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Abstract  The working environment for agricultural machinery is complex and variable.
Some weak characteristic damped oscillation signals are extremely difficult to extract and ana-
lyze because of their long-term operation in a strong noise environment. The vibration reso-
nance (VR) phenomenon of a second-order Duffing bistable system driven by a weak charac-
teristic damped oscillation signal and a high-frequency harmonic signal was studied. The re-
sults indicate that the cooperation between the Duffing damping ratio and attenuation coeffi-
cient can induce the VR occurrence of a small-parameter damped oscillation signal. As a result, 
the energy of the weak characteristic signal becomes stronger, and the VR numerical process-
ing method of the high-frequency weak characteristic damped oscillation signal is provided. On
this basis, aiming at the strong noise of agricultural machinery working, taking the weighted
kurtosis index as the objective function and supplemented by variational mode decomposition
(VMD) technology, a VR-VMD adaptive method based on quantum particle swarm optimization
(QPSO) was proposed to extract the weak characteristic damped oscillation signal. Numerical 
simulation analysis and experiments show that the proposed VR-VMD method is effective in a 
strong noise environment for agricultural machinery. 

 
1. Introduction   

Vibration signals are difficult to detect in long-term agricultural environments. The loss detec-
tion signal of the grain combine harvester is a prominent case. Grain combine harvesters are a 
type of harvesting agricultural machinery that directly obtain grain from the field. They are 
widely used and can be used to complete the processes of harvesting, threshing, separating 
stems and rods, and removing impurities. From an economic perspective, grain harvesting 
losses lead to direct economic losses for farmers. Thus, grain harvesting losses have become 
one of the main indicators for measuring the operational performance of combine harvesters [1]. 
When the manipulator is improperly operated or the working parameters of the harvester are 
inappropriate, a large number of grains do not fall into the cleaning system and enter the vibrat-
ing sieve, because the structure and operating parameters of the existing combine harvester 
are not adaptive. Ultimately, they will be discharged together with the grasses and sundries 
from the grass outlet and tail of the vibrating sieve, resulting in grain losses. 

The loss sensor detects a series of weak damped oscillation signals. The grain loss detection 
signals are weaker than the vibration noise interference of the harvester and are basically sub-
merged in the background noise and interference (the weak signals are relative to the back-
ground noise) owing to the relatively poor grain harvesting environment. Separating the grain 
cleaning losses from a strong vibration background has always been a difficult problem in har-
vester research [2]. This has sparked the interest of several researchers. In principle, loss de-
tection requires a sufficiently large signal-to-noise ratio (SNR) at the electrical signal processing 
input. However, when the SNR at the input of the signal processing system is very unsatis-
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factory, corresponding methods must be adopted to separate 
the signal and noise according to their different characteristics 
of signal and noise. Ni et al. [3] studied a filter to separate the 
vibration noise of the machine from the characteristics of grain 
signals by simulating the strong noise background of the har-
vester operation indoors. Gao et al. [4] used a Duffing oscillator 
to extract loss signals under a strong noise background. Mao 
et al. [5] adopted a symmetrical sensor structure to eliminate 
the vibration interference in signal loss. The core idea of de-
noising in these methods is to remove as much background 
noise from the observed data as possible and leave useful 
signals. They have been applied in many fields and have 
shown good results, such as the commonly used analog filters, 
blind source separation (BSS) [6], wavelet transform [7], em-
pirical modal decomposition (EMD), and Hilbert Huang trans-
form (HHT) [8, 9]. 

In recent decades, another noise-reduction method has been 
introduced that is used to enhance the weak signal by rea-
sonably using the background noise or adding an auxiliary 
high-frequency harmonic signal; it is the so-called noise or 
high-frequency harmonic utilization mechanism. Among them, 
stochastic resonance (SR) and vibration resonance (VR) theo-
ries are key fields of research. Since Benzi et al. [10] proposed 
the concept of SR when studying paleoglacial meteorology in 
1981, SR has attracted extensive attention in many fields. SR 
indicates that under the action of a nonlinear system, noise 
may play a role contrary to people's intuition. That is, a certain 
amount of noise does not only reduce the output response of 
the system, but also strengthens the output response of the 
system to a certain extent. However, under the condition of 
large noise intensity parameters, such as the working environ-
ment of the combine harvester, only an appropriate amount of 
small noise is required owing to the SR generated by the sys-
tem. Thus, excessive residual noise can exist only as residual 
noise and drowns the characteristic signal output of the system. 
Landa and McClintock [11] proposed the VR theory. When 
they studied SR, they replaced the noise with a high-frequency 
harmonic signal and then found another special nonlinear dy-
namic characteristic, namely VR. The VR system can also 
obtain a higher SNR than SR [12]. The VR theory has ad-
vanced to enhance the energy of the noisy damped oscillation 
signal and combined with variational modal decomposition 
(VMD) technology to further improve the SNR of the damped 
oscillation signal in the agricultural machinery working envi-
ronment. 

The remainder of this paper is arranged as follows: the theo-
retical and numerical analyses of VR based on second-order 
Duffing are shown in Sec. 2. See Sec. 3 for VR numerical 
method of large parameter damped oscillation signal in the 
project. In Sec. 4, the adaptive extraction method of damped 
oscillation signal of VR-VMD under noise background is intro-
duced and simulated. In Sec. 5, the VR-VMD method is verified 
using the noisy weak characteristic loss damped oscillation 
signal in the agricultural machinery working environment, and 
the extraction effect is compared with the traditional envelope 

method; Finally, Sec. 6 draws a conclusion. 

 
2. Models and methods 
2.1 VR phenomenon 

VR is a resonance phenomenon similar to SR that uses 
noise to enhance a weak signal. VR enhances weak signal 
energy by injecting a high-frequency harmonic signal. As the 
starting point, the VR physical model studied is based on the 
second-order Duffing oscillator damping model, which is ex-
pressed in Eq. (1), as follows: 

 
2

2 ( ) ( ) ( )d x dx U x s t H t
dt dt

γ ′+ = − + +   (1) 

 
where γ  is the damping ratio of the Duffing oscillator, and 

( )( ) sin( )t nTs t Ae f tλ π− −= 02  ( nT represents n  oscillation peri-
ods with T ), is the weak damped oscillation signal to be de-
tected. In this section, only the frequency 0f << 1 is consid-
ered. where λ  is the attenuation coefficient of a weak signal. 

( ) cos( )hH t H f tπ= 2  is the injected high-frequency cosine 

excitation periodic signal, where 0hf f>>  and ( )U x a x= − 2
0

1
2

  

b x+ 4
0

1
4

are the bistable nonlinear potential well functions, and 

0a  and 0b  are the two parameters of the system and positive 
numbers.  

According to the method proposed in Refs. [13, 14], the out-
put system ( )x t  can be decomposed into two motion compo-
nents: a slow-motion component X  and a fast-motion com-
ponent ψ . Substituting x X ψ= +  into Eq. (1) yields 

 
2

02

3
0

( ) ( ) ( )

+b ( ) ( ) cos(2 )h

d X d X a X
dt dt
X s t H f t

ψ ψγ ψ

ψ π

+ ++ − +
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Among them, =< >= d
π

ψ ψ ψ τ
π

=∫
2

0

1 0
2

. Assuming that the 

motion speed of ψ  is much faster than that of X , Eq. (3) 
can be obtained as follows: 

 
2

3
1 02 ( )d X dX C X b X s t

dt dt
γ+ + + =   (3) 

 

where 
( )h

b HC a
fπ

= − +
2

0
1 0 4

3
2 2

. 

Eq. (4) is the particle motion Eq. (3) with the effective poten-
tial of the system (3). 

 
2 41 0( )

2 4
C bV X X X= +   (4) 

 
The potential of the slow-motion variable X  depends on 
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the parameters of hf  and H  of the fast-motion variable ψ . 
When subjected to nonlinear damping and the driving force 

( ) sin( )t nTAe f tλ π− −
02 , the slow-motion variable X  moves near 

the stable equilibrium points of the driving system (4). Addition-
ally, the equilibrium point of the X  variable is the root of this 
equation, * *3

1 0C X b X+ = 0. Among them, *
1X = 0 and 

a
( )h

H
b fπ

− >
2

0
4

0

3 0
2 2

, two other stable equilibrium points exist, 

*
,

a
( )h

HX
b fπ

= −
2

0
2 3 4

0

3
2 2

 at that time. According to the H  

value, the effective potential energy of the slow oscillator 
changed from double to a single potential well. This bifurcation 

value ( )h
c

a fH
b
π=

4
0

0

2 2
3

 is in the classical vibrational reso-

nance of the Duffing equation [15]. To eliminate the constant 
component and retain the harmonic term in the response, we 
substitute *Y X X= −  into Eq. (3) to obtain Eq. (5), as fol-
lows:  

 
2

*2 * 2
1 0 02

3 ( )
0 0

( 3 ) 3

sin(2 )t nT

d Y dY C b X Y b X Y
dt dt
b Y Ae f tλ

γ

π− −

+ + + +

+ =
  (5) 

 
0f << 1; thus, Y << 1 can be linearized in the neighbor-

hood of the stable equilibrium points to obtain the correspond-
ing linear Eq. (6) as follows:  

 
2

2
02 2 sin(2 )t nT

r

d Y dY Y Ae f t
dt dt

λγ ω π− −+ + = （ ）   (6) 

 
where *=r C b Xω +2 2

1 03 . After a period of motion, the solution 
( ) sin( )k t nT

YY t QAe f tλ π− −= + Δ02  is obtained, in which k = 0 or 
1 is obtained according to iλ ω− +  (or iλ ω− − ) or a single 
root of the characteristic equation. In addition, the characteristic 
equation used is 2 2

rr rγ ω+ + = 0. k = 0 because λω ≠ 0. 
We used the response amplitude index Q  to evaluate the 
effect of VR at low-frequency 0= fω π2  and derived Eq. (7) as 
follows: 

 

2 2 2 2 2 2

1
( ) (2 )r

Q
ω λ ω γλ λ γ ω

=
+ − − + −

  (7) 

 
Its value is not only related to the potential well parameters, 

high-frequency driving excitation signal, and damping ratio but 
is also affected by the attenuation coefficient of the weak signal. 

When λ = 0, classical vibration resonance research [16-19] 
was completed. Here, we consider only the case of λ > 0 to 
study the VR phenomenon. To study the mutual coordination 
ability of γ  and λ , the compound influence factor d =  

λ γ−2  was defined, and the response amplitude was rede-

fined as 
( )r

Q
dω λ ω γλ ω

=
+ − − +2 2 2 2 2 2

1 . Fig. 1 shows the 

VR analysis results for different values of d  for different 
damping ratios γ . The other parameter configurations are as 
follows: A = 0.1, 0f = 0.01, hf = 1 and 0 0a b= = 1. In Fig. 1, 
the response amplitude Q  initially increases with the increase 
in H and then decreases after reaching the peak. Two reso-
nances are obtained when dγ <  and when d = 0, a sym-

metrical output effect is formed simultaneously. Figs. 1(a) and 
(b) show that the distance between the two formants increases 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 1. The VR phenomenon occurs at the frequency = fω π 02  for differ-
ent d  values: (a) and (b) 3D curve of the response amplitude Q  ob-
tained by the analytical predication; (c) response amplitude versus the 
signal amplitude H  for different d  values. Parameters are as follows: 

.A = 0 1 , .f =0 0 01 , hf = 1  and a b= =0 0 1 . 

 



 Journal of Mechanical Science and Technology 36 (12) 2022  DOI 10.1007/s12206-022-1109-3 
 
 

 
5928  

with an increase in γ . Fig. 1(c) shows that the resonance 
peak Q  decreases with an increase in the value of d , indi-

cating that when d  is smaller, the VR phenomenon is more 

obvious. In addition, the amplitude d  of driving high-
frequency signals corresponding to each maximum Q  value 
increases with an increase in the value d , indicating that 

when the auxiliary driving signal amplitude H  is larger, VR 
can be induced by the acceleration of the composite influence 
factor d . For different attenuation coefficients of λ , select-

ing a reasonable compound influence factor d  can induce 

VR. 
Similar to the classical Duffing study of VR, Fig. 2 shows the 

analysis results for the fixed λ . A smaller d  indicates a more 
evident VR effect and larger amplitude H  of the driving high-
frequency signal. Fig. 2(a) shows that two VRs occur when d  
is slightly lower than λ , and the possibility of resonance at that 
time decreases sharply when d λ>  is used ( λ γ> ). In Fig. 
2(b), when d = 3.5 is used, the peak value of Q  decreases 
sharply, which is significantly lower than the peak value of Q  
with d = 2.5. 

Figs. 1 and 2 show that the attenuation coefficient λ  and 
damped ratio γ  can cooperate to induce the occurrence of an 

attenuation oscillation signal VR. For small-parameter λ , we 
can always find an appropriate γ  to induce the VR phenome-
non. 

In the numerical analysis, to quantify the amplification of 
weak damped oscillation signals through a nonlinear system, 
an index called response amplitude Q  at frequency 0f  input 
signal is defined [18] as follows: 

 
/AQ S=   (8) 

 

where 2 2
s cS B B= + , = ( )sin( )

nT

sB x t t dt
nT

ω∫0
2 , 

0
= ( )

nT

cB x t
nT ∫
2  

cos( )t dtω , and T π
ω

= 2
， n  (= 1, 2, 3 …) is any positive 

integer. The fourth-order Runge-Kutta (FORK) scheme was 
used to solve the numerical solution of system (1) with a dis-
crete signal of ( )s t  and cos( )hH f tπ2 .  

For a small value of λ , according to the previous analysis 
results, the corresponding γ  induced VR can always be 
found. The analysis value is far from the numerical analysis 
and has no practical application value in d λ≤ . Here, we 
consider λ γ> . Fig. 3 shows the theoretical Q  calculated 
using Eq. (12) and the value Q  obtained from Eq. (13). These 
display superposition response curves depict the dependence 
of the response amplitude Q  of the theoretical analysis value 
and three other numerical values of different impact periods T  
(= 1, 0.5, 0.25) on the amplitude H  of the high-frequency 
signal. The continuous line represents the response curve of 
the theoretical analysis Q  value, whereas the dotted lines 
represent the corresponding numerical values. The other pa-
rameter values are fixed as A = 0.1, 0f = 0.01, hf = 1, λ = 3, 
γ = 2.5, 0a = 1 and 0b = 0.5. By changing the amplitude of the 
fast signal, system (1) was driven into the resonance state. The 
analytical values and numerical analysis show that they exhibit 

 
(a) 

 

 
(b) 

 
Fig. 2. Variation of the response amplitude Q  with H  and d when 

.A = 0 1 , .f =0 0 01 , hf = 1  , λ = 3 , and a b= =0 0 1 : (a) analytical results 
of the response amplitude Q  versus H  and d ; (b) response ampli-
tude Q  versus H  for different values of d . 

 

 
 
Fig. 3. Dependence of Q  on H  for analysis and different values of T
(= 1, 0.5, 0.25). Analytical (solid lines) calculated from Eq. (7) and numeri-
cal (broken lines) from Eq. (8). Parameters are as follows: .A = 0 1 , 

.f =0 0 01 , hf = 1 , λ = 3 , .γ = 2 5 , a =0 1  and .b =0 0 5 . 
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the same trend. Here, we can observe that in contrast to the 
analysis value of Eq. (12), the height of the peak value is de-
termined by the size of the impact period in the numerical 
analysis. VR does not occur when the impact period of T  is 
very small (i.e., the impact frequency is relatively large). There-
fore, the theoretical calculation results are consistent with the 
results of some numerical calculations. With a reduction in the 
impact period, the peak value also decreases, indicating that 
the impact frequency of the damped oscillation signal must 
also satisfy the small-parameter condition (usually on the order 
of 1). 

 
2.2 Method of VMD 

However, VR has a certain noise reduction ability [12] be-
cause of the strong noise frequency interference in the work-
ing environment of the combine harvester, and reducing the 
noise of the output signal of the VR system is sometimes nec-
essary. 

EMD is a good decomposition method for dealing with 
nonlinear and nonstationary signals, but mode aliasing is a 
serious problem. However, VMD is an adaptive signal-
processing method proposed by Dragomiretskiy et al. [20] in 
2014. The iterative search for the optimal solution of the varia-
tional mode is a completely nonrecursive signal decomposition 
method based on the frequency domain, which overcomes 
many shortcomings of EMD to a certain extent. It decomposes 
an actual complex signal into several modal functions with 
specific sparse characteristics. The instantaneous frequency of 
decomposing each analytical signal has a practical physical 
significance. The decomposition accuracy and noise resistance 
are better than those of EMD; however, the number of decom-
positions must also be defined. All decomposed modes include 
the modes of the main signals and noise. The modes of the 
main signals are reconstructed to achieve denoising. VMD has 
been applied to bearing fault diagnosis [21], noise reduction, 
and the extraction of weak signals [22]. 

 
3. VR numerical method for high-frequency 

weak characteristic damped oscillation 
signal 

Similar to the SR theory, classical VR theory must satisfy the 
small-parameter condition. The system parameters are very 
small (generally less than the order of magnitude of one), and 
the frequency of the characteristic signal is low (generally much 
less than the order of magnitude of one). The oscillation fre-
quency of the high-frequency weak characteristic signal can 
hardly satisfy the requirements of low frequency; therefore, 
scale transformation must be carried out initially to reduce the 
signal frequency. Because the weak characteristic signal may 
be distorted after downsampling of the high-frequency signal, 
this study adopts the parameter normalization transformation 
method provided in the Ref. [23]. For 0f >> 1, we scale the 
following high-frequency system (9): 

2
3

2

)
0

( ) ( )= ( ) ( ) +

sin(2 ) cos(2 )t nT
h

d x t dx tax t bx t
dt dt
Ae f t H f tλ

γ

π π− −

− −

+（

  (9) 

 
The two substitution variables ( ) ( )x t z τ=  and mtτ =  are 

introduced, where m  is the proportion parameter, and τ  is a 
new time scale. After substituting them into Eq. (9), we obtain 
the following scale-transformation Eq. (10): 

 
2

3
2 2 2

( )/ 0
2 2

( ) ( )= ( ) ( )

2 2+ sin( ) cos( )nT m h

d z a b dzz z
d m m m d
A f H fe
m m m m

λ τ

τ γ ττ τ
τ τ

π πτ τ− −

− −

+
 (10) 

 

Let 1 2

aa
m

= , 1 2

bb
m

= , 1 2m
γγ = , 1 m

λλ = , 1

TT
m

= , 1 2A
m
λ= , 

1 2

HH
m

= , 0
1

2 f
m
πω =  and 1

2 hf
m
πϕ = . Then, Eq. (10) is con-

verted to Eq. (11): 
 

1 1

2
3

1 1 12

( )
1 1 12

( ) ( )= ( ) ( )

+ sin( ) cos( )nT

d z dza z b z
d d

HAe
m

λ τ

τ ττ τ γ
τ τ

ωτ ϕ τ− −

− −

+
  (11) 

 
Comparing Eq. (11) with low-frequency system (1), when m  

is sufficiently large, the high-frequency 0f >> 1 and impact 

frequency 1
T

 are reduced to 1
m

 of the original one, which 

can satisfy the low-frequency requirement of VR. Therefore, 
the excitation signal in Eq. (11) has the same time scale as that 
of the low-frequency system (1). A suitable m  is selected 
such that the system parameter in Eq. (11) and the system 
parameter in the low-frequency system (1) have the same 
value or the same level of value (usually the order of magni-
tude of 1). Therefore, when system (9) reaches the matching 
condition of VR, the signal and system parameters in Eq. (11) 
are selected according to Eq. (1) of the system. At the same 
time, compared with system (9) of the high-frequency system, 

the amplitude of the auxiliary drive signal is reduced to the 
m2

1  

of the original signal, and the frequency is reduced to the 
m
1  

of the original signal. The signal amplitude must be restored to 
the original intensity to enable Eq. (11) to have the same dy-
namic characteristics as the high-frequency system (9). There-
fore, Eq. (12) is equivalent to system (9) in the time scale τ , 
as follows: 

 

1 1

2
3

1 12

( )
1 1

( ) ( )= ( ) ( )

+ sin( ) cos( )nT

d z dza z b z
d d
Ae Hλ τ

τ ττ τ γ
τ τ

ωτ φτ− −

− −

+
  (12) 

 
Simultaneously, in the project, frequency reduction process-
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ing after the actual sampling of high-frequency signals may 
lead to data distortion. In the time scale t , system (13) is es-
tablished after restoring the small frequency in Eq. (12) to large 
parameters. Therefore, when system (13) resonates, VR can 
occur in the high-frequency damped oscillation signal. 

 
2

3
2

2 ( ) 2
0

( ) ( )= ( ) ( ) +

sin(2 ) cos(2 )t nT
h

d x t dx tax t bx t m
dt dt
m Ae f t m H f tλ

γ

π π− −

− −

+
 (13) 

 
The damped oscillation simulation signal ( )( ) t nTs t Ae λ− −=  

sin( )f tπ 02  is given, in which A = 0.2, λ = 30, 0f = 100 Hz, 
T = 2, n = 24, γ = 0.0223 separately. The frequency hf  of 
the high-frequency drive excitation signal cos( )hH f tπ2  shall 
satisfy the condition of 0hf f>> . hf = 1700 Hz and other fre-
quencies are also appropriate, as long as the above condition 
is satisfied. System parameters take 1a = 0.0478 and 1b = 
6.0718e-04. Finally, the appropriate parameter value m  is 
selected, but is not unique, as long as it can reduce the charac-
teristic frequency, which is m = 5652 here. Fig. 4(a) shows the 
amplitude H = 0.9 of the driving signal and the optimal re-
sponse amplitude Q  = 5.0254 when VR occurs. Fig. 4(b) 
shows the original time domain waveform of the simulation 
signal, and Fig. 4(c) shows the time domain waveform of the 
system output when VR occurs. Some initial points are deleted 
to obtain the stable response for calculation to eliminate the 
influence of transient response. Comparing Figs. 4(b) and (c), 
the response peak of weak damped oscillation signal has been 
significantly amplified, showing that VR has excellent effect on 
processing and amplifying the simulated damped oscillation 

signal. 

 
4. Adaptive extraction method of oscilla-

tion damped signal based on VR-VMD 
under noise background 

In Secs. 1 and 2, the VR theory of the damped oscillation 
signal was studied in a second-order Duffing system, and the 
simulation analysis verified that the VR theory can amplify the 
amplitude of the damped oscillation signal. However, the Q  
index of VR response amplitude is generally applicable to weak 
noise or clean signals. When the noise environment is rela-
tively poor, other detection indices should be constructed ac-
cording to the characteristics of the damped oscillation signal. 
Based on the VR theory of weak characteristic damped oscilla-
tion signals, in this section, the adaptive extraction method in 
an agricultural machinery operation environment is studied. 

 
4.1 Detected evaluation index 

The kurtosis index K  is highly sensitive to the impact com-
ponent of a signal. As a dimensionless index, the kurtosis in-
dex is unaffected by the absolute level of the signal and is 
highly sensitive to the impact component of the signal. This 
method is suitable for the detection of a single impact signal. 
This is defined as the ratio of the fourth-order moment of the 
signal to the square of the second-order moment. The damped 
oscillation signal can be considered a combination of multiple 
amplitude-damped single-impact signals, and the detection 
result of a single damped oscillation signal tends to be an inde-
pendent steep pulse. The cross-correlation coefficient C quan-
titatively represents the similarity between the input and output 
signals. Therefore, the weighted kurtosis index *Kc K C=  
of the comprehensive cross-correlation coefficient can be used 
to detect noisy damped oscillation signals [24, 25]. 

 
4.2 VR effect of antinoise 

To measure the noise reduction effect of VR, the SNR index 
is used to measure the output curve of VR and SR with the 
change of noise intensity. The antinoise performance analysis 
results are shown in Fig. 5. The damped oscillation simulation 
signal parameters were set. The noise signal was added to the 
weak damped oscillation simulation signal, and the statistical 
characteristics of the noise satisfy the conditions of ( )N t =  

( )D tζ2  and the noise intensity D , which ( )tζ is Gaussian 
white noise with ( ) ( ) ( )t t D t tζ ζ δ′ ′〈 〉 = −2  and mean ( )tζ〈 〉 = 0. 
D  from 0.05 to 20 with a step size of 0.05. Fig. 5 shows that 
the SNR decreased with an increase in D . When H = 0 
there is no high-frequency drive signal (i.e., SR system), its 
SNR value is significantly lower than another H  value (i.e., 
VR system). The experiment shows that the noise reduction 
effect of VR output is better than that of SR output. Although 
Fig. 5 also shows the attenuation trend, the VR output has a 
certain effect on the SNR of the damped oscillation signal. This 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 4. VR output effect of high-frequency noiseless simulation signal of 
damped oscillation for .A = 0 2 , λ = 30 , f =0 100  Hz, T = 2 , n = 24 :
(a) Q  versus H ; (b) original simulation signal; (c) VR system output 
signal. 
 



 Journal of Mechanical Science and Technology 36 (12) 2022  DOI 10.1007/s12206-022-1109-3 
 
 

 
5931 

demonstrates some antinoise ability. 

 
4.3 VR-VMD adaptive extraction method based 

on quantum particle swarm optimization 
(QPSO) 

QPSO is an optimization algorithm that combines quantum 
computing with particle swarm optimization. This greatly im-
proves the search efficiency [26]. This algorithm is simple and 
easy to implement in practical applications. Parameter optimi-
zation of the VR adaptive system based on the weighted kurto-
sis index Kc  is expressed as follows: 

 
Maximize  1 1( , , , )Kc a b Hγ  
Subject to 1 (0,1)a ∈ , 1 (0,1)b ∈   (14) 
            (0,2)γ ∈ , (0,1)H ∈  
 
The parameters of the attenuation oscillation signal are set 

to A = 0.2, λ = 50, 0f = 100 Hz, T = 2, and n = 24, and the 
time domain waveform is shown in Fig. 6(a). To obtain more 
practical applications, the simulated signal lacks two cycles of 
damped oscillation signals. The noise signal is added to the 
weak damped oscillation simulation signal, and Gaussian white 
noise is considered in D = 0.01. A noisy simulation signal is 
shown in Fig. 6(b). Set hf = 1700 Hz and m = 5652. As 
shown in Fig. 6(c), the optimal values of the QPSO parameters 
after 100 iterations were 1a = 0.2265, 1b = 0.2027, γ = 1.3310, 
and H = 0.1002. These optimal parameters were substituted 
into the large parameter bistable second-order VR Eq. (18), 
and the results are shown in Fig. 6(c). The impact pulse in the 
noise can be identified to a certain extent from Fig. 6(c). Fig. 5 
shows that the noise reduction effect of VR on the noisy 
damped oscillation signal evidently weakens with an increase 
in noise intensity D . Therefore, secondary noise reduction 
processing is required in the background of strong noise. The 
effect of VMD decomposition is mainly affected by the selected 

value k  of modal number. Since the noisy simulation signal 
contains at least useful signal, noisy signal and trend term, so 
k ≥ 3. The main difference of different modes lies in the differ-
ence of the center frequency. According to Table 1, k = 3, 4 
and 5 are OK. In consideration of the contrast effect between 
VR-VMD method and VMD direct decomposition of weak sig-

 
 
Fig. 5. Performance analysis curve of noise suppression using the VR 
method when .A = 0 2 , λ = 30 , f =0 100  Hz, T = 2 , n = 24 . 

 

Table 1. Center frequency corresponding to different k . 
 
k  Frequency / Hz 

3 38 100 609 - - 

4 38 100 494 1699 - 

5 26 100 397 753 1699 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 6. Adaptive VR output effect of noisy simulation signal fixed parame-
ters .A = 0 2 , λ = 50 , f =0 100  Hz， T = 2 ， n = 24 : (a) QPSO algo-
rithm for parameter optimization; (b) original simulation signal; (c) noisy 
simulation signal; (d) optimal VR output signal. 
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nals, k = 5 is set here. The VMD method decomposes the 
signal shown in Fig. 6(c), and the results are shown in Fig. 7. 
From the time domain and frequency domain of the third intrin-
sic mode function (IMF) in Fig. 7, the damped oscillation signal 
with a first peak frequency of 100 Hz can be identified, and the 
noise reduction effect is evident. To compare the noise reduc-
tion output effect of VR-VMD on the noisy damped attenuation 
signal, the VMD decomposition of the noisy signal in Fig. 6(c) 
was performed directly. The results are shown in Fig. 8. The 
damped oscillation signal cannot be identified from the time 
and frequency domains of each modal component, as shown 
in Fig. 8. VMD has no direct noise-reduction ability for high-
frequency damped oscillation signals in a strong random noise 
background. The comparison between Figs. 8 and 7 shows 
that VR has a certain energy enhancement effect on the high-
frequency damped oscillation signal in a noisy environment, 

and VMD can realize a noise reduction function. 

 
5. VR-VMD application and result analysis 

in the agricultural machinery working 
environment 

In this section, an experiment in an agricultural machinery 
operation environment is used to evaluate and compare the 
performance of VR-VMD and HHT envelope analysis. The 
envelope detection method [27, 28] is a traditional method for 
detecting and discriminating grain losses. 

 
5.1 Detection theory of piezoelectric loss sen-

sor 
When an external force is applied to the piezoelectric ele-

ment to produce mechanical deformation, it causes a relative 
movement of its internal positive and negative charge centers 
to produce electrical polarization, resulting in bound charges 
with opposite polarities on the two surfaces of the element. The 
charge density is directly proportional to the external force. This 
phenomenon is known as the positive piezoelectric effect. A 
positive piezoelectric effect indicates that piezoelectric materi-
als transform mechanical energy into electrical energy. There-
fore, by detecting the charge transformation on the piezoelec-
tric element, we can determine the deformation of the grain-
impact vibrating plate, and the piezoelectric material can be 
made into a grain-loss pickup sensor by using the positive 
piezoelectric effect. 

When different materials are used to impact a piezoelectric 
loss sensor, the signal frequencies are different [29]. They reflect 
high frequency and large amplitude for grains and stalks and low 
frequency and small amplitude for broken grass and stalks with-
out stems. The interference signals, such as broken grasses and 
stems, through the band-pass filter circuit (Fig. 9 shows the tradi-

 

 
 
Fig. 7. VMD decomposition effect after VR output of Fig. 6(d). 

 

 
 
Fig. 8. Effect of direct VMD decomposition of original noisy simulation 
signal. 

 

 

 
 
Fig. 9. Flow chart of traditional piezoelectric loss signal processing circuit. 
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tional signal-processing circuit) should be removed. It is often 
unable to detect the signal loss because this method does not 
consider the influence of strong noise in the agricultural machin-
ery environment, especially in the time domain. 

Fig. 10 shows a typical output voltage waveform of the piezo-
electric sensor, which was generated by a single impact of the 
grain. Ignoring the particle size, the voltage amplitude increased 
with an increase in the impact height. The maximum value of the 
voltage signal also depended on the kinetic energy of the grain 
before impact. The waveform depended on the particle size. The 
output signal of the grain impact piezoelectric loss sensor is a 
typical damped oscillation signal, which can be expressed as 
follows [4]: ( ) sin( )ts t Ae f tλ π−= （ ）

02 , where the signal amplitude 

is n

d

FA e
M

ξω

ω
=  (grain impact force F ; grain mass M ; dω  

is the natural frequency of the system damped vibration, which 
can be expressed as d nω ξ ω= − 21 , where nω  is the natural 
frequency of the system undamped vibration); λ  is the impact 
attenuation coefficient; and 0f  is the oscillation frequency of the 
grain-signal-impacting piezoelectric plate. 

 
5.2 Experimental setup 

To test the feasibility of this method in practical applications, 
an experiment on the impact of rice grain loss was carried out. 
Fig. 11 shows the structure and installation of the loss signal 
acquisition. The Cl-yd-303 piezoelectric force sensor was fixed 
in the center of the aluminum plate, the response frequency 
was approximately 20 kHz, and the rectangular plate was 
770 mm long and 600 mm wide. It is installed behind the clean-
ing sieve of the harvester. The collected experimental signal 
was transmitted to a notebook computer for storage through 
the YE7600 collector. We then read the data using MATLAB 
for signal processing and analysis. 

 
5.3 Description of sensor signal processing proc-

ess 
The experimental data of the piezoelectric sensor were col-

lected, and the VR-VMD algorithm was used to enhance and 
identify the weak impact signal of rice grains submerged in 
background noise. Fig. 12 shows the signal processing flow of 
the piezoelectric loss sensor based on the VR-VMD method. 
The specific method is described as follows. 

1) Signal preprocessing. The sensor always contains noise 
during the actual signal acquisition process. Thus, the collected 
sensor signal should be denoised to improve the SNR and 
signal quality, and then the denoised signal should be further 
analyzed. Irrelevant signals, such as chaff, broken stalks, and 
grasses, as well as the working vibration interference and ma-
chine noise of the harvester, affect the accuracy of loss signal 
detection. A band-pass filter was used to eliminate irrelevant 
interference and noise components as much as possible. 

2) QPSO parameter initialization. The frequency of the auxil-
iary high-frequency signal is set to 17 times that of the oscilla-
tion signal, and the scale parameter m  is set to nine times 
that of the oscillation angular frequency. Then, the search 
ranges of the adjustable parameters are initialized, as shown in 
Eq. (14). 

 
 
Fig. 10. Typical output voltage waveform by piezoelectric sensor impact of 
the rice grain. 

 
(a) 

 

 
(b) 

 
Fig. 11. Sensor installation on the combine: (a) cleaning sieve of harvester;
(b) sensor installation structure. 

 

 
 
Fig. 12. Signal processing flowchart. 
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3) Signal resampling. The preprocessed signal is resampled 
according to ten times the original sampling rate to be consis-
tent with the sampling rate of the auxiliary high-frequency sig-
nal. 

4) Determining the optimal parameters and maximum Kc . 
The objective function is given by Eq. (14). When the number 
of search iterations is completed, the optimal parameters are 
obtained, and the fifth step is performed. Otherwise, the proc-
ess returns to step (4). 

5) VR system output. After obtaining the maximum Kc  and 
optimal system parameter values, the optimal output signal of 
the VR system is obtained according to the optimal value. 

6) Signal post-processing. Secondary noise reduction for the 
output signal of the VR system should be performed because 
of the strong background noise of the combination. The VR 
output must be initially down-sampled. Extremely fast down-

sampling results in signal distortion. Here, a distributed down-
sampling method was used. Then, the VR output after down-
sampling was input to the VMD decomposition algorithm to 
extract the weak characteristics of the rice grain damped oscil-
lation signal. Finally, the effect was compared to that of the 
HHT envelope extraction method. 

 
5.4 Discussion 

Fig. 13 shows the collected grain impact signal, including the 
noise in the combined working environment. The original signal 
sampling frequency was 48 kHz, and the distance between the 
grain and sensor was 40 cm. As shown in Fig. 13, owing to the 
influence of background noise, the grain impact signal was not 
evident in the time domain waveform of the signal. Noise is 
characterized by low-frequency disturbances, short-time pulses, 

 

 
 
Fig. 13. Noise loss signal collected in agricultural machinery working envi-
ronment. 

 

 

 
 
Fig. 14. Output effect of bandpass filter of noise loss signal collected in 
agricultural machinery working environment. 

  

 
 
Fig. 15. VMD decomposition effect for Fig. 14. 
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and high-frequency disturbances, with wide frequency cover-
age and certain diversity. The filtering results are shown in Fig. 
14 after the original noisy signal passed through a bandpass 
filter with a center frequency of 10 kHz. The filtered signal was 
directly decomposed by VMD, and the results are shown in Fig. 
15. From them, the impact amplitudes of rice impact are almost 
far less than 0.1 V and submerged in background noise.  

The resonance frequency of the grain-damped oscillation 
was approximately 10 kHz in Fig. 14 and the auxiliary cosine 
signal frequency was added. Thus, the filtered signal in Fig. 14 
must first be resampled to increase the sampling frequency of 
the filtered signal to ten times that of the original signal. The 
filtered signals were then processed using the proposed VR 
method. The variable scale coefficient m  is set to 565200, 
and the optimization interval of other parameters 1a , 1b , γ  
and H  are the same as the simulation signal. The output 
results of VR are shown in Fig. 16.  

Before VMD noise reduction, it is necessary to reduce the 
frequency of the VR output to reduce the amount of computa-
tion of the VMD algorithm. First, the sampling frequency of the 
VR output signal was restored to 48 kHz. The second fre-
quency reduction coefficient was set to 2. After two down-
sampling steps, the VR output results began the VMD decom-
position. The detected rice grain loss signals are shown in Fig. 
17. From the time and frequency domains of the fifth IMF in Fig. 
17, the damped oscillation signal with the first peak frequency 
of 9984.0084 Hz can be identified. The figure shows that this 
signal contained 20 grain shocks. Subsequently, by setting the 
voltage threshold, the losses of the rice grains were easily de-
tected in the time domain. As shown in Fig. 18, the conven-
tional envelope method cannot identify the rice loss signal, but 
the proposed VR-VMD recognition and detection method has a 
certain recognition effect, which verifies its feasibility in practical 
applications. 

 
6. Conclusions 

A VR-VMD method based on a second-order Duffing bista-
ble system was introduced to realize energy enhancement and 
noise reduction recognition of high-frequency weak character-
istic damped oscillation signals under the background of strong 
noise in the agricultural machinery environment. The VR phe-
nomenon of a weak damped oscillating signal in a second-
order Duffing bistable system with low-frequency characteris-
tics is theoretically presented using the direct motion separa-
tion method. The results show that coordination with the 
Duffing damping ratio and attenuation coefficient can induce 
VR for weakly damped oscillating signals. Then, from the prac-
tical application, the VR numerical analysis of the high-
frequency weak feature damped oscillation signal is realized by 
the scale transformation method, which can effectively amplify 
the amplitude of high-frequency weak features. However, the 
response amplitude index is more suitable for the detection of 
high-frequency weak-feature signals without noise or weak 
noise. The noise reduction effect of the VR output decreases 

 
 
Fig. 16. VR output effect of in agricultural machinery working environment.

 

 
 
Fig. 17. The time domain and frequency domain of the fifth modal decom-
posed of the VR output signal in VMD algorithm in agricultural machinery 
working environment. 

 

 
 
Fig. 18. HHT envelope extraction method. 
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with an increase in noise intensity owing to the strong noise 
background of the agricultural machinery operating environ-
ment. The VMD method was used to carry out secondary noise 
reduction for the VR system output, and a VR-VMD adaptive 
extraction method based on weighted kurtosis parameter opti-
mization was proposed. 

Through simulation and experimental analysis, this method 
can effectively suppress other useless frequency components 
in the background noise of agricultural machinery operation, so 
identifying the weak characteristic frequency of oscillation be-
comes easy. In addition, the VR-VMD method was compared 
with traditional envelope extraction analysis. The results show 
that the proposed method is effective and superior to envelope 
analysis against the background of agricultural machinery 
noise. The VR-VMD method provides some reference values 
for weak characteristic damped oscillation signal extraction, 
which is not limited to the agricultural machinery operating 
environment. Compared with the noise in SR, VR controls the 
auxiliary signal added to the environment of agricultural ma-
chinery operation noise more easily, and the large noise is 
difficult to eliminate in the environment of agricultural machin-
ery operation. However, the parameters of the auxiliary signal 
can easily be changed. 
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Nomenclature------------------------------------------------------------------ 

VR  : Vibration resonance  
VMD  : Variational mode decomposition 

0f   : Frequency of weak signal 
λ   : Attenuation coefficient of weak signal 
γ   : Damping ratio of the duffing oscillator 
H  and hf  : Amplitude and frequency of high-frequency excita-

tion periodic signal 
0a  and 0b  : Two parameters of the low-frequency system 

a  and b  : Two parameters of the high-frequency system 
d   : Compound influence factor  
QPSO  : Quantum particle swarm optimization  
Kc   : Weighted kurtosis index  
k   : Number of VMD decomposition 
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