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        Abstract



        This paper puts forward a new method based on Hilbert-Huang Transform (HHT) and Wavelet denoising for extracting feature information of voltage flicker signal. Firstly, envelope signal could be extracted by using HHT from original signal containing noises. Then the noises and higher harmonic components of envelope signal could be removed by using Wavelet denoising. Finally, the noise-removing envelope signal could be decomposed by using Empirical Mode Decomposition (EMD) for getting accurate amplitude modulation wave. The new method was applied to virtual instrument by using the MATLAB script node in LabVIEW. Experimental results show that this new method is applicable for analyzing voltage flicker signal both in time domain and frequency domain. The accurate time, amplitude and frequency of voltage flicker signal which is mutational and non-stationary can be obtained by using this new method.
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      1. INTRODUCTION


      With the development of industrial technology, a large number of high-power and variable loads have been incorporated into the power grid,such as rolling mill, electric locomotive, electric arc furnace, etc. [1, 2]. When the reactive power and active power of these equipment change sharply, a lot of voltage fluctuation and flicker will appear in the distribution system, which brings great harm to normal production [3, 4]. Therefore, voltage fluctuation and flicker should be properly detected and evaluated [5]. Flicker is caused by voltage fluctuations. Voltage fluctuation detection can be defined as a single frequency amplitude modulation wave modulating the power frequency carrier [6], so, it is very important to extract amplitude modulated wave accurately. The extraction of amplitude modulation wave recommended by International Electrotechnical Commission (IEC) is square detection method [7], but the method includes the frequency multiplication components of amplitude modulation wave. Fast Fourier Transformation (FFT) algorithm is used to analyze the voltage flicker signal directly [8, 9], but the method is suitable for analyzing the relatively stable signal [10]. Today, the envelope signal and mutation time of voltage flicker could be obtained by using wavelet decomposition and synchronous detection method [11], however, this method requires a signal with the same frequency and phase of the carrier wave, otherwise the error of the amplitude modulation wave is relatively large. To solve the above problems, this paper proposes a new method based on Hilbert-Huang Transform (HHT) and Wavelet denoising for detecting voltage fluctuation and flicker. The key technologies and hardware of the system are stated below.


      
        2. THE HARDWARE OF THE SYSTEM


        The voltage flicker detecting system was developed by using the virtual instrument technology. The hardware of system consists of sensors, signal conditioning circuits, transfer boards, data acquisition (DAQ) and computer. The sensors are HYH-SB-13/16 voltage sensor and C2N current sensor. The signal conditioning circuit revises error of sensor caused by individual difference, it is inverse proportion operation circuit composed of integrated operational amplifier OP07. The data acquisition is USB-6211, which provides the following standard features: 16 channel analogy single, 8 channel difference analogy input, 16 bit precision, 250KS/s sampling frequency, ±0.05V to ±10V input range, 24 digital I/O lines.

      


      
        3. ARITHMETIC MODEL OF EXTRACTING AMPLITUDE MODULATION WAVE BASED ON HHT AND WAVELET DENOISING


        HHT is an adaptive signals processing method and could be applied to non-linear and non-stationary signal processing [12]. In HHT, the Empirical Mode Decomposition (EMD) is the key component for decomposing natural signals into intrinsic mode functions (IMFs) [13].

      


      
        3.1. Arithmetic Model of Extracting Amplitude Modulation Wave


        New arithmetic model of extracting amplitude modulation wave is shown in Fig. (1). Firstly, envelope signal could be extracted from original signal by using HHT method. The noises and higher harmonic components of envelope signal could be removed by using Wavelet denoising. Then, the noise-removing envelope signal could be decomposed by using EMD for getting accurate amplitude modulation wave. Finally, time-frequency diagrams could be obtained by analyzing time-frequency information of amplitude modulation wave.


        [image: ]
Fig. (1)

        The arithmetic model of extracting amplitude modulation wave.
      


      
        3.2. Hilbert Transform


        For any continuous time signal x(t), its Hilbert transform can be described as [14, 15]:
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            	(1)
          

        


        The analytic signal of x(t) can be described as:
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            	(2)
          

        


        The equation also can be described as:
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            	(3)
          

        


        Where A(t) is instantaneous amplitude. θ(t) is instantaneous phase.


        Instantaneous frequency can be described as:
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            	(4)
          

        

      


      
        3.3. Empirical Mode Decomposition


        For any given signal x(t), all the extreme points of x(t) should be searched. Then, cubic spline interpolation algorithm is used to connect all the maximum values to form the upper envelope, connect all the minimal values to form lower envelope. The mean value of the upper and lower envelopes is m(t). The difference between x(t) and m(t) can be expressed as [16]:
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            	(5)
          

        


        If h(t) is IMF, h(t) will meet:


        (1) The extreme point number of the signal curve is equal to that of the signal curve passing through the zero point, or the maximum difference of the two is 1.


        (2) On any signal point, the mean value between envelope of maximum value and envelope of minimum value is 0.


        If h(t) is not the IMF, h(t) can be seen as a new x(t) and step(1) should be repeated until h(t) meets the IMF conditions. The first IMF1 extracted from original signal is denoted as C1(t), symbolizing high frequency component of the original signal.


        The difference between x(t) and C1(t) can be expressed as:
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            	(6)
          

        


        Longer cycle components are still contained in r1(t). So r1(t) can be seen as new data sequence. Then above steps should be repeated and other IMFs can be obtained.
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        …
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            	(8)
          

        


        The decomposition process is over until rn(t) is monotonic or rn(t) has only one extreme point. The original data can be finally decomposed as:
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            	(9)
          

        


        Each IMF is symbolized as C1(t), C2(t),........,Cn(t), representing frequency components of the signal from high to low.


        The original signal is decomposed by using EMD for getting each IMF signal. Then the parameters of each IMF could be obtained by using Hilbert transform. This method is called Hilbert-Huang transform. HHT can be used for accurately detecting the disturbance time, frequency and amplitude of mutation signal and non-stationary disturbance signal.

      


      
        3.4. The Simulation of Signal Which Has Higher Harmonics and Noises by Using HHT


        Flicker is caused by voltage fluctuations, instantaneous voltage fluctuation can be described as [7]:
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            	(10)
          

        


        Where U is amplitude of power frequency carrier wave and ω is angle frequency, m is amplitude of amplitude modulation wave and Ω is angle frequency.


        Because, amplitude modulation wave can be seen as synthesis of various frequency components, and considering higher harmonic components, the above equation, can be expanded as [17]:
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            	(11)
          

        


        Where mi is relative amplitude of the ith amplitude modulated wave. is amplitude of fundamental voltage. fi and φi are frequency and phase of the ith amplitude modulated wave. f0 and φ0 are frequency and phase of fundamental wave. mj is relative amplitude of the jth harmonic wave. fj and φj are frequency and phase of the jth harmonic wave.


        Envelope signal could be extracted from original voltage flicker signal by using HHT.


        A original signal can be described as
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            	(12)
          

        


        Where signal noise ratio (SNR) of u is 23, sampling frequency is 3200Hz, The simulation results by using HHT are shown in Fig. (2a) is original signal containing noise, Fig. (2b) is the voltage flicker envelope signal extracted by using HHT.


        [image: ]
Fig. (2)

        Envelope signal extracted from voltage flicker signal by using HHT (a) Original signal, (b) The flicker envelope extracted by HHT.

        The simulation results show that the voltage flicker envelope signal extracted only by using HHT contains noise and harmonics components, the amplitude and frequency of the calculated flicker signal have large errors, so denoising is necessary. Wavelet denoising can be used for non-stationary signals, which has good denoising effects. So, we use Wavelet denoising.

      


      
        3.5. Wavelet Denoising


        The process of Wavelet denoising:


        
          	By using wavelet decomposition, the signal which contains noise could be decomposed. There are two parts in decomposition results. They are detail signal and approximate signal.


          	Approximate signal was reserved. Depending on the nature of noise, detail signal was processed by using the method of threshold.


          	After the above processing, noise of the signal was basically eliminated, different scales of signal which had been processed could be restructured.

        


        The key of threshold processing is how to determine an appropriate threshold value of δj, The system selects the universal threshold method by Donoho [18].
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            	(13)
          

        


        Here, σj is the noise variance and Nj is the signal length.


        At present, widely used in practice is hard threshold function and soft threshold function, hard threshold function is [19].
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            	(14)
          

        


        Where ωj,k are the coefficients of the wavelet without noise removal.


        Soft threshold function is [20].
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            	(15)
          

        


        Because the hard threshold method is not continuous and soft threshold method biased. In his paper, an improved threshold function is used based on soft and hard threshold function.
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            	(16)
          

        


        Where α is compromise coefficient, and 0 ≤ a ≤ 1. If a = 0, formula 16 and formula 15 are equal, and are soft threshold estimation methods. If a=1, formula 16 and formula 14 are equal, and are hard threshold estimation methods. So, a is added to the threshold algorithm, we can get a better denoising effect by adjusting the value of a between 0 and 1. The improved threshold function overcomes the shortcoming of the hard threshold method and soft threshold method.


        In the simulation, wavelet function DB5 was selected and decompose level was five. Using the soft threshold, the hard threshold and the improved threshold, the signal in Fig. (2b) eliminated noise and harmonics components. Simulation results are shown in Fig. (3), The simulation results show that the improved threshold method has better denoising effect than the other methods.


        [image: ]
Fig. (3)

        Wavelet denoising results, (a) Soft threshold, (b) Hard threshold, (c) Improved threshold.
      


      
        3.6. The Program Designing


        The software development platform of monitoring voltage fluctuation and flicker is LabVIEW. The program designing based on HHT and Wavelet denoising can be realized by mixed programming of MATLAB and LabVIEW. Firstly, set up MATLAB scripts nodes, then, add input and output terminals, select types of input and output variable, and input program to MATLAB script frame. Fig. (4) shows the flow chart in LabVIEW. Where fs is sampling frequency, z represents a sampling signal, a is compromise coefficient, aabs expresses the voltage flicker envelope signal extracted by using HHT, my() expreses Wavelet denoising subprogram, bb expreses denoised signal, ff expreses Hilbert-Huang spectrum, oscilloscopes display aabs, bb and other waveforms.

      

    


    
      4. SIMULATION AND ANALYSIS


      
        4.1. A Single Frequency Voltage Flicker Signal


        Voltage flicker signal could be simulated by using wavelet decomposition and synchronous detection method (also called wavelet method), HHT and wavelet denoising method (also called improved HHT), IEC square detection method, respectively.


        A single frequency voltage flicker signal can be described as:
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            	(17)
          

        


        Where signal noise ratio (SNR) of u is 25, sampling frequency is 3200Hz, Wavelet basis function is DB5 and the decomposition level is 5.The simulation results are shown in Fig. (5a) is original signal containing noise, Fig. (5b-d) are the voltage flicker envelope signals extracted by using different ways. The simulation results show that IEC square detection method is worse than the other two methods. Because of the boundary effect of improved HHT, sampling time is 4s, when the amplitude and frequency of the signal are calculated, both sides of the signal waveform should be removed two cycles to ensure the accuracy of the measurement. The calculation results are shown in Table 1. The simulation results show that improved HHT method is better than wavelet decomposition and synchronous detection.


        [image: ]
Fig. (4)

        The flow chart of monitoring voltage flicker.

        [image: ]
Fig. (5)

        The simulation of a single frequency flicker signal (a) Original signal, (b) IEC square detection, (c) wavelet decomposition and synchronous detection, (d) HHT and Wavelet de-noising.

        
          Table 1 The simulation results of a single frequency voltage flicker signal by using two methods.


          
            
              
                	

                	Amplitude

                measurement

                	Frequency

                measurement
              


              
                	Relative amplitude

                	Error

                (%)

                	Frequency

                (Hz)

                	Error

                (%)
              

            

            
              
                	Wavelet method

                	0.100692

                	0.692

                	8.995

                	0.0556
              


              
                	improved HHT

                	0.099985

                	0.015

                	8.9951

                	0.054
              

            
          


        

      


      
        4.2. Voltage Flicker Signal During a Certain Time Period


        Voltage flicker during a certain time period can be expressed as:
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            	(18)
          

        


        Sampling frequency is 3200Hz, Wavelet basis function is DB5 and the decomposition level is 5. The simulation results are shown in Fig. (6).


        [image: ]
Fig. (6)

        The simulation waveform of adding flicker signal during a certain time period (a) Original signal, (b) Envelope signal, (c) Hilbert-Huang specture.

        By using improved HHT, the parameters of voltage flicker signal can be calculated. The relative amplitude of this voltage flicker signal is 0.09984 and the error is 0.00016. The frequency is 10.0313 Hz and the error is 0.0313Hz, the start time of voltage flicker is 0.3s and the end time of voltage flicker is 0.7s.

      


      
        4.3. Multiple Frequency Voltage Flicker


        Multiple frequency voltage flicker can be describe as:
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            	(19)
          

        


        Where signal noise ratio (SNR) of u is 25, sampling frequency is 3200Hz, Wavelet basis function is DB5 and the decomposition level is 5. The simulation results are shown in Fig. (7). Where the noise-removing envelope signal could be decomposed into IMFs by using EMD, IMF3 is 20Hz amplitude modulated wave as shown in Fig. (7c), IMF4 is 6Hz amplitude modulated wave as shown in Fig. (7d). By using the improved HHT, the parameters of voltage flicker signal can be calculated.


        [image: ]
Fig. (7)

        The simulation waveform of multiple frequency voltage flicker signal. (a) Original signal, (b) Envelope signal, (c) A little higher frequency amplitude modulated wave, (d) low frequency amplitude modulated wave.

        The relative amplitude of 20Hz amplitude modulation wave is 0.03941, and the error is 0.00059. The frequency of 20Hz amplitude modulation wave is 20.0121Hz, and the error is 0.0121. The relative amplitude calculation result of 6Hz amplitude modulation wave is 0.09821 and the error is 0.00179. The frequency calculation result of 6Hz amplitude modulation wave is 5.9682Hz and the error is 0.0318Hz.

      

    


    
      CONCLUSION


      A new method based on HHT and Wavelet de-noising was proposed in this paper for extracting feature information of voltage flicker signal. Firstly, envelope signal could be extracted by using HHT. Secondly, the noise and harmonic components of envelope signal could be eliminated by using wavelet denoising. Finally, accurate amplitude wave could be obtained by decomposing the denoising envelope signal. HHT algorithm and Wavelet denoising algorithm were applied to virtual instrument by using the MATLAB script node in LabVIEW. This paper compares the commonly used voltage flicker detection method, such as wavelet method, the square detection method and improved HHT method. The simulations show that results of improved HHT method are the most accurate. This improved HHT method can not only analyze the single frequency flicker signal, but also analyze the multi frequency single containing noise and harmonic component, and can get the accurate time, amplitude and frequency of voltage flicker.
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