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Abstract: Vibration signals are used to diagnosis faults of the rolling bearing which is symmetric
structure. Stochastic resonance (SR) has been widely applied in weak signal feature extraction in
recent years. It can utilize noise and enhance weak signals. However, the traditional SR method has
poor performance, and it is difficult to determine parameters of SR. Therefore, a new second-order
tristable SR method (STSR) based on a new potential combining the classical bistable potential with
Woods-Saxon potential is proposed in this paper. Firstly, the envelope signal of rolling bearings is the
input signal of STSR. Then, the output of signal-to-noise ratio (SNR) is used as the fitness function
of the Seeker Optimization Algorithm (SOA) in order to optimize the parameters of SR. Finally, the
optimal parameters are used to set the STSR system in order to enhance and extract weak signals of
rolling bearings. Simulated and experimental signals are used to demonstrate the effectiveness of
STSR. The diagnosis results show that the proposed STSR method can obtain higher output SNR
and better filtering performance than the traditional SR methods. It provides a new idea for fault
diagnosis of rotating machinery.

Keywords: rolling bearings; Fault diagnosis; second-order tristable stochastic resonance; seeker
optimization algorithm; output signal-to-noise ratio

1. Introduction

The rolling bearings are key components of rotary machines, but harsh working conditions often
make them suffer from different failure, which may lead to the breakdown of the whole machinery and
huge economic loss [1,2]. Therefore, it is of great significance to monitor the condition of the bearing.
Vibration analysis has been widely applied to diagnose bearing faults. However, the faulty signal
acquired from the bearing is usually weak or submerged in strong noise [3,4]. Traditional weak signal
detection methods, such as empirical mode decomposition (EMD) [5], wavelets transform (WT) [6],
singular value decomposition (SVD) [7], and variational mode decomposition (VMD) [8], mainly
reduced noise to improve signal-to-noise ratio (SNR) and extract fault characteristics, which inevitably
weakened useful fault signal characteristic information. In contrast, SR can utilize noise to enhance
weak signal energy.

Stochastic resonance (SR) was proposed by Benzi in 1981 [9], which have been applied in various
fields. At present, SR has been used in bearing fault diagnosis. The adiabatic approximation theory
of SR requires that the input signal frequency of the SR system is less than 1 Hz, while the fault
characteristic frequency of the bearing is much larger than 1 Hz in practical engineering applications.
To deal with this limitation, Leng [10] proposed the re-scaling frequency SR and Tan [11] presented
the frequency-shifted and re-scaling SR. However, beyond that, He [12] proposed a multi-scale noise
tuning technique to overcome the limitation of small parameter requirement of the classical SR, and
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took advantage of the multiscale noise for an improved SR performance. These methods promoted the
application of SR in practical engineering.

Scholars have proposed different SR models and parameter optimization algorithms in the field of
the classical first-order SR system. Several bistable potentials have been proposed and applied in the
detection of weak signals. Reference [13] proposed the use of particle swarm optimization to achieve the
selection of bistable stochastic resonance system parameters (CSR). Qiao [14] established a new piecewise
bistable potential model to overcome the disadvantage of output saturation of the CSR. Zhang [15,16]
introduced a joint with Woods–Saxon and Gaussian potential, and step-varying asymmetric stochastic
for bearing fault diagnosis. In multistable potentials, Li [17] presented overdamped multistable SR
with a tristable potential to extract the fault characteristics of the rolling mill gearbox and the detection
results show that the multistable SR method has better processing effects than the classical bistable
SR method for weak signals. Han [18] proposed a multi-stable SR system for multi-frequency weak
signal detection and Liu [19] improved an adaptive SR with the periodic potential system using a
trigonometric function. In short, SR with multistable potential has a better filtering performance than
bistable SR. The other intelligent methods are proposed to apply in the field of fault diagnosis [20–22].

Most of the research focused on the first-order SR system, however the filtering performance of
the underdamped (second-order) SR system is much better than that of the first-order SR system, and
the output SNR is higher. Lu [23] proposed an underdamped step-varying second-order SR method
(USSSR), verified the practicability by analyzing a set of defective bearing signals, and confirmed the
effectiveness in comparison with a traditional SR method. López [24] explored the second order SR
with a FitzHug–Nagumo potential for weak signal detection. Lei [25] presented an underdamped
SR method with stable-state matching for incipient bearing fault diagnosis. Xia [26] proposed an
improved SR method with an arbitrary stable-state potential for incipient bearing fault diagnosis.
Liu [27] proposed a step-varying vibrational resonance (SVVR) method based on the duffing oscillator
nonlinear system and concluded that the SVVR is more effective in extracting weak characteristic
information than other methods. All in all, the second-order SR method is able to obtain higher output
SNR and better performance than the first-order SR method.

Based on the abovementioned, a new second-order tristable SR method (STSR) method is proposed
in this study based on the classical bistable potential and Woods–Saxon potential. This paper uses
the re-scaling frequency method to detect large frequency weak signals, in which an R parameter
is introduced. Since the parameters of the SR system determines its performance, we can use
Seeker Optimization Algorithm (SOA) to solve multiple parameters synchronously. To evaluate the
performance of the proposed STSR method, compare this method with traditional SR methods. It
is proved by a simulation signal that the STSR method is more conducive to the detection of weak
signals than traditional SR methods and obtains larger output SNR. Finally, the proposed method and
traditional SR method are applied to fault diagnosis of bearings, respectively.

The remainder of this paper is organized as follows. The STSR model is introduced in Section 2,
the influence of the noise intensity D and damping ratio k on the STSR output signal are analyzed, and
the process weak fault characteristic extraction based on SOA is presented. Sections 3 and 4 use some
data to verify the effectiveness of the proposed method. Section 5 provides a summary of this paper.

2. STSR System

The bistable potential system is one of the classical SR models, where the function expression can
be expressed as:

Uv(x) = −
a
2

x2 +
b
4

x4 (1)

where a and b are real positive values. Figure 1 shows the fixed parameters a or b, respectively, in order
to analyze their influence on the potential barrier and the potential well.
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2.1. Tristable Potential 

We established a new tristable potential model by the combination of Woods–Saxon potential 
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Figure 1. The bistable potential function: (a) When a = 1, the potential model for b changes; (b) when
b = 1, the potential model for a changes.

It can be found that, when the fixed parameter a = 1, the barrier height decreases with the increase
of b. Additionally, when the fixed parameter b = 1, the barrier height increases with the increase of a
from Figure 1. Thus, the parameters a and b affect the barrier height together. The traditional method
of selecting parameters a and b manually, and fixing one parameter adjustment of another parameter
neglects the coupling effect between the parameters, which may directly lead to the performance of SR
detection in weak features detection.

The Woods–Saxon potential (Uws) [28] is a nonlinear symmetric potential, proposed by Woods
and Saxon. Uws can be expressed as follows:

Uws(x) = −
V

1 + exp( |x|−r
c )

(2)

where parameter V affects the depth of the potential and parameter r works on the width of the
potential, while parameter c determines the wall steepness of the potential. These three parameters
together determine the shape and performance of the potential. Figure 2 shows the effect of different
parameters on the shape of the potential function. When the parameters V and r are fixed, the potential
well becomes slower as the c increases; parameters V and c are fixed, the potential well function
becomes wider as the r increases; and parameters r and c are fixed, the depth of the well becomes deeper
as the V increases. Thus, the shape of the potential well can be changed by adjusting the parameters.
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Figure 2. The Woods–Saxon potential function with different parameters.

2.1. Tristable Potential

We established a new tristable potential model by the combination of Woods–Saxon potential and
bistable potential based on the above introduction, which can be expressed as follows:

U(x) = Uv(x) + Uws(x)
= − 1

2 ax2 + 1
4 bx4

−
V

1+exp( |x|−r
c )

(3)
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Set the potential parameters a = 2, b = 1, V = 1, r = 0.25, and c = 0.05 to construct a new tristable
potential function that is still a symmetric potential shown in Figure 3. The parameters a, b, c, V and r
together determine the shape of the potential function. We can adjust the parameters in order to realize
the potential function to become a monostable potential or a bistable potential and a tristable potential.
Therefore, the proposed potential has the advantages of monostable potential, bistable potential, and
tristable potential.
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2.2. The STSR

The second-order SR system can be described as:

d2x
dt2 = −

dU(x)
dx

− k
dx
dt

+ s(t) + n(t) (4)

s(t) + n(t) is the input signal of the SR system, s(t) is a periodic signal, n(t) =
√

2Dw(t) is the
background noise, w(t)is the Gaussian noise, k is damping ratio, x represents the output signal of SR
system, and U(x) is the potential proposed in this paper.

Substituting Equation (3) in Equation (4), the Equation of second-order SR based on the U(x)
potential can be expressed as follows:

d2x
dt2 = ax− bx3

−
V
c

sgn(x) exp(
|x| − r

c
)(1 + exp(

|x| − r
c

))−2
− k

dx
dt

+ s(t) + n(t) (5)

Equation (5) is the second-order tristable SR (STSR).
Figure 4 is a sketch that describes the STSR model. One integration can be regarded as a filtering

process, so the output signal x(t) is obtained by second filtering, which provides better denoising
performance than the first-order SR. The STSR system can be regarded as the output signal x(t)
obtained by secondary filtering of the input signal s(t) + n(t), and the system parameters determine the
filtering effect.
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This paper splits Equation (5) into two first-order differential equations, and introduces the
parameter y, dx

dt = y, so Equation (4) can be rewritten as follows: dx
dt = y
dy
dt = ax− bx3

−
V
c sgn(x) exp( |x|−r

c )(1 + exp( |x|−r
c ))−2

− ky + s(t) + n(t)
(6)

The solution process of Equation (6) can be expressed as follows:

k1 = yn

l1 = Sn − kk1 −U′(xn)

k2 = yn + 0.5hl1
l2 = Sn − kk2 −U′(xn + 0.5hk1)

k3 = yn + 0.5hl2
l3 = Sn+1 − kk3 −U′(xn + 0.5hk2)

k4 = yn + hl3
l4 = Sn+1 − kk4 −U′(xn + hk3)

xn+1 = xn + (1/6)(k1 + 2k2 + 2k3 + k4)

yn+1 = yn + (1/6)(l1 + 2l2 + 2l3 + l4)

(7)

where x is STSR output signal and h is the sampling interval.

2.3. Influence of Parameters on STSR and Procedure of STSR

Firstly, the effect of noise intensity D on STSR output signal is analyzed. Due to the adiabatic
approximation theory of SR, the input signal amplitude A, frequency f 0 meets the requirements of
small parameters, A < 1, f 0 < 1. Thus, we can simulate a small parameter signal to explore the effect of
noise intensity D on STSR. The simulation signal is defined as:

x(t) = A sin(2π f0) + n(t) (8)

where A = 0.1, f 0 = 0.01 Hz and n(t) is the zero mean Gaussian white noise.
Set the other parameters of the signal as follows: The sampling frequency is f s = 5 Hz and the

length of the signal N = 5000. The time domain and amplitude spectrum of the signal without noise are
shown in Figure 5a. Here, given a set of parameters that can produce SR, a = 0.4, b = 2.7, V = 11, r = 39,
c = 20, and k = 0.47. The time domain waveform and amplitude spectrum of the STSR output signal are
shown in Figure 5b when D = 0.3, and the frequency 0.01 Hz cannot be seen. Further, adding noise to
the input signal, as the noise increases, STSR obtains the output signal, as shown in Figure 5c when D
= 0.5. The time domain waveforms can see obviously periodic components, and spectral peaks appear
at 0.01 Hz in the amplitude spectrum. When the noise D = 0.8, and the frequency 0.01 Hz cannot be
recognized from Figure 5d. It is found that the signal amplitude at the noise intensity D = 0.5 is higher
than the amplitude of the signal without noise comparing Figures 5c and 5a. It shows that, as the noise
increases, the characteristic components of effective signal increases greatly. On the other hand, the
energy of the noise transfers to the signal. However, the characteristic components of signal attenuate,
while the noise increase further, which is a typical feature of the SR system.
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Figure 5. Effect of noise intensity D on STSR: (a) Input signal without noise and its amplitude spectrum;
(b) STSR output signal and its amplitude spectrum when D = 0.3; (c) STSR output signal and its
amplitude spectrum when D = 0.5; and (d) STSR output signal and its amplitude spectrum when
D = 0.8.

Then, we explore the effect of damping ratio k on the STSR performance. In the same way, we use
the signal of Equation (8) as the input of STSR to analyze the influence of k on the output signal. We
cannot see the 0.01 Hz from Figure 5b, when D = 0.3, a = 0.4, b = 2.7, V = 11, r = 39, c = 20, and k = 0.47.
We can fix parameters a, b, V, r, c, and make k = 0.5334, seeing 0.01Hz clearly from Figure 6a that shows
the result of STSR. When the damping ratio k is increased to 0.885, the time-domain waveform and
amplitude spectrum of the output signal are as shown in Figure 6b. The 0.01 Hz cannot be discerned
from the amplitude spectrum. The signal with noise intensity D = 0.8 is analyzed to fully explain
the effect of damping ratio k on STSR. When the damping ratio k = 0.47, the characteristic frequency
of 0.01 Hz cannot be recognized from the amplitude spectrum of Figure 5d. Figure 7a displays the
time-domain waveform and amplitude spectrum of STSR output signal when k is decreased to 0.375.
It can be observed that 0.01 Hz is very obvious in the whole amplitude spectrum, although there are
many frequency components in the whole spectrum. Continue to reduce the damping ratio k to 0.235,
and the time-domain waveform and amplitude spectrum are as shown in Figure 7b, from which the
frequency of 0.01 Hz cannot be observed. Thus, the damping ratio k affects the characteristics of the
STSR system.
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Figure 7. Effect of k on STSR when D = 0.8: (a) STSR output signal and its amplitude spectrum when
k = 0.375; (b) STSR output signal and its amplitude spectrum when k = 0.235.

2.4. Procedure of Proposed Method

We can see the effect of noise intensity D and damping ratio k on STSR based on the above analysis.
Since system parameters a, b, V, r, and c are artificially selected, they are no longer analyzed. While
the noise intensity D has a certain influence on the output signal of STSR, it cannot be controlled.
Thus, it can be understood that the system parameters a, b, V, r, c, and the damping ratio k affects the
performance of the STSR. Due to the fault characteristic frequency of the bearing is far larger than
1 Hz, the frequency compression scale (R) is introduced by the re-scaling frequency technique to satisfy
the small parameter limitation in this paper. This paper uses the Seeker Optimization Algorithm
(SOA) to optimize seven parameters synchronously [29,30]. Output SNR is often used to evaluate the
performance of SR, which specifies the calculation as follows:

X(k) =
N∑

n=1
x(n)e− jπ(k−1)(n−1)/N, 1 ≤ k ≤ N

Y(k) = 2 |X(k)|
N , 1 ≤ N

2

(9)

where x = {x1, x2, · · · , xN} is a discrete signal.

K0 =
f0 ×N

fs
+ 1 (10)
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where f 0 represents the frequency at the highest spectral peak and f s is the sampling frequency of the
signal. SNR can be defined as:

SNR = 10 log10
Y(K0)∑N/2

K=1 Y(K) −Y(K0)
(11)

The specific procedure of the STSR method based on SOA can be expressed as follows:

(1) Signal preprocessing. The vibration signal is filtered by band-pass filter to eliminate some noise
components. Hilbert transform is used to demodulate the filtered signal, in which the obtained
signal is marked as S1. S2 = S1 −mean(S1), S = S2

2×max(abs(S2))
. S is the input signal of STSR system.

(2) Parameter initialization. Setting population size, number of iterations, and range of parameters
including a, b, V, R, c, k, and R.

(3) Calculate the objective function value of each location according to Equation (11).
(4) If the number of iterations reaches the set value, the process goes to step (5), otherwise it returns

to step (3).
(5) The optimal record of output is the value of a, b, V, r, c, R, and k at the maximum SNR.
(6) Weak signal detection. The optimal parameters are substituted for the STSR system. Additionally,

the pre-processed signal is used as the input signal of the STSR to obtain the output signal. Restore
the signal amplitude and frequency scale to plot time-domain waveform and amplitude spectrum.

3. Simulation Analysis

The simulation analysis is used to prove the effectiveness of the proposed STSR method. The
simulation signal is defined as:

s(t) = A0 sin(2π f0t) + n(t) (12)

where A0 = 0.2, f 0 = 50 Hz, n(t) is Gaussian white noise, and the intensity is D = 2.4.
The sampling frequency f s = 5 kHz, and sampling number is 5000. Experimental environments

are Intel (R) core (TM) i5-7400 (Beijing, China) CPU 3.00 GHz, 8 G RAM, Windows 10, and MATLAB
R2018a. The time-domain waveform and amplitude spectrum of signal are shown in Figure 8a.
The periodicity of the signal cannot be seen from the time domain waveform and 50 Hz cannot be
discovered from the amplitude spectrum. According to Equation (11), the SNR of the signal with noise
is −29.82 dB. The optimal output result of CSR [13] is shown in Figure 8b where the parameters are
a = 19.72, b = 7217.256, R = 464.03, and SNR = −20.53 dB. While the SNR is improved, the noise energy
is also enhanced. Additionally, the low-frequency components are amplified. Figure 8c shows the
optimal output of the frequency-shifted and re-scaling SR [11]. The cutoff frequency of the high-pass
filter is set to 35 Hz, the modulation frequency is 40 Hz, and the target frequency is 10 Hz in this
method with optimization results are a = 1.86, b = 4794.73, R = 140.97, and SNR = −13.38 dB. It can
be seen that the SNR of frequency-shifted and re-scaling SR is further improved than CSR, but the
interference frequency f 1 of the filter can be seen from Figure 8c. Additionally, the artificially set cutoff

frequency of the filter may also affect the stochastic resonance system performance.
The USSSR [23] is used to deal with simulation signal and the result shows in Figure 8d where

optimization parameters are a = 2.343, b = 10,431.066, k = 0.13, R = 131.44, and SNR = −11.49 dB.
It can be seen that the characteristic frequency is significantly enhanced. The simulation signal further
demonstrates that the filtering performance of the second-order SR system is better than that of the
first-order SR system. The same signal is analyzed by the proposed STSR method, and the result is
displayed in Figure 8e. Obvious period components can be found from the time domain waveform,
and the characteristic frequency f 0 can be clearly seen from the amplitude spectrum, while other
frequencies are almost nonexistent. The optimization parameters are a = 10.23, b = 17186.47, k = 0.179,
V = 31.56, r = 7.254, c = 6.5, R = 60.508, and SNR = −6.53 dB at this time. Therefore, the proposed
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method can obtain larger output SNR and better filtering performance than traditional SR methods for
detecting weak signals.Symmetry 2019, 11, x; FOR PEER REVIEW 9 of 15 
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4. Experimental Verification and Analysis

To confirm the effectiveness of proposed method in practical engineering applications, a set of
vibration signals are analyzed. Meanwhile, to indicate the better STSR method, the same signals are
processed using the CSR method and USSSR method. The experimental data comes from the Case
Western Reserve University (CWRU) Bearing Center website [31–34]. The experimental test platform
is shown in Figure 9. The bearing is the deep groove ball bearing with the type of 6205-2RS JEM SKF,
where a physical dimension is shown in Table 1. The sampling frequency f s is 12 kHz and sampling
points are 4096. The fault characteristic frequencies for outer ring and inner ring are expressed by fBPFI
and fBFO, respectively, that can be theoretically calculated as follows:

fBFO =
n
2

(
1−

d
D

cosα
)

fr (13)
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fBPFI =
n
2

(
1 +

d
D

cosα
)

fr (14)

where n is the number of rolling elements, fr is rotating frequency of shaft, d is ball diameter, D is pitch
diameter, and α is the contact angle, respectively.
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Table 1. Size parameters of 6205-2RS.

Inner Diameter
(Inch)

Outsider
Diameter (Inch)

Pitch Diameter
(Inch)

Ball Diameter
(Inch)

Number of the
Rollers

0.9843 2.0472 1.537 0.3126 9

4.1. Outer Race Fault Signal Detection

In the first case, the bearing signal with an outer fault is tested to verify the performance of STSR.
According to Equation (13), the fault characteristic frequencies of outer ring is theoretically fBFO =

105.9 Hz with an approximate rotating speed of 1772 r/min. Figure 10a shows the original vibration
signal wave and its power spectrum. It is found that the periodic component cannot be seen from time
domain and the low frequency signal is modulated to the high frequency band. Firstly, the fault signal
is filtered using the band-pass filter at 2000–4000 Hz. Then, Hilbert transform demodulated the filtered
signal. Additionally, the enveloped signal and its amplitude spectrum are displayed in Figure 10b.
While the characteristic frequency fBFO can be seen from the amplitude spectrum, and the noise is still
obvious in spectrum with output SNR = −15.02 dB.

The output result of CSR is shown in Figure 10c, where the parameters are a = 0.002, b = 5656,
R = 579, and output SNR = −13.21 dB. We can see that the energy of the high frequency is significantly
reduced, while the energy of fBFO is amplified and the energy of the rotating frequency is greatly
amplified. Then, the enveloped signal is analyzed by the USSSR method. Additionally, the results are
exhibited in Figure 10d where a = 0.46, b = 11471, R = 221.5, k = 0.434, and output SNR = −8.357 dB.
Finally, the proposed STSR method deals with the same signal and Figure 10e display the time domain
waveform and amplitude spectrum of the output signal. The fault characteristic frequency fBFO can
be clearly seen in the whole spectrum diagram where a = 8.282, b = 14244.13, k = 0.434, V = 35.725,
r = 15.451, c = 14.328, R = 143.929, and the output SNR = −5.09 dB.

The analysis results of the bearing outer ring fault signal shows that the filtering performance
of STSR is significantly better than CSR and USSSR. In other words, it indicates the validity and
superiority of the proposed STSR method.
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4.2. Inner Race Fault Signal Detection

To further verify the reliability of proposed STSR method, the inner race fault signal is analyzed.
According to Equation (14), the characteristic frequency of inner race is theoretically fBPFI = 156.1 Hz
with approximate rotating speed of 1730 r/min. Figure 11a shows the time waveform of inner race
fault and its power spectrum. It is hard to see the fault characteristic frequency from Figure 11a, due
to the strong noise. The origin vibration signal was filtered by a band-pass filter in a bandwidth
of 2000–4000 Hz and demodulated by Hilbert transform, then we got the envelop signal which is
displayed in Figure 11b with output SNR = −17.53 dB. The CSR method was employed to test the
envelop signal and the results are shown in Figure 11c. It can be observed that most of the high
frequency noises are suppressed, but low frequency noises are enhanced where a = 0.0015, b = 5235.68,
R = 672.536, and output SNR = −15.511 dB. Output results of the USSSR system are shown in Figure 11d
with parameters of a = 0.908, b = 12476.8, k = 0.222, and R = 304.395. It can be seen the fBPFI clearly in
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the amplitude spectrum and the output SNR is improved to −10.42 dB. The proposed STSR method
is utilized to analyze the same signal. The optimal diagnosis result is displayed in Figure 11e where
a = 7.534, b = 9801.33, c = 10.97, V = 34.07, R = 206.5, r = 12.71, k = 0.222, and the output SNR = −6.23 dB.
It can be seen that fault characteristic frequency fBPFI is prominent in the whole spectrum, which also
demonstrate the effectiveness of the proposed STSR method than the traditional SR methods in bearing
fault diagnosis.
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4.3. Discussion and Anlysis

Table 2 lists SNRs using different SR methods based on the above analysis. The comparison results
show that the SNR of fault signals processed by STSR are higher than those of other methods. It also
proves that STSR has better performance in the extraction of weak signals.

Table 2. The output SNR of different SR methods in process bearing fault signals.

Fault Type Envelop Signal
SNR (dB)

Output SNR of
CSR (dB)

Output SNR of
USSSR (dB)

Output SNR of
STSR (dB)

Outer-race fault −15.02 −13.21 −8.537 −5.09
Inner-race fault −17.53 −15.511 −10.42 −6.23
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The SR acts like a specific filter. The second-order SR system [23] provides a secondary filtering
effect, while the first-order SR system corresponds to a filtering effect and it can be observed that USSSR
output SNRs are higher than the CSR from Table 2. Thus, this paper explores second-order SR systems.
Additionally, the tristable SR method [17] has a better effect than the classical bistable SR method in
weak signal detection using first-order SR system. Therefore, the STSR method is proposed in this
paper. The experimental results show that the proposed STSR method obtains higher than the CSR
method and USSSR method and has a better filtering effect for weak signals.

The SR theory is developed with the regime of small parameter limitation (the input signal of
SR model amplitude and frequency are less than 1); therefore, the rescaling frequency is utilized to
detect bearing fault signals. The system parameters are crucial in determining the SR output. Hence,
this work adjusts parameters synchronously using SOA. While STSR improve output signals with less
interference components, SNR is the criterion to select system parameters. SNR criterion requires the
precise frequency of detecting signal, the criterion establishment of SR is a key research direction in
the future.

5. Conclusions

The STSR method is proposed to extract weak fault characteristic information in this paper. The
proposed method has the following advantages: (1) The output signal exhibits significant periodicity
in time domain and clear spectral peak line in frequency domain. (2) The STSR output SNR is higher
than traditional SR methods. (3) The parameters of STSR system are optimized synchronously using
SOA. Simulation and real vibration signals are used to verify the effectiveness of the STSR method.
The results show that the proposed STSR has better filtering ability than traditional SR methods.

Author Contributions: Methodology, Y.Y. and L.L.; validation, L.L.; data curation, H.W. and J.Z.; writing—original
draft preparation, L.L. and Y.Y.; writing—review and editing, L.L. and X.Z.; visualization, H.W. and J.Z.; funding
acquisition, Y.Y.

Funding: This research was funded by the National Natural Science Foundation of China grant number 51605068,
grant number 61771087, grant number 51879027, grant number 51579024, the Open Project Program of State Key
Laboratory of Mechanical Transmissions of Chongqing University grant number SKLMT-KFKT-201803. Open
Project Program of the Traction Power State Key Laboratory of Southwest Jiaotong University under Grant TPL1803,
Liaoning BaiQianWan Talents Program and Liaoning Natural Science Foundation grant number 1553736724672.

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

References

1. Zhao, H.M.; Yao, R.; Xu, L.; Yuan, Y.; Li, G.Y.; Deng, W. Study on a novel fault damage degree identification
method using high-order differential mathematical morphology gradient spectrum entropy. Entropy 2018,
20, 682. [CrossRef]

2. Zhao, H.M.; Sun, M.; Deng, W.; Yang, X.H. A new feature extraction method based on EEMD and multi-scale
fuzzy entropy for motor bearing. Entropy 2017, 19, 14. [CrossRef]

3. Yuan, Y.; Zhao, X.; Fei, J.Y.; Zhao, Y.L.; Wang, J.H. Study on fault diagnosis of rolling bearing based on
time-frequency generalized dimension. Shock Vib. 2015, 2015, 808457. [CrossRef]

4. Deng, W.; Zhao, H.M.; Zou, L.; Li, G.Y.; Yang, X.H.; Wu, D.Q. A novel collaborative optimization algorithm
in solving complex optimization problem. Soft Comput. 2017, 21, 4387–4398. [CrossRef]

5. Lei, Y.G.; Lin, J.; He, Z.J.; Zuo, M.J. A review on empirical mode decomposition in fault diagnosis of rotating
machinery. Mech. Syst. Signal Proc. 2013, 35, 108–126. [CrossRef]

6. Zhang, C.; Li, B.; Chen, B.; Cao, H.; Zi, Y.; He, Z. Weak fault signature extraction of rotating machinery using
flexible analytic wavelet transform. Mech. Syst. Signal Proc. 2015, 64–65, 162–187. [CrossRef]

7. Qiao, Z.J.; Pan, Z. SVD principle analysis and fault diagnosis for bearings based on the correlation coefficient.
Meas. Sci. Technol. 2015, 26, 085014. [CrossRef]

8. Wang, Y.; Liu, F.; Jiang, Z.; He, S.; Mo, Q. Complex variational mode decomposition for signal processing
application. Mech. Syst. Signal Proc. 2017, 86, 75–85. [CrossRef]

http://dx.doi.org/10.3390/e20090682
http://dx.doi.org/10.3390/e19010014
http://dx.doi.org/10.1155/2015/808457
http://dx.doi.org/10.1007/s00500-016-2071-8
http://dx.doi.org/10.1016/j.ymssp.2012.09.015
http://dx.doi.org/10.1016/j.ymssp.2015.03.030
http://dx.doi.org/10.1088/0957-0233/26/8/085014
http://dx.doi.org/10.1016/j.ymssp.2016.09.032


Symmetry 2019, 11, 965 14 of 15

9. Benzi, R.; Sutera, A.; Vulpian, A. The mechanism of stochastic resonanc. J. Phys A Math. Gen. 1981, 14,
453–457. [CrossRef]

10. Leng, Y.G.; Leng, Y.S.; Wang, T.Y.; Guo, Y. Numerical analysis and engineering application of large parameter
stochastic resonance. J. Sound Vib. 2006, 292, 788–801. [CrossRef]

11. Tan, J.Y.; Chen, X.F.; Wang, J.; Chen, H.; Cao, H.; Zi, Y.; He, Z. Study of frequency-shifted and re-scaling
stochastic resonance and its application to fault diagnosis. Mech. Syst. Signal Proc. 2009, 23, 811–822.
[CrossRef]

12. He, Q.B.; Wang, J.; Liu, Y.B.; Dai, D.Y.; Kong, F. Multiscale noise tuning of stochastic resonance for enhanced
fault diagnosis in rotating machine. Mech. Syst. Signal Proc. 2012, 28, 443–457. [CrossRef]

13. Zhang, Z.H.; Wang, D.; Wang, T.Y.; Lin, J.Z.; Jiang, Y.X. Self-adaptive step-changed stochastic resonance
using particle swarm optimization. J. Vib. Shock 2013, 32, 125–130. (In Chinese)

14. Qiao, Z.; Lei, Y.; Lin, J.; Jia, F. An adaptive unsaturated bistable stochastic resonance method and its
application in mechanical fault diagnosis. Mech. Syst. Signal Proc. 2017, 84, 731–746. [CrossRef]

15. Zhang, H.B.; Zheng, Y.; Kong, F. Weak impulsive signals detection based on step varying asymmetric
stochastic resonance. J. Mech. Eng. Sci. 2017, 231, 242–262. [CrossRef]

16. Zhang, H.B.; He, Q.; Lu, S.L.; Kong, F. Stochastic resonance with a joint woods-saxon and gaussian potential
for bearing fault diagnosis. Math. Probl. Eng. 2014, 2014, 17. [CrossRef]

17. Li, J.M.; Chen, X.F.; He, Z.J. Multi-stable stochastic resonance and its application research on mechanical
fault diagnosis. J. Sound Vib. 2013, 332, 5999–6015. [CrossRef]

18. Han, D.Y.; An, S.J.; Shi, P.M. Multi-frequency weak signal detection based on wavelet transform and
parameter compensation band-pass multi-stable stochastic resonance. Mech. Syst. Signal Proc. 2016, 70,
995–1010. [CrossRef]

19. Liu, X.L.; Liu, H.G.; Yang, J.; Litak, G.; Han, S. Improving the bearing fault diagnosis efficiency by the
adaptive stochastic resonance in a new nonlinear system. Mech. Syst. Signal Proc. 2017, 96, 58–76. [CrossRef]

20. Deng, W.; Zhang, S.J.; Zhao, H.M.; Yang, X.H. A novel fault diagnosis method based on integrating empirical
wavelet transform and fuzzy entropy for motor bearing. IEEE Access 2018, 6, 35042–35056. [CrossRef]

21. Guo, S.K.; Chen, R.; Li, H.; Zhang, T.L.; Liu, Y.Q. Identify severity bug report with distribution imbalance by
CR-SMOTE and ELM. Int. J. Softw. Eng. Knowl. Eng. 2019, 29, 139–175. [CrossRef]

22. Deng, W.; Zhao, H.M.; Yang, X.H.; Xiong, J.X.; Sun, M.; Li, B. Study on an improved adaptive PSO algorithm
for solving multi-objective gate assignment. Appl. Soft Comput. 2017, 59, 288–302. [CrossRef]

23. Lu, S.L.; He, Q.B.; Kong, F. Effects of underdamped step-varying second-order stochastic resonance for weak
signal detection. Digit. Signal Proc. 2015, 36, 93–103. [CrossRef]

24. López, C.; Zhong, W.; Lu, S.; Cong, F.Y.; Cortese, I. Stochastic resonance in an underdamped system with
FitzHug-Nagumo potential for weak signal detection. J. Sound Vib. 2017, 411, 34–46. [CrossRef]

25. Lei, Y.G.; Qiao, Z.J.; Xu, X.F.; Lin, J.; Niu, S.T. An underdamped stochastic resonance method with stable-state
matching for incipient fault diagnosis of rolling element bearing. Mech. Syst. Signal Proc. 2017, 94, 148–164.
[CrossRef]

26. Xia, P.; Xu, H.; Lei, M.H.; Ma, Z. An improved stochastic resonance method with arbitrary stable-state
matching in underdamped nonlinear systems with a periodic potential for incipient bearing fault diagnosis.
Meas. Sci. Technol. 2018, 29, 085002. [CrossRef]

27. Liu, Y.B.; Dai, Z.J.; Lu, S.L.; Liu, F.; Zhao, J.W.; Shen, J.L. Enhanced bearing fault detection using step-varying
vibrational resonance based on duffing oscillator nonlinear system. Shock Vib. 2017, 2017, 14. [CrossRef]

28. Woods, D.; Saxon, D.S. Diffuse surface optical model for nucleon-nuclei scattering. Phys. Rev. 1954, 95,
577–584. [CrossRef]

29. Dai, H.; Chen, W.; Song, Y.H.; Zhu, Y.H. Seeker optimization algorithm: A novel stochastic search algorithm
for global numerical optimization. J. Syst. Eng. Electron. 2011, 21, 300–311. [CrossRef]

30. Deng, W.; Xu, J.J.; Zhao, H.M. An improved ant colony optimization algorithm based on hybrid strategies
for scheduling problem. IEEE Access 2019, 7, 20281–20292. [CrossRef]

31. Zhao, H.M.; Zheng, J.J.; Xu, J.J.; Deng, W. Fault diagnosis method based on principal component analysis
and broad learning system. IEEE Access 2019. [CrossRef]

32. Liu, Y.Q.; Wang, X.X.; Zhai, Z.G.; Chen, R.; Zhang, B.; Jiang, Y. Timely daily activity recognition from
headmost sensor events. ISA Trans. 2019. [CrossRef]

http://dx.doi.org/10.1088/0305-4470/14/11/006
http://dx.doi.org/10.1016/j.jsv.2005.09.040
http://dx.doi.org/10.1016/j.ymssp.2008.07.011
http://dx.doi.org/10.1016/j.ymssp.2011.11.021
http://dx.doi.org/10.1016/j.ymssp.2016.08.030
http://dx.doi.org/10.1177/0954406216631374
http://dx.doi.org/10.1155/2014/315901
http://dx.doi.org/10.1016/j.jsv.2013.06.017
http://dx.doi.org/10.1016/j.ymssp.2015.09.003
http://dx.doi.org/10.1016/j.ymssp.2017.04.006
http://dx.doi.org/10.1109/ACCESS.2018.2834540
http://dx.doi.org/10.1142/S0218194019500074
http://dx.doi.org/10.1016/j.asoc.2017.06.004
http://dx.doi.org/10.1016/j.dsp.2014.09.014
http://dx.doi.org/10.1016/j.jsv.2017.08.043
http://dx.doi.org/10.1016/j.ymssp.2017.02.041
http://dx.doi.org/10.1088/1361-6501/aac733
http://dx.doi.org/10.1155/2017/5716296
http://dx.doi.org/10.1103/PhysRev.95.577
http://dx.doi.org/10.3969/j.issn.1004-4132.2010.02.021
http://dx.doi.org/10.1109/ACCESS.2019.2897580
http://dx.doi.org/10.1109/ACCESS.2019.2929094
http://dx.doi.org/10.1016/j.isatra.2019.04.026


Symmetry 2019, 11, 965 15 of 15

33. Guo, S.K.; Liu, Y.Q.; Chen, R.; Sun, X.; Wang, X.X. Using an improved SMOTE algorithm to deal imbalanced
activity classes in smart home. Neural Process. Lett. 2019. [CrossRef]

34. Case Western Reserve University Bearing Data Center. Available online: https://csegroupcasedu/

bearingdatacenter/pages/welcome-case-western-reserve-university-bearing-data-center-websit (accessed
on 9 March 2018).

© 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/10.1007/s11063-018-9940-3
https://csegroupcasedu/bearingdatacenter/pages/ welcome-case-western-reserve-university-bearing-data-center-websit
https://csegroupcasedu/bearingdatacenter/pages/ welcome-case-western-reserve-university-bearing-data-center-websit
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	STSR System 
	Tristable Potential 
	The STSR 
	Influence of Parameters on STSR and Procedure of STSR 
	Procedure of Proposed Method 

	Simulation Analysis 
	Experimental Verification and Analysis 
	Outer Race Fault Signal Detection 
	Inner Race Fault Signal Detection 
	Discussion and Anlysis 

	Conclusions 
	References

