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Introduction

Rotating machinery plays an important role in industrial production, and the failure of rotating machinery will have a tremendous impact on industrial production [START_REF] Qin | Transient feature extraction by the improved orthogonal matching pursuit and K-SVD algorithm with adaptive transient dictionary[END_REF] . Rolling bearing is an important component of rotating machinery while bearing has the characteristics of high failure rate and easy damage, so it is of great significance for industrial production to extract the feature information of bearing early fault diagnosis and avoid serious mechanical accidents [START_REF] Zengqiang | Rolling Bearing Fault Feature Extraction Based on Variational Mode Decomposition-Wavelet Packet Transform and Energy Operator Demodulation[END_REF] .

In order to extract bearing fault characteristics from vibration signals with large noise interference, several signal processing methods have been proposed, including EMD, EEMD, LMD, VMD, etc [START_REF] Qiang | Rolling element bearing fault feature extraction using EMD-based independent component analysis[END_REF][START_REF] Huang | The empirical mode decomposition and the Hilbert spectrum for nonlinear and non-stationary time series analysis[END_REF][START_REF] Wu | Ensemble empirical mode decomposition: A noise-assisted data analysis method[END_REF][START_REF] Ma | The rolling bearing fault feature extraction based on the LMD and envelope demodulation[END_REF] .

Variational mode decomposition(VMD) [START_REF] Dragomiretskiy | Variational mode decomposition[END_REF] is a non-recursive adaptive signal decomposition method proposed by Dragomiretskiy et al.,in 2013. It has the advantages of good noise robustness and anti-modal aliasing as processing the signal. However, parameters of VMD need to be pre-set according to prior knowledge, which limits the wide application in practical engineering. To address the problem, many scholars have conducted some related research. In the field of mechanical fault diagnosis, The optimized parameters include the number of decomposition modes K and the data-fidelity constraint  .

In the field of mechanical fault diagnosis, taking envelope entropy and kurtosis as fitness functions, Tang Guiji, Zhu Jun, Zhang Xin et al. [START_REF] Wang | Novel Particle Swarm Optimization-Based Variational Mode Decomposition Method for the Fault Diagnosis of Complex Rotating Machinery[END_REF][START_REF] Zhu | Adaptive variational mode decomposition based on artificial fish swarm algorithm for fault diagnosis of rolling bearings[END_REF][START_REF] Zhang | A parameter-adaptive VMD method based on grasshopper optimization algorithm to analyze vibration signals from rotating machinery[END_REF][START_REF] Montana | Template Sample File for Full Paper Submission[END_REF][START_REF] Sultanov | Application of swarm techniques to requirements tracing[END_REF][START_REF] Li | Independence-oriented VMD to identify fault feature for wheel set bearing fault diagnosis of high speed locomotive[END_REF][START_REF] Ram | Performance analysis of adaptive variational mode decomposition approach for speech enhancement[END_REF] proposed intelligent optimization algorithms, such as particle swarm optimization, artificial fish swarm optimization and grasshopper optimization algorithm, to optimize the parameters include K and  and obtain the optimal combination. However, the optimization algorithms used in the above research have some disadvantages, such as slow convergence and easy to fall into local optimal value [15] . Improved Bat algorithm (IBA) [START_REF] Yang | A New Metaheuristic Bat-Inspired Algorithm[END_REF] has fast convergence speed and excellent global optimization ability.Taking envelope entropy as fitness function, this paper proposes an improved bat algorithm to optimize the decomposition modes K and the data-fidelity constraint  of VMD, and then substitutes the optimal combination of parameters to decompose the bearing fault signal with VMD to obtain the optimal BLIMF which contains the most fault feature information, and then envelope spectrum analysis method is used to diagnose the bearing fault state.

Parameter-optimized variational mode decomposition based on

improved Bat algorithm

Variational mode decomposition

Variational mode decomposition(VMD) [START_REF] Dragomiretskiy | Variational mode decomposition[END_REF] 
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Where      have an important influence on signal decomposition results in the process of signal decomposition [START_REF] Zhang | A parameter-adaptive VMD method based on grasshopper optimization algorithm to analyze vibration signals from rotating machinery[END_REF] .

Parameter optimization of variational mode decomposition based on improved bat algorithm

An improved bat algorithm

Bat Algorithm (BA) [START_REF] Yang | A New Metaheuristic Bat-Inspired Algorithm[END_REF] is a bionic intelligent Algorithm proposed by professor Yang of Cambridge university in 2010. Based on the echolocation principle of miniature bats, bat groups search for prey in the solution space to obtain the global optimal solution. Research shows that the original bat algorithm is easy to fall into local optimum during the optimization process. To overcome this shortcoming, an improved bat algorithm(IBA) is proposed based on the original bat algorithm.

Compared with the principle of the original BA, IBA mainly changes the velocity update formula in the process of gobal exploration so as to increase the diversity of bat group.

Suppose that in D-dimensional space, when t i Ap  , bat position t i x and the velocity t i v update formula is as follows: andr x is the position of any bat in the current bat group. p is the variable that controls the global exploration. 

max min () i f f f     (2) max min () i f f f     (3) 1 t t t i i i x x v   (4) Where [0,1]   is a random variable from a uniform distribution,
when t i Ap  ,
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Where w is the convergence control factor parameter which is used to control the convergent speed, x 

is the current global optimal solution, t i A is the loudness of i bat.

Fitness function

When using the improved bat algorithm to optimize K and  , a fitness function should be determined, and the fitness value should be calculated each time the bat updates the position, and the fitness value should be updated by comparing the new bat fitness value. Envelope entropy can characterize the sparse characteristics of signals. In this paper, the envelope entropy of signal is chosen as the fitness value of bat algorithm. The envelope entropy p E of signal ( )( 1, 2,..., ) x j j N  can be expressed as:
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where j p is the normalized form of () aj, and () aj is the envelope of signal () xj after envelope demodulation.

Parameter optimization of variational mode decomposition

In order to obtain the optimal combination of VMD parameters K and  , the optimization process of VMD parameters includes: setting K and  randomly in the solution space, decomposing signal into BLIMFs by VMD, minimizing the fitness of BLIMF as the optimization objective, optimizing searching by improved bat algorithm to obtain the global optimal BLIMF, and taking the combination of K and  corresponding to the global optimal BLIMF as the optimal parameters combination. The flow chart of VMD parameter optimization based on improved bat algorithm is given in Figure 1. 

Bearing fault diagnosis based on parameter-optimized variational mode decomposition

The periodic impact energy caused by bearing early fault is weak, and it is relatively difficult to extract fault features because of the influence of environmental noise and signal attenuation. This paper proposes a fault diagnosis method for rolling bearings based on parameter-optimized variational mode decomposition.

Firstly, the improved bat algorithm is used to search the optimal combination of parameters K and  of VMD, and then the optimal BLIMF with the most fault information is obtained. Then the envelope spectrum of the optimal BLIMF is carried out to diagnose the bearing fault state. The flow chart of bearing fault diagnosis is given in Figure 2. 

Simulation analysis of bearing fault diagnosis

To verify the effectiveness of this method, a bearing fault impulse signal is simulated and a strong white noise is added to it to simulate the inner ring early fault signal. The simulation signal formula is as follows: 
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The sampling frequency is 2000 Hz, the data length is 2000, and the impulse characteristic frequency 0 f is 5.85Hz.The simulation signal is shown in Figure 3. It can be seen that the periodic impulse in the simulation signal is completely submerged, and no obvious impulse can be seen from Figure 3(b). In the envelope spectrum of the simulation signal, the characteristic frequency of impulse 0 f and its ,multiple frequency 0 2 f are prominent, and the pattern is not obvious.

For the simulation signal, the parameters of VMD are optimized by the improved bat algorithm proposed in this paper. The variation of global minimum envelope entropy with population evolution algebra in an optimization process is shown in Figure 4. it can be seen that the improved bat algorithm converges in the fifth generation, corresponding to the minimum global minimum envelope entropy value of 4.777. The optimal combination of parameters is determined by averaging the 20 optimization results: =5 K and =103  . After analyzing the results of signal decomposition, it is found that the optimal BLIMF is BLIMF2. The time domain waveform and the envelope spectrum of BLIMF2 are shown in Figure 5. In order to verify the advantages of this method, EMD and EEMD are used to process the above simulation signal. The time domain waveform of optimum BLIMF and envelope spectrum of three methods for processing the simulated Signal are shown in Figure 6. 

Test Verification Analysis

In order to verify the validity of the method, the actual rolling bearing fault signal data are used to verify the method. The bearing fault data provided by Case Western Reserve University are selected and the information of the bearing fault data is presented in the table below. In order to show the advantages of the method used in this paper, Gauss noise is added to the experimental vibration data. Figure 7 shows the time domain waveform and envelope spectrum of the bearing outer ring fault signal. It can be seen that the periodic impulse in the actual rolling bearing fault signal is completely submerged, and no obvious impulse can be seen from Figure 7. In the envelope spectrum of the bearing fault data, the fault characteristic frequency 1 f is prominent, but its multiple frequencies are not prominent and the pattern is not obvious.

For the actual rolling bearing fault signal, the parameters of VMD are optimized by the improved bat algorithm proposed in this paper. The variation of global minimum envelope entropy with population evolution algebra in an optimization process is shown in Figure 8. it can be seen that the improved bat algorithm converges in the fifth generation, corresponding to the minimum global minimum envelope entropy value of 4.396. The optimal combination of parameters is determined by averaging the 20 optimization results: =6 K and =1918  . After analyzing the results of signal decomposition, it is found that the optimal BLIMF is BLIMF4. The time domain waveform and the envelope spectrum of BLIMF4 are shown in Figure 9. f and its multiple frequencies are prominent, and the pattern is obvious from Figure 9(b). It can be concluded that there is a fault in the outer ring of the bearing, and the analysis results are consistent with the actual situation.

In order to verify the validity of this method, EMD and EEMD are used to process the above the actual rolling bearing fault signal. The time domain waveform of optimum BLIMF and envelope spectrum of three Methods for processing the actual rolling bearing fault signal are shown in Figure 10. 

Conclusion

Taking envelope entropy as fitness function, this paper proposes an improved bat algorithm to optimize the decomposition modes K and the data-fidelity constraint  of VMD, and then substitutes the optimal combination of parameters to decompose the bearing fault signal with VMD to obtain the optimal BLIMF which contains the most fault feature information, and then envelope spectrum analysis method is used to diagnose the bearing fault state. Two experiments show the following conclusions:

 The improved bat algorithm can effectively optimize the number of decomposition modes K and the data-fidelity constraint  of VMD.

 the proposed method can be effectively applied to the fault diagnosis of rolling bearings, and it is superior to other existing methods, such as empirical mode decomposition (EMD) and ensemble empirical mode decomposition (EEMD). The improved bat algorithm takes a long time to optimize parameters, future research will focus on it.
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 1 Figure 1: The flow chart of VMD parameter optimization based on IBA
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 3 Figure 3: The simulation signal. (a) impulse signal; (b) time domain waveform; (c) envelope spectrum
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 4 Figure 4: The variation of global minimum envelope entropy
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 5 Figure 5: The BLIMF2. (a)The time domain waveform; (b) the envelope spectrum
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 6 Figure 6: The results of three methods for processing the simulation signal. (a) The method proposed in this paper; (b) EMD; (c) EEMD
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 7 Figure 7: Vibration data of the bearing fault. (a) time domain waveform; (b) envelope spectrum
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 8 Figure 8: The variation of global minimum envelope entropy
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 9 Figure 9: The BLIMF4. (a)The time domain waveform; (b) the envelope spectrum
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 10 Figure 10: The results of three methods for processing the rolling bearing fault signal. (a) The method proposed in this paper; (b) EMD; (c) EEMD

Table 1 :

 1 Introduction of bearing fault data information

	Vibration data	Fault type	Sampling frequency s f	Fault characteristic
			(Hz)	frequency 1 f (Hz)
	Base accelerometer	Outer race	12000	107.305
	data