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Abstract: As an essential part of the transmission system, gearboxes are considered as a major
source of vibration. Signal identification of gear vibration is necessary for online monitoring of the
mechanical systems. However, in engine-gearbox systems, the ignition impact of the engine is strong,
so that the gear vibration is generally submerged. To overcome this issue, the resonance-based signal
sparse decomposition (RSSD) method is used in this paper based on different oscillatory behaviors
of the gear meshing impact and the engine ignition impact. To improve the accuracy of RSSD
under interferences, the meshing frequency energy ratio (MF-ER) index is introduced into RSSD
to adaptively choose the decomposition parameters. Before applying the RSSD method, the auto-
regression (AR) model is used as a pre-whitening step to eliminate the normal gear meshing vibration,
which improves the decomposition performance of RSSD. The effectiveness of the proposed AR-
ORSSD (AR-based optimized RSSD) algorithm is tested using both simulated signals and measured
vibration signals from an engine-gearbox system in a forklift. Comparisons were made with the
RSSD algorithm based on a genetic algorithm. Experimental results indicate that the AR-ORSSD
algorithm is superior at identifying gear vibration signals especially when under strong interferences.

Keywords: gear vibration; signal identification; auto-regression (AR); resonance-based signal sparse
decomposition (RSSD); engine-gearbox

1. Introduction

Gearboxes are one of the most fundamental and crucial components in a wide range
of mechanical systems, such as automobiles, ships, aircrafts, turbines, and so on [1,2].
The gear vibration is regarded as one of the main factors affecting the operating perfor-
mance of the system. As a key element in rotating machines, it is important to extract the
gearbox vibration part from the mechanical system signal to assess the health state of the
gearbox. In general, meshing frequency is considered as the most representative charac-
teristic signal of gear vibration. Therefore, the identification of gear meshing frequency
is necessary for the online condition monitoring of the mechanical system [3]. However,
in the engine-gearbox system, the ignition impact of the engine is so strong that the gear
meshing frequency is generally hard to identify. Besides, in some special cases, the meshing
frequency part may be modulated to the higher frequency band as the meshing impacts.
Therefore, measurements should be taken to extract gear meshing frequency.

There is a great number of algorithms invented to extract gear characteristic signals,
such as envelope demodulation [4-6], spectrum kurtosis [7-9], empirical mode decom-
position (EMD) [10-13], wavelet transform [14-16], intelligent deep learning [17-19], and
so on. The intelligent deep learning method has attracted much attention nowadays,
however, it has some drawbacks that hinder its development. Firstly, it needs massive
samples; then, the deep learning model usually does not have a specific physical meaning;
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finally, the training process is time-consuming [20]. Other traditional methods are used
to process signals based on frequency. When a local fault occurs in the gear, the fault
characteristic signal presents different center frequencies and bandwidths in the frequency
domain. Therefore, the fault characteristic signal can be easily identified by these methods.
However, for a healthy gearbox in a complicated system, the frequency components are
coupled. The vibration signals of different components may have similar frequency charac-
teristics. Moreover, the frequency domain may be complex due to various interferences.
Thus, these methods are not suitable for the signal identification of a healthy gearbox in a
complicated system.

The tunable-Q wavelet transform (TQWT) method was first proposed by Selenick
in 2011 [21]. Based on this, the resonance-based signal sparse decomposition (RSSD)
algorithm was presented [22]. Using the RSSD method, the signals can be decomposed into
two different components with high and low Q-factors respectively based on oscillatory
behavior rather than on frequency. Many researchers have since introduced RSSD into the
field of rotating machinery fault diagnosis [23,24]. Wang et al. [25] extracted the early fault
feature of a rolling bearing by combing RSSD with ensemble empirical mode decomposition
(EEMD). Cai et al. [26] used RSSD to diagnose localized faults in gearboxes based on their
oscillatory behaviors. Yan et al. [27] proposed a time-frequency signature using RSSD,
manifold learning, and phase space reconstruction for ship-radiated noise identification.
These researches all employed the original RSSD technique, where the determination
of the decomposition parameters is quite arbitrary, relying mostly on prior information.
According to some references [28,29], the selection of the Q-factors plays a crucial part in the
performance of RSSD. Therefore, quite a few researchers have paid attention to optimizing
the decomposition parameters. Huang et al. [30] pioneered the application of a genetic
algorithm (GA) for parameter optimization and attracted a lot of attention. Zhang et al. [31]
combined RSSD with some other techniques to achieve compound fault diagnoses in
gearboxes. In their research, GA was employed to obtain the optimal parameters for RSSD.
Zhang et al. [32] presented a novel method called improved singular value decomposition
(ISVD) with RSSD to detect train bearing faults with wayside acoustic signals. The GA was
also applied to maximize the kurtosis of the low Q-factor part. Chen et al. [33] put up an
early fault diagnosis algorithm based on wavelet transformation and RSSD by optimizing
the quality factor using GA and sub-band reconstruction. Zhang et al. [34] improved
the RSSD method based on GA and demodulation analysis. Apart from GA, some other
algorithms have also been proposed for the parameter optimization of RSSD. Chai et al. [35]
optimized the decomposition parameters of RSSD using an artificial bee colony algorithm.
Zhang et al. [36] and Wang et al. [37] both used the stepwise optimization strategy to obtain
better RSSD results.

The auto-regression (AR) model is a commonly used time-series technique. It is
appropriate for modeling deterministic components with sharp peaks in the frequency
spectrum [38]. Rantala and Suoranta [39] first applied the AR model to monitor gear state
using residual signals. Later, advances in the AR model for fault diagnosis and prognosis
were made by researchers. For fault diagnosis, Cheng et al. [40] combined the AR model
with empirical mode decomposition to extract the fault feature of roller bearings. Randall
et al. [41] enhanced the ability of the AR model with minimum entropy deconvolution for
gear fault diagnosis. Li et al. [42] developed a new technique for multi-fault diagnoses in
gears based on a combined AR model, wavelet transformation, and principal component
analysis. For gearbox prognosis, Zhan et al. [43] established a statistical indicator based on
AR model residuals to monitor the gear state. Cong et al. [44] combined the AR model with
spectral kurtosis for the early fault diagnosis and prognosis of bearings. Huang et al. [45]
used the phase space warping method enhanced by the AR model to track bearing faults.
In these researches, the AR model is used as a pre-processing step to obtain the residual
signals. This function will also be employed in our research.

The references above all aim to extract the fault features of gearboxes when local faults
occur. Few papers have tried to identify the vibration signal of a healthy gearbox. However,



Sensors 2021, 21, 1868

30f19

researches have indicated that for a complex mechanical system, the gear vibration signal is
sometimes difficult to identify due to the interference of other components [46,47]. Taking
the engine-gearbox system as an example, this paper presents a novel algorithm called
AR-ORSSD (AR model-based optimized RSSD) for gear vibration signal identification.
In the engine-gearbox system, there are two kinds of impacts: the gear meshing impact and
the engine ignition impact. They can be successfully separated using the RSSD method
due to different oscillatory behaviors. However, the accuracy of RSSD is limited under
strong interferences. To improve the decomposition performance of RSSD, this paper
introduces the MF-ER index to adaptively select the optimal Q-factors, which play an
important role in RSSD accuracy. Considering the existence of gear meshing vibration,
the AR model is incorporated into RSSD as a pre-whitening process. Both simulation and
field experiments were carried out to assess the performance of the AR-ORSSD algorithm.
Comparisons were made with the popular RSSD algorithm optimized by genetic algorithm
(GA). Experimental results indicate that the AR-ORSSD algorithm is superior at identifying
gear vibration signals especially when under strong interference.

The paper is arranged as follows: Section 2 describes the whole algorithm of AR-
ORSSD. The simulation and field experiments are provided in Sections 3 and 4, respectively.
Finally, the main content of the paper is concluded in Section 5.

2. Methodology: Auto-Regression Model-Based Optimized Resonance-Based Signal
Sparse Decomposition (AR-ORSSD)

According to the engine-gearbox transmission system shown in Figure 1, the power
produced by the engine is transmitted to the gearbox. Therefore, the vibration signal
obtained from the gearbox is interfered by the engine ignition impact signal transmitted
through the transmission path. Since the ignition impact of the engine is strong, the gear
vibration signal is always covered and hard to identify. In this section, the auto-regression
model-based optimized resonance-based signal sparse decomposition (AR-ORSSD) method
is proposed to extract gear meshing frequency.

Gearbox

Figure 1. The engine-gearbox transmission system of a forklift.

2.1. Pre-Whitening with the AR Model

During the gear meshing process, meshing impacts will be produced between meshing
tooth pairs [3]. Therefore, the gear vibration signal includes normal gear meshing vibration
and gear meshing impacts. The AR model is a statistical way to deal with time series,
which is appropriate for modeling gear meshing vibration [38]. The AR model can be
approximated by Equation (1), where the value at time ¢ is the linear combination of the
values at previous times plus an error term,

n
Xt = Z aixX—i + € 1)
i=1
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where x;, and x;_; are the data points at time ¢, t — i respectively, n is the model order,
a; denotes ith coefficient of the AR model and ¢; is residual error. In our algorithm, the AR
model coefficients are estimated using the Yule-Walker equations (YWEs) [38], the model
order is selected by seeking the maximum kurtosis of ¢; [48]. Therefore, the AR residual
error only contains the remaining gear meshing impacts. The flow chart of using the AR
model for pre-whitening is plotted in Figure 2.

Eﬁ:ek the maximum kurtosis

Yule-Walker equations The model order -
l e e |
I 4 |
X | # X; ++ e; |
Establish AR model at | Linear | Calculate the

order i (i=1, 2, -+, 100) _:_+ prediction filter i - II Kurtosis of ¢;

x: Input gear vibration signal

x;:  Vibration data modelled by the AR model at order {
2+ AR residual at order #

¢: AR residual

p: The optimal model order

o

Figure 2. The flow chart of using the auto-regression (AR) model for pre-whitening.

2.2. Optimized Resonance-Based Signal Sparse Decomposition Based on Meshing Frequency
Amplitude Ratio

In the engine-gearbox system, there are two sources of impulses: the engine ignition
impact and the gear meshing impact. However, the two impacts present different oscillatory
behaviors and they can be found in the high resonance component and low resonance
component, respectively, by using the RSSD method. The reason is that the gear meshing
impact has better frequency aggregation than the engine ignition impact, as shown in
Figure 3. Therefore, the gear meshing impact is mostly contained in the component with a
high Q-factor. To accurately separate the gear vibration signals, an optimized resonance-
based signal sparse decomposition (ORSSD) algorithm based on the meshing frequency
energy ratio (MF-ER) is proposed and introduced in detail for gear signal identification.
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Figure 3. The time domain impulses and frequency spectrums of: (a,b) the gear meshing impact;
(c,d) the engine ignition impact.
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2.2.1. Resonance-Based Signal Sparse Decomposition

The quality factor Q, defined as the center frequency divided by bandwidth, can be
used to express the oscillatory behavior of a signal,

fe

Q= 3w

@)

where BW is the bandwidth and f, is the center frequency. A pulse signal with strong
resonance property usually has a higher Q-factor.

To obtain the corresponding transform coefficients of the RSSD method, TQWT can be
used to separate transforms with high and low Q-factors. The TQWT is accomplished using
two-channel bandpass filter banks, as displayed in Figure 4, where HPS and LPS denote
the high-pass scale « and low-pass scale 8, which satisfy0 <a <1, 0 < <1, a+ > 1.
The relationship between a and B is,

B=2/(Q+1),a =1-B/r (3)
where r is the redundancy. Therefore, the center frequency f. can be calculated.
2 .
fe=d 4Nﬁfs ji=1..,1L (4)

H"[""’)—«{ T )i‘j
M, -'"'1')—9( i )_'(>

H..[-':'JH T }_ . i
M, .H e )—>

o2
'
i
"
»

| #, (i _:}«{ e )
M, .}D( PSR )_‘>

Figure 4. The L layer filter banks. (LPS: low-pass scale, HPS: high-pass scale).

According to Equation (4), the center frequency decreases with the increase of the
layer L, where f; is the sampling frequency, and the bandwidth BW,

1 .
BW = Eﬁzx]_ln j=1,..,1L (5)

becomes narrower. In Figure 4, the high-pass and low-pass filters H; (w) and Hy(w) can be
constructed as follows,

jwl < (1-p)m

Hiw) = ¢ 0(&5%)  (-p)w <o <am (6)
1 art < |w| <7
1 jwl < (1-p)m

Hy(w) = ¢ 0(“HEY")  (1—-pr <ol <an @)
0 ar < |w| <7

where 6(-) can be expressed by the following function:

O(w) = 0.5(1+ cosw)v2 —cosw, |w| < 8)
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It is generally accepted that the vibration signal x(f) can be decomposed into two
components with different Q-factors [22], which is expressed as,

x(t) = x1(t) + x2(t) )

where x () and x,(f) denote the two components with high and low Q-factors respectively.
To obtain the best expressions of x1(t) and x,(t), the morphological component analysis
(MCA) [49] was applied to Equation (9). Therefore, the problem can be translated into
minimizing the cost function,

J(wr, wp) = ||x — S1W1 — SaWa|[3 + A1||Wa |y + Aol | Wa | (10)

where S1, S, denote the overcomplete dictionaries for x;(t), x2(t); W1, W, indicate the
wavelet coefficients of x(t), x2(t); and Ay, A, are the regularization parameters. To solve
Equation (10), the split augmented Lagrangian shrinkage algorithm [50] was used to iterate
and update the wavelet coefficients W; and Wj.

If the cost function achieves the minimum when the corresponding coefficients are
Wi and Wy, then the components with different Q-factors can be obtained.

% = SIWY, 2 = SSWy (11)

2.2.2. Parameter Selection Problem

According to the analysis above, six parameters need to be selected for the RSSD
algorithm, that is the quality factors, decomposition layers, and redundancies of both high-
and low-resonance parts (Q1, Q2, L1, Lp, 71, 72). Among these parameters, the selec-
tion of the quality factors plays the most significant role in the decomposition accuracy,
as the quality factors reflect the oscillatory behaviors of the decomposed components [44].
Suppose Q1, Qz have been determined, the redundancies 1, r, will affect the sparsity of
adjacent frequency responses. Therefore, the values of the redundancies cannot be too big
or too small. Based on the research in [15], the redundancies r; and r, are all chosen as
3 in our algorithm. As for the decomposition layers L; and Ly, the maximum values are
employed to guarantee all signal information is contained in the sub-bands. The maximum
decomposition layers can be calculated by the following equation [21],

log _N
L [ s (ade) )

log (357 )

where N denotes the data length and [-] represents the rounding operation.

To sum up, the biggest obstacle in implementing the RSSD algorithm is the selection
of the appropriate quality factors, which is of great significance to the accuracy of RSSD.
To solve this problem, a parameter optimization strategy based on the meshing frequency
energy ratio (MF-ER) is proposed to adaptively determine the quality factors of both high-
and low-resonance components.

2.2.3. Parameter Optimization Based on Meshing Frequency Energy Ratio

To adaptively select the quality factors Q; and Q», the ranges of them are firstly
determined as Q; € [4, 12] and Q, € [1, 3] [51]. Then the RSSD algorithm with different
Q combinations is applied to the original gear vibration data x (). Since the gear vibration
is mostly contained in the component with a high Q-factor, the high resonance component
is used and denoted as x1 (t), the analytical signal of x; (¢) is,

21(t) = x(t) +iH(t) 13)
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where Hj (t) indicates the Hilbert transform of x; (). Thence, the envelope waveform is
calculated by taking the absolute value of z (f).

e(t) = [z1(8)] = /(xa(0)? + (i () (14)

By applying Fourier transform to e(t), the envelope spectrum E( f) of the high reso-
nance component is obtained. Based on it, the meshing frequency energy ratio (MF-ER)
can be defined, which demonstrates the proportion of vibration energy contributed by gear
meshing frequency. The gear meshing frequency is denoted as f;,. Therefore, MF-ER can
be calculated using the following equation,

TR E(fion)
5P E)

where f; represents the sampling rate and K represents the number of meshing frequency
harmonics. According to [46,52,53], only the first three harmonics are concerned. The rea-
son is that the first three meshing frequency harmonics contain most of the energy. There-
fore, K is set to be 3 in our study. It can be seen that MF-ER is sensitive to the gear meshing
frequency. It can be used as a novel index to measure periodic impulses. A bigger MF-ER
value implies the better performance of the RSSD algorithm in gear signal extraction.

Using the MF-ER index, the optimal Q-factors are selected by iterating the Q1 and Q»
values in the ranges mentioned above. In our method, the optimization step size is chosen
as 0.5 according to [51,54].

MF-ER = (15)

2.3. The Proposed AR-ORSSD Algorithm

Motivated by the AR model and ORSSD method based on the MF-ER index, the AR-
ORSSD algorithm is presented in our research for gear vibration signal identification. The
main steps of the AR-ORSSD algorithm are summarized as follows:

(1) Remove the normal gear meshing vibration using the AR model;

(2) Determine the ranges of Q1, Qz, Q1 € [4, 12], Qs € [1, 3], in steps of 0.5;
(3) Perform the RSSD operation;

(4) Calculate the MF-ER value for each combination of [Q1, Q»];

(5) Obtain the optimal Q-factors when MF-ER achieves the maximum;

(6) Implement the RSSD with the optimal Q-factors;

(7) Identify the gear vibration signal with the optimized RSSD method.

Figure 5 illustrates the framework of the proposed AR-ORSSD algorithm.
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Figure 5. The framework of the proposed auto-regression model-based optimized resonance-based
signal sparse decomposition (AR-ORSSD) algorithm.

3. Simulated Signal Analysis

In this section, both the gear vibration model and the engine ignition impact model
are established to validate the effectiveness of the proposed algorithm. The result obtained
by each step of the method is displayed. Comparisons are made between the results with
and without the AR model operation, which can prove the necessity of adopting the AR
model. Besides, the proposed method is also compared with the popular RSSD algorithm
optimized by genetic algorithm (GA).
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In general, the vibration signal acquired from a perfect gear transmission is modeled
by amplitude and phase modulations accompanied with meshing impacts, which can be
described by the following equation [55],

Xgear(t) = [14 Agcos(27tfy pt)|cos[27 fiut + Bgcos (27t fr pt) |
+[1+ Agcos (27t fr gt) | cos[27T fint 4 Bgcos (27t fr gt )|
K

+ )Y Ame_ﬁm(t_tk’ m)cos[anmr(t — I, m)]u(t — I, m)
k=0

(16)

where fy, is the gear meshing frequency, f;, and f; ¢ are the rotating frequencies of the
pinion and gear, and f;, is the resonance frequency excited by gear meshing impact.
Ag and By are the magnitudes of the amplitude and phase modulations, respectively.
Ay, denotes the amplitude of the impulses due to meshing impacts. B, represents the
damping characteristic frequency and t; ,, is the time of occurrence of the kth impulse.

Considering the characteristics of the ignition impact vibration of the engine, it can be
recognized as periodic impulses, which can be modeled as,

N
Yengine(t) = Y Ace Pt cos 271 for (t — by, ) Ju(t — t, ) (17)
n=20

where A, is the amplitude of the ignition impulses of the engine, B, is the structural
damping characteristic frequency of the ignition impact, f,, is the resonance frequency
induced by the engine ignition impact, and t,, . denotes the time of occurrence of the
mth impulse.

In our simulation, the pinion and gear have 13 and 35 teeth respectively. The sampling
frequency is set as 20,000 Hz. The ignition frequency f., is set as 20 Hz. The other
parameters are listed in Table 1.

Table 1. The required parameters for the simulation.

Parameters Value Parameters Value
Ag 0.5 B 1000
B 0.2 Be 600
An 1 fon 20
frp 5 fnr 3000
fr,g 2 fer 6000
fm 65 tk m 0.015
Ae 1 e 0.05

The simulated gear vibration signal, the engine ignition signal, and the compound
signal are shown in Figure 6. It can be seen that in the compound signal, the gear meshing
impact is submerged by gear meshing vibration and engine ignition signal. To separate
the gear meshing impact, the optimized RSSD method was employed. According to
our analysis, the MF-ER values changing with different Q-factors with and without the
AR model operation were calculated. The corresponding results are plotted in Figure 7.
Therefore, the optimal Q-factors are (4.5, 2.5) and (5.5, 1.5), respectively.

Firstly, the RSSD method was performed using parameters obtained without the AR
model pre-whitening process. The data length is chosen as 20,000. The obtained high-
and low-resonance components are displayed in Figure 8. According to the results, the
high resonance component contains most of the gear meshing vibration, the gear meshing
impacts are still hard to identify.
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Figure 6. Simulated signals: (a) gear vibration signal, (b) engine ignition signal, (c) compound signal of the gear and engine.
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Figure 7. The meshing frequency energy ratio (MF-ER) values with different Q-factors of the simulated signal. (a) The

result without pre-whitening using AR model; (b) The result of the proposed AR-ORSSD algorithm. (The arrows in the
picture indicate the Q-factors with the maximum MF-ER).
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Figure 8. The decomposition results of RSSD using parameters obtained from Figure 7a. (a) The high-resonance component;
(b) the low-resonance component.

Using the proposed AR-ORSSD algorithm, the AR model was first used to remove the
normal gear meshing vibration, and the obtained residual signals are shown in Figure 9.
It can be seen from the enlarged time domain signal that the gear meshing vibration is
almost eliminated, with only gear meshing impact and engine ignition signal remaining.
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Then, the residual signal was subjected to RSSD with the optimal Q-factors (5.5, 1.5).
The decomposition results are demonstrated in Figure 10. In Figure 10, the original signal
is successfully separated into gear meshing impact and engine ignition signal and they are

contained in high- and low-resonance components, respectively.
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Figure 9. The AR residual signal. (a) The time waveform; (b) The enlarged time waveform.
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Figure 10. The decomposition results of the RSSD using the proposed AR-ORSSD algorithm. (a—c) The high resonance
component, its frequency spectrum, and envelope spectrum; (d-f) the low resonance component, its frequency spectrum,

and envelope spectrum (the arrows in blue indicate the characteristic frequencies of the gear while the arrows in red indicate

the characteristic frequencies of the engine).

To further verify the performance of the proposed algorithm, the popular ORSSD
method optimized by the GA algorithm was used in our experiment as a comparison.
The GA-based RSSD algorithm has achieved perfect performance in some researches [31,34].
In our simulation, the optimal parameters optimized by the GA algorithm are obtained
and shown in Table 2. The corresponding decomposition results are illustrated in Figure 11.
The results show that the high-resonance component mainly includes the gear meshing
vibration; the gear meshing impact and the engine ignition signal are all contained in the
low-resonance component. Therefore, the gear meshing impact cannot be easily identified.

Table 2. The RSSD parameters optimized by the GA algorithm.

Q

Q
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1

5.05 6.44
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Figure 11. The decomposition results of the RSSD optimized by genetic algorithm. (a—c) The high-resonance component, its
frequency spectrum, and envelope spectrum; (d—f) the low-resonance component, its frequency spectrum, and envelope
spectrum (the arrows in blue indicate the characteristic frequencies of the gear while the arrows in red indicate the
characteristic frequencies of the engine).

4. Experimental Verification

In this section, field experiments were performed with a forklift to identify the gear
vibration signal in the engine-gearbox system to validate the performance of the proposed
AR-ORSSD algorithm. The forklift was chosen as the experimental subject because of
three reasons: (1) the forklift usually works under heavy load conditions. Researches have
shown that the intensity of the gear meshing impact is positively correlated with the load
applied to the gear [56,57]. (2) Vibration and noise have long been an intractable issue
in the forklift industry. Researches have investigated that there are risks of whole-body
vibration for lower back pain among forklift truck drivers [58]. (3) Too much vibration
causes damage to the components, lessening the service life of forklifts.

The model diagram of the forklift used in our experiment is illustrated in Figure 12a,
Figure 12b demonstrates the schematic diagram of the transmission system. In our experi-
ment, two accelerometers are installed on the engine and gearbox, respectively. The vibra-
tion signals of the engine and gearbox are acquired for further investigation. The sampling
frequency used in our experiments is 12,800 Hz.

(b)
Diesel
engine
Clutch
"—— i
S Gearbox
cleaner

Figure 12. The schematic diagrams of (a) the forklift for the experiment, (b) the transmission system.
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In our experiment, the engine rotating speed was set at 703.2 rpm. The tooth number
of the pinion and gear were 17 and 29, respectively. Therefore, the meshing frequency can
be calculated as 199.24 Hz. The cylinder number N = 4, and the engine stroke constant
D = 2. The relationship between the engine rotating speed v and ignition frequency f,, is
expressed by the following equation,

Nv

fen = 50D (18)

Therefore, the ignition frequency fe; can be calculated as 23.44 Hz.

During the experiment, the forklift was driven by a professional driver with a 2.5 ton
load. The obtained vibration signals of both engine and gearbox are displayed in Figure 13.
By comparing the two frequency spectrumes, it can be seen that the ignition impact of the
engine is dominant in the frequency domain, making the gear meshing frequency hard to
be identified. Moreover, little information about gear meshing can be easily extracted from
the time-domain signal of the gear vibration.

(a) 16 - . - (b) 03
- I 1 /,fen
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-16 - . o LLL L .
0 0.5 1 1. 200 400 600 800 1000
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Figure 13. Vibration signals acquired from the engine and gearbox. (a,b) The time domain signal and corresponding
frequency spectrum of the engine; (c,d) the time domain signal and corresponding frequency spectrum of the gearbox
(the arrows in blue indicate the characteristic frequencies of the gear while the arrows in red indicate the characteristic
frequencies of the engine).

Motivated by the proposed method, the AR model was applied to the gear vibration
signal to remove the normal gear meshing vibration. Based on the AR residual signal,
the optimal Q-factors were selected by calculating the MF-ER values of each combination of
(Q1, Q2). The outcome of the MF-ER values changing with different Q-factors is expressed
by 3D graphs shown in Figure 14. Both results obtained from the proposed algorithm and
the ORSSD method without the AR model are provided. It can be seen that the optimal
Q-factors of the two situations are (4.5, 3) and (7, 1.5).
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Figure 14. The MF-ER values with different Q-factors of the gear vibration signal. (a) The result without pre-whitening
using AR model; (b) the result of the proposed AR-ORSSD algorithm (the arrows in the picture indicate the Q-factors with

the maximum MF-ER).

Therefore, the gear vibration data was subjected to the RSSD method using the
obtained optimal Q-factors. The data length was chosen as 12,800. The decomposition
results using parameters obtained from both Figure 14a,b are shown in Figures 15 and 16.
According to Figure 15, the RSSD method cannot separate the gear meshing frequency
from the strong ignition impact signal of the engine without pre-whitening using the AR
model. However, it can be seen from Figure 16 that the gear meshing frequency can be
successfully identified from the high resonance component using the proposed AR-ORSSD
algorithm. The meshing frequency and its harmonics can be clearly found in the frequency
spectrum of the high resonance component. In addition, the meshing impulses can be
extracted from the enlarged high-resonance component.
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Figure 15. The decomposition results of the RSSD using parameters obtained from Figure 14a. (a,b) The high-resonance
component and its frequency spectrum; (c,d) the low-resonance component and its frequency spectrum (the arrows in
blue indicate the characteristic frequencies of the gear while the arrows in red indicate the characteristic frequencies of

the engine).
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Figure 16. The decomposition results of the RSSD using the proposed AR-ORSSD algorithm. (a—c) The high-resonance
component, its frequency spectrum and enlarged high-resonance component; (d—f) the low-resonance component, its
frequency spectrum, and enlarged high-resonance component (the arrows in blue indicate the characteristic frequencies of
the gear while the arrows in red indicate the characteristic frequencies of the engine).

To better prove the effectiveness of the proposed algorithm, the same data was also
subjected to the RSSD method optimized by the GA algorithm. The obtained parameters
are listed in Table 3. Using these parameters, the RSSD decomposition results were demon-
strated in Figure 17. Compared with the results in Figure 16, the decomposition results of
the RSSD optimized by GA cannot successfully identify the gear meshing impact as the
proposed AR-ORSSD algorithm does.
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Figure 17. The decomposition results of the RSSD optimized by GA. (a—c) The high-resonance component, its frequency
spectrum, and enlarged high-resonance component; (d-f) the low-esonance component, its frequency spectrum, and
enlarged high-resonance component (the arrows in blue indicate the characteristic frequencies of the gear while the arrows
in red indicate the characteristic frequencies of the engine).
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Table 3. The RSSD parameters optimized by the GA algorithm.

Q Q r L]
9.21 1.74 9.83 3.88

5. Conclusions

In engine-gearbox systems, the ignition impact of the engine is significant. To identify
the gear meshing frequency under strong interferences, a resonance-based signal sparse
decomposition method (AR-ORSSD) that uses auto-regression (AR) as a pre-whitening
step to eliminate the normal gear meshing vibration is introduced here for the first time.
The main contributions of this paper are summarized as follows.

(1) The main idea of this paper is that the gear meshing impact has better frequency
aggregation than the engine ignition impact. Therefore, the RSSD algorithm is introduced.

(2) The biggest innovation of this paper is that we define the MF-ER index and introduce
it into the RSSD algorithm to adaptively choose the optimal Q-factors, which can
improve the accuracy of the separation results.

(3) Due to the interferences of the normal gear meshing vibration, the use of the RSSD
algorithm alone cannot achieve perfect results. Therefore, the AR model is used as a
pre-processing step to eliminate the normal gear meshing vibration.

(4) Both simulated signals and experimental signals acquired from the engine-gearbox
system in a forklift validate the effectiveness of the proposed algorithm.

(5) Both simulated signals and experimental signals validate the necessity of adopting
the AR model.

(6) Through comparison with the GA-based RSSD method, it is indicated that the AR-
ORSSD algorithm achieves superior performance in identifying gear vibration signals
especially when under strong interferences.

This paper mainly focuses on identifying the gear meshing impact under the inter-
ference of the engine ignition impact. The proposed algorithm can be extended to solve
other problems. For example, for the compound fault diagnosis of the gear and bearing in
a gearbox, the vibration impacts excited by gear and bearing defects also have different
oscillatory behaviors: the proposed method can be used to solve the problem.

In this preliminary study, the proposed method was tested using the engine-gearbox
system of a forklift under constant speed and load conditions. Further research with
the engine-gearbox systems of other industrial equipment such as cars and trains can be
considered in the future. Besides, tests under variable speeds and load conditions can also
be analyzed in our future work.

Author Contributions: Conceptualization, Y.H. and Z.T.; methodology, Y.H.; software, Z.T.; vali-
dation, F.C.; formal analysis, Y.H.; investigation, EC.; resources, S.T.; data curation, Z.T.; writing—
original draft preparation, Y.H.; writing—review and editing, S.T.; visualization, Z.T.; supervi-
sion, S.T.; funding acquisition, S.T. All authors have read and agreed to the published version of
the manuscript.

Funding: We would like to acknowledge the support of the National Key R&D Program of China
(2019YFB2004604), National Natural Science Foundation of China (52075477, 52075481), Zhejiang
Provincial Natural Science Foundation of China (LR19E050002), Key R&D Program of Zhejiang
Province (2020C01152), and the “Innovation 2025” Major Project of Ningbo (2020Z110).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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



Sensors 2021, 21, 1868

References

1. Zhou, P; Peng, Z.; Chen, S.; Tian, Z.; Zuo, M.]. Sinusoidal FM patterns of fault-related vibration signals for planetary gearbox

Nomenclature

Xt, Xt—i
n
P
aj
et

fe
BW

Hy(w), Ho(w)

o(-)

x(t)

x1(t), xa(t)
51, 52

er WZ
A, Az

Wy, Wy
%1, 22
Q1, Q2
Ly, Ly
r, n2

N

[]
MF-ER
(1)

fm
K
fr,pr fr,g

fmr
Agq, Bg
Am

Bm

fen

tk, m
A,

Be

fer

iLn, e
N/
D

v

Data points at time ¢, ¢ — i respectively, V

Model order

The optimal model order

ith coefficient of the AR model

Residual error at time ¢, V

Quality factor

Center frequency, Hz

Bandwidth, Hz

High-pass scale

Low-pass scale

Redundancy

Decomposition layer

Sampling frequency, Hz

High-pass and low-pass filters

Angle, rad

Function, 8(w) = 0.5(1 + cosw)v/2 — cosw, |w| <7
Vibration signal, V

High and low resonance components, V

The overcomplete dictionaries for x1(£), x,(t)

The wavelet coefficients of x7(t), x(t)

The regularization parameters of x1 (t), x2(t)

The wavelet coefficients of x1 (t) and x,(#) when cost function achieves
the minimum

The optimal high and low resonance components, V
Quality factors of xq (t) and x,(f)

Decomposition layers of x1(t) and xp ()

Redundancies of x (t) and x(#)

The data length

The rounding operation

Meshing frequency energy ratio

The Hilbert transform of x;(t), V

The analytical signal of x1(t), V

The envelop waveform of zq(t), V

The envelop spectrum of x1 (), V

Gear meshing frequency, Hz

The number of meshing frequency harmonics

The rotating frequencies of the pinion and gear, Hz

The resonance frequency excited by gear meshing impact, Hz
The magnitudes of the amplitude and phase modulations, V
The amplitude of the impulses due to meshing impacts, V
Damping characteristic frequency, Hz

Ignition frequency, Hz

The time of occurrence of the kth impulse, s

The amplitude of the ignition impulses of the engine, V

The structural damping characteristic frequency of the ignition impact, Hz
The resonance frequency induced by the engine ignition impact, Hz
The time of occurrence of the mth impulse, s

The cylinder number

The engine stroke constant

Engine rotating speed, rpm

fault detection under non-stationary conditions. Mech. Syst. Signal Process. 2021, 155. [CrossRef]

2. Brumercik, F; Lukac, M.; Caban, J.; Krzysiak, Z.; Glowacz, A. Comparison of selected parameters of a planetary gearbox with

involute and convex-concave teeth flank profiles. Appl. Sci. 2020, 10, 1417. [CrossRef]


http://doi.org/10.1016/j.ymssp.2021.107623
http://doi.org/10.3390/app10041417

Sensors 2021, 21, 1868 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

Tong, S.; Huang, Y.; Jiang, Y.; Weng, Y.; Tong, Z.; Tang, N.; Cong, F. The identification of gearbox vibration using the meshing
impacts based demodulation technique. J. Sound Vib. 2019, 461, 114879. [CrossRef]

Tong, S.; Huang, Y.; Tong, Z.; Cong, E. A novel short-frequency slip fault energy distribution-based demodulation technique for
gear diagnosis and prognosis. Int. |. Adv. Robot. Syst. 2020, 17, 172988142091503. [CrossRef]

Peeters, C.; Antoni, J.; Helsen, ]. Blind filters based on envelope spectrum sparsity indicators for bearing and gear vibration-based
condition monitoring. Mech. Syst. Signal Process. 2020, 138. [CrossRef]

Laval, X.; Mailhes, C.; Martin, N.; Bellemain, P.; Pachaud, C. Amplitude and phase interaction in Hilbert demodulation of
vibration signals: Natural gear wear modeling and time tracking for condition monitoring. Mech. Syst. Signal Process. 2021, 150.
[CrossRef]

Antoni, J. The spectral kurtosis: A useful tool for characterising non-stationary signals. Mech. Syst. Signal Process. 2006,
20, 282-307. [CrossRef]

Zheng, Z.; Li, X; Zhu, Y. Feature extraction of the hydraulic pump fault based on improved Autogram. Meas. |. Int. Meas. Confed.
2020, 163. [CrossRef]

Wang, L.; Xiang, J.; Liu, Y. A time-frequency-based maximum correlated kurtosis deconvolution approach for detecting bearing
faults under variable speed conditions. Meas. Sci. Technol. 2019, 30. [CrossRef]

Du, W.T,; Zeng, Q.; Shao, YM.; Wang, L.M.; Ding, X.X. Multi-scale demodulation for fault diagnosis based on a weighted-EMD
de-noising technique and time-frequency envelope analysis. Appl. Sci. 2020, 10, 7796. [CrossRef]

Chen, X.H.; Cheng, G.; Shan, X.L.; Hu, X.; Guo, Q.; Liu, H.G. Research of weak fault feature information extraction of planetary
gear based on ensemble empirical mode decomposition and adaptive stochastic resonance. Meas. |. Int. Meas. Confed. 2015, 73,
55-67. [CrossRef]

Cheng, Z.; Tong, S.; Tong, Z. Bi-directional nozzle control of multistage radial-inflow turbine for optimal part-load operation of
compressed air energy storage. Energy Convers. Manag. 2019, 181, 485-500. [CrossRef]

Sun, S.; Przystupa, K.; Wei, M.; Yu, H.; Ye, Z.; Kochan, O. Fast bearing fault diagnosis of rolling element using lévy moth-flame
optimization algorithm and naive bayes. Eksploat. Niezawodn. Maint. Reliab. 2020, 22, 730-740. [CrossRef]

Sheng, Z.; Xu, Y.; Zhang, K. Applications in bearing fault diagnosis of an improved Kurtogram algorithm based on flexible
frequency slice wavelet transform filter bank. Meas. J. Int. Meas. Confed. 2021, 174. [CrossRef]

Chen, Y.; Schmidt, S.; Heyns, P.S.; Zuo, M.]. A time series model-based method for gear tooth crack detection and severity
assessment under random speed variation. Mech. Syst. Signal Process. 2021, 156. [CrossRef]

Chen, Z,; Jiang, Y.; Tong, Z.; Tong, S. Residual stress distribution design for gear surfaces based on genetic algorithm optimization.
Materials 2021, 14, 366. [CrossRef]

Nguyen, C.D.; Prosvirin, A.E.; Kim, C.H.; Kim, ].M. Construction of a sensitive and speed invariant gearbox fault diagnosis
model using an incorporated utilizing adaptive noise control and a stacked sparse autoencoder-based deep neural network.
Sensors 2021, 21, 18. [CrossRef]

Chen, P; Li, Y.; Wang, K.; Zuo, M.]. An automatic speed adaption neural network model for planetary gearbox fault diagnosis.
Meas. . Int. Meas. Confed. 2021, 171. [CrossRef]

Tong, ZM.; Xin, ]J.G.; Tong, S.G.; Yang, Z.Q.; Zhao, ].Y.; Mao, ].H. Internal flow structure, fault detection, and performance
optimization of centrifugal pumps. J. Zhejiang Univ. Sci. A 2020, 21, 85-117. [CrossRef]

Liu, R; Yang, B.; Zio, E.; Chen, X. Artificial intelligence for fault diagnosis of rotating machinery: A review. Mech. Syst.
Signal Process. 2018, 108, 33-47. [CrossRef]

Selesnick, I.W. Wavelet transform with tunable Q-factor. IEEE Trans. Signal Process. 2011, 59, 3560-3575. [CrossRef]

Selesnick, I.W. Resonance-based signal decomposition: A new sparsity-enabled signal analysis method. Signal Process. 2011, 91,
2793-2809. [CrossRef]

Luo, J.; Yu, D; Liang, M. A kurtosis-guided adaptive demodulation technique for bearing fault detection based on tunable-Q
wavelet transform. Meas. Sci. Technol. 2013, 24. [CrossRef]

Chen, X.M.; Yu, D.J.; Luo, ].S. Envelope demodulation method based on resonance-based sparse signal decomposition and its
application in roller bearing fault diagnosis. Zhendong Gongcheng Xuebao J. Vib. Eng. 2012, 25, 628—636.

Wang, H.; Chen, J.; Dong, G. Feature extraction of rolling bearing’s early weak fault based on EEMD and tunable Q-factor wavelet
transform. Mech. Syst. Signal Process. 2014, 48, 103-119. [CrossRef]

Cai, G.; Chen, X.; He, Z. Sparsity-enabled signal decomposition using tunable Q-factor wavelet transform for fault feature
extraction of gearbox. Mech. Syst. Signal Process. 2013, 41, 34-53. [CrossRef]

Yan, J.; Sun, H.; Chen, H.; Junejo, N.U.R.; Cheng, E. Resonance-based time-frequency manifold for feature extraction of ship-
radiated noise. Sensors 2018, 18, 936. [CrossRef] [PubMed]

Abdel-Ghaffar, E.A. Effect of tuning TQWT parameters on epileptic seizure detection from EEG signals. In Proceedings of the
ICCES 2017 12th International Conference on Computer Engineering and Systems, Cairo, Egypt, 19-20 December 2017; pp. 47-51.
Huang, W.; Sun, H.; Wang, W. Resonance-based sparse signal decomposition and its application in mechanical fault diagnosis:
A review. Sensors 2017, 17, 1279. [CrossRef]

Huang, W.; Fu, Q.; Dou, H.; Dong, Z. Resonance-based sparse signal decomposition based on genetic optimization and its
application to composite fault diagnosis of rolling bearings. In Proceedings of the ASME International Mechanical Engineering
Congress and Exposition, Proceedings (IMECE), Houston, TX, USA, 13-19 November 2015.


http://doi.org/10.1016/j.jsv.2019.114879
http://doi.org/10.1177/1729881420915032
http://doi.org/10.1016/j.ymssp.2019.106556
http://doi.org/10.1016/j.ymssp.2020.107321
http://doi.org/10.1016/j.ymssp.2004.09.001
http://doi.org/10.1016/j.measurement.2020.107908
http://doi.org/10.1088/1361-6501/ab3678
http://doi.org/10.3390/app10217796
http://doi.org/10.1016/j.measurement.2015.05.007
http://doi.org/10.1016/j.enconman.2018.12.014
http://doi.org/10.17531/ein.2020.4.17
http://doi.org/10.1016/j.measurement.2021.108975
http://doi.org/10.1016/j.ymssp.2020.107605
http://doi.org/10.3390/ma14020366
http://doi.org/10.3390/s21010018
http://doi.org/10.1016/j.measurement.2020.108784
http://doi.org/10.1631/jzus.A1900608
http://doi.org/10.1016/j.ymssp.2018.02.016
http://doi.org/10.1109/TSP.2011.2143711
http://doi.org/10.1016/j.sigpro.2010.10.018
http://doi.org/10.1088/0957-0233/24/5/055009
http://doi.org/10.1016/j.ymssp.2014.04.006
http://doi.org/10.1016/j.ymssp.2013.06.035
http://doi.org/10.3390/s18040936
http://www.ncbi.nlm.nih.gov/pubmed/29565288
http://doi.org/10.3390/s17061279

Sensors 2021, 21, 1868 19 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhang, D.; Yu, D.; Zhang, W. Energy operator demodulating of optimal resonance components for the compound faults diagnosis
of gearboxes. Meas. Sci. Technol. 2015, 26. [CrossRef]

Zhang, D.; Entezami, M.; Stewart, E.; Roberts, C.; Yu, D. Adaptive fault feature extraction from wayside acoustic signals from
train bearings. J. Sound Vib. 2018, 425, 221-238. [CrossRef]

Chen, B.; Shen, B.; Chen, F; Tian, H.; Xiao, W.; Zhang, F; Zhao, C. Fault diagnosis method based on integration of RSSD and
wavelet transform to rolling bearing. Meas. J. Int. Meas. Confed. 2019, 131, 400-411. [CrossRef]

Zhang, D.; Yu, D.; Li, X. Optimal resonance-based signal sparse decomposition and its application to fault diagnosis of rotating
machinery. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2017, 231, 4670-4683. [CrossRef]

Chai, N.; Yang, M.; Ni, Q.; Xu, D. Gear fault diagnosis based on dual parameter optimized resonance-based sparse signal
decomposition of motor current. IEEE Trans. Ind. Appl. 2018, 54, 3782-3792. [CrossRef]

Zhang, D.; Yu, D. Multi-fault diagnosis of gearbox based on resonance-based signal sparse decomposition and comb filter.
Measurement 2017, 103, 361-369. [CrossRef]

Wang, C; Li, H.; Ou, J.; Hu, R.; Hu, S.; Liu, A. Identification of planetary gearbox weak compound fault based on parallel
dual-parameter optimized resonance sparse decomposition and improved MOMEDA. Meas. . Int. Meas. Confed. 2020, 165.
[CrossRef]

Wang, W.; Wong, A K. Autoregressive model-based gear fault diagnosis. J. Vib. Acoust. Trans. ASME 2002, 124, 172-179.
[CrossRef]

Rantala, S.; Suoranta, R. Enhanced vibration monitoring using parametric modelling technique. In Proceedings of the IEEE
Instrumentation and Measurement Technology Conference, Atlanta, GA, USA, 14-16 May 1991; pp. 2-5.

Junsheng, C.; Dejie, Y.; Yu, Y. A fault diagnosis approach for roller bearings based on EMD method and AR model. Mech. Syst.
Signal Process. 2006, 20, 350-362. [CrossRef]

Endo, H.; Randall, R.B. Enhancement of autoregressive model based gear tooth fault detection technique by the use of minimum
entropy deconvolution filter. Mech. Syst. Signal Process. 2007, 21, 906-919. [CrossRef]

Li, Z; Yan, X.; Yuan, C.; Peng, Z.; Li, L. Virtual prototype and experimental research on gear multi-fault diagnosis using
wavelet-autoregressive model and principal component analysis method. Mech. Syst. Signal Process. 2011, 25, 2589-2607.
[CrossRef]

Zhan, Y.; Makis, V. A robust diagnostic model for gearboxes subject to vibration monitoring. J. Sound Vib. 2006, 290, 928-955.
[CrossRef]

Cong, E; Chen, ].; Dong, G. Spectral kurtosis based on AR model for fault diagnosis and condition monitoring of rolling bearing.
J. Mech. Sci. Technol. 2012, 26, 301-306. [CrossRef]

Huang, W,; Jiang, Y.; Sun, H.; Wang, W. Automatic quantitative diagnosis for rolling bearing compound faults via adapted
dictionary free orthogonal matching pursuit. Meas. |. Int. Meas. Confed. 2020, 154. [CrossRef]

Wang, T.; Chu, E; Han, Q.; Kong, Y. Compound faults detection in gearbox via meshing resonance and spectral kurtosis methods.
J. Sound Vib. 2017, 392, 367-381. [CrossRef]

Tong, S.; Huang, Y.; Tong, Z.; Tang, N.; Yu, Y.; Zhou, Y.; Cong, E. Gear vibration signal extraction based on meshing impact under
heavy load condition. Smart Innov. Syst. Technol. 2020, 166, 1205-1214.

Sawalhi, N.; Randall, R.B.; Endo, H. The enhancement of fault detection and diagnosis in rolling element bearings using minimum
entropy deconvolution combined with spectral kurtosis. Mech. Syst. Signal Process. 2007, 21, 2616-2633. [CrossRef]

Bobin, J.; Starck, J.L.; Fadili, ]. M.; Moudden, Y.; Donoho, D.L. Morphological component analysis: An adaptive thresholding
strategy. IEEE Trans. Image Process. 2007, 16, 2675-2681. [CrossRef]

Afonso, M.V.; Bioucas-Dias, ].M.; Figueiredo, M.A.T. Fast image recovery using variable splitting and constrained optimization.
IEEE Trans. Image Process. 2010, 19, 2345-2356. [CrossRef]

Li, Y,; Liang, X.; Xu, M.; Huang, W. Early fault feature extraction of rolling bearing based on ICD and tunable Q-factor wavelet
transform. Mech. Syst. Signal Process. 2017, 86, 204-223. [CrossRef]

Wang, T.; Chu, E; Feng, Z. Meshing frequency modulation (MFM) index-based kurtogram for planet bearing fault detection.
J. Sound Vib. 2018, 432, 437-453. [CrossRef]

Wang, T.; Chu, F; Han, Q. Fault diagnosis for wind turbine planetary ring gear via a meshing resonance based filtering algorithm.
ISA Trans. 2017, 67, 173-182. [CrossRef]

He, W.; Zi, Y,; Chen, B.; Wu, F,; He, Z. Automatic fault feature extraction of mechanical anomaly on induction motor bearing
using ensemble super-wavelet transform. Mech. Syst. Signal Process. 2015, 54-55, 457-480. [CrossRef]

Wang, W. Early detection of gear tooth cracking using the resonance demodulation technique. Mech. Syst. Signal Process. 2001, 15,
887-903. [CrossRef]

Mu, Y; Fang, Z.; Zhang, X. Theoretical analysis on meshing impact of spiral bevel gears. Huazhong Keji Daxue Xuebao Ziran Kexue
Ban |. Huazhong Univ. Sci. Technol. Nat. Sci. Ed. 2018, 46, 7-11. [CrossRef]

Wu, B.L.; Yang, S.J.; Yao, ]. H. Theoretical analysis on meshing impact of involute gears. Jixie Kexue Yu Jishu Mech. Sci. Technol.
2003, 22, 55.

Hoy, J.; Mubarak, N.; Nelson, S.; de Landas, M.S.; Magnusson, M.; Okunribido, O.; Pope, M. Whole body vibration and posture
as risk factors for low back pain among forklift truck drivers. J. Sound Vib. 2005, 284, 933-946. [CrossRef]


http://doi.org/10.1088/0957-0233/26/11/115003
http://doi.org/10.1016/j.jsv.2018.04.004
http://doi.org/10.1016/j.measurement.2018.07.043
http://doi.org/10.1177/0954406216671542
http://doi.org/10.1109/TIA.2018.2821099
http://doi.org/10.1016/j.measurement.2017.03.006
http://doi.org/10.1016/j.measurement.2020.108079
http://doi.org/10.1115/1.1456905
http://doi.org/10.1016/j.ymssp.2004.11.002
http://doi.org/10.1016/j.ymssp.2006.02.005
http://doi.org/10.1016/j.ymssp.2011.02.017
http://doi.org/10.1016/j.jsv.2005.04.018
http://doi.org/10.1007/s12206-011-1029-0
http://doi.org/10.1016/j.measurement.2020.107474
http://doi.org/10.1016/j.jsv.2016.12.041
http://doi.org/10.1016/j.ymssp.2006.12.002
http://doi.org/10.1109/TIP.2007.907073
http://doi.org/10.1109/TIP.2010.2047910
http://doi.org/10.1016/j.ymssp.2016.10.013
http://doi.org/10.1016/j.jsv.2018.06.051
http://doi.org/10.1016/j.isatra.2016.11.008
http://doi.org/10.1016/j.ymssp.2014.09.007
http://doi.org/10.1006/mssp.2001.1416
http://doi.org/10.13245/j.hust.180802
http://doi.org/10.1016/j.jsv.2004.07.020

	Introduction 
	Methodology: Auto-Regression Model-Based Optimized Resonance-Based Signal Sparse Decomposition (AR-ORSSD) 
	Pre-Whitening with the AR Model 
	Optimized Resonance-Based Signal Sparse Decomposition Based on Meshing Frequency Amplitude Ratio 
	Resonance-Based Signal Sparse Decomposition 
	Parameter Selection Problem 
	Parameter Optimization Based on Meshing Frequency Energy Ratio 

	The Proposed AR-ORSSD Algorithm 

	Simulated Signal Analysis 
	Experimental Verification 
	Conclusions 
	References

