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Abstract

:

Studies show that sediment erosion is one of the main factors attributing to hydraulic turbine failure. The present paper represents an investigation into acoustic vibration signals generated by the water flow impacting the hydraulic turbine runner under three different operating conditions. Collected signals were denoised using the ICEEMDAN-wavelet threshold method, and then the spectral characteristics and sample entropy characteristics of the signals for the three operating conditions were analyzed. The results show that when clean water flows through the hydraulic turbine, the sample entropy reaches its smallest values and the dominant frequency component in the spectrogram is 59.39 Hz. When transitioning from clean water to the flood flow containing 2–4 mm sediment particles, the sample entropy is increasing and a high-frequency component higher than 59.39 Hz becomes the prominent frequency of the spectrogram. Meanwhile, the formation of high-frequency components increases with the sand-containing particle size. Based on the spectral characteristics and sample entropy characteristics of the acoustic vibration signals under different operating conditions, it can provide a reference for the sand avoidance operation of the hydraulic turbine during flood season. In addition, it provides a supplement to the existing hydraulic turbine condition’s monitoring systems and a new avenue for subsequent research on early warning of hydraulic turbine failure.
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1. Introduction


With the increasing concerns about protecting the ecological environment and addressing climate change in recent years, green and low-carbon energy development has become a global consensus [1]. Among different sources of clean energy, hydropower is a reliable source of renewable energy with mature technology. Studies have shown that the large-scale development of hydropower can reduce the dependence of the power system on fossil fuels and provide a complementary foundation for more volatile new sources of energy, such as wind and solar [2,3,4]. Furthermore, hydropower plants play an undeniable role in water resource management, flood control, and irrigation benefits, as well as being an important part of people’s livelihoods [5]. The majority of hydropower plants are typically established along rivers, where floods lead to the accumulation of significant amounts of sediment. Part of the sediment with large particle size inevitably enters the hydraulic turbine with the water flow, which becomes a challenge affecting the stable operation of hydropower units [6,7]. On the other hand, sediment water flow causes severe wear on the hydraulic turbine. Meanwhile, it enhances vapor corrosion, significantly reduces the efficiency of turbines, and may even lead to irreversible safety accidents. Therefore, it is of significant importance to study the acoustic signals of sediment water impacting runner blades and take preventive measures in advance to avoid safety accidents [8,9].



Regarding the problem of sediment erosion in hydraulic turbines, the current study mainly focuses on numerical simulation [10,11], the relationship between the wear rate and hydraulic turbine materials [12,13,14], and the development of novel anti-wear materials and coatings [15,16]. Fewer related studies have been conducted using the acoustic vibration signals of the sediment water flow impacting the runner blades. It is worth noting that acoustic vibration has been widely used as an effective measure to monitor pipeline leakage and bearing failures, as well as it has been applied to the simulation of the acoustic field of water pumps [17,18,19]. When the acoustic vibration method is utilized to study the signal characteristics of hydraulic turbines under different operating conditions, the collected signals contain a large amount of background noise. Consequently, it is essential to perform the denoising process before the analysis to obtain clean signals. There are many traditional filtering methods, including classical low-pass, high-pass, and band-pass filters, as well as empirical modal decomposition and variational modal decomposition [20,21]. All of these methods can denoise signals to a certain extent, but at the same time, there are some drawbacks which may lead to the loss of detailed information on the signals, produce serious modal aliasing phenomena, and only have a better denoising effect on specific types of signals [22,23,24]. Combining low-pass filtering and sparse-based denoising results in better denoising [25]. This is based on the fact that the acoustic signals issued from a hydraulic turbine operating under sediment conditions are typically complex, so an improved complete ensemble empirical modal decomposition with adaptive noise (ICEEMDAN) is utilized for the initial processing of the acquired acoustic signals. In the empirical modal decomposition (EMD), ensemble empirical modal decomposition (EEMD), complete ensemble empirical modal decomposition (CEEMD), complete ensemble empirical modal decomposition with adaptive noise (CEEMDAN), and ICEEMDAN methods, the ICEEMDAN method exhibits excellent denoising performance in various applications such as the analysis of torsional vibration signals of rotating shafts, coal miner cutting acoustic signals, and gear defect acoustic signal [26,27,28]. Additionally, wavelet threshold denoising is an effective signal-processing method that has been widely used in diverse fields such as dam deformation prediction signals, blast vibration signals, and rolling bearing signals [29,30,31]. Considering the non-stationary nature of sediment water acoustic signals flowing through the hydraulic turbine runner, this paper combines ICEEMDAN and wavelet threshold denoising, both of which are adaptive and can be adjusted according to the signal characteristics to obtain a better denoising effect. In the spectral characterization of denoised signals, it is very important to obtain effective eigenfrequencies. The eigenfrequencies of the velocity signal in the wind tunnel can be obtained by means of Fourier and Welch spectra [32]. Using the wavelet–Hilbert transform method, the fluctuations of the velocity signal can be analyzed to characterize the complexity of the modulation components and the background residual signal [33]. The Fourier transform of the rolling bearing fault signal can be used to obtain the bearing fault eigenfrequency [34]. As a mature and simple signal processing method, Fourier transform plays an important role in the field of signal spectrum feature extraction [35,36,37].



Although sediment erosion in hydraulic turbines has been investigated comprehensively, there are still some limitations. The aim of this paper is to investigate the acoustic vibration signals generated by hydraulic turbine runner blades when they are impacted by sediments of various sizes. To this end, ICEEMDAN-wavelet threshold denoising methods are used in this paper to denoise the experimentally collected acoustic signals. In addition, the acoustic signal characteristics of the hydraulic turbine under different operating conditions are analyzed based on the spectrogram and sample entropy. The main objective is to determine whether the presence of large-size sediment in the sediment water flow during the flood season would seriously affect the safe operation of the hydraulic turbine and whether a shutdown would be necessary. This protective approach aims to mitigate safety hazards at hydropower stations and contribute to the intelligent operation of hydropower stations with “unattended and reduced manpower” for these stations.




2. Signal Denoising Fundamentals


2.1. ICEEMDAN Algorithm


Modal decomposition is a commonly used method for signal processing. This approach can provide good preconditions for signal demodulation analysis. It can also be applied for effective signal decomposition and reconstruction. This article utilizes the ICEEMDAN algorithm to decompose the vibration signal through the following steps [38]:




	
There exists the original signal   x   to be decomposed, and adding   i   set of white noise     w   ( i )     to   x   yields;


    x   ( i )   = x +   β   0     E   1       w   ( i )      



(1)







	
Decompose the signal     x   ( i )     using EMD and calculate the local mean of the signal to obtain the first-order residual     r   1     and the first-order modal component     I M F   1    ;


    r   1   = < M (    x   ( i )    ) >  



(2)






    I M F   1   = x −   r   1    



(3)







	
Add white noise to the first-order residual and calculate the second-order residual     r   2     and the second-order modal component     I M F   2    ;


    r   2   =   < M ( r   1   +   β   1     E   2   (   w   ( i )   ) ) >  



(4)






    I M F   2   =   r   1   −   r   2   =   r   1   −   < M ( r   1   +   β   1     E   2   (   w   ( i )   ) ) >  



(5)







	
By analogy, the   k  th-order residual     r   k     and the   k  th-order modal component     I M F   k     are calculated;


    r   k   =   < M ( r   k − 1   +   β   k − 1     E   k   (   w   ( i )   ) ) >  



(6)






    I M F   k   =   r   k − 1   −   r   k    



(7)







	
Repeat step 4 until all modal components are obtained and the signal decomposition is completed.








In the above equation,   β   is the ratio of the signal-to-noise ratio of the added noise relative to the original signal and to the standard deviation of the added noise.     w   ( i )     (  i   =   1  ,  2  ,  3  , ……,   i  ) is a series of Gaussian white noise with mean 0 and unit variance 1.     r   k     is the   k  th order residual.     E   k     is the   k  th IMF component after EMD.   M   is the local mean of the decomposed signal. <> is the mean value for all iterations.



The ICEEMDAN method subtracts residuals of the previous step from average residuals of multiple noise-added signals of the current iteration to derive the intrinsic modal function (IMF) components generated by the original signal. This approach reduces noise residuals and resolves mixing problems in each IMF. As a result, ICEEMDAN outperforms the EMD method in both modal decomposition accuracy and reliability. Consequently, this approach is widely used in signal processing.




2.2. Wavelet Threshold Denoising


The main concept of wavelet threshold denoising is to pass the noise-containing signal through the discrete wavelet transform. Larger wavelet coefficients indicate that the wavelet coefficients contain more valuable signals, while smaller wavelet coefficients reflect noisy signals. Therefore, a critical threshold is set under different decomposition layers to process high-frequency wavelet coefficients. Then, the signal is inverted via wavelet transform to reduce noise. The selection of wavelet bases, decomposition layers, and threshold functions is of significant importance in wavelet threshold denoising, which directly affects the overall denoising performance. The wavelet threshold denoising can be determined through the following steps:




	
Selecting appropriate wavelet basis functions and decomposition layers for discrete wavelet decomposition;



	
Set the threshold   λ   and select the threshold function to handle wavelet coefficients with different numbers of decomposition layers;



	
Performing signal reconstruction to obtain the denoised signal.








Firstly, according to the signal characteristics and the mathematical properties of wavelet basis functions, an appropriate wavelet base function is selected. The commonly used wavelet basis functions are Haar, DB, and sym functions. The Haar function exhibits discontinuity in the time domain, the DB function produces phase distortion during signal reconstruction, while the sym function, being a modified version of the DB function, demonstrates improved symmetry, and, to some extent, reduces the phase distortion in the reconstructed signal. However, there is no definitive theory for selecting a wavelet basis function. Therefore, this paper utilizes a range of wavelet basis functions from sym3 to sym8.



Regarding the number of decomposition layers, signal and noise wavelet coefficients exhibit a negative correlation as the number of decomposition layers increases. The higher the number of decomposition layers, the more pronounced the difference between the signal and the noise. This phenomenon is especially conducive to the separation of the noise and signal. However, the increase in the number of decomposition layers is accompanied by a significant distortion in the reconstructed signal, thereby decreasing its signal-to-noise ratio. Therefore, it is essential to optimize the number of decomposition layers. Non-smoothness signals generally require at least two decomposition layers [39]. In order to optimize the number of decomposition layers, this study explores various schemes involving three to eight wavelet decomposition layers.



Establishing an appropriate threshold value   λ   to separate the signal and noise wavelet coefficients is a crucial denoising step. A too-large value for   λ   results in filtering out a part of the valuable signal, and choosing a too-small   λ   retains more noise, which is not conducive to effective noise removal. Commonly used threshold criteria are the universal threshold criterion, heuristic threshold criterion, Stein’s unbiased estimation threshold criterion, and very large and very small threshold criterion. Generally, generic and heuristic thresholds denoise more thoroughly but remove a part of the valuable signals as noise. Stein’s unbiased estimation threshold and the very large and very small threshold are more conservative approaches and can effectively extract weak signals from noise. In this paper, Stein’s unbiased estimation threshold criterion is applied to signal processing.



Once a suitable threshold function is set, wavelet coefficients larger or smaller than the specified threshold   λ   are processed differently. Generally, threshold functions are classified into Hard and Soft threshold functions, which are defined as follows:


  Hard   threshold   function :       w  ^    j , k   =        w   j , k   ,     0 ,                w   j , k     ≥ λ         w   j , k     < λ     



(8)






  Soft   threshold   function :       w  ^    j , k   =      s g n     w   j , k           w   j , k     − λ   ,     0 ,                w   j , k     ≥ λ         w   j , k     < λ     



(9)




where     w   j , k     and       w  ^    j , k     are the wavelet coefficients before and after threshold function processing, respectively.   s g n (   )   is the sign function. The hard threshold function consists of intermittent points, which makes the denoised signal oscillate locally. On the other hand, the soft threshold function compensates for the discontinuity of the hard threshold function and obtains a relatively smooth denoised signal waveform. In practical applications, both functions have their limitations. However, the soft threshold function generally outperforms the hard threshold function in most scenarios, so the soft threshold function is employed in the present study for denoising.




2.3. ICEEMDAN-Wavelet Threshold Combined Denoising


The vibration signal is modally decomposed using the ICEEMDAN algorithm to obtain a series of IMFs. The correlation coefficients and variance contribution rate of the IMFs to the original signals are calculated to determine the minimal values. Then, based on the values of the minimum, correlation coefficient, and variance contribution rate, the valuable signal component, transition signal component, and noise signal component are filtered out. Subsequently, the transition signal components are denoised by wavelet thresholding and then reconstructed with the valuable signal components to obtain the denoised signal. A schematic of the denoising process is shown in Figure 1.





3. Signal Denoising Analysis


3.1. Signal Generation


To evaluate the feasibility of the ICEEMDAN-wavelet threshold denoising method, the signals generated by the following functions were denoised [40]:


    y   1     t   = 10   sin  ⁡    4 π t     + 7   sin  ⁡    8 π t     + 5   sin  ⁡    12 π t      



(10)






  y   t   =   y   1     t   + α   t   = 10 sin   4 π t   + 7 sin   8 π t   + 5 sin   12 π t   + α   t    



(11)




where   t   is time, the sampling frequency is 500 Hz, and the sampling data are 2500.     y   1     t     is a pure signal, and   α   t     is the Gaussian white noise. The pure signal and adding noise signal are shown in Figure 2.



As shown in Figure 2b, when Gaussian white noise is added, the smoothness of the pure signal is lost and many burrs appear. In order to separate the pure signal that is drowned by the noise, denoising is required for the noise-added signal.




3.2. Signal Pre-Processing


The noise-added signal is decomposed using the ICEEMDAN method to obtain a series of three-dimensional waveforms of IMFs, as shown in Figure 3a. The spectrum of each IMF component is shown in Figure 3b.



It is observed that IMF1 and IMF2 predominantly consist of high-frequency noise signals, while IMF3 contains both noise signals and valuable signals, classifying it as the transition component. On the other hand, IMF4 and IMF5 are primarily composed of valuable signals. To facilitate a more precise separation of valuable, transition, and noise signals, and to ensure the separation accuracy, the correlation coefficient and variance contribution rate of each IMF component are calculated using Equations (12) and (13). The results are illustrated in Figure 4.


     r =     ∑  i = 1   n        x   i   −   x  ¯        y   i   −   y  ¯           ∑  i = 1   n          x   i   −   x  ¯      2   ·   ∑  i = 1   n          y   i   −   y  ¯      2               =   n   ∑  i = 1   n      x   i     y   i     −   ∑  i = 1   n      x   i   ·   ∑  i = 1   n      y   i          n   ∑  i = 1   n      x   i   2   −       ∑  i = 1   n      x   i         2      ·  n   ∑  i = 1   n      y   i   2   −       ∑  i = 1   n      y   i         2            



(12)




    x   i     is the IMF and     x  ¯    is the IMF mean.     y   i     is the original signal and     y  ¯    is the original signal mean.


       s   j   =   1   n      ∑  i = 1   n       c   j       i     2   −       1   n      ∑  i = 1   n       c   j     i         2         e   j   =   s   j       ∑  j = 1   n    s   j       × 100 %       



(13)




    c   j     is the jth IMF,   s   j     is the variance of the jth IMF, and   e   j     is the corresponding variance contribution rate.



The results indicate a consistent correlation coefficient and variance contribution rate, demonstrating the separation accuracy of valuable and noise signals. A minimum occurs at IMF3, where anything less than the minimum point is considered a noise component, and anything greater than the minimum point is considered a valuable signal component. Within valuable signal components, both IMF4 and IMF5 exhibit correlation coefficients exceeding 0.75 and variance contribution rates exceeding 35%, reflecting that they can directly enter the signal reconstruction process. On the other hand, IMF1 and IMF2 demonstrate correlation coefficients close to 0, classifying them as noise components to be discarded. IMF3, identified as a transition signal component, requires denoising via the wavelet threshold to retain more valuable signals.




3.3. Optimization of Wavelet Threshold Parameters


In wavelet threshold denoising, there is no specific criterion for selecting wavelet bases and decomposition layers, and conventional single evaluation indices have limitations in assessing the denoising effect. Various evaluation indices such as the root mean square error, signal-to-noise ratio, smoothness, and correlation coefficient can be used to evaluate the denoising effect from different physical perspectives. In order to denoise signals, this study employs various wavelet basis functions ranging from sym3 to sym8 and performs wavelet decomposition across three to eight layers. Meanwhile, to resolve the shortcomings of the conventional single evaluation index, the root mean square error, smoothness, and correlation coefficient are used as analysis metrics to evaluate the denoising performance, determine the optimal wavelet basis, and optimize the number of decomposition layers. The obtained results are shown in Figure 5.



It is worth noting that the root mean square error reflects detailed information and a smaller root mean square error value indicates a more effective denoising process. The smoothness is an index reflecting the overall characteristics of the denoised signal and focuses on the approximation information. A smaller smoothness value corresponds to a superior denoising process. Furthermore, the correlation coefficient reflects the similarity between the denoised and original signals. As a result, the larger the correlation coefficient, the better the denoising effect and the higher the similarity degree in between. Figure 5 reveals that selecting sym6 as the wavelet basis function and employing five decomposition layers results in the lowest root mean square error smoothness values, along with the highest correlation coefficient value. This analysis demonstrates that the transition signal components can be effectively denoised using the wavelet threshold method with the sym6 wavelet basis function and five layers.




3.4. Comparison of Denoising Methods


In order to evaluate the performance of the established denoising method, comparisons were made with three commonly used denoising techniques, including ICEEMDAN, Wavelet threshold, and ICEEMDAN-wavelet threshold denoising methods. In this regard, the root mean square error, smoothness, and correlation coefficient were used as indicators to compare the performance of different methods. The computational results are shown in Table 1. Furthermore, the spectrum of the pure signal and denoised signals are shown in Figure 6.



Table 1 shows that the ICEEMDAN-wavelet threshold combination denoising method yields the lowest root mean square error and smoothness values, as well as the highest correlation coefficient values. Meanwhile, Figure 6 indicates that the high-frequency portion of the spectrum obtained using the combined denoising method is smoother and overlaps with the frequency and amplitude of the pure signal. It is inferred that the combined ICEEMDAN-wavelet threshold denoising performs better than either method alone. The results demonstrate that the ICEEMDAN-wavelet threshold denoising method exhibits an excellent effect in reducing the background noise, thereby establishing a foundation for the subsequent denoising of the collected signals.





4. Experimental Signal Analysis


4.1. Experimental Platform


In order to collect sound signals from the runner blades of a hydraulic turbine during operation, an experimental setup was designed and produced. Experiments were conducted to verify the feasibility of the ICEEMDAN-wavelet threshold denoising method in removing the background noise of the collected signals. The experimental platform is shown in Figure 7 and Figure 8. The experimental platform mainly consists of a water tank, a pressurized pump, a submersible pump, and a hydro generator. At the beginning of the experiment, the water tank is filled with water, and then the pressure pump and submersible pump are turned on simultaneously. The pressure pump pumps water to the hydro generator unit, causing the runner blades to rotate. Meanwhile, the submersible pump pumps the water back into the tank, completing the cycle. When the system reaches a steady-state condition, sediment is added to the water tank and the sound signal caused by the impact of the sediment and runner blades is collected using the sound sensor.




4.2. Experimental Materials and Equipment


During flood seasons, the sediment content in the river increases dramatically and the water flow carries many large sediment particles. Although the sand sink can filter out a large portion of large sediments, a part of the particles may enter the hydraulic turbine, resulting in severe wear of the runner blades. In order to simulate the sediment water flow during flood seasons, two sediment sizes were used in the experiment: 2–3 mm and 3–4 m (12 kg). To this end, sediment particles were sorted using various sieves with mesh sizes of 2 mm, 3 mm, and 4 mm. The experimental material is shown in Figure 9.



The signal acquisition equipment uses an industrial-grade noise sensor, which integrates a microphone, preamplifier, and data acquisition card, with a maximum sampling rate of 48 kHz and a measurement frequency range of 10–20,000 Hz. The noise sensor was fixed near the hydraulic turbine runner using a bracket.




4.3. Signal Denoising


The experiments were conducted and the signals generated by the collision of 2–3 mm and 2–4 mm sediment particles on the runner blades were collected and analyzed. Firstly, the sound signal of a normal operation of the hydraulic turbine with clean water is collected and the results are shown in Figure 10a. It is observed that the signal contains high-frequency noise interference induced by the pressure pump, submersible pump, and hydropower unit operation. In order to facilitate the spectral analysis, the high-frequency background noise should be filtered out. Secondly, the screened 2–3 mm and 3–4 mm sediment were added into the water and the sound signals were collected as shown in Figure 10b,c.



The results reveal that the time-domain signals show complex and tight fluctuations with a wide amplitude distribution. The collected signals contain both signals induced by the sediment water flow impacting the hydraulic turbine runner blades and the high-frequency noise signals generated via the operation of pressurized pumps, submersible pumps, and hydropower units. Therefore, the original signals should be initially processed to reduce noise and obtain valuable signals. To accurately separate valuable signals, transition signals, and noise signals, the optimized ICEEMDAN-wavelet threshold denoising method was applied to the original acoustic signals collected under different operating conditions. First, ICEEMDAN is performed on the time-domain signals under the three operating conditions. The first eight orders of IMF are obtained, as shown in Figure 11. The correlation coefficients and the variance contribution rate of the modal components are calculated as shown in Figure 12. With the modal decomposition in Figure 11 and the calculation results in Figure 12, valuable signals, transition signals, and noise signals are filtered out.



As shown in Figure 11, the original signals are decomposed into multiple single-component signals containing different waveform components. Combined with the calculation results in Figure 12, IMF4 exhibits the lowest value, indicating that it represents a transition signal component suitable for wavelet threshold denoising. Moreover, the IMF1 to IMF3 components exhibit a tight and complex waveform structure, classifying them as high-frequency background noise, so they are discarded. IMF5 and IMF6 are used as the dominant modal components in the valuable signal components. These components are then reconstructed along the denoised signal to generate the complete denoised signal, as shown in Figure 13.




4.4. Experimental Signal Characterization


In order to obtain valuable information from the signals, this paper analyzes the filtered signals under different operating conditions in terms of both spectral characteristics and sample entropy characteristics.



4.4.1. Spectral Characteristics


The Fourier transform of the denoised time-domain signal is used to obtain the spectrum, which helps study the frequency distribution characteristics of the sound signal. The spectrum of three different operating conditions is shown in Figure 14.



As shown in Figure 14, the high-frequency part of the signal is relatively smooth and the amplitude of the frequency components above 450 Hz tends to zero, indicating that noise caused by pressure pumps, submersible pumps, and hydro generator unit operation can be effectively filtered out. Moreover, there is a standard frequency component of 59.39 Hz in the three operating conditions, indicating that the water flowing through the hydro generator unit produces an inherent frequency.



When operating with clean water, the water flow is relatively stable, so the sound signal mainly contains the vibration frequency of 59.39 Hz induced by the water impacting the runner blades. When water containing 2–3 mm sediment particles passes the turbine, the main frequency component, which is higher than 59.39 Hz, appears. This frequency originates from the collision of sediment particles with the runner blades. Meanwhile, friction and collision occur between sediment particles, generating high-frequency sound signals. Compared with the operating condition with the 2–3 mm sediment, the sound signal of the 2–4 mm sediment contains more high-frequency components. This may be attributed to the higher inertia of the larger sediment particles. The friction and collision between particles enhance the impact on the blades to be more significant, thereby intensifying the high-frequency components of the sound signal.



Based on the above analysis, it is inferred that the sound signal spectrum characteristics are affected by the particle size of sand. More specifically, the sediment water flow produces more high-frequency components than the clean water. Additionally, it is worth noting that as the sediment particle size increases, more high-frequency components appear. Accordingly, the analysis of the spectral characteristics of the sediment water flow can provide a reference for determining whether the hydraulic turbine needs a protective shutdown during the flood season.




4.4.2. Sample Entropy Characteristics


The sample entropy is a characteristic parameter used to describe the complexity of the signal. It is a suitable measure for the analysis of non-smooth nonlinear signals, which are calculated as follows:




	
Construct an m-dimensional vector using the data samples {  x ( i )  ,1 ≤   i    ≤ N};


    X   m     i   =   x   i   , x   i + 1   , x   i + m − 1     , 1 ≤ i ≤ N − m + 1  



(14)







	
Define the absolute value of the maximum difference between the two corresponding elements of the vector     X   m   ( i )   and     X   m       j     as the distance   d  , i.e.,


  d =   m a x   k = 0,1 , … , m − 1       x   i + k   − x   j + k        



(15)







	
The number of statistical distances d should not be more significant than the similarity threshold   r  ,     B   i    , for 1 ≤   i   ≤   N − m  , which is defined as;


    B   i   m     r   =     B   i     N − m − 1    



(16)







	
Calculate the mean     B   a v g   m   ( r )   of   N − m       B   i   m   ( r )  ;


    B   a v g   m     r   =     ∑  i = 1   N − m      B   i   m       r     N − m    



(17)







	
Let the dimension be   m   + 1, repeat steps 1 to 4, then calculate and obtain     B   i   m + 1   ( r )   and     B   a v g   m + 1     r    ;



	
Calculate the sample entropy.


  S a m p E n   m , r , N   = −   ln  ⁡      B   a v g   m + 1     r       B   a v g   m     r        



(18)












Since the sound signals collected in the experiment have non-smooth nonlinear characteristics, the complexity of the acoustic signal should gradually increase when the operating condition of the hydraulic turbine transits from clean water to the 2~4 mm sediment operating conditions. The complexity of the water flow can be evaluated by calculating the sample entropy eigenvalues under different operating conditions. The calculation results are shown in Figure 15.



Figure 15 shows that when the system operates with clean water, the sample entropy value reaches its lowest value. This is because in the absence of sand particles, clean water moves smoothly and the complexity of the sound signal generated when flowing through the hydraulic turbine is low. However, when the flow transitions from the clean water operating condition to the 2–4 mm sediment operating condition, the sample entropy value increases continuously. This is because sediment particles form high-frequency components of the sound signal when impacting the runner blades. As the particle size increases, the inertia of the sediment particles is enhanced. Consequently, the impact on the blades becomes more significant, thereby forming more high-frequency sound components. Meanwhile, these high-frequency components increase the complexity of the sound signal. In summary, evaluating the complexity of the water flow according to the size of the sample entropy is more conducive to analyzing the distribution of sediment particle size in the sediment water flow, thereby avoiding severe abrasion of the hydraulic turbine caused by large-size sediment during the flood season.






5. Conclusions


	(1)

	
In this paper, the optimized ICEEMDAN-wavelet threshold denoising method is employed to process the acoustic vibration signals of three operating conditions of the hydraulic turbine. The characteristics of the acoustic signals were analyzed using spectrograms and sample entropy. The results show that when clean water flows through the turbine, the sample entropy reach its smallest values and the dominant frequency component in the spectrogram is 59.39 Hz. When transitioning from clean water to the flood flow containing 2–4 mm sediment particles, the sample entropy is increasing and a high-frequency component higher than 59.39 Hz becomes the prominent frequency of the spectrogram. Meanwhile, the formation of high-frequency components increases with the sediment particle size. Therefore, based on the spectral characteristics and sample entropy characteristics of the sediment water flow, it can provide a reference for whether the hydraulic turbine needs a protective shutdown during flood seasons.




	(2)

	
Starting from the acoustic vibration signals of the sediment water flow impacting the hydraulic turbine, the spectral characteristics and sample entropy characteristics of the signals under different operating conditions are analyzed. The results show apparent differences in the characteristics’ noise under different operating conditions, indicating that it is feasible to use the characteristics of acoustic vibration signals to analyze the operating conditions under which the hydraulic turbine is operating. Meanwhile, it can be concluded from the experimental results that the ICEEMDAN-wavelet threshold denoising method is effective in the background noise removal of acoustic vibration signals.




	(3)

	
The analysis of acoustic vibration signals of the sediment water flow can provide a supplement for the existing hydraulic turbine condition monitoring system and a new avenue for subsequent research on early warning of hydraulic turbine failure.
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Glossary




	EMD
	Empirical modal decomposition



	EEMD
	Ensemble empirical modal decomposition



	CEEMD
	Complete ensemble empirical modal decomposition



	CEEMDAN
	Complete ensemble empirical modal decomposition with adaptive noise



	ICEEMDAN
	Improved complete ensemble empirical modal decomposition with adaptive noise



	SampEn
	Sample entropy



	   β   
	The ratio of the signal-to-noise ratio of the added noise relative to the original signal to the standard deviation of the added noise



	    w   ( i )    (  i   = 1, 2, …,   i  )
	A series of Gaussian white noise with mean 0 and unit variance 1



	     r   k     
	The   k  th order residual



	     E   k     
	The   k  th IMF component after EMD



	   M   
	The local mean of the decomposed signal



	<>
	The mean value for all iterations



	     w   j , k     
	Original wavelet coefficients



	       w  ^    j , k     
	Wavelet coefficients processed by the threshold function



	   s g n (   )   
	The sign function
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Figure 1. ICEEMDAN-wavelet threshold denoising process. 
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Figure 2. Signal generation: (a) pure signal; (b) adding noise signal. 
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Figure 3. 3D waveform and spectrum of IMF: (a) IMF’s three-dimensional waveforms (Explanation: Blue is the first order IMF, red is the second order IMF, orange is the third order IMF, and so on up to the eighth order IMF.); (b) Spectrum of IMF. 
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Figure 4. Correlation coefficient and variance contribution rate of IMF. 
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Figure 5. Calculation results of evaluation indexes: (a) root mean square error; (b) smoothness; and (c) correlation coefficient. 
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Figure 6. Spectrum of pure signal and denoised signals. 
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Figure 7. Three-dimensional view of the experimental platform. 
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Figure 8. Experimental platform physical picture. 
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Figure 9. Experimental material. 
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Figure 10. Original signal of different operating conditions: (a) clean water operating condition; (b) 2–3 mm sediment operating condition; and (c) 2–4 mm sediment operating condition. 
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Figure 11. IMF under different operating conditions (Explanation: Blue is the first order IMF, red is the second order IMF, orange is the third order IMF, and so on up to the eighth order IMF.): (a) IMF under clean water operating condition; (b) IMF under 2–3 mm sediment operating condition; and (c) IMF under 2–4 mm sediment operating condition. 
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Figure 12. Correlation coefficient and variance contribution rate of experimental signal. 
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Figure 13. Filtered signal of different operating conditions: (a) clean water operating condition; (b) 2–3 mm sediment operating condition; and (c) 2–4 mm sediment operating condition. 






Figure 13. Filtered signal of different operating conditions: (a) clean water operating condition; (b) 2–3 mm sediment operating condition; and (c) 2–4 mm sediment operating condition.



[image: Water 15 04017 g013]







[image: Water 15 04017 g014] 





Figure 14. Spectrum of different operating conditions. 
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Figure 15. Sample entropy of different operating conditions. 
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Table 1. Calculation of evaluation indicators.
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	Denoising Method
	Root Mean Square Error
	Smoothness
	Correlation Coefficient





	ICEEMDAN
	1.6809
	1.4121
	0.9838



	Wavelet threshold
	1.0817
	1.1377
	0.9939



	ICEEMDAN-wavelet threshold
	0.8554
	1.1114
	0.9958
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