyclostationary
characteristics of bearing should be designed. So the combination consideration of SE and SES
which is named the negentropy [23] of SE and SES as being shown in Egs. (24) and (25) are
proposed to be taken as the objectives for seeking optimal band pass filter parameters to
characterize both the cyclostationarity and impulsiveness:

N
1 SE, (y,o0 SE, (y,o
@=N21 (v, 0) In x(¥,0) (24)

1 )
SN SE(,0) | N S, 0)

1~ SES.(v,0) SES,(y,0)
ISES =ZZ ln

1 25)

1 )
1121 SES,(1,0) | Zhey SES«(1,0)

where 0 represent the cyclic frequency. The multi-objective grey wolf optimizer (MOGWO)
algorithm [24-25] is used to optimize the calculation process of Egs. (24) and (25).

Vibration data
collection

‘ Reference signal construction

Input the constructed signal with the
original into the VME model

Subtract the output signal from the
original signal in time domain

The remained signal is taken as object signal, and the time and
frequency optimization indexes as shown in equation (24) and
(25) are calculated

Optimized parameters of ARLW are obtained by using Multi-
objective information frequency band selection method

i

Filter the object signal by ARLW using
the obtained optimized parameters

|

Impulsive and cyclostationary
components are both filtered

|

/Apply EDS analysis on the ﬁltered\
| components and fault features are |
extracted

Fig. 1. Flow chart of the proposed method
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4. Flow chart of the proposed method

Flow chart of the proposed method is shown in Fig. 1 and its details are as follows:

Step 1: Vibration signal of REB weak fault is collected.

Step 2: Sine reference signal is constructed with known rotation speed of the diagnosis
machinery.

Step 3: Input the constructed signal with the original signal into VME calculation model, and
output signal of VME is obtained.

Step 4: Subtract the obtained output signal in step 3 from the original signal in time domain.

Step 5: The remained components are taken as object signal x(t) and selected for further
analysis, and the time-domain optimization index and frequency-domain optimization index as
shown in Eq. (24) and Eq. (25) are used commonly as the optimization indexes of the proposed
multi-objective information frequency band selection method.

Step 6: Optimized parameters of ARLW that is center frequency y and bandwidth o are
obtained by using the proposed MIFBF method.

Step 7: Construct a band-pass filter using the obtained optimized parameters: center
frequencyyand bandwidth o.

Step 8: Filter the remained components in step 4 using the constructed band-pass filter, and
the impulsive and cyclostationary components are both filtered and retained due to the using of
time-domain and frequency-domain optimization indexes simultaneously.

Step 9: Apply EDS on the filtered signal and satisfactory fault feature results are extracted.

5. Simulation

Simulation is carried out in this section to verify the feasibility of the proposed method. A
rolling bearing impulsive signal [26], a sine signal and their combined signal are presented in
Fig. 2(a): sigl is inner race fault signal of REB, sig2 is a sine signal and their combination is
presented in the bottom figure. Firstly, a sine reference signal same as the sine signal sig2 as shown
in Fig. 2(a) is constructed. Then input the reference signal with the combined signal into VME
calculation model and the output signals are given in Fig. 2(b), in which the above figure is the
object extraction signal and the below figure could be reviewed as the inner race fault signal, and
it could be found that satisfactory extraction results could be obtained using VME without noise
interference.

o 2 st ‘
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e LI I T £ of
<, ‘ ‘ ‘ ‘ ‘ ‘ ‘ £
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 <
sig2 27
o) 1 T L n s
g 0 0.1 0.2 0.3 0.4
%_ ol H Time [s]
S
<>10 065 0‘1 0‘15 0‘2 0‘25 0‘3 0.‘35 0.4 (0] 2
© sigi+sig2 é 0 Hu} m lh }“;u} m kh }HAL‘"
¢ P
50 < 2t 1
0 005 0.1 0.15 02 025 03 035 04 0 0.1 0.2 0.3 04
Time [s] Time [s]
a) Different components with their combination b) Extraction results of the

combination signal using VME
Fig. 2. Simulation combination signal without noise extracted using VME
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Fig. 4. Analysis results of the combined signal corresponding
to the four states as shown in Fig. 3(a) using VME

To verify the noise robustness of the proposed method, different degrees of white noise are
added into the combined signal as shown in Fig. 2(a), and their corresponding time-domain
waveform diagram is shown Fig. 3(a). EDS of the signal shown in Fig. 3(a) are given in Fig. 3(b)
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basing on which the fault feature would become unidentified with the increasing interference of
white noise. Fig. 4 gives the feature extraction results of the signals shown in Fig. 3(a) based on
VME directly, and the noise robustness of VME could be verified by the final EDS analysis results
as shown in Fig. 4. As for the fault diagnosis of REB, there should be harmonics of FCF in the
ideal spectrum structure of EDS. In addition, there also should be modulation when inner race
fails. However, neither of the above two features could be observed on the last figure of Fig. 4,
and the reason is that feature extraction effect using VME directly would not be ideal when the
noise interference reaches a certain level.

Apply step 6 to step 9 of the proposed method as described in Fig. 1 on the analysis signal sigl
in Fig. 4(d), and the corresponding analysis result is shown in Fig. 5. The parameters of MOGWO
are set same as reference [25], and the calculated values of SE Nenentropy and SES Nenentropy
are presented in Fig. 5(a) after iteration. Then the average value of SE and SES as shown in
Fig. 5(a) is calculated and the maximum average value of 1.36 is selected as the best optimal one.
Subsequently, the optimal couple of y and ¢ are identified as 3826 Hz and 602 Hz respectively as
shown in Fig. 5(b). Filter the sigl as shown in Fig. 4(d) by ARLW using the obtained optimal
parameters ¥ and o, and time domain waveform of the filtered signal is shown in Fig. 5(c) from
which the impulsive and cyclostationary characteristic could be identified evidently. At last, apply
EDS on the filtered signal and the corresponding result is shown on Fig. 5(d), and it can be seen
that both the harmonic frequency of the FCF and modulation phenomenon are extracted basing on
the last EDS result, which verifies the superiority of the proposed method.

>1'4ak ' %% x * ' ' ' ' 6000 [
3 %
<] ke
£ 13t I
§ * 4000
[0} ih;* L
Z 42 My '
el 2000
L * ‘
] *
‘ ‘ . ‘ . ‘ . o . . . . . .
Y 121 122 123 124 125 126 0 2000 4000 6000 8000 10000 12000
SE Nenentropy . [HZ] ‘
a) Calculated optimal indexes of the analysis b) Calculated optimal parameters of ARLW basing
signal sigl as shown in Fig. 4(d) the obtained results as shown in Fig. 5(a)
%1073

2 T T T T T T T
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2 . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.¢

Time [s]
¢) Time domain waveform of the filtered signal by ARLW
using the calculated optimal parameters as shown in Fig. 5(b)
x108

4

Amplitude
N

0 200 400 600 800 1000
Frequency [Hz]
d) EDS result of the signal as shown in Fig. 5(c)
Fig. 5. Analysis results of the target impulse components sigl as shown in Fig. 4(d)
using the proposed multi-objective information frequency band selection method
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Envelope analysis is one of the most advantageous methods for rolling element bearing
diagnostics, but finding a suitable frequency band for demodulation has been a substantial
challenge for a long time. Introduction of the SK and Kurtogram solved this problem to some
extent, but in situations where the ratio of signal to noise (SNR) is very low or in the presence of
non-Gaussian noise, these methods will fail, and the Autogram [22] method overcomes the above
shortcomings, which is used here for comparison to verify the advantage of the proposed method.
Apply Autogram on the combined signal corresponding to state 4 as shown in Fig. 3(a) and the
results are presented in Fig. 6, in which though the FCF could be extracted roughly, the effect is
far less than the proposed method.

w
T

Amplitude
(S5}
T

1t L I I L I I 1 I L
0 100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]
Fig. 6. Analysis results of the combined signal corresponding
to state 3 as shown in Fig. 3(a) using autogram

6. Experiment

The analyzed vibration signal is collected from accelerated bearing life test, which is provided
by Hangzhou Bearing Test & Research Center. It simultaneously hosts four REBs on one shaft
driven by an AC motor and coupled by rubber belts. The test rig is shown in Fig. 7. A new bearing
will be installed if one is failed. Select one of the test bearings as the study object. The parameters
the fault characteristic frequencies of the selected analyzed test rolling bearing are shown in
Table 1 and Table 2 respectively. The inner race fault of the selected test rolling bearing is shown
in Fig. 8. Same as reference [26], the vibration data at 2297th minute over one of the selected test
bearing” whole life is used for analysis using the proposed method. Kurtosis index curve over the
full life cycle of the analyzed bearing is shown in Fig. 9, and time domain waveform of the
vibration data at 2297th minute is given in Fig. 10 from which the impulse characteristic is buried
by the strong background noise. EDS analysis result of the analyzed signal is shown in Fig. 11,
and the distribution of the spectral lines is chaotic from which the FCF of the test bearing could
not identified.

Table 1. Parameters of the test rolling bearing

Type Ball Ball diameter Pitch diameter Contact Motor speed Load
P number (mm) (mm) angle (rpm) (kN)
6307 8 13.494 58.5 0 3000 12.744
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Table 2. Fault characteristic frequencies of test rolling bearing
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Fig. 8. Inner race fault of the test rolling bearing
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Fig. 9. Kurtosis index curve over the full life cycle of the test bearing
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Fig. 10. Time domain waveform of test bearing early weak fault
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Fig. 11. EDS of the signal as shown in Fig. 10

o

As for VME based fault feature extraction of REB, the ideal reference signal is to establish an
impact reference signal with the same frequency as the FCFs of REB. However, there often exists
error between the actual FCF and the theoretical FCF due to installation and manufacturing errors
and other reasons, which will have a great impact on the extraction effect of VME. Therefore, a
sinusoidal reference signal could be established based on the rotational speed of the rotating shaft
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where the bearing is located, and input it with the original weak fault signal of bearing into VME
model. The expected output signal of VME is the rotation frequency, harmonic frequency and
other noise components. Then the expected output signal is subtracted from the original signal in
time domain, and the residual signal is the impulse characteristic component of bearing. Based on
the above stated and the flow chart of the proposed method as described in Fig. 1, construct a sine
reference signal with frequency same as the known rotating frequency, that is 50 Hz. The
amplitude of the reference signal could be selected as half of the RMS of the signal shown in
Fig. 10 (the RMS of the signal shown in Fig. 10 is about 0.11 through calculation), and its phase
is set as 0. Then input the reference signal with the original signal as shown in Fig. 10 into VME
model, and the final extraction result is shown in Fig. 12: sig2 is the VME model extraction signal,
that is, the sine, sine harmonics and other interference components in the original signal, and sigl
is the impact component buried in the original signal. Comparing sigl with the original signal, the
impulse characteristics are enhanced obviously, because the kurtosis index of the former is about
twice that of the latter through calculation. The EDS analysis result of sigl is shown the below
figure of Fig. 12, from which the inner race FCF still could not be extracted. In order to obtain
good EDS analysis results, it is usually necessary to construct a band-pass filter based on the
optimal parameters, namely the center frequency and bandwidth, to band-pass filter the rolling
bearing signal, and then perform envelope spectrum analysis on the filtered signal. As proposed
in Egs. (24) and (25), and the calculated values of SE Nenentropy and SES Nenentropy are
presented in Fig. 13(a) after iteration, and parameters of MOGWO are set same as reference [24].
Then the average value of SE and SES as shown in Fig. 13(a) is calculated and the maximum
average value of 1.32 is selected as the best optimal one. Subsequently, the optimal couple of y
and o are identified as 1473 Hz and 962 Hz respectively as shown in Fig. 13(b). Filter the impulse
component sigl as shown in Fig. 12 by ARLW using the obtained optimal parameters y and o,
and the time domain waveform of the filtered signal is shown in Fig. 13(c) from which the
impulsive and cyclostationary characteristic could be identified evidently. At last, apply EDS on
the filtered signal and corresponding result is shown on Fig. 13(d) basing on which not only the
inner race FCF with its harmonics are extracted, but also the modulation frequency that is rotating
frequency is also extracted.

sig2
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Fig. 12. Analysis results of the signal as shown in Fig. 10 using VME

Same as simulation, Autogram is applied on the original signal as shown in Fig. 10 to further
highlight the superiority of the proposed method, and the corresponding analysis result is shown
in Fig. 14: though the fault characteristic frequency 245 Hz is extracted, both its harmonics and
the side frequency are not extracted.
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Fig. 13. Analysis results of the target impulse components sigl as shown in Fig. 12
using the proposed Multi-objective information frequency band selection method
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7. Conclusions

VME originating from VMD is used for extracting the target impulse component with the prior
knowledge of the analyzed signal, and it has advantage of much higher calculation ratio compared
with VMD. However, it is often difficult to achieve satisfactory results using VME alone in the
case of particularly severe noise interference, and it is necessary to construct a band-pass filter
based on the optimal parameters to further handle the extracted signal by VME. Most of the existed
SK and improved methods originating from SK have the disadvantage of basing on time domain
or frequency domain index, and the fusion indexes of time and frequency domain are used to
balance the enhancement of impulsive and cyclostationary characteristics to establish the best
band pass filter of ARLW in the paper. Besides, MOGWO is introduced into the parameters
solution to increase the calculation ratio of ARLW. Finally, EDS analysis is applied on the filtered
vibration signal and the FCF with its harmonics of fault REB are extracted. Effectiveness of the
proposed method is verified through simulation and experiments. Besides, its advantage over the
related method such as Autogram is also presented.
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